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Resumo

Ureases sdo proteinas moonlighting, com mapeamento da estrutura-atividade ainda
pouco compreendido. A urease de Proteus mirabilis (PMU) é um importante fator de
viruléncia. PMU apresenta-se em solugdo como um trimero onde cada mondmero apresenta
trés subunidades estruturais: PmUreo, PmUrep e PmUrey. Neste trabalho, identificamos
que a PMU se comporta como agonista, promovendo agregacdo plaquetaria e é toxica a
leveduras, provocando alteracdes morfologicas. Estas caracteristicas foram j& descritas para
outras ureases e também identificadas para a PmUref. As subunidades y e B da PMU sao
capazes de ativar o sistema imune do inseto Rhodnius prolixus e quando testadas em
Dysdercus peruvianus, PmUref apresentou maior toxicidade que as subunidades
recombinantes y e o quando administrados por via oral a este inseto. A atividade de
agonista da PMU acredita-se que seja devido a porgdo contida na PmUref3 identificada
como uma duplicagdo génica entre a PmUref e a urease de Canavalia ensiformis (JBU)
correspondente a porg¢do oo na PMU. A atividade entomotoxica da JBU é devido a liberacéo
do polipeptideo jaburetox (Jbtx) apds hidrélise da JBU por enzimas do tipo catepsina. A
PMU e sua subunidade B apresentam um overlap de toxicidade com o Jbtx, devido a
existéncia de uma duplicacdo génica entre as sequéncias de nucleotideos do Jbtx e da
PmUref. Outro fator determinante para a toxicidade apresentada pela PmUrep seria a perda
de estrutura quando em solugdo, conforme descrito para o Jbtx, foi classificado como uma
proteina intrinsicamente desordenada capaz de interagir com lipidios presentes na
membrana celular alterando a permeabilidade da mesma, sugerindo a interacdo Jbtx-
membrana como base para sua entomotoxicidade. Visando investigar esta interagdo, foram
analisadas solucdes contendo Jbtx em presenca de modelos de membrana artificiais.
Quando em presenca de micelas compostas por SDS, Jbtx teve um aumento de estruturas
secundaria e terciaria. Em presenca de vesiculas e bicelas, o polipeptideo apresentou uma
pequena alteracéo estrutural nas por¢des N e C-terminal. Nossos resultados sugerem que o
Jbtx é capaz de ancorar-se & membrana celular de insetos, devido uma interagdo com 0s
lipidios presentes na mesma, de modo a facilitar seu contato com um alvo especifico

presente na membrana plasmatica.
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Abstract

Ureases are moonlighting proteins, with poorly structure-activity mapping
properties characterized. Urease from Proteus mirabilis (PMU) is an important virulence
factor for this bacteria. PMU is a trimeric protein in which each monomer is composed by
three structural subunits: PmUrea, PmUrep and PmUrey. In this work, we identified that
PMU acts as an agonist, promoting platelet aggregation and was shown to be toxic against
yeasts causing morphological alterations, the same characteristics observed for PmUref3 and
already described for other ureases. PmUrey and PmUref subunits are able to activate the
immune system of the insect Rhodnius prolixus. In addition, when tested against Dysdercus
peruvianus, PmUrep showed higher toxicity to this insect than the recombinant subunits o
or vy if administered orally. The agonist activity of PMU is due to a portion of intragenic
duplication at PmUref, this duplication was found between ureB and Canavalia ensiformis
(JBU) gene corresponding to a subunit from PMU. Entomotoxic activity of JBU is mainly
due to a polypeptide release, this polypeptide is called jaburetox (Jbtx), after urease
hydrolysis by cathepsin-like enzymes. Both PmUrep and Jbtx present regions of intragenic
duplication, which seem to be an explanation for the toxicity of PMU and Jbtx overlap. A
second issue is that PmUref looses its structure when in solution, the same characteristic
described for Jbtx that is an intrinsically disordered polypeptide able to interact with lipids
present on cellular membranes. That interaction alters its permeability hinting to a role of
Jbtx-membrane interaction as the basis for its toxicity. Intending to investigate the
interaction between Jbtx and cellular membranes we performed experiments of Jbtx in
presence of artificial membranes (micelles, large unilamellar vesicles - LUVs, and bicelles).
The polypeptide when in presence of SDS micelles had an increase of its secondary and
tertiary structures. When Jbtx interacted with LUVs, and bicelles as well, the polypeptide
presented a slight change of structure at its terminal regions. Our results suggest that Jbtx
could anchor to the cellular membrane by an interaction with lipids in order to facilitate its

interaction with a membrane-bound target present at the plasma membrane.
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1 INTRODUCAO

A presente tese segue com uma introducdo geral dos assuntos a serem abordados
terminando com o0s objetivos propostos para em cada um dos capitulos dispostos na tese. O
primeiro capitulo é uma compilacdo dos resultados obtidos utilizando a urease de Proteus
mirabilis e suas subunidades estruturais como fonte de estudo das ureases e suas
popriedades moonlighting, estes dados estdo compilados na forma de um artigo atualmente
submetido a revista Nature Chemical Biology. O segundo capitulo desta tese é composto
pelos dados obtidos a partir de analises experimentais e estruturais do peptideo jaburetox
em presenca de estruturas lipidicas mimetizando membrana celular. Apo6s apresentacdo de
cada um dos capitulos expomos uma discussao geral dos dados e conclusdes gerais desta
tese de doutorado.

Como apéndice desta tese temos uma breve revisdo de analise de proteinas
(peptideos) intrinsecamente desordenadas (IDPs), sendo descritas as técnicas de dicroismo
circular e ressonancia magnética nuclear voltadas para analise de IDPs. Os anexos | e 1l sdo
compostos pela primeira pagina de cada um dos artigos cientificos publicados relacionados

ao tema abordado nesta tese ou independente do tema desta, respectivamente.

1.1 Proteinas moonlighting

Proteinas moonlighting sdo, por definicdo, proteinas que apresentam duas ou mais
funcOes diferentes e ndo correlacionadas (JEFFERY, 1999; JAROCKI et al., 2015). A
primeira apari¢do do termo foi nos anos 1970, utilizado por Robert Freedman, em um
relatorio escrito para uma reunido da sociedade de bioquimica em 1978 (FREEDMAN,
1978), porém o termo acabou se difundindo na literatura apenas no final dos anos 90, a
partir da publicacdo de uma definicdo do termo por Constance Jeffery, em 1999
(JEFFERY, 1999).

De acordo com Piatigorsky, a terminologia correta para o fendmeno descrito seria
“gene sharing”, pois a proteina expressa, apresentando duas ou mais funcdes, é transcrita a
partir de uma sequéncia génica Unica, e estas diferentes atividades exercidas ndo devem ser

tratadas como fungbes secundarias ou como uma fungéo que ndo deveria ser exercida pela
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proteina (PIATIGORSKY, 1998, 2007; LIGABUE-BRAUN & CARLINI, 2015). Porém,
devido a imensa aceitacdo do termo moonlighting pela comunidade cientifica, este sera o
termo utilizado neste trabalho para definir a multifuncionalidade de proteinas.

Em sua publicacdo de 1999, Constance Jeffery iniciou a descrever os diferentes
mecanismos pelos quais uma proteina pode ser identificada como moonlighting (JEFFERY,
1999, 2003, 2015; LIGABUE-BRAUN & CARLINI, 2015), conforme descritas abaixo:

e Localizacdo: Uma proteina pode apresentar diferentes fun¢des de acordo com

0 local onde esta é expressa. Podendo estar localizada em diferentes
compartimentos intracelulares;

e Célula: A mesma proteina pode ter diferentes fun¢Ges de acordo com o tipo de
célula pela qual é expressa.

e Estado de oligomerizacdo e formacdo de complexos: Algumas proteinas
podem apresentar diferentes atividades quando em estados oligoméricos
diferentes ou quando presentes em diferentes complexos proteicos.

e Sitio de ligacdo: Proteinas podem apresentar diferentes funcbes devido a
presenca de mais de um sitio de ligacdo em sua sequéncia.

e Estado conformacional: Proteinas com estados de transi¢cdo entre ordenada-
desordenada (desordenada-ordenada) ou com regifes que apresentem alteragéo
de conformacéo, devido a funcdo a ser exercida.

E muito importante definir também os mecanismos pelos quais proteinas podem
exercer diferentes fungdes nao correlacionadas entre si, mas que ndo as classificam como
moonlighting, como no caso de func¢bes adquiridas devido a uma nédo especificidade ao
substrato, ou devido a mutacdo génica ou mesmo a partir de modificaces pds-traducionais
(COPLEY, 2003, 2012; JAROCKI et al., 2015).

1.2 Proteinas intrinsicamente desordenadas (do inglés Intrinsically disordered proteins

- IDPs)

Proteinas intrinsicamente desordenadas (IDPs) foram recentemente descritas como

proteinas com pouca ou nenhuma estrutura secundaria ou terciaria (UVERSKY, 2014,
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2016). IDPs apresentam uma ampla plasticidade em sua estrutura tridimensional, sendo
incapazes de obter uma conformacéo tridimensional de forma independente, definicdo que
foi capaz de modificar o paradigma de estrutura-funcdo como era entdo conhecido
(UVERSKY, 2014, 2016).

Esta classe de proteinas ndo é um achado recente. Ja nos anos 50, Jirgensons e
colaboradores apresentaram esquemas que incluiam uma classe de proteinas chamadas
desordenadas (JIRGENSONS, 1966; DEFORTE & UVERSKY, 2016). IDPs estdo sendo
vastamente discutidas na literatura, por pelo menos 75 anos, e podem ser encontradas com
diversas denominagdes, como listado por Vladimir Uversky em sua reviséo de introducéo
as IDPs publicada em 2014 (UVERSKY, 2014):

“floppy, pliable, rheomorphic, flexible, mobile, partially folded, natively
denatured, natively unfolded, natively disordered, intrinsically unstructured, intrinsically
denatured, intrinsically unfolded, intrinsically disordered, wvulnerable, chameleon,
malleable, protein clouds, dancing proteins, proteins waiting for partners, e muitas outras
combinacg6es entre nativa/intrinsicamente/naturalmente e
desordenada/desnaturada/unfolded”.

IDPs sdo descritas como proteinas com uma alta plasticidade, moléculas com uma
extensa possibilidade de conformac@es possiveis, sendo tipicamente compostas por foldons
e unfoldons. Foldons sdo regiGes presentes em uma proteina desordenada que apresentam
capacidade de estruturar-se de forma independente. Os unfoldons sdo estruturas tidas como
plasticas, capazes de migrar entre estrutura ordenada e desordenada a fim de atuar
biologicamente. Dentre foldons e unfoldons existem algumas formas intermediarias, assim
denominadas: a) foldon induzido, que € representado por regides capazes de adquirir uma
estrutura tridimensional quando em presenca de seu ligante especifico; b) nao-foldon, séo
estruturas incapazes de adquirir estrutura secundaria ou terciaria mantendo-se
desestruturada; c) semi-foldons, que como diz 0 nome, apresentam-se em um estado de
semi-estrutura, ndo adquirindo uma estrutura tridimensional definida. (UVERSKY, 2016).

Em 2005, Tompa e colaboradores estudaram 11 diferentes proteinas
intrinsicamente desordenadas, de forma a comprovar a sua teoria de que a alta
maleabilidade de IDPs fazer com que estas apresentem grande tendéncia a um

comportamento moonlighting (TOMPA et al., 2005). Esta tendéncia moonlighting das IDPs
17



é identificada através de mecanismos envolvendo a sua capacidade de adquirir diferentes
conformacdes, o que possibilita sua interacdo com um ou mais ligantes especificos
(TOMPA et al., 2005).

1.3 Fatores de viruléncia bacterianos como proteinas moonlighting

O tema moonlighting é ainda emergente e fundamental para o estudo de bactérias.
Proteinas moonligthing s&o altamente conservadas entre procariotos e eucariotos, dentre as
quais geralmente s&o enzimas importantes no metabolismo ou chaperonas atuando como
agentes na sinalizacdo celular, bem como participando na adesao celular (HENDERSON &
MARTIN, 2011, 2013). Muitas destas proteinas estdo envolvidas na patogénese bacteriana,
como fator de viruléncia, sendo responsaveis pela ativacdo da resposta imune do
hospedeiro, e causando diversas infeccdes (HENDERSON & MARTIN, 2011; JEFFERY,
2015).

1.4 Proteus mirabilis

Bactérias do género Proteus sdo Gram-negativas que fazem parte da familia
Enterobacteriacea. O género Proteus é constituido por quatro espécies: Proteus vulgaris,
Proteus penneri, Proteus myxofaciens e Proteus mirabilis. P. mirabilis apresenta
diferenciacdo celular, partindo da forma swimming a forma swarming. A diferenciacdo
celular swimming/swarming ocorre como resposta ao meio facilitando a motilidade das
células, auxiliando fortemente na colonizacdo de superficies solidas (ROZALSKI et al.,
1997; MANOS & BELAS, 2006).

O género Proteus é encontrado principalmente no solo e em aguas contaminadas,
bem como no trato intestinal de diferentes animais participando da decomposicdo de
materia organica (JACOBSEN et al., 2008; GIBBS & GREENBERG, 2011). P. mirabilis é
uma bacteria uropatogénica oportunista sendo classificada como a terceira maior causadora
de infecc¢des no trato urinario (BAHASHWAN & SHAFEY, 2013), e pode-se explicar este
alto indice de contaminacdo devido a sua massiva presenca no intestino de humanos,

resultando em autocontaminacdo bem como a sua transmissdo entre pacientes
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hospitalizados (CHOW et al., 1979; ROZALSKI et al., 1997; COKER et al., 2000;
MANOS & BELAS, 2006).

Complicacdes causadas pelas infeccdes por P. mirabilis incluem cistite,
pielonefrite, urolitiase, prostatites, inclusive a incrustacdo de cateteres, representando mais
de 44 % das infeccOes urinarias associadas ao uso de catéteres (CAUTIS) nos Estados
Unidos (ARMBRUSTER & MOBLEY, 2012). A populagdo feminina apresenta maior
propensdo a infec¢Bes no trato urinario (UTIs), sendo os riscos aumentados em mulheres
gravidas e idosos. O maior risco é verificado em pacientes hospitalizados, principalmente
quando € necessario 0 uso prolongado de cateteres pelo paciente (independente do sexo
e/ou idade) (MAGLIANO et al., 2012).

A bactéria P. mirabilis apresenta muitas estratégias de desenvolvimento no
hospedeiro, com um mecanismo de defesa bastante sofisticado. Fazem parte destes
mecanismos: reaces ndo especificas envolvidas na adesdo do patégeno a mucosas do
hospedeiro; controle na transferéncia de ferro, e ainda, formas de evitar a fagocitose pelo
hospedeiro. Este patdgeno produz fatores de viruléncia (que podem ser visualizados na
Figura 1), os quais sdo importantes e/ou essenciais para instalacdo e manutencdo das
infecgBes urinérias associadas. Estes fatores de viruléncia sdo sintetizados pela bactéria,
protegendo-a de eliminacdo por enzimas ou pelo sistema imunolégico do hospedeiro
(Coker et al., 2000).
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Figura 1: Fatores de viruléncia sintetizados por P. mirabilis ligados a UTIs e CAUTIs. ATFs:
fimbrias de temperatura ambiente; GdhA: glutamato desidrogenase; IgA: immunoglobulina A;

MRK: manose-resistente Klebsiella-like; MRP: manose-resistente de Proteus. Adaptada de
Armbruster e Mobley, 2012 (ARMBRUSTER & MOBLEY, 2012).

Dentre os fatores citados na Figura 1, temos a urease de P. mirabilis (PMU) que
atua na hidrolise da ureia, presente na urina, aumentando o pH do meio e proporcionando a
sua sobrevivéncia e colonizacdo do trato urinario. A PMU ¢é definida como um critico fator
de viruléncia (JOHNSON, D E et al., 1993), e serd abordado adiante neste trabalho.

1.5 Ureases

Ureases (EC 3.5.1.5) sdo amino-hidrolases, dependentes de niquel, que catalisam a
hidrolise da ureia em amonia e didxido de carbono, mecanismo esquematizado na Figura 2
(BLAKELEY et al., 1969; MOBLEY & HAUSINGER, 1989). A catalise da hidrdlise da
ureia causa aumento do pH do meio devido a liberacdo de aménia, causando graves
consequéncias a saude de humanos bem como a agricultura (MOBLEY & HAUSINGER,
1989; FOLLMER, 2008).

20



K ) )

2 NH; 0 NH; 0

H + HO —— /L + HO —— /|L
HZN/M HyN OH HO OH

ureia Carbamato Acido carbénico
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2NH, + H,0 —= 2NH; + 2 HO

Figura 2: Esquema de reacdo de hidrélise da ureia. A) Para cada molécula de ureia hidrolizada
tem-se a formag@o de uma molécula de amonia e uma molécula de carbamato. O carbamato gerado
reage com a agua resultando em uma molécula de amdnia e um &cido carbénico. B) A reacéo de
dissociacdo do acido carbdnico leva a liberacdo de um proton e ap6s a dissociagdo completa do
acido ha a formagdo de uma molécula de gés carbbnico. C) As amdnias geradas (mostradas em A)
sdo protonadas devido a sua interagdo com a agua do meio, que é entdo alcalinizado. Esquema
adaptado de Mobley e Hausinger, 1989 (MOBLEY & HAUSINGER, 1989).

Ureases sdo enzimas encontradas em diversos organismos como plantas, algas,
bactérias e fungos (HAUSINGER, 1987; MOBLEY & HAUSINGER, 1989). Uma das
ureases de Canavalia ensiformis (JBU) foi, historicamente, a primeira enzima a ser
cristalizada, por Sumner em 1926 (SUMNER, 1926). Em seu trabalho, Sumner demonstrou
pela primeira vez que enzimas sdo proteinas, proporcionando avan¢os fundamentais para a
bioquimica (SUMNER, 1926). Estas enzimas apresentam dois atomos de niquel em seu
sitio ativo, cada atomo coordenado por dois residuos de histidina, um aspartato e uma lisina
carbamilada, como pode ser visto no esquema mostrado na Figura 3A (FOLLMER &
CARLINI, CR, 2005; MARONEY & CIURLI, 2014).

Ureases apresentam uma estrutura em forma de alca, que quando fechada é capaz
de inativar a enzima enzimaticamente, pois impossibilita a interacdo da enzima com seu
substrato (ZAMBELLLI et al., 2011). Esta sequéncia € altamente conservada entre ureases e

pode ser verificada na Figura 3B, evidenciada em azul.
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Figura 3: Representacdo em cartoon dos componentes do sitio ativo da urease. A) llustracdo do
sitio catalitico da urease mostrando as quatro histidinas interagindo com cada um dos atomos de
niquel (esferas em verde), o aspartato e a lisina carbamilada (PDB: 3LA4). B) Representagdo de
uma alca flexivel presente na JBU, na sua posi¢cdo aberta, evidenciando a cisteina 592 (PDB:
3LAY).

Cada mondmero da JBU apresenta uma cadeia polipeptidica constituida por 840
aminoacidos e massa molecular de 90 kDa. A forma minima, enzimaticamente ativa, da
JBU em solucdo é a de um trimero, com 270 kDa mas sua conformacdo nativa é a de um
hexdmero com 540 kDa. Sua estrutura foi resolvida por Balasubramanian e Ponnuraj
(Figura 4A), através de cristalografia de raios X. Esta estrutura esta depositada no banco de
dados de proteinas (PDB - Protein Data Bank) com o codigo 3LA4
(BALASUBRAMANIAN & PONNURAJ, 2010).

Assim como as ureases vegetais, as ureases provenientes de fungos apresentam-se
como trimeros ou hexdmeros com apenas uma subunidade estrutural (a), enquanto que as
ureases bacterianas sao multimeros complexos, formados por duas (a e ) ou trés (a, B e v)
subunidades (OLIVERA-SEVERO et al., 2006; BECKER-RITT & CARLINI, 2012;
LIGABUE-BRAUN et al., 2013). Alguns exemplares de ureases bacterianas tiveram ja sua
estrutura resolvida por cristalografia, como por exemplo a urease de Sporosarcina pasteurii
(SPU) com cddigo PDB 4CEU (Figura 4B) (BENINI et al., 2014) e a urease de
Helicobacter pylori (HPU) codificada no PDB como 1E9Z (Figura 4C) (HA et al., 2001).
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Figura 4: Representacdo esquematica da forma enzimaticamente ativa das ureases. A)
Representacdo em cartoon da JBU (PDB: 3LA4) em sua forma hexamérica, enzimaticamente ativa.
A esquerda do painel, representada a forma monomérica da JBU em vermelho enquanto que a
direita sdo representadas cada um dos monomeros necessarios para formagdo da estrutura
hexamérica (0g). B) Representacdo em cartoon da SPU (PDB: 4CEU) em sua forma trimérica,
enzimaticamente ativa. A esquerda do painel, estdo as trés subunidades estruturais da SBU,
evidenciadas as subunidades vy, p e o em amarelo, verde e vermelho, respectivamente. A direita sdo
representadas cada uma das trés subunidades representando a forma trimérica da enzima (ofiy)s. C)
Representacdo em cartoon da HPU (PDB: 1E9Z) em sua forma dodecamérica, enzimaticamente
ativa. A esquerda sdo evidenciadas as subunidades estruturais da HPU, subunidade § em verde e a
em vermelho, enquanto que a direita é representada a forma dodecamérica da enzima, representada

como ((a)s)a.
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A diferenca mais evidente entre as ureases estd em sua estrutura quaternaria
nativa, conforme mostrado na Figura 4. A JBU apresenta-se como um hexamero og, COM
apenas uma subunidade. Na Figura 4A é mostrada a estrutura do hexamero estrutural da
JBU, a esquerda estd em evidéncia apenas uma das subunidades o (em vermelho) enquanto
que a direita da figura vemos em diferentes cores, cada um dos seis monémeros. Na Figura
4C temos a urease de H. pylori (HPU) mostrada na forma de cartoon como um dodecamero
((af)s)s, sendo cada mondmero composto por duas subunidades diferentes, Urea (em
vermelho) e Uref (em verde) mostradas a esquerda da Figura 4C, enquanto que a direita da
mesma Figura sdo identificadas cada um dos 12 mondémeros (af) presentes com cores
diferentes (HA et al., 2001). Em geral as ureases bacterianas apresentam-se como um
trimero (afy)s cada um formado por Urea, Uref e Urey, como por exemplo a SPU (Figura
4B) e PMU (HEIMER & MOBLEY, 2001; CARLINI & LIGABUE-BRAUN, 2016). Na
Figura 4B vemos a estrutura trimérica da SPU, composta por trés subunidades, a, B ¢ v,
sendo a esquerda evidenciadas cada uma das subunidades em vermelho, verde e amarelo
enquanto que a direita estdo evidenciadas cada um dos mondémeros compostos pela
combinag¢do de affy em trés cores diferentes.

Apesar da abundancia das ureases em plantas, ainda ndo ha muitas informacoes
sobre sua funcdo nos vegetais. Sua principal funcdo pode estar relacionada a reciclagem de
nitrogénio (SIRKO & BRODZIK, 2000) mesmo que a ureia, seu principal metabdlito, ndo
seja abundante em plantas, ou ainda estar ligada a defesa da planta contra fitéfagos e outros
patégenos (CARLINI, et al., 1988; POLACCO & HOLLAND, 1993; POLACCO et al.,
2013).

A fungdo de ureases microbianas estd intimamente relacionada & patogénese
destres micro-organismos, sendo consideradas como um fator de viruléncia para algumas
bactérias como por exemplo P. mirabilis, H. pylori, Klebsiella pneumoniae, dentre tantas
outras, bem como para fungos e leveduras como Cryptococcus gatti, Cryptococcus
neoformans e Coccidioides posadasii (CARLINI & LIGABUE-BRAUN, 2016). Esta
propriedade é na maioria dos casos ligada a atividade enzimatica da urease e a sua
toxicidade descrita em fungdo da liberacdo d a amonia, que € um compostos toxico ao
hospedeiro e causa aumento do pH do meio (ARMBRUSTER & MOBLEY, 2012;

CARLINI & LIGABUE-BRAUN, 2016).
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1.6 Ureases — uma visdo moonlighting para toxinas

O estudo dos efeitos biologicos das ureases de forma independente de sua
atividade enzimética teve inicio com Carlini e Guimardes, em 1981, quando estes
purificaram a partir da planta C. ensiformis uma enzima capaz de provocar convulsao e
morte em ratos e camundongos (DLsp = 05 — 2,0 mg/kg) quando injetada
intraperitonealmente (CARLINI & GUIMARAES, 1981). A enzima purificada foi chamada
de canatoxina (CNTX), onde o prefixo “cana” ¢ originado da grafia de sua fonte de origem,
Canavalia, ¢ o sufixo “toxina” claramente devido a sua toxicidade. Anos mais tarde,
Follmer e colaboradores demonstraram que a CNTX era uma isoforma da JBU,
apresentando-se como um dimero de 95 kDa cada mondmero, e em vez de dois atomos de
Ni%* como a JBU, esta apresenta um atomo de Ni?* e um &tomo de Zi?*. Devido a diferente
composicdo de metais no sitio ativo da CNTX, sua atividade enzimatica seria reduzida em
30 — 40 % quando comparada a JBU (FOLLMER, et al., 2001; CARLINI & GROSSI-DE-
SA, 2002).

Ainda em 2001, Follmer e colaboradores verificaram que CNTX e JBU
compartilhavam algumas atividades bioldgicas como a capacidade de ativar a agregacao de
plaquetas e ligar-se a glicoconjugados. Estas atividades sdo mantidas por ambas proteinas
mesmo apds sua inibicdo enzimatica com uso do inibidor p-hidroxi-mercurobenzoato
(pPHMB) (FOLLMER et al., 2001). Com os dados apresentados, foi possivel determinar que
as atividades bioldgicas identificadas para as ureases eram independentes da atividade
enzimatica (LIGABUE-BRAUN & CARLINI, 2015; CARLINI & LIGABUE-BRAUN,
2016).

Desde entdo, ureases bacterianas e de plantas foram testadas quanto a sua
atividade bioldgica independendente da atividade ureolitica. Como pode ser visto na Tabela

1, muitas das atividades detectadas sdo compartilhadas entre as ureases.
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Tabela 1: Atividades biol6gicas testadas para ureases provenientes de diferentes organismos (BECKER-RITT et al., 2007; CARLINI &
LIGABUE-BRAUN, 2016; MARTINELLI et al., 2016). CNTX: Canatoxina, JBU: Urease de C. ensiformis, rGST-uSBU: Urease ubiqua da soja

recombinante conjugada com GST, rHPU: Urease de H. pylori recombinante SPU: Urease de S. pasteurii, nt: ndo testado.

Atividade antiflingica

Atividade inseticida R. prolixus

Fungos x o Agregacéo de Agregacéo de
Edema de pata filamer?tosos Leveduras Ingestdo Injecéo gerﬁégi tos %Ia%u%tas
0,3 mg/pata
CNTX ap 50 UM nt 0,6 — 1,3 ug.mg™ nt nt 54 pg.ml™
(Ratos)
8
= 0,3 mg/pata
= JBU gp 0,31 mg.mL™* | 0,1 mg.mL"* 0,1 ug.mg™ 0,25 pg.mg™ | 0,12 pg.mL™ 15,8 ug.mL™*
(Ratos)
rGST-usBU nt 0,24 mg.mL™ | 0,24 mg.mL™ nt 50 ng.mg™* 0,12 pg.mL™ 33 pg.mL*
0,5 — 45 pg/pata 0,55-0,93 55-410
" rHPU Ha'p 1 nt nt nt nt 1
8 (Camundongos) mg.mL pg.mL
)
I3
< 0,15-0,54 200 - 800
@ SPU nt ) nt nt nt nt }
mg.mL pMg.mL
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Estudos in vivo, realizados em ratos e camundongos, demonstraram que a CNTX
induz bradicardia, hipertensdo e hipotermia, que ocorrem antes do fenémeno de convulsao,
caracteristico de sua acdo toxica (BARJA-FIDALGO et al., 1991; FERREIRA-DA-SILVA
et al., 2000). Diversamente da CNTX, a JBU ndo ¢ letal a ratos (dados ndo publicados) e
camundongos apos injecdo intravenosa (FOLLMER et al., 2001).

A urease de Helicobacter pylori (HPU), extensivamente usada como modelo de
urease bacteriana, foi capaz de causar morte em camundongos apds episddios de hipotermia
e convulsdo, do mesmo modo que com CNTX (BAIK et al., 2005).

Estudos mostraram que doses nanomolares da CNTX induzem exocitose em
diversos tipos celulares, como plaquetas, neutréfilos, sinaptossomas, ilhotas pancredticas,
mastocitos, etc. Estes efeitos sdo mediados por eicosandides e por alteracbes dos niveis
intracelulares de célcio (CARLINI et al., 1985; BARJA-FIDALGO et al., 1991;
GHAZALEH et al., 1997).

Em 2004, Follmer e colaboradores detectaram inducéo de exocitose em plaquetas
para as ureases de planta, JBU, e a urease embrido especifico de soja (eSBU) e ainda para
uma urease bacteriana, a partir da bactéria Sporosarcina pasteurii — previamente conhecida
como Bacillus pasteurii (FOLLMER et al., 2004). Poucos anos mais tarde, Wassermann e
colaboradores verificaram que a HPU era capaz de ativar a agregacdo de plaquetas
(WASSERMANN et al., 2010). Neste mesmo trabalho, e em Olivera-Severo e
colaboradores de 2006, foi visto que a inducdo de agregacdo seria através da rota do acido
araquidoénico, seguindo pela via da 12-lipoxigenase (OLIVERA-SEVERO et al., 2006;
WASSERMANN et al., 2010).

Quando testada contra insetos, foi possivel detectar efeito entomotdxico da
proteina em alguns grupos. Dentre 0s insetos suscetiveis testados estdo Rhodnius prolixus,
Dysdercus peruvianus e Callosobructhus maculatus. Entretanto, os insetos Manduca sexta,
Drosophila melanogaster e Aedes aegypti ndo foram afetados pela presenca de CNTX,
indicando uma relagdo entre as enzimas digestivas dos insetos e a atividade entomotoxica
da proteina (CARLINI et al., 1997; FERREIRA-DA-SILVA et al., 2000; STANISCUASKI
et al., 2005). A isoforma majoritaria da urease produzida pela C. ensiformis, JBU, foi

também testada contra os insetos R. prolixus, D. peruvianus e Oncopeltus fasciatus, os
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quais mostraram-se suscetiveis a proteina (FOLLMER et al., 2004; PIOVESAN et al.,
2008; STANISCUASKI et al., 2010; DEFFERRARI et al., 2011).

Assim como C. ensiformis, a soja (Glicine max) apresenta 3 isoformas de urease.
Sdo elas: a urease majoritaria, embrido especifica (eSBU) é sintetizada apenas no embrido
da planta em desenvolvimento (POLACCO & HAVIR, 1979; POLACCO & WINKLER,
1984; POLACCO & HOLLAND, 1993), a urease ubiqua (uSBU) encontrada em todas as
partes da planta (TORISKY et al., 1994) e tem também uma terceira isoforma, chamada
SBU-I11I encontrada, com baixo nivel de expressdo, em sementes e raizes de plantas jovens
(WIEBKE-STROHM et al., 2016). Em 2016, dados publicados pelo nosso grupo sobre a
atividade entomotdxica para a uSBU recombinante, demonstraram que a proteina é capaz
de causar morte em R. prolixus 96 h apds injecdo. Sendo também capaz de causar
agregacao de hemdcitos seja in vitro ou in vivo (MARTINELLI et al., 2016).

Quando testadas em fungos selecionados, tanto a CNTX como a JBU inibiram a
germinagdo de esporos e o crescimento de hifas de varios fungos filamentosos, incluindo
fungos fitopatogénicos (BECKER-RITT et al., 2007; POSTAL et al., 2012). A atividade
antifangica da JBU para leveduras foi também demonstrada, causando inibicdo da
proliferacdo celular e formacdo de pseudo-hifas em doses submicromolares (POSTAL et
al., 2012). Da mesma forma que para JBU, a uSBU foi testada contra diferentes espécies de
fungos e leveduras promovendo inibicdo na proliferacdo celular (MARTINELLI et al.,
2016).

Muitas das atividades bioldgicas das ureases de planta sdo compartilhadas com
ureases bacterianas como por exemplo seus efeitos pro-inflamatérios (UBERTI et al.,
2013), inducdo de agregacdo plaquetaria (OLIVERA-SEVERO et al., 2006;
WASSERMANN et al.,, 2010), conforme citada anteriormente, assim como atividade
entomotdxica e antifingica (LIGABUE-BRAUN & CARLINI, 2015). Em 2012, Salvadori
e colaboradores identificaram atividade inseticida para urease proveniente de bactérias do
género Photorhabdus (SALVADORI et al., 2012); mesmo que dados de 2004, por Follmer
e colaboradores indicassem a ndo atividade inseticida por parte da urease bacteriana de S.
pasteurii (FOLLMER et al., 2004). Com estes dados foi proposta a existéncia de mais de

um dominio ativo na sequéncia da urease, pois a sequéncia até entdo identificada como
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entomotoxica era ausente na SPU, motivo descrito para sua ndo atividade inseticida
(FOLLMER et al., 2004; CARLINI & LIGABUE-BRAUN, 2016).

Além da atividade entomotoxica identificada para diversas ureases, estas proteinas
também possuem atividade antifungica. Ocorre uma inibicdo do crescimento de fungos e
leveduras mesmo apos inibicdo de sua atividade enziméatica com uso de pHMB (BECKER-
RITT & CARLINI, C R, 2012; POSTAL et al., 2012). Além da JBU ser uma proteina
toxica per se, ela apresenta mais de uma sequéncia peptidica com as mesmas atividades
bioldgicas. Em 2012, Postal e colaboradores demonstraram que na sequéncia da JBU
existem mais de uma porcao da proteina responsavel por sua atividade antifingica. Foram
testados pequenos peptideos (< 10 kDa) obtidos ap6s hidrolise da JBU com papaina.
Alguns destes peptideos, mesmo ndo tendo nenhuma homologia a outras sequéncias ja
conhecidas como antifingicas para ureases, apresentaram esta atividade (POSTAL et al.,
2012; LIGABUE-BRAUN & CARLINI, 2015).

Conforme citado por Carlini e Ligabue-Braun em sua revisdo sobre ureases
publicada em 2016, a multifuncionalidade das ureases é inegavel e deixa claro que
toxicidade deve ser considerada como uma propriedade moonlighting (CARLINI &
LIGABUE-BRAUN, 2016).

1.7 Jaburetox (Jbtx)

A atividade entomotodxica da isoforma de urease, CNTX, foi identificada como
grupo-dependente, onde, apenas insetos com enzimas digestivas do tipo aspartico e cisteino
peptidases eram suscetiveis & acdo da proteina (FERREIRA-DA-SILVA et al., 2000;
CARLINI & GROSSI-DE-SA, 2002; STANISCUASKI et al., 2005; DEFFERRARI et al.,
2011;). A atividade inseticida da CNTX foi caracterizada como dependente da liberacéo de
um peptideo de 10 kDa chamado pepcanatox (com seu prefixo pep referente a peptideo e
seu sufixo canatox referente a fonte de origem, a CNTX) - esquema ilustrado na Figura 5
(FERREIRA-DA-SILVA et al., 2000).
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Sistema digestivo: Sistema digestivo:
Enzimas tipo catepsina Enzimas tipo tripsina
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Figura 5: Esquema geral da agdo entomotoxica do peptideo pepcanatox proveniente da Canatoxina.
1. Dysdercus peruvianus, 2. Rhodnius prolixus, 3. Nezara viridula, 4. Manduca sexta, 5. Aedes
aegypti, 6. Anticarsia gemmatalis.

Em 2007, Mulinari e colaboradores clonaram um peptideo recombinante baseado
na sequéncia do pepcanatox utilizando como molde o gene jburell da C. ensiformis. O
peptideo expresso foi chamado jaburetox (Jbtx, com o prefixo Jabure proveniente de Jack
bean urease e o sufixo tox faz alusdo a sua toxicidade) e a sequéncia de aminoécidos, bem
como sua posicao localizada na urease podem ser examinadas na Figura 6. Jotx mostrou-se
capaz de causar morte em insetos antes ndo suscetiveis a ureases, apresentando um espectro
de acdo maior que para CNTX (STANISCUASKI et al., 2005; MULINARI et al., 2007;
TOMAZETTO et al., 2007).
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A) JBU como (a)3

JBU como (a)g

B) MGPVNEANCKAAMEIVCRREFGHKEEEDASEGVTTGDPDCPFTKAIPREE
YANKYGPTIGDKIRLGDTDLIAEIEKDFALYGDESVFGGGKVISHHHHHH

Figura 6: A) Representacdo da estrutura tridimensional da JBU em sua forma minima ativa (a
esquerda) composta por um trimero [(a))3], com cada monémero mostrado em azul, lilds e rosa. A
sequéncia correspondente ao Jbtx é mostrada em ciano (evidenciada com um circulo em ciano). No
painel a direita temos a representacdo tridimensional da forma hexamérica [(a)e] da JBU também
identificada em ciano as regides correspondentes a sequéncia do Jbtx. Cédigo PDB: 3LA4. B)
Sequéncia de aminoéacidos do polipeptideo entomotoxico Jbtx.

Utilizando o inseto modelo para doenca de Chagas, R. prolixus, verificou-se que o
Jbtx aumenta os niveis de guanosina monofosfato ciclico (cGMP) nos tubos de Malpighi,
inibindo a secrecdo e impedindo o transporte de ions transmembrana fazendo com que a
secrecdo de fluidos seja inibida (STANISCUASKI et al., 2009). Em 2007 foram descritos
como sintomas precursores a morte de insetos apos injecdo do Jbtx, paralisia e movimentos
descoordenados de antenas, indicativos de que o sistema nervoso dos insetos seja um alvo
para o polipeptideo (MULINARI et al., 2007; TOMAZETTO et al., 2007). Para estudar
esta interacdo entre o polipeptideo e o sistema nervoso de insetos, Galvani e colaboradores
em 2015, e Fruttero e colaboradores em 2017, utilizaram dois insetos modelo para doenca
de chagas: Triatoma infestans na Argentina e R. prolixus, no Brasil (GALVANI et al.,
2015; FRUTTERO et al., 2017). Galvani e colaboradores confirmaram os achados
comportamentais anteriores, onde 0s insetos apresentaram movimentos descoordenados das
patas e antenas, e também ndo mostraram capacidade de reacdo a fuga (GALVANI et al.,

2015). Ambos autores foram capazes de confirmar a interacdo do peptideo com o sistema
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nervoso central por ensaios de himunohistoquimica e microscopia de fluorescéncia
(GALVANI et al., 2015; FRUTTERO et al., 2017).

Jbtx compartilha diversas atividades biolégicas com as ureases, dentre as quais
temos atividade entomotoxica e também acdo antifingica contra diversos fungos
filamentosos e leveduras de importancia médica (POSTAL et al., 2012). Dados do nosso
grupo sugerem que esta acdo inseticida, bem como antifingica, sejam consequéncia de uma
interacdo entre o peptideo e lipidios presentes na membrana (BARROS et al., 2009;
MARTINELLI et al.,, 2014). Esta interacdo proporcionaria uma desorganizacdo da
membrana celular e consequente ruptura da mesma, ocasionando um desequilibrio no
transporte de ions pela formacdo de canais ibnicos ha membrana (PIOVESAN et al., 2014).
Martinelli e colaboradores, em 2014, demonstraram que assim como o peptideo inteiro,
suas porcdes N e C-terminal, separadamente, sdo capazes de interagir com lipidios de
forma equivalente ao polipeptideo completo (MARTINELLI et al., 2014).

ElucidacBes com respeito a estrutura do polipeptideo vieram apenas em 2015,
qguando Lopes e colaboradores determinaram sua estrutura em solucdo. Baseado na analise
estrutural de proteinas, o Jbtx foi determinado como sendo um monémero com massa
molecular de 11 kDa quando em solugdo, e sem uma estrutura tridimensional definida,
sendo, portanto, classificando como membro do grupo de proteinas intrinsicamente
desordenadas (LOPES et al., 2015). Previamente ao trabalho de Lopes e colaboradores,
Martinelli havia determinado por estudos de modelagem molecular que o jaburetox
apresentava muito pouca estrutura secundéaria, chegando a quase 85 % de sua estrutura na
forma de random coil, conforme mostrado na Figura 7A (MARTINELLI et al., 2014).
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Figura 7: A) Estrutura tridimensional do Jbtx obtida por ensaios de dindmica molecular, ap6s
simulagdo de 500 ns por Martinelli e colaboradores em 2014. Figura adaptada de Martinelli et al.
2014 (MARTINELLI et al., 2014). B) Célculos de propensédo a formagdo de estrutura secundaria
(SSP) do Jbtx quando em solugdo executados por Lopes e colaboradores em 2015. Valores entre 0 e
+1 sdo relativos a-hélices enquanto que valores negativos, entre -1 e 0, sdo tipicos para B-folhas.
Figura adaptada de Lopes et al. 2015 (LOPES et al., 2015).

Lopes e colaboradores fazendo uso de experimentos de Ressonancia Magnética
Nuclear (RMN) observaram que Jbtx € formado basicamente por coils apresentando uma
baixa tendéncia a formagao de a-hélices, conforme mostrado na Figura 7B. A analise de
estrutura baseada nos resultados de RMN determinaram a presenca de trés pequenas regioes
com tendéncia a formar estrutura secundéria, entre 0os aminoacidos V4 e E20 uma pseudo
a-hélice, entre R48 e G 56 e as Isoleucinas 63 e 74 duas regiGes de turn-like, conforme

pode ser visualizado na Figura 8A.

{ E g Qy) 6
V4 — E20 RA8-G56 163-174

Figura 8: A) RegiGes presentes na sequéncia do Jbtx que por anélise de RMN apresentam estrutura
secundéria definida. V4 a E20, R48 a G56 e 163 a 174. Figura adaptada de Lopes et al. 2015
(LOPES et al., 2015). B) Estrutura tridimensional do peptideo extraida do PDB (Codigo 2MM8)
com as regides mostradas em A evidenciadas em azul.
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Na Figura 8B € evidenciada a estrutura tridimensional do Jbtx calculada a partir de
dados de RMN, disponivel no banco de dados de proteinas com codigo PDB 2MMS8.
Acredita-se que as porcdes com tendéncia a estruturar-se (Figura 8A) podem ser as
responsaveis pelas atividades identificadas para o polipeptideo. Sendo uma IDP, o Jbtx ndo
apresenta estrutura secundaria (Figura 8A), nem mesmo teciaria (Figura 8B) definida
quando em solucgdo. Entretanto, ao entrar em contato com seu ligante alvo presente na
membrana celular de insetos ou fungos, poderia adquirir uma conformacao tridimensional,
passando pela transicdo desordenada-ordenada, tipica de IDPs (PIOVESAN et al., 2014;
LOPES et al., 2015;).

1.8 Urease de Proteus mirabilis - PMU

A urease de P. mirabilis tem sua expressdo induzida pela presenca de ureia, e seu

operon compreende oito genes contiguos, conforme demonstrado na Figura 9.

Operon da urease de Proteus mirabilis

Genes estruturais

ure ure

Gene regulatoério

> Genes acessorios <€

Figura 9: Organizagdo genética para o cluster génico da urease de Proteus mirabilis (MOBLEY et
al., 1995).

O operon da PMU é composto pelos genes estruturais ureA, B e C, os quais
codificam as subunidades a (UreA), B (UreB) e y (UreC) da enzima, com 11, 12,2 e 61
kDa, respectivamente. Quando em solugdo, a sua forma nativa apresenta-se como um
trimero de trimeros (afy)s, com massa molar de aproximadamente 280 kDa (JONES &
MOBLEY, 1987; COKER et al., 2000). Os genes acessorios ureD, ureE, ureF e ureG
codificam proteinas acessorias responsaveis pela montagem da PMU. As proteinas UreD,
UreE e UreF estdo envolvidas na insercdo do niquel na apoenzima, dando origem a
proteina enzimaticamente ativa (MOBLEY et al., 1995). O gene ureG é responsavel pela
expressao de uma GTPase essencial para ativacdo da enzima. Quando uma das sequéncias
génicas codificantes para as proteinas acessérias, UreE, UreF ou UreG é removida do
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DNA, atividade enzimatica da PMU nao é mais detectavel (SRIWANTHANA et al., 1993).
O oitavo gene que compde o operon da urease de P. mirabilis é o fator de transcricdo ureR,
que codifica uma proteina regulatoria, responsavel por ativar a transcricdo dos genes
estruturais e acessorios na presenca de ureia (DATTELBAUM et al., 2003). Ha evidéncias
de que a UreR liga-se a ureia presente no trato urinario causando alteraces no folding da
proteina. A alteracdo na estrutura tridimensional da UreR proporciona interagdo com uma
porcdo do DNA entre os genes ureD e ureR ativando a expressdao do operon da urease
(DATTELBAUM et al., 2003; POORE & MOBLEY, 2003).

Conforme exposto anteriormente, a PMU € considerada um fator de viruléncia,
sem o qual a bactéria ndo € capaz de causar ou manter a infeccdo no hospedeiro. De acordo
com Johnson e colaboradores, linhagens urease-negativa desta bactéria sdo incapazes de
estabelecer infeccdo nos rins de camundongos (JOHNSON et al., 1993).

Sabe-se até 0 momento que este critico fator de viruléncia estd diretamente
associado a urolitiases, pielonefrite, coma hepatico, incrustacdo de cateteres e, ainda,
encefalopatia hepatica a partir da intoxicacdo por amonia liberada devido a sua atividade
enzimatica (MOBLEY & HAUSINGER, 1989). A hidrdlise da ureia promove um aumento
no pH da urina, podendo chegar a valores superiores a 9,0 (IRWIN et al., 2013). Com o
aumento do pH, de 6,5 a 9,0, sais antes sollveis na urina passam a precipitar, formando
calculos e consequentes danos teciduais. Os calculos mais comumente encontrados séo
compostos pelos minerais estruvita ((MgNH4PO,4)6H,0) e carbonato hidroxi-apatita
([Ca10(PO4CO50H)6].OH) (JONES & MOBLEY, H. L T, 1989; FOLLMER, 2010), o
mecanismo de precipitacdo destes sais pode ser visualizado na Figura 10.
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Figura 10: Esquema geral da reacdo enzimatica da PMU e participagdo dos produtos acido
carbonico e aménia na formagcdo de cristais de fosfato de calcio e magnésio.

A precipitacdo de cristais de fosfato de célcio e de magnésio agregados as
bactérias protegem suas col6nias de possiveis agentes terapéuticos, mantendo-as de forma
latente. Contudo, assim que as bactérias sdo novamente expostas ao meio, reiniciam ou
continuam o processo de infecgdo. A incrustacdo de cateteres é também facilitada pela
presenca de cristais de sais agregados as bacterias, auxiliando na aderéncia destas ao
polimero utilizado para confec¢do do cateter. Os calculos, o biofilme formado, ou ainda a
combinacdo destes pode ocasionar um bloqueio parcial, ou até mesmo total do trato
urinario causando uma retencdo da urina na bexiga, o que leva a distensdo da mesma e
severa dor ao paciente. Nos casos mais graves, a urina contaminada sofre refluxo até os rins
causando pielonefrite aguda (KUNIN, 1997; STICKLER & MORGAN, 2006).
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2

OBJETIVO GERAL

O objetivo geral desta tese & compreender a agdo moonlighting das ureases.

2.1  Objetivos especificos

Purificar a PMU recombinante a partir do plasmideo pMID 1010 composto pelo
operon completo da PMU

Construir plasmideos contendo os genes ureA, ureB e ureC de Proteus mirabilis,
separadamente

Purificar cada uma das proteinas recombinantes expressas pelos genes ureA, ureB e
ureC

Verificar se a urease (PMU) apresenta atividades ja descritas para outras ureases
Determinar se as subunidades PmUrey, PmUref ¢/ou PmUrea compartilham algumas
das atividades biologicas identificadas para ureases

Purificar o polipeptideo entomotdxico jaburetox (Jbtx) e construir diferentes
estruturas lipidicas que mimetizem membrana celular

Avaliar a se ha mudanca de estrutura do jaburetox quando em presenca de micelas

compostas por SDS, grandes vesiculas unilamelares (LUVS) ou bicelas
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Capitulo 1: The non-enzymatic toxicity of Proteus mirabilis

urease as revealed by its isolated subunits

Valquiria Broll, Fernanda C. Lopes, Natalia R. Moyetta, Anne Helene S. Martinelli,

Leonardo L. Fruttero, Diogo R. Demartini, Rodrigo Ligabue-Braun, Celia R. Carlini.

Neste capitulo apresentamos o artigo submetido atualmente a revista Nature
Chemical Biology. Este artigo € composto pelos estudos executados envolvendo a urease
de Proteus mirabilis e suas subunidades estruturais como modelo para um maior
entendimento das atividades moonlighting das ureases. A PMU, assim como as outras
ureases ja descritas, € uma proteina moonlighting. Esta caracteristica parece estar
correlacionada majoritariamente & subunidade  da mesma, a qual apresenta a maior gama
de atividades identificadas de forma independente de atividade ureolitica das ureases.
Identificando as regiGes da urease responsaveis por suas atividades independentes de sua
atividade enzimatica e Com os dados obtidos neste trabalho podemos aprofundar 0s nossos

conhecimentos quanto ao envolvimento das ureases na patogénese bacteriana.
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One sentence summary:

Mapping of the fungitoxic, insecticidal, and platelet-interacting activities of a trimeric

urease.
Abstract:

BACKGROUD: Ureases are moonlighting proteins displaying non-catalytic properties,
including platelet activation, antifungal and entomotoxic effects. The structure-activity
mapping of these properties is poorly understood. Proteus mirabilis urease consists of
three subunits, PmUrea, PmUref and PmUrey. OBJECTIVES: To obtain recombinant
isolated subunits of this urease and evaluate their biological activities. RESULTS: The
holourease promoted platelet aggregation, and toxicity in fungal and insect models. In a
way similar to Jaburetox, a polypeptide derived from a plant urease, PmUref3 showed
the highest toxicity against yeasts and insects. PmUreo only bound to platelet
membranes whereas PmUref activated platelets. Bioinformatics analyses revealed
gene/segment duplication and their evolutionary divergence among ureases.
CONCLUSIONS: Our findings show that PmUref3 (and probably its counterparts in

other ureases) carries most of the non-enzymatic activities of these proteins.

Main text:
INTRODUCTION

Ureases are known as nickel-dependent enzymes that catalyze the hydrolysis of
urea into ammonia and carbon dioxide. Ureases are also moonlighting proteins that,
besides their enzymatic activity, display many other unrelated biological properties (1—
3). Protein multifunctionality probably reflects the selective pressure for organisms’
increasing complexity without genome changes (3). The moonlighting phenomenon is
particularly relevant in microbiology (4). Ureases are virulence factors of different
pathogenic bacteria such as Klebsiella pneumoniae, Escherichia coli, Proteus mirabilis,
Helicobacter pylori, to cite a few (5). Plant and fungal ureases are formed by trimers or
hexamers of monomeric subunits, while bacterial ureases can be trimers, hexamers, or
dodecamers, with “monomers” composed by two or three subunits (6). The ammonia-
independent toxicity of ureases was initially investigated for canatoxin, an isoform of

urease of the jack bean plant Canavalia ensiformis. Injected intraperitoneally into mice
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and rats, this urease causes convulsions and death (5). Both canatoxin, as well as the
major urease isoform of C. ensiformis, the so-called jack bean urease (JBU), promote
exocytosis in several cell types, activate blood platelets, display neurotoxic and pro-
inflammatory activities, and induce insecticidal and fungitoxic effects (5). Most of these
properties, found to be unrelated to their enzyme activities, were also observed for other
plant (soybean, cotton) ureases and for bacterial enzymes (Bacillus pasteurii,
Helicobacter pylori) (5).

An internal sequence of JBU (91 out of the 840 amino acids in its monomer) was
pinpointed as responsible for its insecticidal activity, later represented by a recombinant
polypeptide called jaburetox (5, 7). In addition to its entomotoxicity against different
insects, jaburetox is also deterrent to filamentous fungi and yeasts (5). The toxic
properties of ureases however are not entirely dependent only on their “jaburetox-like”
internal sequence. For instance, this sequence is partly missing in all microbial ureases,
including those already shown to have entomotoxic activity (5). Consistent with this
hypothesis, fungitoxic peptides distinct from Jaburetox were obtained from JBU by
papain hydrolysis (8), and jaburetox was found not to be lethal given orally or injected
into rats and mice (7). Altogether, these data suggest that more than one protein
“domain” accounts for the non-enzymatic activities of ureases.

Proteus mirabilis, an opportunistic pathogen of the urinary system, produces large
amounts of a urease (PMU) well recognized as a virulence factor (9, 10). PMU is a
trimeric protein, with “monomers” composed by three subunits, PmUreA or PmUrey
(11.0 kDa), PmUreB or PmUref (12.2 kDa) and PmUreC or PmUrea (66.0 kDa),
encoded by the structural genes ureA, ureB and ureC, respectively. PMU enables the
pathogen to hydrolyze urea into carbon dioxide and ammonia, which helps bacterial
survival by increasing urine’s pH and N availability. On the other hand, ammonia is
toxic for host cells, causing tissue damage (10), and causes urine’s alkalization leading
to precipitation of salts and consequent urolithiasis (11).

Structure versus activity studies on the moonlighting properties of ureases are
scarce. There are only a few published reports on biological properties of isolated urease
subunits, and these studies are restricted to the Helicobacter pylori urease (HPU). This
urease consists of two chains, HpUrep or HpUreA (27 kDa), representing a fusion of
PmUrey and PmUrep, and HpUrea or HpUreB (61 kDa), which is homologous to
PmUrea and contains the ureolytic active site. HpUrea was reported to interact with
CD74 on T cells and with Th17 lymphocytes (12). An anti-HpUrea antibody directed
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towards platelet glycoprotein Illa was shown to be implicated in thrombocytopenic
purpura (13). Finally, HpUrep was found to reach the cell nucleus and to cause
morphological changes in gastric epithelial cells (14).

In this work, we employed molecular biochemistry and cell biology approaches to
study PMU and each of its isolated subunits aiming to get structural insights on the

biological activities of this moonlighting protein.

RESULTS
Purification of recombinant PMU

The recombinant PMU obtained by heterologous expression (Fig. 1A and B) had
no tag to facilitate its isolation. The purified protein was obtained in three steps: two ion
exchange chromatographies followed by a size exclusion column. The gel filtration
chromatographic pattern is shown in Fig. 1C. Purified PMU was recovered with a
purification factor of ~64 % and a yield of ~11 %.

The homogeneity of purified PMU was assessed by native-PAGE and western
blots (Fig. 1D) and zymographies indicated an enzymatically active purified protein
(Fig. 1D).

A Proteus mirabilis urease

)
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B) 175 D) Zymograph
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Figure 1: Proteus mirabilis urease A) PMU operon. The structural genes ureA, ureB
and ureC are representend in yellow, green and blue, respectively; the regulatory gene
ureR and the accessory genes (ureD, ureE, ureF, ureG) are shown in grey. B) Response
surface curve of optimized PMU expression. Higher enzymatic activities correspond to
warmer colors. C) PMU purification. Superdex S200 gel filtration profile in the last step
purification; absorbance at 280 nm (black), ureolytic activity (red). Inset: SDS-PAGE of
fraction previous to gel filtration (1); pool of active fractions (2). D) Left: Native-PAGE
of PMU stained by silver nitrate. Right: Zymography of PMU.
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Recombinant PMU subunits: PmUrey, PmUrep and PmUrea

Figure 2 (A, D and G) shows sketches of the pET15b plasmids encoding each of
the PMU’s subunits. After expression and solubilization, the Strep-tagged subunits were

successfully purified by affinity chromatography (Fig. 2B, E and H) as revealed by
SDS-PAGE analyses (Fig. 2C, F and 1).
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Figure 2: Production of PMU recombinant subunits PmUrey, PmUrep and PmUreo.
Strep-tagged recombinant PMU subunits were purified by affinity chromatography in
StrepTactin resin and elution was performed with 2.5 mM D-desthiobiotin added to the
eluent. A) Plasmid construct encoding PmUrey (PmUreA). B) StrepTag column profile
of PmUrey purification. C) SDS-PAGE of purified PmUrey. D) Plasmid construct
encoding PmUrep (PmUreB). E) StrepTag column profile of PmUrep purification. F)
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SDS-PAGE of purified PmUrep. G) Plasmid construct encoding PmUrea (PmUreC). H)
StrepTag column profile of PmUrea purification. 1) SDS-PAGE of purified PmUrea.
The constructs were drawn using SnapGene version 3.3. (M) molecular mass markers;

(ST) purified PMU subunits (pooled fractions of the StrepTag columns).

Platelet aggregation by PMU and its subunits

We have shown that ureases from different sources are able to activate platelets,
inducing exocytosis of their dense granules (5). Here PMU was tested for human
platelet aggregating activity with a turbidimetric assay. Figure 3A shows that PMU (17
ng mL™, 63 nM) induced a response of about 30% of that promoted by ADP (20 pM), a
physiological platelet agonist. PMU-induced aggregation had a slower rate when
compared to platelet’s response to ADP.

We then tested PMU isolated subunits for their ability to aggregate human
platelets. Although no aggregation could be observed in turbidimetric assays, the
microscopic observation of platelets allowed visualization of aggregates formed in the
presence of PMU subunits. PmUrep produced significantly more and bigger platelet
aggregates than did PmUrey or PmUrea (Fig. 3B and C). FITC-conjugated subunits
were used to visualize the platelets aggregates (Fig. 3D) and revealed a stronger labeling
of platelets with PmUrep (8.8 uM) followed by PmUrea (1.6 puM). No interaction was

detected for PmUrey and human platelets.
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Figure 3: Proteus mirabilis urease and its subunits induce platelet aggregation. A) The

PmUre

PmUrea

agonists (PMU or ADP) were added to a platelet-rich plasma suspension and the
aggregation response (shown as a decrease in light transmittance) was monitored for 5
min. The figure shows superimposed tracings for PMU (11 and 63 nM) or 20 uM ADP.
Typical results. B) Platelets were incubated with PMU subunits (108 pg mL™) for 1 h
on a rocking plataform, centrifuged, fixed with formaldehyde and the number of
aggregates per mL was counted in a Neubauer chamber. Buffer: 50 mM Tris-HCI, pH
7.5. PmUrey (9.8 uM), PmUrep (8.8 uM) and PmUrea (1.6 uM). Positive control: ADP
20 uM. C) Microscopic view of typical aggregates. An aggregate was defined as a
cluster of 5 or more cells. Magnification: 200X, bar: 400 mm. Results are mean *
S.EM, N=3, *** p < (.01. D) Aggregation induced by vortexing platelets with FITC-
labeled subunits of PMU (108 pg mL™) as agonist. Buffer: 50 mM Tris-HCI pH 7.5.
PmUrey (9.8 pM), PmUref (8.8 puM) and PmUrea (1.6 pM). Typical results
(magnification of 50X, bars: 100 mm).
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Toxicity of PMU and its isolated subunits against yeasts

The antifungal activity of recombinant PMU was tested using three Candida
species. Incubation for 24 h with PMU led to a dose-dependent decrease of the
proliferation rates of C. parapsilosis and C. tropicalis (Fig. 4A, B and C). Moreover,
PMU (63 nM, 48 h) induced formation of pseudo-hyphae in C. tropicalis, a morphology
change indicative of stress in yeasts (Fig. 4D).

PMU isolated subunits were tested on S. cerevisiae, C. albicans and C.
parapsilosis (Fig. 4E, F and G). Proliferation rates of the three yeast species decreased
in the presence of 5.3 uM PmUrep (65 pg mL™). Moreover, inhibition of C. albicans
was observed for PmUrea (1 uM) (Fig. 4E) whereas PmUrey (6 uM) inhibited only S.

cereviseae.
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Figure 4: Antifungal effect of Proteus mirabilis urease and of its subunits on yeasts.
Recombinant PMU (33 and 65 pg mL™, corresponding to 120 and 240 nM,
respectively) was incubated for 24 h at 28 °C with the yeasts and then colony forming
units (CFU) were determined by the drop plate method. A) Candida albicans. B)
Candida parapsilosis. C) Candida tropicalis. D) left panel shows control yeasts and
right panel shows C. tropicalis cells treated with PMU (63 nM) for 24 h, under optic
microscopy (magnification 100 X, bars: 50 pum). Yeasts were incubated with PMU
subunits (22 and 65 pg mL™) for 24 h at 28 °C, then colony forming units (CFU) were
determined by the drop plate method. Molar concentrations: PmUrey, 2 and 6 puM;
PmUref, 1.8 and 5 pM; PmUrea: 0.3 and 1 uM. E) Candida albicans. F) Candida
parapsilosis. G) Saccharomyces cereviseae. Buffer: 50 mM Tris-HCI pH 7.5. Results
are mean = S.E.M, N=3, * p < 0.05; ** p <0.02; *** p <0.01.

Entomotoxicity of PMU isolated subunits

As isolated urease’s subunits have never been tested on insects before, to
investigate whether PMU subunits display insecticidal effect, 5 pL of 163 pg mL™
solutions of each subunits were injected into the hemocoel of Dysdercus peruvianus
(ca.27 ng protein mg™® body weight). All PMU subunits were insecticidal upon
injection, and PmUrey promoted the highest mortality (ca. 80%) after 72 h as shown in
Fig. 5A. The subunits were also tested orally in D. peruvianus, indicating a dose- and
time-dependent lethal effect. PmUrep induced the highest lethality (90%) followed by
PmUrey (Fig. 5B). PmUrea was not lethal given orally to D. peruvianus.

The in vitro entomotoxicity of PMU’s subunits was evaluated by testing their
ability to induce aggregation of insect hemocytes. For that, the hemolymph of Rhodnius
prolixus nymphs was incubated with the separated subunits at 2.2 pug mL™. PmUrep
(180 nM) and PmUrey (200 nM) were able to significantly aggregate hemocytes.
Inhibition by EDTA (100 pM) indicated a cation-dependent process (Fig. 5C). PmUrea

(33 nM) had no effect on R. prolixus hemocytes in vitro.
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Figure 5: Entomotoxic activity of PMU isolated subunits. A) Survival rates of D.
peruvianus after hemocoel injection of 5 puL buffer (50 mM Tris-HCI pH 7.5; negative
control) or of 5 pL solutions containing doses of 0.27 ng of PMU subunits per mg of
insect body weight. B) Survival rates of D. peruvianus fed on buffer (50 mM Tris-HCI
pH 7.5) or on solutions of PMU subunits to give a dose of 0.27 ng of per mg of insect
body weight. Results are mean £ S.E.M, N=3. ** p < 0.02; *** p < 0.01. C) PMU
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isolated subunits induce in vitro aggregation of R. prolixus hemocytes through a
calcium dependent process. White bars indicate the number of hemocytes aggregates
formed in vitro after incubation (1 hour) with PMU subunits at 2.2 ug mL™ (PmUrey:
200 nM, PmUref: 180 nM, PmUrea: 33 nM) in 50 mM Tris-HCI, pH 7.5. Gray bars
show the number of aggregates formed when 100 uM EDTA was added to the PMU
subunits solutions. Control (black bar) hemocyte aggregation was carried out in buffer
alone (50 mM Tris-HCI pH 7.5).

Gene or segment duplication in ureases

PMU was inspected for internal sequence repeats, aiming to detect possible
duplications of functionally relevant regions. The amino acid sequence of PMU
subunits, PmUrey, PmUrep and PmUrea are collinear to segments 1-100, 131-238, and
271-840 of the JBU molecule, respectively (Fig. 6A and B). Two similar regions were
identified between the PmUref3 and PmUrea subunits, when comparing PMU and the
prototypical urease JBU as reference. One similarity pair encompasses a “‘jaburetox-
like” segment in PmUrea (sequence 268-316 in JBU) and its homologous in PmUref3
(177-229 in JBU). Jaburetox itself corresponds to the sequence 230 to 321 in JBURE-II,
one of JBU’s isoforms in C. ensiformis (5). The second pair encompasses a region
including the last residues of the “jaburetox-like” segment in PmUrea (Segment 307-331
in JBU) and its homologous in PmUref (186-210 in JBU). These regions were aligned
to their putative ancestor sequences, revealing their evolutionary conservation (Fig. 6E
and F).

A molecular model for PMU was structurally validated, showing quality
equivalent to the template used. To inspect PmUrep for possible disordered behavior,
similar to what was observed for jaburetox (16), molecular dynamics simulations were
performed under two conditions (Fig. 6G). As depicted for jaburetox in JBU, PmUref is
also well exposed at the surface of PMU (Fig. 6C and D). From simulations under
physiological conditions (310 K, 100 ns), loss of secondary structure was observed,
while preserving (or with a slight increase) the p-sheet content, with an overall 36% of
secondary structure elements in the protein (Fig. 6H). Simulations to evaluate structural
stability (498 K, 100 ns) indicated complete loss of secondary structure elements (16%

structure elements overall, 0% at the final frames of simulation) (Fig. 6l).
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Figure 6: Comparisons of P. mirabilis urease. A) JBU single subunit is represented as
gray bar and jaburetox in light blue. B) PMU subunits: PmUrey (yellow), PmUref
(green) and PmUrea (blue). Below, HPU is represented with its UreA chain (HpUrep)
in dark green and its UreB chain (HpUrea) in dark blue. The numbers refer to the amino

acid positions in JBU sequence. Additional information in Figures S2 and S3,
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respectively. C); D) trimeric forms of JBU (PDB 3LA4) and PMU (modeled), in front
(left) and side (right) views. C) jaburetox’s N-terminal half in blue and its C-terminal in
pink. D) PmUref depicted in green. E; F) Comparison of duplicated segments among
ureases and their putative ancestors. E) “a”-“e” indicate ancestor urease sequences for
the nodes shown in the simplified phylogenetic tree. F) alignments of “jaburetox-like”
sequences in C. ensiformis JBURE-II urease (JBUii), PMU (Proteus mirabilis urease),
and the most likely ancestor sequences from the nodes of the phylogenetic tree. Colors
highlight differences from major rule consensus. G, H; 1) Conformation of PmUrep and
molecular dynamics simulations. G) Native PmUrep (modeled); H); I) Isolated PmUref

after 100 ns under normal conditions (H) and under protein disturbing conditions (I).

DISCUSSION

In this work, we aimed to investigate biological activities of PMU and of its
subunits. To obtain enough quantities of recombinant PMU for bioassays, RSM (17)
was applied to increase its production by E. coli cells. The urea concentration (500 mM)
set to achieve optimized expression levels of urease (Fig. 1B), matches that of normal
urine, which allows activation of P. mirabilis UreR in the urease operon and triggers
PMU expression (18). Conventional chromatographic steps were employed to obtain the
enzymatically active recombinant PMU (Fig. 1C). The isolated subunits of PMU were
successfully cloned and expressed in E. coli cells. While recombinant PmUrey was
found in the E. coli’s soluble fraction, PmUrefp and PmUrea were produced as inclusion
bodies. The three Strep-tagged PMU subunits were purified by affinity chromatography
(Fig. 2).

This is the first report of heterologous expression of the subunits of a tri-chained
microbial urease followed by testing of their insecticidal and fungitoxic properties. Our
previous work focused mainly the entomotoxic properties of single-chained plant
ureases (5). Nonetheless, we have reported that the insecticidal activity of
entomopathogenic Photorhabdus spp. bacteria correlates positively with their urease’s
production (19). The insecticidal activity of Yersinia pseudotuberculosis urease to fleas
was also reported (20). Here we used D. peruvianus to demonstrate the insecticidal
effect of isolated PMU’s subunits. PmUrey was more toxic when injected, whereas
PmUrep administered orally had the highest toxicity (Fig. 5A and B). Canatoxin, an
isoform of JBU, was previously shown to have more than one insecticidal domain (21).

As part of the entomotoxic mode of action, JBU and Jaburetox interfere on the immune
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system of R. prolixus, inducing hemocyte aggregation, detected both in vivo and in
vitro, rendering the insect more susceptible to bacterial infections (15, 22). Here similar
approaches were used to demonstrate that PmUrey and PmUrep triggered a cation-
dependent hemocyte aggregation (Fig. 5C), similar to what was observed for JBU and
Jaburetox (15, 22).

Plant and bacterial ureases, regardless of their enzyme activity, promote platelet
activation in the nanomolar range (5). PMU induced human platelet aggregation in
nanomolar concentrations (Fig. 3A), causing a slower response than that provoked by
the platelet agonist ADP. A slower kinetics of HPU-induced aggregation of rabbit
platelets has also been observed (23), suggesting that this might be a trend of platelets’
response to microbial ureases. Testing of the isolated subunits demonstrated that only
PmUrep is able to induce aggregation of human platelets (Fig. 3B and C). However,
when using fluorescently labeled proteins, we could see that both PmUreps and PmUrea
bound to platelet membranes. The maximal molar concentration of PmUrea that could
be tested (Fig. 3B) was 5.5-fold lower than that of PmUref, what may explain the less
intense labeling of platelets and lack of platelet aggregation-inducing activity. PmUrey
did not interact with platelets. Altogether, these findings indicate that PMU activates
platelets (as do all other ureases we have tested so far) and this effect involves more
than one structural domain, one represented by PmUref while the other is present in the
PmUrea subunit. Our data suggest that ureases somehow interact with the platelets
membrane acting as (or mimicking) an agonist, probably collagen, thereby activating
platelets and leading to aggregation. It has suggested that the amino acid sequence
IRRET present in the a subunit of PMU “mimics” the sequence LRREI found in
collagen XI of hyaline cartilage and that previous urinary infection with P. mirabilis
triggers the production of auto-antibodies in reumathoid arthritis patients (24). It is well
known that platelets can be activated by simple collagen-like peptides (25), such as
those with homologous sequences found in distinct domains of both PMU and HPU
(Fig. S3). Cross-reactivity of antibodies raised against the UreB subunit (HpUrea) of
HPU towards platelet’s glycoprotein Illa has been implicated in immune
thrombocytopenic purpura (13). Finally, the ability of ureases to insert themselves into
lipid membranes hence leading to formation of ion channels and alterations of
membrane’s permeability (26, 27) could also underlie their platelet-activating

properties.

54



308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341

The fungitoxic effect of ureases was first reported in 2007, by testing JBU,
soybean urease, and HPU against filamentous phytopathogenic fungi (28). Later, the
non-enzymatic antifungal activity on yeasts of JBU in the micromolar range,
accompanied by membrane permeabilization, inhibition of glucose metabolism and
changes in morphology, was described (8). Here, micromolar doses of PMU were
shown to inhibit fungal cell proliferation and to cause morphological changes in yeasts.
Concerning the PMU subunits, PmUrep inhibited proliferation of all three tested yeast
species (Fig. 3E, F and G). PmUreo was fungitoxic only against C. albicans and
PmUrey was deterrent only to S. cerevisae. Our data confirmed the existence of more
than one fungitoxic domain in ureases, as previously suggested (8).

The fact that PmUrep subunit displayed all the biological activities demonstrated
here was somewhat surprising. Apart from the catalytic region in the a subunit, no other
functions were clearly ascribed to bacterial enzyme’s subunits. The urease’s f domain,
so far, has only been proposed to take part in the enzyme’s activation process (29).
Since the PMU’s non-enzymatic biological effects seen here overlap the toxicity
reported for Jaburetox (30, 31) similarities between them were inspected. Using a tool
able to detect intragenic duplications on three levels, a jaburetox-like fragment was
detected in the p domain of JBU, and its homologue is present in PmUref. Considering
that, in contrast to Jaburetox, PmUref also activates platelets, additional regions of
duplication between B and a domains were inspected, revealing a second similarity site
(Fig. 6E and 6F).

Jaburetox is an intrinsically disordered peptide (16), a feature that may underlie
its toxicity. By simulating the PmUrep subunit, a loss of secondary structure (with some
gain in B-sheets) could be seen, as previously reported in simulations of the jaburetox
peptide (32). Simulations under fold-disturbing conditions resulted in a total loss of
secondary structure, as observed for jaburetox in NMR studies (16). Thus, our
observations indicate that PmUref displays a jaburetox-like behavior both in terms of
biological activities and physicochemical behavior (Fig. 6).

Ureases are unnecessarily large for the enzymatic function they perform (6). The
need for the additional subunits (considering the ancestral dihydroorotase) is unknown,
and acquisition of toxicity has been proposed as a trend (2). Our current observation of
duplications of “toxic” elements across urease subunits, added to the diverse insecticidal
and fungitoxic motifs found throughout the enzyme, give support to this proposition (2,

5). Considering the evolutionary age of ureases (6), and observing the evolutionary
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conservation of a jaburetox-like region in the B domain of the proteins may even point
to its origins there, labeling the jaburetox moiety in single chained ureases as a true
copy of an “original” toxic segment in the [ subunit.

It is interesting to point out that the duplicated segments detected here arose
prior to the fusion of the tri-chained ureases to form the single-chained proteins, in a
transition from prokaryotes to the eukaryotes enzymes, probably by horizontal gene
transfer (6), which have been conserved ever since. Confirmation that these enzymes
may be accumulating varied types of toxicities to become multifunctional toxins raises
the question: Was urease originally a toxin, later co-opted for enzymatic activity (5)?
While this question remains unanswered, PMU is clearly pointing towards toxicity as a

driving force in the evolution of these enzymes.

CONCLUSIONS

Our data showed that Proteus mirabilis recombinant urease activated human
platelets and inhibited yeast proliferation, reinforcing the moonlighting characteristics
of PMU as shared with other ureases. Apart from the enzymatic activity of PMU, which
is ascribed to PmUrea, our findings point to PmUrep as one of the biologically active
portions of PMU, responsible to a great extent for the moonlighting character of this

urease.
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MATERIALS AND METHODS

Plasmid construction and bacterial strain

Escherichia coli HB101 carrying a pMID 1010 plasmid, was a kind gift from Dr.
Harry T. Mobley (Department of Microbiology and Immunology, University of
Michigan Medical School, Ann Arbor, MI, USA). This plasmid contains the complete
operon for PMU (Fig. 1A) formed by eight genes in tandem: three structural genes
(ureA, ureB and ureC) and five genes encoding accessory and regulatory proteins
(ureD, ureE, ureF, ureG and ureR). That plasmid was used as template to express ureA,
ureB and ureC, which encode the structural subunits, separately.

The primers used to amplify P. mirabilis ureA  5-

CATATGGAATTAACACCAAGAGAA-3, 3-
AGATCTCCTACACAATAGGTGAGTGAATTG-5, P. mirabilis ureB  5-
CATATGTAATAACATGATCCCCGGTG-3, 3-
AGATCTTTTTTCTCACTCTCCAATTTACCC-5 and P. mirabilis ureC 5-
CATATGAAAACTATCTCACGTCAAGCTT-3, 3-
AGATCTCGCTGGTTAAAATAAGAAATAGCG-5 were designed based on P.
mirabilis H14320 genome

(http://www.ncbi.nlm.nih.gov/genome/?term=proteus+mirabilis). Each insert was
subcloned into the vector pGEM T-Easy (Promega, Madison, WI, USA) and

transformed into E. coli XL10-Gold ultracompetent cells (Novagen, Madison, WI,
USA) to amplify and maintain the plasmid. Zyppy™ Plasmid Miniprep kit (Zymo
Research Corp, Irvine, CA, USA) was used for plasmid purification and to insert
cleavage sites for restriction enzymes (Promega, Madison, WI, USA) both performed as
indicated by the manufacturer. All inserts were cloned into a pET15-b in which a
Streptag Il sequence was inserted (33). Finally, P. mirabilis ureA gene was transformed
into E. coli BL21 (DE3) pLysS (Novagen, Madison, WI, USA), whereas P. mirabilis
ureB and ureC genes expression was achieved using E. coli Arctic Express (DE3)
(Novagen, Madison, WI, USA).

Response Surface Methodology (RSM)
To obtain better conditions for PMU production, a factorial design exploring two
variables (urea concentration and time of induction) was performed. A 22 factorial with

12 experiments, coded as superior and inferior limits, with a repetition of the central
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point were performed. The results obtained were analyzed with the software
STATISTICA 7.0 (Statsoft Inc., Tulsa, OK, USA). The experiment quality was
expressed by R?, with a Confidence Index (CI) of 95 % and p< 0.05. The statistical
significance was determined by the Fischer’s Test (F-test). The data obtained resulted in
a polynomial equation:
Yi = BotPrXe+P2Xo+PraXiXo+PraXio+B22X22  (EQ. 1)

where Y; is a predictive response, and X; and X, are the independent variables (urea
concentration and induction time, respectively), Bo is the intersection value, whereas [3;
and B, are the model parameters. This equation allowed the comparison between the

predictive and observed values in a validation curve.

Growth conditions

Proteus mirabilis urease (PMU)

Escherichia coli HB101 cultures were performed in Luria Bertani broth (LB),
with 100 pg mL™ ampicillin (Sigma-Aldrich, St. Louis, MO, USA) and 1 uM NiCl, at
37 °C and constant agitation (185 rpm). The induction of urease expression was carried
out by addition of 500 mM urea for 3 hours, as soon as the culture reached ODgg 0f 0.7.
Activity screening was performed by urea segregation agar methodology (Fig. S1) (34).

PMU structural subunits

All cell cultures were carried out using LB medium in the presence of 100 ug
mL™ of ampicillin (Sigma-Aldrich, St. Louis, MO, USA). For ureA plasmid, 36 pg mL’
! of chloramphenicol (Sigma-Aldrich, St. Louis, MO, USA) were added, while for
ureC- and ureB-expressing cultures, 20 pg mL™ of gentamycin were added. Cultures
were performed at 37 °C, under constant agitation (180 rpm). Protein expression was
inducted by addition of 0.5 mM IPTG when the cellular growth achieved an ODgg Of
0.7. Cell cultures were then kept overnight at 27 °C for ureA and 15 °C for ureB and
ureC.

Crude extract and purification

The recombinant holoprotein encoded by the plasmid carrying the whole urease
operon was called PMU. The recombinant subunits were designated PmUrey, PmUref
and PmUrea encoded by the plasmids carrying ureA, ureB and ureC genes,

respectively.
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Crude extract and purification of PMU

After bacterial growth, the culture was centrifuged at 5,800 x g for 15 min at 4
°C. The pellet was resuspended in PEB (20 mM sodium phosphate (NaPB) pH 7.5, 1
mM ethylenediamine tetra acetic acid (EDTA), 5 mM B-mercaptoethanol) and
centrifuged. To remove the urea excess from the pellet, the process was repeated three
more times. Cells were disrupted using a Unique Ultrasonic Homogenizer (Hielscher
Ultrasonics, Teltwon, Germany), 10 pulses of 50 s, in ice bath and PEB buffer. After
lysis, the material was centrifuged at 23,000 x g for 60 min at 4 °C and the supernatant
was dialyzed to remove the urea excess that could still remain in the solution.

After dialysis, the crude extract was submitted to three sequential
chromatographic steps. The extract was applied into a HiTrapQ™ column (GE
Healthcare, Little Chalfont, UK), at 60 % of its protein binding capacity. The resin was
equilibrated with PEB pH 7.5 and the same buffer was used to wash the resin to remove
unbound proteins. PMU was eluted in PEB pH 7.5 containing 400 mM potassium
chloride (KCI). The urease enriched fractions were pooled and dialyzed against PEB pH
7.5 to remove KCI and then loaded into a Q-Sepharose™ column (GE Healthcare, Little
Chalfont, UK) mounted in an AKTA chromatography system (GE Healthcare, Little
Chalfont, UK), equilibrated in PEB pH 7.5. The Q-Sepharose chromatography was
performed with a linear gradient from 0 to 600 mM KCI. The active fractions were
pooled, concentrated using an Amicon device with a cut off of 30 kDa (Merk Millipore,
Darmstadt, Germany) and then further purified by size exclusion chromatography
(Superdex 200™ 26/60-pg), equilibrated in PEB buffer pH 7.0. The gel filtration
column was calibrated using Blue dextran (2,000 kDa), thyroglobulin (669 kDa),
ferritin (440 kDa), B-amylase (200 kDa), alcohol dehydrogenase (150 kDa), and
carbonic anhydrase (29 kDa).

Crude extract and purification of PMU subunits

After bacterial growth, the culture was centrifuged at 5,800 x g for 10 min at 4 °C.
The pellet was resuspended in buffer containing 100 mM tris(hidroxymetyl)
aminomethane hydrochloride (Tris-HCI) pH 8.0, 150 mM NaCl and 1 mM EDTA. The
cells were disrupted by sonication in ice bath with 15 cycles of 1 min at 20 kHz.
Cellular debris were pelleted by centrifugation at 14,000 x g for 30 min. PmUrey was
found in the culture supernatant whereas the other two proteins were expressed as
inclusion bodies. To solubilize PmUrep and PmUreo, the pellets containing cellular

debris were washed three times with the buffer described above, containing 3 % (v:v) of
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Triton X-100, followed by three washes with the same solution but without Triton X-
100. After washing and centrifugation, the pellets were resuspended in buffer containing
6 M urea, and kept under constant agitation, overnight at 4 ‘C. After solubilizing the
proteins, urea was removed by dialysis and all precipitated material was removed by
centrifugation at 14,000 x g for 20 min. After the protein refolding procedure, crude
extracts of PmUrep and PmUrea were obtained.

The crude extracts of the recombinant PMU subunits were then subjected to an
affinity chromatography step using StrepTactin resin (GE Healthcare, Little Chalfont,
UK) equilibrated in 100 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, and elution
was carried out by addition of 2.5 mM D-desthiobiotin to the eluant, as indicated by the
manufacturer.

Before each biological experiment, a gel filtration step in Superose 6 10/300
column (GE Healthcare, Little Chalfont, UK) was conducted to assert protein

homogeneity, while changing the solvent to 50 mM Tris-HCI pH 7.5 buffer.

Protein determination
The protein contents were determined by the Bradford method , using bovine

serum albumin as standard.

Polyacrylamide gel electrophoresis (PAGE) and western blot

Sodium dodecyl sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE) was
performed according to Laemmli, 1970 (35). The material was diluted in sample buffer,
heated to 95 °C for 5 minutes and applied in 12 or 15 % polyacrylamide gels. Native-
PAGE was performed in 7.5 % polyacrylamide gels, without SDS and reducing agents,
and samples were not boiled. The proteins were stained with colloidal Coomassie
Brilliant Blue or silver nitrate.

After purified PMU was subjected to native-PAGE, the protein bands were
electrotransferred to a 0.25 pm nitrocellulose membrane using PowerPac HC (Bio-Rad,
Hercules, CA, USA). The membrane was incubated overnight with HpUreo rabbit
polyclonal antibody (Santa Cruz Biotechnologies, Dallas, TX, USA) followed by 2 h
incubation with the anti-rabbit Immunoglobulin G coupled with alkaline phosphatase,
diluted 1:5,000 and 1:10,000, respectively. The color reaction was developed in 20 mM
Tris-base in pH 9.2, 10 mM MgCl,, containing 0.75 mM nitroblue tetrazolium (NBT)
and 30 mM of 5-bromo-4-chloro-3-indolyl (BCIP).
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Urease assay and zymography

Urease activity was determined in 96 well plates (Thermo Scientific, Waltham,
MA, USA) in the presence of 20 mM NaPB pH 7.5, 150 mM NaCl (PBS buffer), 100
mM urea and the sample of interest, in 100 uL final reaction volume. The enzymatic
reaction proceeded for 30 min at 37 °C and the color reaction was developed with the
phenol-nitroprussiate method (36). Zymography in native-PAGE gels was carried out
by the nitroprusside-thiol reaction according to Sharma et al. (37).

Platelet aggregation

Peripheral human blood of healthy volunteers was obtained in presence of 0.313
% (w/v) sodium citrate. The blood samples were centrifuged at 400 x g for 10 minutes
at 25 °C to obtain a platelet-rich plasma (PRP). All procedures regarding blood
extraction and handling were conducted in strict accordance to Brazilian legislation
(Law no. 6.638/1979) and approved by the institutional Ethics Committee (UFRGS
process 721.217; PUCRS 14/00414).

Platelet aggregation by turbidimetry

PRP (300 pL) was preincubated for two min at 37 °C under stirring, and then a
maximum of 30 pL of agonist was added. Increase in turbidity was followed at 630 nm
in a Lumni-Aggregometer (Chrono-Log Corporation, Havertown, PA, USA) for 5 min.
Adenosine diphosphate (ADP) at 20 uM was considered the positive control. Buffer
alone (20 mM NaPB pH 7.5) was employed as negative control. The aggregation assays
were performed using 11 and 63 nM of PMU, or 20 uM ADP.

Platelet aggregation by microscopy

PMU subunits were incubated with PRP for 1 h at room temperature on a rocking
platform. After centrifugation, the pelleted cells were fixed with 4% v/v formaldehyde,
and the aggregates were counted in a Neubauer chamber using an optic microscope
(Carl Zeiss Microscopy, Thornwood, NY, USA). A platelet aggregate was defined as
five or more cells clustered together.

Platelet interaction with fluorescently labeled PMU subunits was also assessed.
For that, the proteins were incubated for 1 h at room temperature with 48 ug mL™ of
fluorescein isothiocyanate (FITC) dissolved in DMSO and the excess of fluorophore
was removed on a HiTrap desalting column (GE Healthcare, Little Chalfont, UK) in 50
mM Tris-HCI pH 7.5. The labeled subunits were mixed with 107 platelets at room
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temperature, vortexed for 5 min, fixed with 4% v/v formaldehyde and visualized using a
Zeiss Axiovert 200 inverted fluorescence microscope and photographed with an
Axiocam MRc camera (Carl Zeiss).

Yeast Proliferation Assay

Saccharomyces cerevisiae, Candida albicans, C. tropicalis, and C. parapsilosis
were grown for 48 h on petri dishes with Sabouraud agar (1 % peptone, 2 % glucose
and 1.7 % agar-agar) at 28 °C. After cellular growth, the cells were harvested with the
aid of a sowing handle, transferred to sterile saline (0.9 % NaCl) and homogenized.
Yeasts (10° cells) were placed on 96 wells U bottomed plates (Thermo Scientific,
Waltham, MA, USA), containing Sabouraud medium. Thereafter, the tested proteins
were added, incubated overnight at 28 °C and colony forming units (CFU) were
determined by the drop plate method in Agar-Sabouraud plates after 24 h of incubation
at 28 °C. Controls were run with the material obtained from non-transformed E. coli
HB101 (without the PMU plasmid) cells, subjected to the same purification protocol
used for PMU.

The cellular morphology of Candida tropicalis was analyzed by microscopy in
Axioskop 40 (Carl Zeiss Microscopy, Thornwood, NY, USA) after an incubation period
of 48 h in presence of PMU.

Assays on protein-insect interactions

Fifth-instar nymphs of the kissing bug Rhodnius prolixus (a Chagas’ disease
vector) were kindly provided by Dr. Denise Feder (Universidade Federal Fluminense,
RJ, Brazil). The colony maintenance was performed under light:dark cycle of 12 h each,
temperature (27 £ 1 °C) and relative humidity (60 %). The insects were fed every three
weeks on human blood offered in parafilm-covered acrylic plates maintained at 37 °C
on a warming table. A colony of the cotton stainer bug Dysdercus peruvianus was
maintained at 23 °C and 75 % of relative humidity, with light-dark cycle of 16 h:8 h,
and fed on cotton seeds .

In vitro hemocyte aggregation assay

Fifth-instar nymphs of R. prolixus were sterilized by immersion in ethanol 70 %,
and hemolymph was collected with a micropipette from a cut in one leg and pooled.
The hemolymph pool was mixed in a proportion of 1:1 (v/v) with Rhodnius saline as

reported by Lane et al. in 1975 (38). The hemolymph mixture was incubated with the
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urease subunits (final concentrations of 2.2 pg mL™) and incubated at room temperature
for 1 h with gentle agitation on a rocking platform. The aggregates were counted in a
Neubauer chamber in an optic microscope (Carl Zeiss Microscopy, Thornwood, NY,
USA). A hemocyte aggregate was defined as five or more cells clustered together. In
order to assess the relevance of divalent cations in the subunit-induced hemocyte
aggregation, additional experiments were performed in presence of 100 uM EDTA,
following the same protocol.

Lethality assay by injection into D. peruvianus

Solutions of the urease subunits were sterilized by passing through 0.22 pm
syringe filters. Dysdercus peruvianus fifth-instar nymphs were anesthetized by cooling
at 4 °C for 5 min, fixed in a plate and injected into the hemocoel with 5 pL of urease
subunits (in 50 mM Tris pH 7.5 at 163 pg mL™, final dose of 27 ng of protein per mg of
insect body weight, with an average of 30 mg each) using a Microliter 900 series
syringe (Hamilton, Reno, NV, USA). Controls received injections of buffer (50 mM
Tris-HCI pH 7.5). The experiments were repeated three times employing groups of 5
insects each. Mortality rates were recorded every 24 h for 3 days.

Lethality assay oral administration to D. peruvianus

Fifth-instar nymphs of D. peruvianus were immobilized on a flat surface and their
mouth apparatus were introduced into a glass capillary containing 5 pL of test solution
as described by Martinelli et al. (32). The experiments were performed in triplicates
using groups of 5 insects. The controls were fed with 50 mM Tris-HCI pH 7.5 and the
experimental groups were fed with the solutions (163 ug mL™) of PmUrey, PmUrep or
PmUrea subunits dissolved in the same Tris-HCI buffer, to give final doses of 27 ng of
protein per mg of insect body weight. Mortality rates were recorded every 24 h for 3

days.

Protein sequence analyzes

Protein sequences (for bacterial urease subunits, plant urease, and Jbtx) were
collected from NCBI - Protein database (https://www.ncbi.nlm.nih.gov/protein/) and
aligned using Clustal Omega algoritm (https://www.ebi.ac.uk/Tools/msa/clustalo/). The
collagen peptide [GKO(GPO),;0GKOG] (25), had its hydroxyproline amino acid
replaced for proline and aligned with P. mirabilis and H. pylori urease subunits using
ClustalW algoritm. Internal amino acid sequence repeats related to genetic duplication

were inspected with Swelfe (39). Ancestral state reconstruction was carried out with

66



239
240
241
242
243
244
245
246
247

MEGA7 (http://www.megasoftware.net/), using the previously published urease

phylogeny data (6) as reference.

Molecular modeling and dynamics

The molecular models for the PMU subunits were built with Modeller 9
(https://salilab.org/modeller/) using the Sporosarcina pasteurii urease structure (PDB
ID 4AC7) as template. Molecular dynamics simulations were carried out with the
Gromacs 4 suite (http://www.gromacs.org/), following protocols for native,

physiological conditions (40), and for structural stability assessment (41).
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PMU EXPRESSION OPTIMIZATION BY RSM - SUPPLEMENTARY
OBSERVATIONS

After bacterial screening to select colonies of E. coli HB101 carrying pMID1010
and producing recombinant PMU (Fig. S1), RSM was performed in order to establish
the best conditions for urease production (17). The experimental design applied in this
study was 22 factorial, with four central point repetitions to determine the confidence
intervals. Table S1 shows the factorial design and the results for each analyzed point.
The data in Table S2 was used to conduct a variance analysis and determine the
significance for this model. The coefficient of determination (R%) was 0.968 indicating a
high confidence level. To classify the experiment as predictive, the calculation of the F-
value is required, and this number must be 3 times higher than the tabulated F-value.
Our obtained F-value was 12 times higher than tabulated value, which classifies the
experiment as predictive and significant. The regression equation obtained was a
quadratic polynomial one, as seen in the equation (2), and the surface response
generated is shown in Figure 1B.

Yi=6368.1 X; —12013.6 X1, —10744.4 X, -5292.3 X1 X, +41390.0 (Eq. 2)

Experiments were performed in order to validate this model, obtaining a

difference between the experimental data and the predicted values of less than 20 %
(Table S3), validating our model. RSM determined the best conditions for urease
expression (Fig. 1B). Thus PMU production would be highest using 500 mM urea and 3

h as induction time.
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Table S1

Table S1: Experimental design and urease activity for response surface curve

construction. Variables are presented with its mathematical value. Uy i the enzymatic

activity from each experiment and expressed as the enzyme concentration to release 1

nM of ammonium per minute of reaction.

Urease activity

Experiment Urea (mM) Time (h) Urotal
1 130 5.5 30198
2 130 17.6 15975
3 520 5.5 50462
4 520 17.6 15069
5 325 11.5 39562
6 325 11.5 42464
7 325 11.5 40966
8 325 11.5 45580
9 325 3.3 54121

10 325 20.0 28530
11 50 11.5 7818
12 600 11.5 30112
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Table S2
Table S2: Variance analysis by ANOVA using Statistica 7.7 Software.
ANOVA — R? = 0.96824; Adj = 0.95009
Factor SS df MS F p
(L) Urea (mM) 3.234 E+08 1 323453977 48.612 0.0060
(Q) Urea (mM) 9.530 E+08 1 953046699 143.234  0.0012
(L) Time (h) 9.208 E+08 1 920788992 138.386  0.0013
(L) Urea by (L) Time 1.120 E+08 1 112035609 16.840 0.0026
Lack of Fit 5.579 E+07 4 13947971 2.096
Pure Error 1.996 E+07 3 6653786
Total SS 2.385E+09 11 40966
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Table S3

Table S3: Surface response methodology validation experiments. Difference % is the
difference calculated between the enzymatic urease activity detected from the

experimental procedure and the predicted values obtained from the polynomial curve
(eq. 2).

Experimental Predicted

< Urea (mM) Time (h) Urotal Urotal Difference (%)
= 150 5 36800 32388 12

;8 500 3 67575 59256 12

© 500 5 61440 54138 12

= 100 20 12681 11611 8
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295  Figure S1: Bacterial culture screening to select colonies producing recombinant PMU.
296  On the left are presented the Petri dishes with LB medium and the cells were isolated by
297  streaking method. The isolated reddish colonies expressing urease are shown on the

298  right as revealed by using the Urea Segregation Agar (USA) medium.
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CLUSTAL O(1.2.4) multiple sequence alignment
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Figure S2: Jaburetox and urease alignment. Jack bean urease (JBU - GenBank:
AAAB83831.1) was used as the amino acid sequence reference. Light blue: jaburetox,
Proteus mirabilis urease (PMU): PmUrey in yellow (GenBank: KXC01632.1), PmUref
in green (GenBank: KXC01631.1) and PmUrea in blue (GenBank: KGA91697.1).
Helicobacter pylori urease (HPU): HpUrep in dark green (GenBank: WP_058905136.1)
and HpUrea in dark blue (GenBank: AAU21200.1).
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433 Figure S3: Partial alignment of PMU subunits and collagen peptides responsible for
434  interaction with platelet glycoprotein VI.
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Neste capitulo apresentamos o artigo publicado na revista Colloids and Surfaces
B: Biointerfaces. Neste capitulo exploramos aspectos experimentais e estruturais do
polipeptideo entomotoxico jaburetox a fim de elucidar maiores informaces a respeito de
seu mecanismo de acdo. Jbtx interage com o corddo nervoso de insetos assim como a
parede celular de leveduras, esta interacdo se mantem mesmo apos lise celular. A fim de
entender este mecanismo foram construidas estruturas lipidicas que mimetizassem
membrana celular e por experimentos de RMN e dicroismo circular acompanhado o
comportamento deste polipeptideo. Os dados obtidos no presente trabalho evidenciam um
possivel mecanismo no qual o polipeptideo interage com os lipideos presentes na
membrana celular de forma a facilitar uma ligacdo ainda mais especifica com receptores

presentes na membrana.
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Jack bean urease is entomotoxic to insects with cathepsin-like digestive enzymes, and its toxicity is
mainly caused by a polypeptide called Jaburetox (Jbtx), released by cathepsin-dependent hydrolysis of
the enzyme. Jbtx is intrinsically disordered in aqueous solution, as shown by CD and NMR. Jbtx is able
to alter the permeability of membranes, hinting to a role of Jbtx-membrane interaction as the basis
for its toxicity. The present study addresses the structural aspects of this interaction by investigating the
behaviour of Jbtx when in contact with membrane models, using nuclear magnetic resonance and circular
dichroism spectroscopies in the absence or presence of micelles, large unilamellar vesicles, and bicelles.
Fluorescence microscopy was also used to detect protein-insect membrane interaction. Significant dif-
ferences were observed depending on the type of membrane model used. The interaction with negatively
charged SDS micelles increases the secondary and tertiary structure content of the polypeptide, while, in
the case of large unilamellar vesicles and bicelles, conformational changes were observed at the terminal
regions, with no significant acquisition of secondary structure motifs. These results were interpreted as
suggesting that the Jbtx-lipids interaction anchors the polypeptide to the cellular membrane through the
terminal portions of the polypeptide and that, following this interaction, Jbtx undergoes conformational
changes to achieve a more ordered structure that could facilitate its interaction with membrane-bound
proteins. Consistently with this hypothesis, the presence of these membrane models decreases the ability
of Jbtx to bind cellular membranes of insect nerve cord. The collected evidence from these studies implies
that the biological activity of Jbtx is due to protein-phospholipid interactions.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Jaburetox (Jbtx) is an intrinsically disordered polypeptide (IDP)
released from Jack bean (Canavalia ensiformis) urease (JBU) upon
hydrolysis performed by cathepsin-like enzymes present in the
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digestive system of some insects [1-5]. Both JBU and Jbtx fea-
ture potential as insecticides, but the activity of the polypeptide
is greater than that of urease and it is effective over a broader spec-
trum of insect orders, because it does not require prior hydrolysis
to be active [6,7].

In 2009, Stanis¢uaski and co-workers proposed a model in which
Jbtx exerts its entomotoxic role by interacting with receptors at
Rhodnius prolixus Malpighi tubule’s membranes, thus altering the
eicosanoid signaling pathway, increasing cGMP levels, and disturb-
ing trans-membrane potential, with consequent diuresis inhibition
in this insect model [8]. Recently, the central nervous system of
Triatoma infestans was demonstrated to be a Jbtx target, with the
polypeptide interfering in enzymatic pathways of neuronal tissue,
both in vivo and in vitro [9]. Later, Fruttero et al. reported that Jbtx
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affects the defence mechanisms in R. prolixus by affecting both the
cellular and the humoral immune responses [10]. In addition to
insects, the activity of Jbtx against yeasts and filamentous fungi
has also been reported, with its fungicidal mechanism of action
involving alteration of ions transport, changes in morphogenesis
and permeabilization of fungal cells [11].

The biological activities of Jbtx appear to correlate with its ability
to interact with cellular membranes, specifically through a protein-
lipid interaction that causes the alteration of membrane structures
with the possible formation of pores [12-15]. In 2009, Barros and
co-workers showed that incubation with Jbtx leads to disruption
of large unilamellar vesicles (LUVs) and release of a pre-loaded
fluorescent dye [12]. Additionally, Martinelli and co-workers [15]
reported that both the N- and the C-terminal half portions of Jbtx
were able to interact with lipid vesicles and disrupt them in a sim-
ilar way as observed for the entire polypeptide.

Recently, the secondary and tertiary structures of Jbtx were
established using circular dichroism (CD) and nuclear magnetic res-
onance (NMR) spectroscopies [5]. The CD spectrum is typical of an
intrinsically disordered protein, a result confirmed by NMR, which
further revealed the presence of regions with transient secondary
structure, such as a short a-helical 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 polypeptide [5].

Intrinsically disordered proteins (IDPs) are described as
molecules with a wide range of folding possibilities. Typically, IDPs
are composed of foldons, portions of a protein that can be folded
independently, and unfoldons, regions of the protein that dynam-
ically move from order-to-disorder to be biologically functional
[16,17]. This behaviour is classified as (i) binding-induced folding,
when the disorder-to-order path is absolutely needed to achieve
the biological function, (ii) binding-induced transient folding, when
IDPs are critically involved in signalling interactions, participating
in on-off type systems, (iii) binding-induced folding divergence, char-
acteristic of proteins with the ability to bind to different partners,
(iv) binding-induced under-folding, applied to a system in which the
connection to the partner generates a partial fold in the IDP, and as
(v) binding and non-folding, when the interaction is dependent on
the flexibility of the protein [17,18].

Many IDPs are known to interact with cellular membranes
[19], whether natural or artificial. To mimic cellular membranes,
ionic surfactants have been largely and successfully used in the
determination of protein structure, mainly for proteins that are
unstructured, such as IDPs [20]. Sodium dodecyl sulphate (SDS),
when in concentrations above its critical micelle concentration
(CMCQ), can be used as a mimetic membrane due to its ability to
influence protein secondary structure similarly to what is observed
for natural membranes [20,21].

Due to the remarkable resemblance of lipid bilayers to nat-
ural membranes, artificial lipid vesicles have been used as
mimetic cellular membranes to provide structural and quantita-
tive information regarding protein-membrane interactions [21,22].
In the past twenty years, bicelles have also emerged as a
new class of membrane model for solid-state NMR that pro-
vides structural information of hydrophobic molecules in their
native state [23,24]. Bicelles are composed of a mixture of phos-
pholipids and detergent. The most used combination is the
lipid dimyristoyl-phosphatidylcholine (DMPC) with the detergent
dihexanoyl-phosphatidylcholine (DHPC), which can be manipu-
lated in order to control the size and its ability to orientate itselfin a
magnetic field by controlling the lipid/detergent concentration rate
(g-ratio) [23,25]. Small bicelles have been used to evaluate protein
structure as well as protein-membrane interaction [20,26].

In this work, we investigated the interaction of the intrin-
sically disordered Jbtx polypeptide with detergents and lipids
(micelles, large unilamellar vesicles and bicelles) at the molecular

level, by using CD and NMR spectroscopy, as well as fluorescence
microscopy.

2. Materials and methods
2.1. Cell culture and protein purification

The construct containing the Jbtx with a C-terminal
His-tag sequence was introduced into a pET-23a vector as
described in Postal et al. [11], and the corresponding protein
sequence is composed of 100 amino acids (MGPVNEANCK-
AAMEIVCRREFGHKEEEDASEGVTTGDPDCPFTKAIPREEYANKYG-
PTIGDKIRLGDTDLIAEIEKDFALYGDESVFGGGKVISHHHHHH), as
reported in Lopes et al. [5]. This vector was used to transform
Escherichia coli BL21(DE3) (Novagen, Madison, WI, USA) by heat
shock. The expression was performed using a previously described
protocol [5]. 15N labelled protein expression was performed by
addition of (1°NHy4),S04 in M9 medium (Sigma-Aldrich, St. Louis,
MO, USA). The purification followed the previously reported
protocol [5] with some modifications. In detail, the cellular pellet
was harvested by centrifugation (11,000g for 10 min at 4°C) and
resuspended in 30 mL of buffer A (50 mM Tris-HCI, pH 7.5, 500 mM
NaCl, 20 mM Imidazole). Cells were disrupted by three passages
of the crude extract through a French pressure cell system (SLM,
Aminco, Haverhill, MA, USA) at 20,000 psi. Following the removal
of cell debris by centrifugation at 27,200g for 40 min at 4°C, the
supernatant was applied onto a Ni(ll)-loaded 5mL His-Trap HP
column (GE Healthcare, Little Chalfont, UK) previously equilibrated
in buffer A. The affinity resin was washed with 20 column volumes
(CV) of buffer A. After this step, the imidazole concentration
was increased up to 70mM in order to remove weakly bound
contaminants. The affinity column was then connected in tandem
to a Superdex 75 16/60 column (GE Healthcare, Little Chalfont,
UK) pre-equilibrated in 50 mM sodium phosphate buffer (NaPB) at
pH 7.5, containing 1 mM EDTA and 1 mM TCEP. The two connected
columns were eluted, first using 25 mL of buffer A containing
500 mM imidazole, and subsequently using 50 mM sodium phos-
phate buffer (NaPB) at pH 7.5, containing 1 mM EDTA and 1 mM
TCEP (Fig. S1A). The fractions containing Jbtx were collected,
concentrated using 3 kDa Amicon Ultra Centrifugal Filters (Merk
Milllipore, Darmstadt, Germany) and loaded onto a Superdex 75
10/300 column (GE Healthcare, Little Chalfont, UK), equilibrated
with the same buffer at pH 6.5 (Fig. S1B); the final fractions were
concentrated as above and stored at —80°C.

Fractions of all purification steps were analyzed by SDS-PAGE
using NuPAGE Novex 12% Bis-Tris gels (Life technologies, Carls-
bad, CA, USA) and staining with ProBlue Safe Stain (Giotto Biotech,
Sesto Fiorentino, Italy). Protein quantification was performed by
the Bradford assay [27] and by absorbance at 280 nm considering a
molar extinction coefficient of 4595 M~1 cm~1 [28]. The final yield
was ca. 30 mg of pure protein per liter of culture.

2.2. Preparation of model membranes

2.2.1. SDS micelles

SDS micelles were prepared starting from 300 mM SDS (Sigma
Aldrich, St. Louis, MO, USA) stock solutions. The critical micelle con-
centration (CMC) of SDS in 50 mM NaPB pH 6.5, 1 mM EDTA, 1 mM
TCEP and in MilliQ water (control) were estimated by measuring
the conductivity at controlled temperature, as previously described
[29].

2.2.2. Large Unilamellar Vesicles (LUVs)

Large unilamellar vesicles (LUVs) were prepared by the
extrusion method [30,31], using lipids (10mg/mL in chloro-
form) purchased from Avanti Polar Lipids Inc. (Alabaster, AL,
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USA). Lipid chloroform solutions were prepared using a mix
of lipids in different molar ratios: phosphatidylglycerol (PG,
100%), phosphatidylcholine:phosphatidylglycerol (PC:PG, 50:50%),
palmitoyl-oleoyl phosphatidyl cholin (POPC, 100%), palmitoyl-
oleoyl phosphatidyl cholin:ergosterol (POPC:Erg, 70:30%) and
phosphatidylethanolamine:phosphatidylcholine (PE:PC, 50:50%).
A lipid film was formed by drying the chloroform under nitrogen
flow, then rehydrated in the appropriate buffer and resuspended
by vortexing. The lipid mixture was processed at least 20 times in a
mini-extruder (Avanti Polar Lipids Inc., Alabaster, AL, USA) through
a polycarbonate filter membrane with pores of 100 nm diameter,
at room temperature. The result was a stock suspension of LUVs
containing a total of 5mM phospholipids in 50 mM NaPB at pH 6.5
(for CD spectroscopy) or 45 mM in 50 mM NaPB pH 6.5 containing
1 mM EDTA, 1 mM TCEP and 10% D, 0 (for NMR spectroscopy).

2.2.3. Bicelles

The lipids 1,2-dihexanoyl-sn-glycero-3-phosphatidylcholine
(DHPC), 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
(DMPC), and 1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol
(DMPG) were purchased as dry powders from Avanti Polar
Lipids Inc. (Alabaster, AL, USA). Bicelle samples were prepared
by suspending the appropriate amount of DMPC, DHPC and
DMPG in 50mM NaPB at pH 6.5, to achieve a [DMPC/DHPC] or
[(DMPC:DMPG)/DHPC] molar ratio (q) of 0.5, and a total concen-
tration of 250 mM of lipid mix. DHPC and DMPC were combined
at 66.6:33.4 molar ratio to prepare neutral bicelles, while a com-
bination of DHPC:DMPC:DMPG at 66.6:16.7:16.7 ratio was used
to formulate negatively charged bicelles. The procedure followed
a published protocol [32,33] and involved 10 freeze-thaw cycles
alternated with vortexing, resulting in a uniform transparent
non-viscous emulsion in 50 mM NaBP. For NMR analysis, 1 mM
EDTA and 1 mM of TCEP were added.

2.3. Fluorescence microscopy

2.3.1. Fluorescent labeling

Jbtx conjugation with fluorescein isothiocyanate (Jbtx-FITC) was
carried out by incubating 50 mM jaburetox and 48 pg/mL of FITC
(Sigma-Aldrich, St. Louis, MO, USA) prepared in DMSO at room tem-
perature for 2.5h [34] in 50mM NaPB pH 6.5, containing 1 mM
EDTA and 1 mM TCEP. The excess of FITC was removed from the
sample using a HiTrap desalting 5 mL column (GE Healthcare, Lit-
tle Chalfont, UK). The same procedure was repeated with bovine
serum albumin (BSA), used as a non-specific interaction control
(BSA-FITC). The FITC-labelled proteins were used in the interaction
assays with cockroach nerve cord and Saccharomyces cerevisiae.

2.3.2. Yeast interaction assay

S. cerevisiae was cultured in Sabouraud media overnight at 28 °C
with constant agitation. The cell concentration was estimated by
optical density (ODggg) and adjusted to 0.6. The incubations with
Jbtx-FITC and BSA-FITC (23 wM) were performed for 3 hat4 °Cor for
1hat28°C[35]. These preparations were analyzed using the EVOS
FLoid cell Imaging Station fluorescence microscope (Thermo Scien-
tific, Waltham, MA, USA) and the Axioskop 40-Zeiss with Axiocam
MRc (Carl Zeiss, Jena, Germany) fluorescence microscope, respec-
tively.

Alternatively, yeast cells were lysed after incubation with the
labelled proteins (3 h at 28 °C) using glass beads (200 nm) and vor-
tex (four cycles of 1 minand 30 s of ice bath among cycles). The lysed
cells were centrifuged at 10,000g for 10 min, the supernatant was
removed, and the pellet was washed three times with 50 mM NaPB
at pH 7.5, containing 1 mM EDTA and 1 mM TCEP. The pellets were

observed under UV light (Molecular Imager Gel Doc XR-Bio-Rad,
Bio-Rad Laboratories, Hercules, CA, USA).

2.3.3. Nerve Cord (NC) interaction assay

Cockroaches (Nauphoeta cinerea) were maintained with free
access to food and water, under controlled temperature between
22 and 25°C and 12:12h light:dark cycles. Adults were cooled at
—20°C for 5min and immobilized ventral side up to have their
body cavity opened. The nerve cord (NC), composed by pro, meso
and metathoracic ganglia, was dissected, and removal of other tis-
sues was done under constant bathing with 20 mM NaPB pH 6.5
containing single-use protease inhibitors cocktail (Thermo Scien-
tific, Waltham, MA, USA). The incubation of Jbtx-FITC and BSA-FITC
with the NC was carried out by incubation with 23 wM solutions
of either protein for 1h at room temperature. Three washes were
performed with buffer (30 min each) at room temperature. The
NC were placed in Lab-Tek Chamber slides (Thermo Scientific,
Waltham, MA, USA) and analyzed using an inverted microscope
Zeiss Axiovert 200 equipped with an Axiocam MRc (Carl Zeiss, Jena,
Germany), with AxioVision Rel 4.8 as image acquisition software.
Alternatively, homogenates of NC, after exposition to FITC-labelled
proteins and washes, were prepared by using glass beads (200 nm)
and vortex (4 cycles of 1 min and 30 s of ice bath among cycles). The
lysed tissue was centrifuged at 10,000g, during 10 min, the super-
natant removed and the pellet washed 3 times with 50 mM NaPB
at pH 6.5, containing 1 mM EDTA and 1 mM TCEP. The pellet was
observed under UV light (Molecular Imager Gel Doc XR-Bio-Rad,
Bio-Rad Laboratories, Hercules, CA, USA).

Fluorescence microscopy with NC and Jbtx-FITC was also per-
formed in the presence of all the artificial membranes described
in this work. The fluorescence was measured using a Spectramax
M5 Microplate Reader (Molecular Devices, Sunnyvale, CA, USA),
with the treated NC placed in 96-wells black plates (Thermo Sci-
entific, Waltham, MA, USA). All fluorescence measurements were
expressed as a ratio between fluorescence emission and NC mass
(mg).

2.4. Circular Dichroism (CD) spectroscopy

Circular dichroism spectra of 25 uwM Jbtx solutions in 50 mM
NaPB at pH 6.5 were recorded in 0.1 cm path length cuvettes at 25 °C
using a Jasco 810 spectropolarimeter (Jasco Inc., Easton, MD, USA)
in the 190 — 260 nm range, as a function of different amounts of
SDS micelles, LUVs or lipid bicelles. The fraction of a-helices of the
protein was calculated from mean residue ellipticity at 222 nm as
previously reported [36,37]. Care was taken to obtain signals below
the maximum value of the high-tension (HT) voltage, as provided
by the spectropolarimeter manufacturer (700V).

2.5. Nuclear magnetic resonance (NMR)

Samples of ca. 0.5 mM !°N-labelled Jbtx in 50 mM NaPB at pH
6.5, containing 1mM EDTA 1mM TCEP and 10% (v:v) D,O were
used for NMR spectroscopy. Standard 'H,'>N-HSQC spectra were
acquired on a Bruker Avance 700 Spectrometer (Bruker Corpora-
tion, Billerica, MA, USA) as previously reported [5] in the absence
and presence of different amounts of SDS micelles, LUVs or lipid
bicelles. All data were processed using iNMR v.5.4.5 (www.inmr.
net) and standard processing parameters.

3. Results
3.1. Interaction of Jbtx with biological membranes

Fluorescence microscopy demonstrated the occurrence of an
interaction between S. cerevisiae and Jbtx-FITC (Fig. 1). This interac-
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Fig. 1. Interaction of Jbtx-FITC with yeast cells as analyzed by fluorescence microscopy. A) S. cerevisiae cells after incubation with 23 wM Jbtx-FITC for 3 h at 4 °C (bar: 200 pm;
magnification 100 X; the pictures are merged (bright and dark fields)); the left and center panel show the same cells in buffer alone or containing BSA-FITC, while the right
panel shows the cells in the presence of Jbtx-FITC. B) Left panel: S. cerevisiae cells after incubation with 23 wM Jbtx-FITC (3 h at 28 °C), lysed using glass beads; right panel:
supernatants and debris of lysed cells visualized under UV light (bar: 200 wm, magnification 200 X); C) S. cerevisiae cells after incubation with 23 uM Jbtx-FITC for 1h of at
28°C; in the top and bottom panels the magnification is 400X (bar=50 wm) and 1000X (bar =20 pm), respectively; the left and right panels are distinguished by bright and
dark field, respectively. In all cases, the excitation wavelength was 495 nm, and the emission was read at 519 nm.

tion was not observed using BSA-FITC (Fig. 1A), indicating a specific
response to Jbtx. Similar experiments also revealed an interac-
tion between the cockroach nerve cord (NC) and Jbtx-FITC, which
appeared in greater intensity at the ganglia (Fig. 2). Experiments
with a BSA-FITC conjugate performed in the same conditions indi-
cated the absence of an interaction between the FITC moiety and
lipids, supporting the specificity of the Jbtx interaction with NC
(Fig. 2A). Fluorescence microscopy further proved that Jbtx-FITC
interacts with the membrane debris obtained after cellular lysis of
S. cerevisiae (Fig. 1B) and tissue homogenates of NC (Fig. 2B). In order
to investigate the nature of this interaction, competition experi-
ments were designed in which fluorescence microscopy, circular
dichroism and NMR spectroscopy were used to monitor the influ-
ence of the presence of SDS micelles, LUVs and bicelles on the Jbtx

structure and function with respect to biological membranes. In
particular, the results of exploratory experiments, shown in Fig. 4,
revealed how increasing concentrations of SDS and different kinds
of lipids affected the Jbtx-membranes interaction as probed using
fluorescence microscopy, prompting more detailed experiments
using a multiplicity of spectroscopic approaches aimed at the deter-
mination of the secondary and tertiary structure of the polypeptide
in the different conditions.

3.2. Interaction of Jbtx with SDS Micelles

The critical micelle concentration (CMC) of SDS was determined
by conductivity to be above 1.5 mM in 50 mM NaPB at pH 6.5, con-
taining 1 mM EDTA and 1mM TCEP (Fig. 3 A). When incubated
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Fig. 2. Interaction of Jbtx-FITC with the nerve cord (NC) of the cockroach N. cinerea as analyzed by fluorescence microscopy. A) NC after incubation with 23 uM Jbtx-FITC for
1h at room temperature in bright field (left panels) and dark field (right panels) in the presence of buffer only (top panels), BSA-FITC (middle panels) or Jbtx-FITC (bottom
panels). Magnification of 50X, bars: 500 wm; excitation wavelength at 495 nm, emission read at 519 nm. B) Homogenates of NC after incubation with Jbtx-FITC after cellular

lysis. Supernatant and tissue debris visualized under a UV lamp.

at room temperature and analyzed by CD, the obtained micelles
were able to induce modifications of the secondary structure of
Jbtx (Fig. 3B). Indeed, while the CD spectrum of Jbtx in the absence
of SDS presented a minimum centred at ca. 200 nm, characteristic
of a random coil conformation, in the presence of 3-15mM SDS
this feature shifted to ~205-210 nm, with the insurgence of a min-
imum at around 207 nm, typical of the presence of a-helices and
[3-sheets; consistently, the ellipticity increase around 195 nm sug-
gests the acquisition of secondary structure by Jbtx in the presence
of SDS micelles. A second minimum appeared at 222 nm, indicat-
ing the increase in the a-helical content from 5.8% to 13.6%, in the

absence and in the presence of SDS, respectively. The H,1>N-HSQC
NMR spectrum of Jbtx, recorded in the absence and presence of
SDS below and above its CMC (0.25 and 10-15 mM, respectively,
Fig. 3C) reveals that the protein does not change its structure in the
presence of SDS below its CMC, while large chemical shifts modi-
fications are observed in solutions containing SDS above the CMC,
indicative of structural conformational changes. Attempts to specif-
ically assign the NMR signals to the amino acid sequence of Jbtx in
the presence of SDS above the CMC, using triple resonance exper-
iments and the same approach used for Jbtx in aqueous solution
[5] failed due to the lack of key through-bond connectivities, likely
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Fig. 3. Structural analysis of Jaburetox in the presence of SDS micelles. A) Determination of SDS critical micelle concentration (CMC) by conductivity measurements; red:
50 mM NaPB pH 6.5, 1 mM EDTA, 1 mM TCEP (NaPB, pH 6.5); black: MilliQ water. B) Circular dichroism spectra of Jbtx in NaPB at pH 6.5 in the absence and presence of SDS in
concentrations above its CMC (yellow: 3 mM SDS; orange: 10 mM SDS; green: 15 mM SDS). C) 700 MHz"'H,'>N-HSQC spectra of Jbtx (0.5mM in NaPB pH 6.5) in the absence
of SDS (left panel), with 0.25 mM SDS (center panel), and 10 mM or 15 mM SDS (right, violet or light blue). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

reflecting conformational changes in the intermediate time-scale
regime. This observation, although qualitative, suggests that Jbtx
decreases its mobility upon interaction with SDS micelles.

3.2.1. Invitro interaction of Jbtx-FITC with insect nerve cord in
the presence of SDS micelles

Fluorescence microscopy experiments were performed to anal-
yse the interaction of the protein with insect nervous tissues in
presence of SDS. Jbtx-FITC and insect NC were incubated in the pres-
ence of micelles prepared with different concentrations of SDS. The
interactions were estimated by fluorescence microscopy as well
as by fluorimetry (Fig. 4A). In the presence of SDS below its CMC
(0.1 mM), fluorescence intensity of Jbtx-FITC remained compara-
ble to the control (Fig. 4A). On the other hand, a decrease in NC
fluorescence was observed upon exposure of Jbtx-FITC to SDS con-
centrations above the CMC (10 mM). The binding of Jbtx-FITC to
cockroach NC was reduced to ca. 25%, when either the labelled pro-
tein or the NC were pre-incubated in 10 mM SDS micelles solutions
(Fig. 4A). These results indicate that SDS and insect NC compete for
Jbtx interaction.

3.3. Interaction of Jbtx with Large Unilamellar Vesicles (LUVs)

In order to follow the modifications in the secondary structure of
Jbtx, CD spectra were recorded as a function of different amounts of
LUVs. No structural changes of Jbtx were detected in the presence
of a mixture of PC and PG lipids in a proportion of 50:50 (w/w)
(Fig. 5 A) up to a final concentration of 1.0 mM. Negatively charged
vesicles, containing only PG (Fig. 5B), produced a slight change in
the CD spectrum at lipid concentrations above 1.0 mM. Although
the NMR spectrum of Jbtx in the presence of 2 mM PG indicated no
significant changes of the tertiary structure, some peaks related to
amino acids at the N- and C-termini showed a decrease of intensity
under this condition (Fig. 5C), indicative of changes in the peptide
dynamics in these regions of the polypeptide.

Jbtx was also tested in the presence of other lipid components,
such as PE:PC, POPC or a mixture of POPC and ergosterol in a pro-
portion of 70:30 (w/w) (Fig. 6 ). In the presence of LUVs composed
by PE:PC, a neutral lipid combination, Jbtx did not acquire any
secondary structure (Fig. 6A). However, in the presence of POPC,
a zwitterionic phospholipid, or POPC:Erg, the CD spectra of Jbtx
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showed a more pronounced in absence of ergosterol (compare
Fig. 6B and C).

3.3.1. Invitro interaction of Jbtx-FITC with insect nerve cord in
the presence of LUVs

Fluorescence microscopy experiments were performed to anal-
yse the interaction of the protein with insect nervous tissues in
presence of LUVs. The results of experiments conducted by incu-
bating Jbtx-FITC and insect NC in the presence of LUVs (Fig. 4B)
indicated that negatively charged LUVs (made with PG above
1mM concentration) affected the interaction. In particular, pre-
incubation of Jaburetox with 1 mM PG-based LUVs decreased the
subsequent binding of the protein to NC to ca. 35% (Fig. 4B), while
addition of LUVs to a preincubated Jbtx-FITC/NC mixture reduced
the fluorescence intensity by only 25%. This suggests that changes
in the structure of Jbtx and/or by sequestration of this polypeptide
from solution occur upon addition of LUVs.

3.4. Interaction of Jbtx with Bicelles

Bicelles are currently considered the best model to study
protein-membrane interactions [23,24,32]. Compared to the CD
spectrum of free Jbtx, which showed a pronounced negative peak
around 200nm typical of random coil structures, the CD spec-
trum of Jbtx in the presence of negatively charged bicelles shows
a reduced intensity in the random coil region, indicative of an
increase in the polypeptide secondary structure content (Fig. 7A). In
the presence of neutral bicelles, the differences in the CD spectrum
are less noticeable (Fig. 7C). Superimposition of the NMR spectra of
Jbtx in the absence and presence of bicelles revealed some changes
in the chemical shift of a number of amino acids, even though
the characteristic profile of an intrinsically disordered protein was
maintained (Fig. 7B and D). The corresponding NMR spectra were
similar in the two cases of neutral or negatively charged bicelles,
with changes in secondary structure of Jbtx resulting more intense
in the latter case (Fig. 7A and C). The analysis of the chemical shift
perturbations along the peptide chain of Jbtx showed consistent
changes localised at the N- and C-termini of the protein (Fig. 7E).
The regions in the amino acid sequence of Jbtx that show more sig-
nificant perturbations of chemical shifts in the presence of bicelles
are shown in Fig. 7F.

3.4.1. Invitro interaction of Jbtx-FITC with insect nerve cord in
the presence of bicelles

The experiments with Jbtx and insect NC in presence of neg-
atively charged bicelles (Fig. 4C) gave results similar to those
obtained for LUVs. As shown in Fig. 4C, the interaction between
Jbtx-FITC and NC was decreased to about 60% after addition of
bicelles prepared with 10 or 150 mM lipids. On the other hand,

different concentrations of SDS (white bars), with a solution of Jbtx preincubated
with SDS (black bars) or with SDS followed by Jbtx (plaid bar). B) Fluorescence was
recorded for NC after incubation with Jbtx-FITC in the absence or presence of LUVs
made only of PG in different concentrations (0.1, 1.0 and 2.0 mM). NC incubated
with buffer alone (negative control), with Jbtx-FITC (positive control, gray bar), with
Jbtx-FITC followed by a vigorous wash with buffer and then added with different
concentrations of PG LUVs (white bars), with a solution of Jbtx preincubated with
PG LUVs (black bars). C) Fluorescence was recorded for NC after incubation with
Jbtx-FITC in the absence or presence of 10 and 150 mM negatively charged bicelles
made by a mixture of DHPC:DMPC:DMPG in a molar ratio of 66.6:16.7:16.7. NC
incubated with buffer alone (negative control, hatched bar), with Jbtx-FITC (positive
control, gray bar), with Jbtx-FITC followed by a vigorous wash with buffer and then
added with different concentrations of bicelles (white bars), with a solution of Jbtx
preincubated with bicelles (black bars) or with bicelles followed by Jbtx (plaid bar).
The interaction was expressed as the percentage of the ratio of fluorescence emis-
sion and NC mass (mg), considering the value obtained for Jbtx-FITC alone as 100%.
Data are mean +S.E.M. (**p<0.05) and performed as a triplicate. In all cases, the
concentration ot Jbtx-FITC was 23 wM (magnification 50X).
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Fig. 5. Structural analysis of Jbtx in the presence of negatively charged LUVs.
A) Circular dichroism spectrum in the presence of LUVs made using 50:50
(w/w) PC:PG. Blue, orange, green and yellow traces refer to Jbtx in the
presence 0, 100, 250, and 1000 wM PC:PG LUVs, respectively. B) Circular
dichroism spectrum of Jbtx in the presence of PG-LUVs. Blue, orange, green
and yellow traces refer to Jbtx in the presence of 0, 500, 1000, and 2000

pre-incubation of Jbtx-FITC with 150 mM lipid bicelles inhibited
the binding of the polypeptide to NC to ca. 30% as indicated by
fluorescence microscopy (Fig. 4C). This suggests, similarly to what
observed for LUVs, that Jbtx is able to interact with the lipid bilayer
of bicelles.

4. Discussion

The interaction of Jbtx with membrane lipids was postulated as
the mechanism underlying the protein’s insecticidal or antifungal
effects, either by pore formation or by alteration of cell mem-
brane properties, or a combination of both [3]. In the present work,
we provide direct demonstration of the interaction of fluorescein-
labelled Jbtx with yeast (Fig. 1) and with the cockroach nervous
cord (Fig. 2). Jbtx-yeast interaction was demonstrated employing
fluorescence microscopy. This interaction occurred either at 4°C
(Fig. 1A) or at 28 °C (Fig. 1B,C), the former a condition that inhibits
endocytosis [38], suggesting that targets of Jbtx are present on
the yeast external membrane. Here we showed that fluorescein-
labelled Jbtx remains attached to cellular debris after yeast cell
lysis (Fig. 1B), confirming the presence of Jbtx’s ligands on the cell
membranes fraction.

In order to gain information on the structure of Jbtx in the
polypeptide-membrane complex, circular dichroism and NMR
spectroscopy were used to monitor changes in the secondary and
tertiary structure of Jbtx upon interaction with artificial membrane
models. This approach was chosen, instead of using yeast or insect
membranes, because the viscosity, heterogeneity, and large molec-
ular sizes of the membrane fragments obtained after cellular lysis
would hamper the structural analyses by CD or NMR.

The first model employed was made of micelles composed by
SDS [21,39,40]. Although SDS micelles are a poor model for biolog-
ical membranes [20], Jbtx promptly interacted with these vesicles
justifying further studies on this interaction. Increasing the con-
centration of SDS above the CMC, an incremental modification of
the secondary structure of Jbtx was observed using CD and NMR
spectroscopies, and a final and stable conformation was attained
(Fig. 3B and C). This observation indicates that Jbtx assumes a well-
defined conformation in the presence of SDS micelles. Addition of
SDS micelles disrupted the polypeptide-NC interaction (Fig. 4A),
an effect that could be due either to a competitive effect of the
micelles sequestrating Jbtx and hindering its binding to the NC,
or to the detergent effect of SDS extracting lipids from the mem-
brane, and leading to protein denaturation. In either case, this
experiment proved the existence of Jbtx-lipid interactions. SDS
micelles have been classically used to mimic membranes. How-
ever, the strong curvature of these micelles, their small size, the
low similarity of their composition as compared to the lipid com-
position of cell membranes does not make them an optimal model
for protein-membrane interaction studies. Indeed, small peptides
can be over-structured in the presence of detergents [20,41|. There-
fore, we complemented the study of SDS micelles with the use
of artificial membranes composed of phospholipids. LUVs made
of different phospholipid contents produced slight changes in the
protein CD spectra, likely reflecting a modification of secondary
structure. Vesicles made of a negatively charged phospholipid (PG)
or a zwitterionic phospholipid (POPC), lipids previously shown to
somehow interact with Jbtx [12-15], had indeed the more pro-
nounced visible effects (Figs. 4 B, 5 B and 6 B).

M PG-LUVs, respectively. C) 700 MHz'H,">N-HSQC spectra of Jbtx in the absence
(blue) or presence (yellow) of 2 mM PG LUVs. Red circles highlight the amino acids
with lower signal intensity in the NMR spectrum for Jbtx in the presence of PG
LUVs. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 6. Circular dichroism spectra of Jbtx in presence of LUVs of different lipids
compositions. A) 0, 100, 250, and 500 M PE:PC (blue, red, orange and green traces,
respectively); B) 0, 25, 50, and 250 uM POPC (blue, red, orange and green traces,
respectively); C) 0, 100, 250 and 500 wM 70:30 (w:w) POPC:Erg (blue, red, orange
and green traces, respectively). All LUVs were prepared with buffer NaPB 50 mM

Jbtx binding to insect NC membranes was affected by the addi-
tion of LUVs and bicelles (Fig. 4B and C, respectively). When the
polypeptide was pre-incubated with PG vesicles before addition
to the NC, the fluorescence decreased to less than 50% of the ini-
tial values (Fig. 4B). A similar effect was observed when Jbtx was
pre-incubated with bicelles, which caused a reduction in binding
of more than 70% (Fig. 4C). This effect was seen only for Jbtx, not for
bovine serum albumin, confirming the selectivity of the polypep-
tide interaction with lipids/phospholipids [12-15]. This result also
indicated that PG vesicles competed with the insect NC mem-
branes as a target for the binding of Jbtx. The structural changes
in Jbtx seen upon its interaction with PG LUVs (Fig. 5C) were evi-
dent in the NMR analyses as decreased backbone intensity for some
amino acids, consistent with a decrease in backbone mobility from
afast exchange to an intermediate exchange regime. These changes
occurred in regions comprising amino acids 12-16 and 63-74, close
to the N- and C-termini of the protein, previously shown by NMR to
feature a transient a-helix (or single helix turn) and an a turn-like
fold, respectively [5]. This observation suggests the increase of sec-
ondary structure propensity in these regions, with a local decrease
of backbone mobility as compared to the peptide alone.

A third membrane model used in this study were bicelles, in
which the membrane curvature further decreases as they are made
of large and flat lipid bilayers. The phospholipid dimyristoylphos-
phatidylcholine (DMPC) organizes itself as a bilayer membrane
stabilized by the addition of the detergent-like dihexanoylphos-
phatidylcholine (DHPC), with no aqueous portion inside the bicelle
structure [24,32]. We applied CD to investigate the interaction of
Jbtx with these bicelles. No significant changes in secondary struc-
ture upon exposition to electrically neutral bicelles was observed,
contrasting to Jbtx’s behaviour in the presence of negatively
charged bicelles (Fig. 7A and C). In the latter case, the CD spectrum
of Jbtx showed a decrease of ellipticity in the random coil region,
likely indicating a gain of secondary structure by the protein. These
changes in secondary structure did not lead to significant changes
at the tertiary level, because the protein remained mostly disor-
dered, as shown by NMR. On the other hand, either in the presence
of neutral or negative bicelles, the backbone NMR chemical shifts
were slightly modified, as shown in Fig. 7E. These shifts, assigned
by simple inspection of the spectrum and using the criterion of
signal proximity, are localised in the N- and C-terminal regions of
the protein, in agreement with the modifications seen with LUVs
(Fig. 5) as well as with previous results that demonstrated that
these regions of Jbtx are able to cause leakage from lipid vesicles
[15]. In addition, the region around residues 65-73 appears to be
affected by the largest chemical shift perturbation. It is interesting
to notice that this region corresponds to that for which molecu-
lar modeling studies suggested the existence of a 3-hairpin motif
[6,12], also observed in the crystallographic structure of JBU [44],
leading to the hypothesis that it could be a factor for the membrane-
disturbing activity of Jbtx [12,45]. However, later studies [14,15]
appear to exclude this region as the biologically active portion of
the molecule. It is possible that this region becomes important for
the interaction of Jbtx with selective types of membranes.

5. ConclusionS

Using biochemical and structural approaches we investigated
the structural behaviour of Jbtx in the presence of natural mem-
branes and membrane models, showing that, when incubated with
negatively charged phospholipid vesicles, the protein undergoes
changes in its secondary structure and final conformation. The

at pH 6.5. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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changes in the secondary structure of Jbtx in the presence of
unilamellar vesicles and bicelles were less evident than in the
presence of SDS micelles. An increase in the rigidity of the polypep-
tide backbone at its N- and C-termini segments was observed in
the presence of phospholipid vesicles, and these same segments
acquired secondary structure elements. Therefore, this study pro-
vides evidence supporting the hypothesis that Jbtx interacts with
lipids/phospholipids, complementing previous biological assays
with structural analysis of CD and NMR spectroscopic data. How-
ever, this interaction alone does not induce a complete transition
of the polypeptide from an unfolded to a folded state. We spec-
ulate that Jbtx interacts with membrane phospholipids inducing
small structural changes that could facilitate its binding to putative
membrane receptors with acquisition of a fully folded state. Alter-
natively, phospholipid-bound ]btx, although still non-structured,
would insert further into the cell membrane, altering its physical
properties [13] or forming ion-channel-like pores [14] that could
affect cellular functions. Either or both these two mechanisms could
serve as the basis for the protein toxic activities. Not all intrinsically
disordered proteins become folded when meeting their binding
partners. Some of them remain unfolded, even when biologically
active [16,42,43]. Jbtx seems to be part of this class of IDPs, because
the protein is disordered in aqueous solution and, despite its bind-
ing to lipids/phospholipids in vivo, it does not acquire a defined
fold upon interaction with distinct types of phospholipid-based
membrane models.
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Supplementary Data
Supplementary data - Protein purification

Jbtx was purified according to Lopes et al., 2015 (Lopes et al. 2015) with modifications as
follows. The protein fraction eluted from the Ni-loaded affinity column was loaded into a
Superdex 75 column in 25 mL of buffer A containing 500 mM imidazole and further separated
by size exclusion chromatography. The in tandem chromatography in Figure S1A shows in a
group of peaks at 50 to 100 mL retention volume. These fractions (2 mL each) were analyzed
by electrophoresis (Figure S1A, inset on the left), which indicated the presence of Jbtx in
fractions 14 to 27. These fractions were pooled and concentrated. The last purification step was
a small-scale gel filtration on a Superdex 75 10/300 column (Figure S1B). All eluted fractions
(0.2 mL each) were checked by SDS-PAGE (Figure S1B, inset on the left). Fractions containing
Jbtx, 9 to 17, were pooled and concentrated up to 0.1 mM or 0.7 mM, and stored at -80 °C to be
used for CD and NMR experiments, respectively.

Supplementary data figure S1
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Figure S1: Purification of Jaburetox. A) Chromatogram of the in tandem affinity chromatography
in Ni**-loaded His-Trap HP column connected to a Superdex 75 16/60 column. The inset on the
left shows SDS-PAGE of the fractions collected. B) The pool of fractions obtained in panel A
were submitted to a “polishing” gel filtration step on a Superdex 75 10/300 column, equilibrated
in 50 mM of sodium phosphate buffer pH 6.5, containing 1 mM EDTA and 1 mM TCEP. The
inset on the left shows the SDS-PAGE of the fractions collected in this chromatographic step.
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3 DISCUSSAO GERAL

O estudo da atividade bioldgica das ureases ndo relacionadas a sua atividade
ureolitica vem sendo explorado ja ha alguns anos pelo nosso grupo. A urease de Proteus
mirabilis possui, como mencionado anterioremente, trés subunidades estruturais, e até o
momento, 0 nosso grupo ndo havia estudado nem esta urease com profundidade, tampouco
ureases com trés subunidades.

Para expressdo da PMU utilizamos um construto gentilmente cedido pelo Dr.
Harry T. Mobley (Departmento de Microbiologia e Imunologia, Universidade de Michigam
Escola Médica, Ann Arbor, MI, EUA). Para expressdo das proteinas estruturais PmUrea,
PmUrep e PmUrey, trés plasmideos recombinantes foram contruidos, cada um contendo os
genes ureC, ureB e ureA, respectivamente.

PmUrey foi purificada com apenas uma etapa cromatografica, devido a adicdo da
sequéncia StrepTagll & porcdo N-terminal da proteina. A cauda peptidica StrepTagll® foi
também adicionada a por¢do N-terminal das proteinas PmUrep e PmUrea. Ambas proteinas
apos ressuspensdo a partir de corpos de inclusdao foram purificadas em apenas uma etapa
cromatografica.

Como pode ser visto na Tabela 1, nosso grupo investigou diferentes propriedades
biol6gicas de ureases, utilizando ureases provenientes de plantas como fonte para estudos
mais aprofundados (STANISCUASKI & CARLINI, 2012; CARLINI & LIGABUE-
BRAUN, 2016; MARTINELLI et al., 2016). Em 2012, nosso grupo verificou que nao
apenas urease de plantas apresentavam atividade entomotdxica mas também ureases
bacterianas. No estudo feito por Salvadori e colaboradores, foi visto que a urease de P.
genus apresentava atividade entomotdxica contra larvas de Spodoptera frugiperda apos
injecdo na hemocele (SALVADORI et al., 2012; CARLINI & LIGABUE-BRAUN, 2016).
Em outro estudo, Chouia e colaboradores decreveram que, apos reativacdo da urease
silenciada de Yersinia pseudotuberculosis, esta bactéria apresentava atividade entomotoxica
contra moscas do tipo Oropsylla montana (CHOUIKHA & HINNEBUSCH, 2014).

No presente trabalho, demonstramos que as subunidades estruturais da PMU

apresentam atividade inseticida, semelhante aquela ja descrita para outras ureases. PmUrey
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e PmUrep foram capazes de causar a morte de insetos D. peruvianus apds injecdo e
ingestdo, respectivamente, das proteinas (Figura 5A e 5B [Capitulo 1]).

A JBU e seu polipeptideo derivado, Jbtx, sdo capazes de ativar o sistema imune de
insetos, onde, apds a ingestdo ou injecdo destas proteinas, foi verificada agregacdo de
hemacitos, seja por administracdo in vivo ou in vitro (DEFFERRARI et al., 2014;
FRUTTERO et al.,, 2016). Como pode ser visto na Figura 5C [Capitulo 1] ambas
subunidades, PmUrey e PmUrep mostraram-se capazes de ativar agregacdo de hemacitos.
Estes dados concordam amplamente com os achados relativos aos experimentos com D.
peruvianus. Determinamos também que a agregacdo de hemdcitos promovida pelas
subunidades da PMU ocorre de forma cation dependente (Figura 5C [Capitulo 1]), assim
como verificado para JBU e Jbtx (DEFFERRARI et al., 2014; FRUTTERO et al., 2016). A
partir de andlises de duplicacdo génica foram detectadas a presenca de duas porcoes
semelhantes ao polipeptideo em cada uma das subunidades alfa e beta da PMU.

Desde os anos 80 nosso grupo vem demonstrando que ureases sdo capazes de
ativar agregacao plaquetaria (CARLINI et al., 1985; GHAZALEH et al., 1997; FOLLMER
et al.,, 2004; OLIVERA-SEVERO et al., 2006; WASSERMANN et al., 2010 ;
MARTINELLI et al., 2016), neste trabalho mostramos a habilidade de ativar agregacao
plaquetaria da PMU (Figura 3A [Capitulo 1]) bem como a sua subunidade PmUrep, a qual
é capaz de promover agregacdo plaquetaria (Figura 3B e 3C [Capitulo 1]) interagindo com
a membrana celular (Figura 3D [Capitulo 1]).

A agregacdo de plagquetas é uma resposta promovida pela exposi¢cdo das mesmas a
certos agonistas. Este evento se da pelo reconhecimento do agonista por receptores de
membrana contidos na superficie das plaquetas (CERLETTI et al., 2012). Urease de P.
mirabilis e as subunidades PmUref e PmUreo agem como agonistas de receptores de
plaquetas, a interacdo das proteinas com a membrana celular de plaquetas estimula a
promo¢do do fendbmeno de agregacdo plaquetaria. Estudos de homologia entre as
sequéncias de nucleotideos sugerem que a ativacao de plaquetas por parte das subunidades
alfa e beta é devida a regides de duplicacdo génica entre a PmUrep e a PmUrea quando
comparadas com as sequéncias nucleotidicas da PMU e JBU. Esta é uma regido nédo

detectada na sequéncia do Jbtx, o que reforca a hipdtese de esta ser a regido responsavel
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pela ativacdo de plaquetas visto que o polipeptideo ndo age como agonista de plaquetas
(dados ndo mostrados).

Jbtx € um polipeptideo entomotoxico, com agdo inseticida. Em 2009, nosso grupo
verificou que este polipeptideo era capaz de interagir com vesiculas formadas por lipidios,
perturbando sua estrutura e causando liberagdo do conteudo interno de vesiculas (BARROS
et al., 2009). Mais tarde, determinamos que a interacdo com lipidios seria devida a
formacgdo de poros na superficie destas membranas, poros gerados pelo polipeptideo e
também pela JBU (PIOVESAN et al., 2014; MICHELETTO et al., 2016;).

Atividade antifingica de ureases foi pela primeira vez descrita em 2007, quando
foram testadas JBU, SBU e HPU contra diversas linhagens de fungos filamentosos
(BECKER-RITT et al., 2007; BECKER-RITT & CARLINI, 2012). A JBU, SBU e Jbtx
foram testadas e apresentaram capacidade de inibir a proliferacdo celular de leveduras de
importancia médica (POSTAL et al., 2012; MARTINELLI et al., 2016).

Neste trabalho mostramos que tanto a PMU quanto sua subunidade PmUref3
apresentam atividade antifngica, sendo a PMU capaz de causar alteragfes morfoldgicas
em células de leveduras, concordando com os dados publicados em 2012 por Postal e
colaboradores (POSTAL et al., 2012) onde o polipeptideo Jbtx e a JBU apresentaram
atividade antifungica e foram capazes de causar mudancgas morfoldgicas nas células.

Acredita-se que as atividades entomotoxica e antifungica do Jbtx sejam devidas a
sua habilidade em causar disturbio a estrutura lipidica presentes na membrana celular. Para
verificar esta hip6tese combinamos técnicas experimentais e estruturais a fim de avaliar
este fendmeno.

Nas Figuras 1 e 2 [Capitulo 2] demonstramos a interacdo do Jbtx com a membrana
celular de S. cerevisiae bem como com o corddao nervoso (CN) extraido do inseto N.
cinerea. O Jbtx parece ndo ser internalizado pela levedura, visto que o fendmeno de
interacdo é verificado seja a 4 ou a 28 °C (PAGANO et al.,, 1974). A auséncia de
internalizacdo do polipeptideo é consistente com a permanéncia do mesmo junto com 0s
debris celulares apds a lise, mostrando que esta interacdo é persistente e ocorre com
moléculas presentes na membrana celular dos organismos testados.

Assim como visto por Fruttero e colaboradores, Jbtx interage de forma bastante

especifica com o corddo nervoso de insetos (FRUTTERO et al., 2017). Em Fruttero e
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colaboradores, os autores utilizaram o sistema nervoso central de insetos R. prolixus e
compararam com a interagéo detectada em glandulas salivares, verificando que a maior
intensidade na interacdo com sistema nervoso central de insetos pode ser devido a sua
composicao lipidica, que é diferente daquela presente nas glandulas salivares de insetos,
comprovando a preferéncia por fosfolipidios acidos (BARROS et al., 2009) e maior
interagdo com membranas negativamente carregadas (PIOVESAN et al., 2014).

Testes preliminares realizados com membrana celular de insetos e leveduras a fim
de analisar interacdo do polipeptideo com estruturas lipidicas, revelaram que o material
biolégico ndo poderia ser utilizado para experimentos de RMN nem mesmo para dicroismo
circular, portanto optamos por utilizar estruturas compostas de detergentes e/ou lipidios
para mimetizar membranas celulares.

Trés modelos de membranas miméticas foram utilizados. O primeiro destes sao
micelas compostas por SDS, utilizando concentragdes abaixo e acima da concentracio
critica para formacgdo de micelas (CMC) (Figura 3A [Capitulo 2]) para experimentos de
dicroismo circular (Figura 3B [Capitulo 2]) e RMN (Figura 3C [Capitulo 2]). A utilizacdo
de concentracdes de SDS abaixo da CMC ndo interfere na estrutura do polipeptideo,
enquanto que concentracdes de SDS de 3, 10 e 15 mM, quantidades suficientes para
formacdo de micelas, sdo capazes de alterar a estrutura do polipeptideo.

Estes dados foram corroborados por experimentos de interacdo entre o
polipeptideo marcado com isotiocianato de fluoresceina (FITC), CN e as micelas,
mostrando que em presenca de micelas de SDS a interagdo do Jbtx com o CN ¢é
comprometida. A interacdo do polipeptideo com as micelas pode ocorrer fortemente, de
forma a competir com o CN, ou ainda devido a uma possivel remogdo dos lipidios
presentes no CN pelo SDS, mas em ambos 0s casos a interacdo do Jbtx com lipidios é
confirmada.

Espectros de RMN foram processados com a finalidade de assinalar os
aminoacidos do Jbtx em presenca de micelas de SDS (10 mM). Porém, poucos aminoacidos
foram passiveis de identificacdo. Acreditamos que a deteccdo de poucos sinais seja devido
a diminuicdo da mobilidade da proteina quando esta interage com as micelas, refor¢ando

novamente a hipdtese da interacéo entre lipidios e Jbtx.
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Visando melhorar o nosso modelo de membrana, utilizamos vesiculas compostas
por lipidios (LUVs). Jbtx apresenta uma maior interacdo com lipidios carregados
negativamente (Figura 5% e 5B [Capitulo 2] e Figura 6 [Capitulo 2]) mesmo que néo tenha
sido possivel detectar uma aquisicdo de estrutura por parte do polipeptideo, podemos
verificar uma redugdo na mobilidade do mesmo por uma reducdo no sinal de alguns
amino&cidos, fato que pode ser visto no experimento de RMN mostrado na Figura 5C
[Capitulo 2]. Esta mudanca de intensidade do sinal detectado se concentra em regifes entre
0s aminoacidos 13-16 e 63-74, regides muito proximas a por¢cdo N e C-terminal do
polipeptideo, respectivamente. Estas sdo as mesmas regides determinadas por Lopes e
colaboradores como as Unicas por¢des com estrutura secundaria definida, sendo a primeira
relativa a uma a-hélice a segunda um turn-like (LOPES et al., 2015).

Utilizando LUVs compostas por lipidios mimetizando membranas de insetos ou
leveduras ndo foram identificadas aquisicdo de estrutura tridimensional por parte do
peptideo (Figura 6 [Capitulo 2]).

Conforme visto na Figura 4B [Capitulo 2], a interacdo do Jbtx com o CN é
reduzida quando em presenca de LUVs compostas por lipidios carregados negativamente,
chegando a uma interacéo residual menor que 40 %.

O ultimo modelo de membrana celular utilizado neste trabalho foram bicelas. Este
modelo apresenta caracteristicas fundamentais para a sua escolha. Devido a sua capacidade
de orientar-se guando submetida a um campo magnético (SANDERS et al., 1998) e
também com relacdo a sua forma, de disco achatado, como resultado de uma mistura de
detergentes e lipidios - majoritariamente usados dihexanoyl-phosphatidylcholine (DHPC) e
dimyristoyl-phosphatidylcholine (DMPC) (SANDERS et al., 1998; LOUDET et al., 2010)
- 0 que facilita a sua interagdo com proteinas mostrando-se um modelo adequado para este
estudo.

Resultados de dicroismo circular foram muito similares aqueles obtidos com
LUVs, sendo o Jbtx propenso a interagir com maior afinidade a lipidios negativamente
carregados. Tanto por CD quanto RMN verificamos que ocorre interagdo entre Jbtx e as
bicelas; porém, esta interacdo ndo € capaz de causar um ganho em estrutura por parte do
polipeptideo. Dando maior atencdo as regides do polipeptideo que sofrem alteracdes,

vemos que sdo concentradas nas porgdes N e C-terminal, conforme identificados no caso de
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LUVs, sendo as mesmas por¢des identificadas por Lopes e colaboradores como as porgcoes
com tendéncia a estruturar-se (LOPES et al., 2015). Martinelli e colaboradores haviam
apontado estas regides como as possiveis responsaveis pela interacdo com estruturas
lipidicas (MARTINELLI et al., 2014).

A interacdo do Jbtx com o CN ¢é claramente perturbada pela presenca de bicelas
conforme pode ser verificado na figura 4C (Capitulo 2), onde vemos uma clara interagédo do
polipeptideo com as bicelas, interacdo que parece ndo ser perturbada mesmo apos adicdo ao
CN.

Com os dados estruturais mostrados para Jbtx, em presenca de membranas
miméticas, vimos que ocorre a interacdo do polipeptideo com lipidios de membrana, porém
esta interacdo ndo parece ser suficiente para que o mesmo adquira uma estrutura
tridimensional. Acreditamos que o mecanismo de acdo deste esteja ligado a sua interacao
com lipidios de membrana de modo a facilitar o reconhecimento de receptores alvo de
membrana.

Em Galvani e colaboradores, foi identificada a presenca da proteina de membrana
UDP-N-acetylglucosamine pyrophosphorylase (UAP) em homogenato de sistema nervoso
central dos insetos T. infestans apds injecdo do Jbtx. Em 2017, Fruttero e colaboradores
detectaram que, in vivo e in vitro, apds a injecdo do Jbtx, a expressdo da UAP ¢ alterada
ndo s6 no sistema nervoso central como também em glandulas salivares do inseto R.
prolixus (FRUTTERO et al., 2017). Estes dados fortalecem a hipétese da interacdo do
polipeptideo com lipidios de forma a facilitar acdo especifica do mesmo frente a receptores
especificos presentes na membrana plasmatica de insetos.

Esta atividade inseticida, bem como antifungica é compartilnada entre o
polipeptideo e a JBU, a regido do polipeptideo presente na JBU pode ser a responsavel pela
interacdo da mesma com lipidios de membrana, de modo a facilitar a interagdo com
receptores, ou proteinas-alvo presentes na membrana. Este mecanismo ndo poderia
funcionar no caso de ureases de origem bacteriana, visto que a sequéncia do Jbtx ndo esta
completamente presente, como pode ser visualizado na Figura 6A (Capitulo 1). As
evidéncias de duplicacdo génica auxiliam a esclarecer quais por¢des seriam responsaveis
pelas atividades identificadas, criando novas perspectivas para futura identificacdo e

confirmacdo das mesmas. A partir de experimentos de dindmica molecular vimos que a
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PmUrep perde sua estrutura tridimensional quando em solucdo, o mesmo foi descrito
anteriormente para o Jbtx, tanto em analises de dinamica molecular (MARTINELLI et al.,
2014) quanto por experimentos de RMN (LOPES et al., 2015). Seja pela presenca de uma
pequena por¢do de aminoacidos compartilhada entre o Jbtx e o C-terminal da PmUrep, que
pela existéncia de duplicacBes génicas entre estas duas proteinas e o fato de ambas se
comportarem como IDPs, demonstramos, com este trabalho, que mais de uma regido
presente na urease € responsavel por sua atividade biolégica independente da atividade
ureolitica (POSTAL et al., 2012).

4 CONCLUSOES GERAIS

Com este trabalho verificamos que o polipeptideo Jbtx se mantém desordenado
mesmo apds interagir com estruturas mimetizando membranas celulares. Jbtx apresenta
uma maior afinidade a estruturas lipidicas carregadas negativamente, causando pequenas
alteracdes na sua estrutura secundaria. Acreditamos que a interacdo Jbtx-lipidio serve como
um facilitador para a interacdo do mesmo com proteinas ou receptores especificos presentes
na membrana plasmatica. Neste trabalho estudamos também as subunidades estruturais da
urease de P. mirabilis a fim de determinar os fatores responsaveis pela acdo moonlighting
das ureases. A subunidade p da PMU mostrou acdo antifingica contra leveduras. A
PmUrep foi capaz de agregar hemadcitos provenientes de R. prolixus com agdo dependente
de cétions, e mostrou-se entomotdxica a insetos causando morte em D. peruvianus apos
injecdo intraperitoneal, sendo ainda mais intensa a sua acdo quando ingerida pelo inseto em
questdo. Estas caracteristicas de toxicidade foram anteriormente descritas para o Jbtx fato
que pode ser devido a duplicacdo génica do Jbtx na sequéncia de nucleotideos referente a
subunidade  da PMU. Experimentos de dinamica molecular evidenciaram que a PmUref
perde sua estrutura tridimensional quando em solugdo, o que pode contribuir fortemente
para sua toxicidade. Foram também identificadas duplica¢fes génicas na PmUref3 de
porcOes equivalentes & subunidade o da PMU presentes na JBU, identificando esta como

responsavel pela ativacao de agregacao plaquetaria promovida pela PmUrep.
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Analise de proteinas/peptideos intrinsicamente desordenados
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A sequéncia de aminoacidos presente na cadeia polipeptidica de uma proteina é o
elemento responsavel pela rigidez da proteina a qual faz parte (ANFINSEN et al., 1961;
DUNKER et al., 1998, 2001; UVERSKY et al., 2000; UVERSKY, 2002). Proteinas
intrinsecamente desordenadas ndo sdo capazes de obter uma estrutura tridimensional
definida em condicdes fisioldgicas devido a sua composicdo de aminodcidos. Os
aminoacidos acido glutamico, lisina, arginina, glicina, glutamina, serina, prolina e alanina
sdo denominados aminoacidos promotores de desordem devido a sua presenca de forma
acentuada em IDPs, este fendmeno é devido a sua caracteristica hidrofébica e concentracdo
de grupos carregados gerando uma alta carga residual em pH neutro (UVERSKY, 2002).

A estrutura tridimensional de uma proteina globular é formada devido a interacdes
ndo covalentes entre os aminoacidos presentes na sequéncia polipeptidica da mesma. A
capacidade de estabelecer estas interacbes se reflete na criacdo de quatro subgrupos
utilizados para descrever os diferentes estados termodindmicos caracterizados para uma
proteina globular:

A) Nativa / Ordenada

B) Molten globular

C) Pré-molten globular

D) Desordenada

A criacdo de um acurado banco de dados de proteinas intrinsicamente
desordenadas (DisProt) foi crucial para o desenvolvimento de diversos softwares e
algoritmos para identificacdo e caracterizacdo de IDPs. Atualmente o DisProt
(http://www.disprot.org/) conta com uma colecdo de mais de 800 proteinas em seu banco
de dados.

Um importante algoritmo criado para predi¢cdo do nivel de ordem/desordem de
uma proteina foi o Preditor de RegiGes Naturalmente Desordenadas - PONDR
(http://www.pondr.com/). PONDR é composto por muitos algoritmos diferentes em
constante modificacdo e atualizacdo, onde todos fazem uso do banco de dados de IDPs
disponivel no DisProt para identificar a tendéncia de cada um dos residuos contidos na
sequéncia de uma proteina quanto a ordem/desordem (HE et al., 2009; UVERSKY, 2002).

Quatro dos preditores mais utilizados sédo (Figura 1A):
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e PONDR VL-XT é utilizado com o intuito de identificar possiveis motivos de
interacdo molecular

e PONDR VSL2B avalia de forma precisa pequenas e grandes regides de
desordem contidas na sequéncia protéica em estudo

e PONDR VL3 utilizada apenas para predicao de longas porcoes de desordem

e PONDR-FIT é o mais completo dos preditores, € uma combinacdo de seis
diferentes PONDR preditores
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Figura 1: Tipico resultado proveniente da analise de IDPs utilizando o algoritmo PONDR
(http://www.pondr.com/). A) Anélise de um aminoéacido quanto a sua tendéncia ordem/desordem.
Os algoritmos utilizados foram VL-ST, tracejado em vermelho, VSL2B em verde e em azul
mostramos a analise utilizando VL3. B) Relacao entre carga absoluta e hidrofobicidade de proteinas
ordenadas (em azul) e desordenadas (em vermelho) utilizada para compara¢do com proteinas a
serem analisadas utilizando PONDR.

Fazendo uso da sequéncia de aminoacidos pode-se calcular o grau de
hidrofobicidade de uma proteina através do software PONDR, localizando-a em um gréfico
de carga-hidrofobicidade com relacdo a proteinas previamente descritas como desordenadas
e ordenadas (Figura 1B).

Outros tantos preditores foram e estdo sendo criados. GlobPlot, criado em 2003
por Linding e colaboradores, faz uso de uma escala que leva em consideragéo a
probabilidade de um aminoacido fazer parte de uma estrutura secundaria ou apresentar-se
na forma desordenada em uma proteina (LINDING et al., 2003).

Além dos algoritmos mencionados acima, ferramentas computacionais que levam

em consideragdo o fato de que IDPs tendem a estruturar-se quando em contato com seu
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ligante alvo foram criados com o intuito de identificar regides anfipaticas contidas na
sequéncia da proteina a ser estudada. Estes motivos, chamados de MoRFs (Molecular
Recognition Features), podem estruturar-se de modo a formar o-helices, p-folhas bem
como formar estruturas irregulares apos a interacdo da proteina com seu ligante alvo
(MOHAN et al., 2006).

IDP: MGPVNEANCKAAMEIVCRREFGHKEEEDASEGVTTGDPDCPFTKAIPREEYANKYGPTIGDKIRLGDTDLIAEIEKDFALYGDESVFGGGKVISHHHHHH
MoRFpred:

Figura 2: Tipico resultado obtido a partir de uma analise em busca de MoRFs utilizando o software
MoRF Pred - http://biomine.cs.vcu.edu/servers/MoRFpred/. Na primeira linha temos a sequéncia de
aminoacidos da proteina a ser estudada, na linha intermediaria temos em verde os aminoacidos com
escore menor de 50 % equanto que em vermelho encontramos 0s aminoacidos com escore maior de
50 %.

Na Figura 2 apresentamos um exemplo de resultado obtido com o softawe MoRF
Pred (http://biomine.cs.vcu.edu/serverssMoRFpred/) e na Figura 3 mostramos o algoritmo
ANCHOR (http://anchor.enzim.hu/) utilizado para identificar regides com alto potencial de

ligacdo a um parceiro apropriado porém ndo identificado.
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Figura 3: Tipico resultado obtido com o software ANCHOR (http://anchor.enzim.hu/) para anélise
de regiBes com potecial de interagdo com alvos ainda ndo identificados.

Os métodos experimentais para analise de IDPs mais eficazes levam em
consideracdo o fato de se tratar de estruturas dindmicas. A caracterizacdo estrutural de

moléculas que apresentam um continuum dinamico de conformacfes possiveis deve ser
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analisado através de uma combinagdo de experimentos complementares. A predi¢do de
regides ou estruturas desordenadas pode ser determinada e validada através do uso de
diversos métodos biofisicos de analise. Abaixo listamos uma série de técnicas utilizadas
para analise de IDPs.

e RMN

e Espalhamento de raios-X a baixo angulo (SAXS)

e Ressonancia paramagnética eletronica (EPR)

e Espectroscopia por Raman

e Dicroismo Circular

e Infra-vermelho com Transformada de Fourrier (FT-IR)

e Espectroscopia de Fluorescéncia, Single-Molecule-FRET, Single-Molecule

Force Spectroscopy

e Espalhamento de luz dinamico e estatico (SLS e DLS)

e Cromatografia de exclusdo molecular

e Espectrometria de massas

Para andlise de estrutura secundaria e terciaria de proteinas, em presenca ou
auséncia de seus ligantes, sdo majoritariamente utilizadas dicroismo circular ou FT-IR
combinadas com RMN (WRIGHT & DYSON, 2009). De forma mais aprofundada seréo
tratadas as técnicas de dicroismo circular e RMN, por serem as mais utilizadas na busca de
informacdes a respeito de IDPs, devido a sua grande contribuicdo na construcdo do DisProt
e pelo fato da técnica de RMN ser tida como a mais apropriada técnica para analise de
estrutura secundaria e terciaria de proteinas (UVERSKY & LONGHI, 2010; TOMPA,
2012).
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1 DICROISMO CIRCULAR

O dicroismo celular (CD) é uma técnica bastante utilizada para obtencdo de
informagdes quanto a estrutra secundaria de proteinas, geralmente utilizada em combinacéo
com outras técnicas como a cristalografia de raio-X, infravermelho ou RMN. Dicroismo
circular quando executado em condicdes fisioldgicas é tido como uma ferramenta ideal para
investigar interacdo entre moléculas, insercdo de moléculas em bicamadas lipidicas ou até
mesmo para monitorar a integridade do material em estudo (LIMA et al., 2014).

Para andlise de CD é utilizada luz circularmente polarizada, sendo esta composta
por uma onda vertical e outra horizontalmente polarizadas, ambas de mesma amplitude. Ao
incidir um raio de luz circularmente polarizado sobre uma solucdo, as moléculas presentes
absorvem energia, e a diferenca entre a luz remanescente da onda proveniente da
componente a direita e da esquerda da origem ao espectro de CD, conforme a equacéo
abaixo, onde CD representa os dados usados para criagdo do espectro adquirido em uma
variacdo de 180 a 260 nm, as variaveis AD e AE dizem respeito a absorcdo ocorrida nas
componentes a direita e esquerda, respectivamente (WOODY, 2010; LIMA et al., 2014).

D =AD —AE

Aplicada a analise de proteinas, em um espectro de CD podem ser vistas as
transicOes eletrénicas provenientes das ligacdes peptidicas de uma proteina. Em 220 nm

encontram-se 0s sinais respectivos as transi¢cées » — m* enquanto que em 190 nm vemos as
transi¢cdes do tipo = — w* que no caso do aminoacido prolina se verifica a 200 nm.

Com o uso de polipeptideos modelo, apresentando estrutura secundaria conhecida
foi possivel criar espectros padrdo para cada uma das trés estruturas secundaria conhecidas.
Na Figura 4 vemos 0s espectros obtidos para o polipeptideo quando estruturado como uma

a-hélice, B-folhas e na forma desordenada, como random coil.
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Figura 4: Espectros padrdo para estruturas ordenadas na forma de a-hélice (tragado vermelho), -
folhas (tracado verde) e random coil (tracado azul). Figura adaptada a partir do livro de
Bioinformatica: da biologia a flexibilidade molecular (LIMA et al., 2014).

A presenga de a-hélices se verifica pela presenca de trés bandas bastante fortes dos
grupos amida presentes, das quais, duas negativas situadas em 208 e 222 nm e a uma banda

positiva em 190 nm. O sinal verificado a 222 nm é resultado da transi¢do n — =* enquanto
que os sinais a 190 e 208 nm dizem respeito as transi¢des eletronicas do tipo = — m*. Além

dos sinais provenientes dos grupos amida, a estrutura helicoidal gera através de sua
interacdo entre 0s momentos dipolares outras trés bandas de absorbancia, sendo uma a 280
nm polarizada paralelamente ao eixo da hélice e negativa, e duas outras bandas a 190 nm,
neste caso, ambas polarizadas de modo perpendicular ao eixo da hélice e positivas.

O espectro para estruturas (-folha apresenta uma banda negativa de méxima
absorcdo a 217 nm e outra positiva na regido entre 195 e 200 nm, e a raz&o entre estes picos
cresce a medida que o grau de torcdo da folha aumenta, sendo maior para folhas paralelas.

Estruturas desordenadas (random coil) possuem uma forte banda negativa a 200 nm.
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1.1 ANALISE DE ESTRUTURA SECUNDARIA DE IDPS

Proteinas desordenadas sdo facilmente reconhecidas por CD e qualquer pequena
alteracdo neste espectro é passivel de identificacdo devido a presenca de uma banda
caracteristica em 200 nm.

Conforme mostrado na Figura 5A, o espectro de CD para uma proteina
desordenada é muito similar ao espectro modelo para polipeptideos desordenados (Figura
4), enquanto que o espectro de uma proteina globular, com uma estrutura secundéria
definida, apresenta um espectro como a soma das estruturas presentes na mesma (Figura
5B).
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Figura 5: A) Espectro de dicroismo circular da proteina intrinsecamente desordenada a-sinucleina
adaptado de (WOODY, 2010). B) Espectro de dicroismo circular da proteina ubiquitina construido
a partir dos dados contidos no Protein Circular Dichroism Data Bank
(http://pcddb.cryst.bbk.ac.uk/home.php).

Aquisicdo de estrutura secundaria por parte de IDPs quando complexadas com seu
ligante em condicbes fisiologicas leva a mudangas conformacionais detectaveis por CD
devido a alteracdo no perfil do espectro da proteina (WRIGHT & DYSON, 1999, 2009). A
aquisicdo de estrutura secundaria a partir da interacdo proteina-ligante, em geral, ocorre
devido as regibes anfifilicas internas a proteina. Proteinas ndo completamente desordenada,
mas com algumas regiGes desordenadas sdo mais dificeis de acompanhar mudangas
estruturais (LIMA et al., 2014).

Conforme o exemplo mostrado na Figura 6, para determinar alteracbes de
estrutura secundaria de uma proteina é necessario adquirir o espectro de CD para cada um

dos componentes testados. O espectro final deve ser composto pela subtracdo do espectro
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do ligante ao espectro composto pelo complexo, conforme exemplificado na equagéo
abaixo.

cD=CD —-CD

proteina—ligante

ligante

[©] x 10" (deg.cm?.dmol ™"

® CD

® CDLigante
@ CDProtefna—Ligante

90 200 210 220 230 240 250
Wavelength (nm)

Figura 6: Representacdo geral da analise de CD de uma interagdo proteina-ligante. Em verde é
representado o CD do ligante mantido em solucdo identica a solugdo que contém o complexo
proteina-ligante (representado em vermelho). O espectro de dicroismo circular resultante da
subtracdo entre os espectros do ligante ao espectro do complexo € representado em azul.
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2 RESSONANCIA MAGNETICA NUCLEAR (RMN) APLICADA A IDPs

Aminoacidos interagem através de ligacbes peptidicas a fim de formar estruturas
estaveis em condicdes fisiologicas. Estas macromoléculas sdo estruturas altamente
flexiveis, e esta flexibilidade possibilita que a proteina adquira diversas conformacGes
muitas vezes correlacionadas as tantas fungdes exercidas pela mesma, como pode ser visto
na Figura 7, ao analisar a superficie do potencial energético de uma proteina globular e
compara-la com o potencial energético para uma proteina intrinsecamente desordenada
vemos que proteinas globulares apresentam um minimo muito bem definido enquanto que
IDPs apresentam diversas posi¢cbes de minimo energético (BURGER et al., 2014,
ALMEIDA, 2014).

Z
>
@

Energia livre
Energia livre

| ;

Conformacao

Conformacao

Figura 7: A) Esquema do potencial energético de uma proteina globular, ordenada. B) e de uma
proteina intrinsecamente desordenada. Figura adaptada de (BURGER; GURRY; STULTZ, 2014).

Proteinas globulares apresentam um minimo energético, e este minimo
corresponde a sua forma mais estavel, a sua forma nativa quando em solucéo fisiologica
(Figura 7A). Em contrapartida, IDPs apresentam mdaltiplos minimos energéticos (Figura
7B) e a barreira energética entre estes minimos tende a ser muito baixa possibilitando uma
transicao rapida e frequente entre os minimos energéticos (BURGER et al., 2014).

Para determinacdo da estrutura de uma macromolécula é fundamental a utilizagéo
de uma técnica que possibilite captar os diferentes comportamentos de uma proteina de
modo dindmico, e neste caso RMN se aplica perfeitamente por ser uma técnica que revela
informagdes dindmicas dos diferentes estados conformacionais de uma proteina bem como

interacdes desta com outras moléculas.
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O passo inicial para analisar uma proteina por RNM é o assinalamento dos picos
de ressonancia a cada um dos aminoacidos presentes na sequéncia da proteina. Através de
uma série de combinacdes de espectros bi e tridimencionais selecionados, sendo cada
experimento capaz de dar informacgdes especificas e diversas. Dentre 0s espectros
executados temos: NOESY (Nuclear Overhauser Effect SpectroscopY) e TOCSY (Total
Correlated SpectroscopY) que séo essenciais e geralmente combinados com 0s espectros de
correlacdo heteronucleares como HSQC (Heteronuclear Single Quantum Coherence) ou
HMQC (Heteronuclear Multiple Quantum Coherence).

Para assinalamento de cada um dos amino&cidos presentes em uma proteina
usamos uma combinagéo de espectros (conforme listado abaixo), dos quais devem ser todos
processados usando softwares especificos. Um dos softwares utilizados para tratamento de
dados é o NMRPipe (https://spin.niddk.nih.gov/bax/NMRPipe/), que pode ser utilizado
gratuitamente pela comunidade cientifica e estd em constante aprimoramento.

e Para assinalamento da cadeia principal (Backbone):

HNCA e HN(CO)CA

HNCACB e HN(CO)CACB

HNCO e HN(CA)CO

e Para assinalamento da cadeia lateral:

HC(CO)NH-TOCSY

HBHA(CO)NH

hCCH-TOCSY

2.1 TOCSY

A transferéncia de magnetizagdo ocorre entre prétons e carbonos via acoplamento
escalar detectada em até quatro ligacBGes, por esse motivo, as interacdes detectadas por
TOCSY sao aquelas pertinentes ao aminoacido analisado — i — (Figura 8A), sem levar em
consideracdo seus vizinhos. Cada pico de correlacdo indica a interacdo entre dois protons

via acoplamento escalar (Figura 8B).
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Figura 8: A) llustracdo dos prétons envolvidos em uma analise 'H'H-TOCSY. B) Desenho
esquematico das interacdes identificadas em um espectro bidimensional *H'H-TOCSY. Os circulos
em roxo mostram as interacGes entre os pares de protons correspondentes. Os circulos identificados
em preto correspondem ao sinal de ressonancia de cada préton presente no aminoacido analisado.

2.2 NOESY

NOESY (Nucear Overhauser Effect SpectroscopY) mostram a interacdo entre
atomos vizinhos, ndo necessariamente ligados de forma covalente, mas com uma distancia
maxima de 5 A (Figura 9A). Este espectro depende da transferéncia de magnetizacéo entre
0s atomos via acoplamento dipolar, ou seja, quanto menor a distancia entre 0s atomos
maior a intensidade dos picos no espectro e este dado € crucial para construcdo do modelo
tridimensional de uma proteina. Na Figura 9B vemos esquematicamente a disposicdo dos

picos nas regides tipicas em que sdo detectados.
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Figura 9: A) Representacdo esquematica dos 4tomos envolvidos em uma analise de espectros
bidimensionais NOESY. B) Esquema mostrando as diversas regies de interacdo identificadas em
um espectro NOESY.
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2.3 HSQC

HSQC sédo espectros heteronucleares bidimensionais onde a transferéncia de

magnetizacdo ocorre entre um préton e outro ndcleo atdmico através de apenas uma ligacao

quimica. Os 4tomos utilizados sdo geralmente *C e *°N, porém muitos outros podem ser

utilizados, conforme vistos na Tabela 1.
Tabela 1: Atomos observaveis por RMN, com momento magnético nuclear de spin.

Atomo Prdtons Néutrons Spin total (rétons)  SPIN total weutrony  Spin total ()

'H
130
15N
19F
31P

1
6
7
9
15

0
7
8
10
16

Yo
0
Y2
Y2
Yo

Yo
Yo
Yo
Yo
Yo

Os sinais obtidos sdo respectivos a interacdo entre os protons e outro nucleo

atdbmico presentes na proteina a ser estudada. Na Figura 10 podemos ver dois exemplos de

'H™N-HSQC, os sinais obtidos correspondem ao préton amidico (*HM) ligado

covalentemente a um &tomo de nitrogénio (*°N) envolvido em uma ligacéo peptidica, parte

da cadeia principal do peptideo (backbone da proteina). HSQC é o primeiro espectro a ser

executado quando se tem como objetivo determinar a estrutura de uma proteina, estes

espectros sao importantes para caracterizacdo da conformacao geral da proteina, bem como

para acompanhar mudancgas conformacionais e estabilidade da amostra.
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Figura 10: A) Espectro 'H"”N-HSQC de uma proteina que apresenta estrutura tridimensional
definida B) Espectro *H*>N-HSQC de uma proteina intrinsecamente desordenada.

Conforme visto na Figura 10A, o espectro de uma proteina globular apresenta-se
em uma ampla faixa de deslocamento quimico com sinais definidos e bastante intensos.
Espectros de proteinas desordenadas apresentam picos de intensidade reduzida, com
dispersdo reduzida dos picos quanto ao deslocamento quimico correspondente ao *H. Na
Figura 10B apresentamos um espectro "H**N-HSQC de uma IDP onde podemos verificar a
presenca de picos colapsados na dimensdo da componente *H e a concentracio dos picos

em uma regido reduzida quando comparada a espectros de proteinas globulares.

A combinacédo de espectros heteronucleares HSQC com TOCSY ou NOESY séo
fundamentais para identificacdo da cadeia lateral dos aminodcidos em questdo e
determinacédo dos angulos diedros da cadeia principal, respectivamente. Em ambos casos é
fundamental o conhecimento da sequéncia de aminoacidos presente na proteina em estudo.
Na Figura 11 estdo representados esquematicamente os espectros hCCH-TOCSY e um
exemplo pratico do mesmo, bem como o espectro tridimensional, e interacdo entre *H'*N-
HSQC-NOESY.
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Figura 11: Exemplificacdo dos espectros tridimensionais heteronucleares hCCH-TOCSY (A) e
'H"®N-HSQC — NOESY (B). A esquerda temos uma representacio esquematica para cada um dos

espectros enquanto que a direita mostramos um espectro modelo.

2.4 Espectros de tripla ressonancia

Para assinalamento de uma proteina € necessario executar um longo set de

experimentos de tripla ressonancia, conforme listado abaixo:
HNCA e HN(CO)CA, HNCACB e HN(CO)CACB, HNCO e HN(CA)CO,

HBHA(CO)NH e HBHA(CBCA)NH
Espectros tridimensionais heteronucleares sdo baseados em experimentos

eletronucleares bidimensionais, como HSQC expandido na terceira dimensdo, conforme
ilustrado na Figura 12. O assinalamento dos aminoacidos de uma proteina é geralmente
feito considerando o plano bidimensional obtido em um *H*N-HSQC onde é sobreposto
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um espectro tridimensional de modo a possibilitar a associacdo de cada um dos picos

presentes no plano *H**N com aqueles identificados na dimensao do *3C.

HCW

A) . B) /

15N

Y

Figura 12: Representacdo esquemética de espectros bi e tridimensionais. A) Espectro
bidimensional heteronuclear, onde em uma dimensdo temos a componente 'H e na segunda
dimensdo a componente N. Neste caso, 0 grupo NH identificado corresponde ao aminodcido
analisado e ndo seu vizinho. B) Representacdo esquematica de um espectro tridimensional
heteronuclear, sendo os eixos *H e *°N os mesmos apresentados em A correlacionados ao plano dos
&tomos de carbono (**C).

N

HNCACB e HN(CO)CACB

Em um experimento HNCACB o grupo NH do aminoécido selecionado (i) é
correlacionado ao carbono alfa do mesmo aminoacido bem como com seu amino&cido
precedente (C, e C,.1) € do mesmo modo o carbono beta (Cg e Cp.1). Ou seja, para cada
sinal presente no plano *H™N encontramos quatro sinais na dimensdo do “*C com
diferentes intensidades, os sinais correspondentes ao aminoacido i sdo de maior

intensiadade que aqueles correspondentes ao carbono i-1.
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Figura 13: Sequéncia de impulsos para aquisi¢do dos espectros HNCACB (A) e HNcoCBCA (B).
Os residuos i e i-1 de uma cadeia polipeptidica sdo mostrados esquematicamente. Os atomos
evidenciados dizem respeito aqueles excitados, sendo os atomos de carbono alfa e carbono beta
mostrados em azul e amarelo, respectivamente. Os atomos N e H do aminoacido i sdo mostrados em
verde.

Na Figura 13 vemos a correlacdo entre o experimento descrito acima, HNCACB e
0 HN(CO)CACB. Estes experimentos sao feitos em conjunto, sendo que o primeiro nos da
informagdo dos dois pares de carbonos (C, e C,.1, Cg € Cg.1) enquanto que o segundo nos
informa apenas o par C,.; € Cp.1. Estes sdo experimentos bastante semelhantes, e utilizando
a informacdo de ambos é possivel correlacionar o grupo NH com seu respectivo vizinho a
partir dos dados obtidos na dimenséo do carbono.

Os valores do chemical shift de um C, ou Cg depende do tipo de aminoacido ao
qual pertence. Conforme pode ser verificado na Figura 14, alguns aminoacidos apresentam
um chemical shift caracteristico, o que facilita a sua identificagdo. Como no caso da glicina,

com um chemical shift para o C, mais baixo que a média e auséncia de Cg
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Figura 14: Chemical shift relativos aos carbonos alfa e beta (Ca e CB) dos amino&cidos contidos na
sequéncia de uma proteina.

Os aminoacidos valina, prolina, isoleucina e treonina apresentam valores mais
altos de C,, que a média. Alanina & um aminoé&cido de facil reconhecimento por apresentar
um chemical shift do Cg mais baixo que esperado para a maioria dos aminoacidos enquanto

que serinas e treoninas apresentam um chemical shift do Cg mais alto que a media.
HNCA e HN(CO)CA

Espectros do tipo HNCA identificam a interacdo entre os atomos H e N presentes
na ligacdo peptidica com os carbonos alfa do aminoacido em questdo (i) bem como o
carbono alfa do aminoacido vizinho (i-1), no caso, C, e C,.1, sendo possivel verificar

apenas dois sinais na dimensdo do carbono, um sinal mais fraco relativo ao carbono
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proveniente do amino&cido i-1 e um mais intenso referente ao C, do aminoacido i,
conforme ilustrado na Figura 15.
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Figura 15: Sequéncia de impulsos para aquisi¢cdo dos espectros HNCA (A) e HNcoCA (B). Os
residuos i e i-1 de uma cadeia polipeptidica sdo mostrados esquematicamente. Os &atomos
evidenciados dizem respeito aqueles excitados, sendo os atomos de carbono alfa mostrados em azul.
Os atomos N e H do aminodcido i s&o mostrados em verde.

O espectro HN(CO)CA é complementar ao HNCA, identificando apenas o C, do
residuo i-1. Em contrapartida ao par de espectros citados anteriormente, esta combinacgéo de
espectros apresenta uma relacdo entre sinal e ruido muito menor, sendo muito Gtil para
complementar as informacBes que podem ser perdidas nos espectros HNCACB e
HN(CO)CACB.

HNCO e HN(CA)CO

Outro importante par de espectros € 0o HNCO e H(CA)CO o qual correlaciona 0s
atomos de H e N com o carbono carbonilico, todos envolvidos em ligagcdes peptidicas
(Figura 16). Espectros HN(CA)CO detectam interagdes entre o grupo NH do residuo
aminoéacido i com o carbono carbonilico do mesmo grupo (C;) e de seu antecessor (Ci.1).
Este espectro é sempre acompanhado de seu par, HNCO, no qual verifica-se apenas
interacdo entre o grupo NH com o carbono de seu aminoacido precedente (Ci.1). HNCO ¢é
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um experimento muito sensivel, dando informagdes muito Uteis quanto a estrutura de uma

proteina.

A) HNCO

=z

O

|
H

Figura 16: Sequéncia de impulsos para aquisi¢do dos espectros HNCO (A) e HNcaCO (B). Os
residuos i e i-1 de uma cadeia polipeptidica sdo mostrados esquematicamente. Os atomos
evidenciados dizem respeito aqueles excitados. Os atomos de carbono carbonilico sdo mostrados
em rosa, enquanto que os atomos N e H do aminoacido i sdo mostrados em verde.

HBHANH e HBHA(CO)NH

HBHANH e HBHA(CO)NH sdo experimentos de ressonancia nos quais é possivel
efetuar o assinalamento dos atomos de hidrogénio das cadeias laterais. HBHANH (Figura
17A) sdo experimentos tridimensionais que correlacionam H e N da ligacdo peptidica com
os hidrogénios alfa e beta presentes na cadeia lateral do aminoacido analisado (H, e Hg)
bem como seu precedente (H,1 € Hp.1), enquanto que HBHA(CO)NH nos informa as
correlagbes envolvendo apenas o aminoacido precedente (H... € Hg1) aquele ao qual

pertence o grupo NH (Figura 17B).
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Figura 16: Sequéncia de impulsos para aquisi¢cdo dos espectros HBHANH (A) e HBHA(CO)NH
(B). Os residuos i e i-1 de uma cadeia polipeptidica sdo mostrados esquematicamente. Os atomos
evidenciados dizem respeito aqueles excitados. Os protons excitados pertencentes ao carbono beta
sdo mostrados em amarelo, enquanto que os protons pertencentes ao carbono alfa sao mostrados em
azul. Os &tomos N e H do aminodcido i estdo identificados em verde.

Assim como no caso dos atomos de carbono, o chemical shift para os prétons
depende diretamente do aminoacido ao qual pertence. Abaixo, na Figura 18 vemos 0s

valores descritos para cada um dos aminoacidos.
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2.5 Célculo de estrutura de uma proteina

Ap0s assinalar os picos identificados nos espectros de RMN, fazendo uso do
software CARA (http://cara.nmr.ch/doku.php), estes dados, juntamente com o espectro de
NOESY, sdo utilizados para célculo de distancias e obtencdo de estrutura com o uso de

programas adequados.
2.6 Indice de deslocamento quimico (Chemical shift perturbation)

O Chemical shift nos da informacgdes importantes quanto a estrutura atémica,
sendo este dado suscetivel ao ambiente em que a proteina se encontra, bem como a
geometria das ligacdes entre os atomos. De forma mais precisa, o chemical shift para os
atomos que compdem o backbone de uma proteina sdo sensiveis aos angulos diedros phi e
psi (MULDER et al., 2010).

No caso de proteinas globulares, com estrutura tridimensional definida, os angulos
diedros podem ser facilmente obtidos a partir dos valores de chemical shift do backbone da
cadeia polipeptidica, enquanto que para IDPs este processo apresenta maior dificuldade
devido a flutuacdo destes valores, sendo o chemical shift para cada atomo apresentado
como uma média ponderada de uma regido preferencial.

Mudangas no chemical shift podem ser usadas como preditores qualitativos de
mudancas de estrutura, como no caso de predi¢cdo de interface de interacdo de uma proteina
com seu ligante (WILLIAMSON, 2013). Para analise de mudanca de estrutura utilizando
chemical shift, assumimos um espectro *H*N-HSQC da proteina em estudo como padréo -
fingerprint da estrutura protéica — e as aquisi¢cdes com titulacdo do ligante séo sobrepostas e
analisadas quanto ao deslocamento dos sinais detectados. O chemical shift perturbation
(CSP) utiliza o espectro de *H™N-HSQC, devido & sua maior sensibilidade a qualquer
mudanca relativa ao meio, para monitorar a aquisicdo/mudanca de estrutura da proteina
devido a adicdo gradual de um ligante. A técnica de anélise de CSP é muito util, e pode ser
usada mesmo que o assinalamento da proteina a ser estudada nédo tenha sido efetuado, pois
se ocorre uma mudanca de conformacgdo apds interacdo da proteina com seu ligante ¢
detectada uma variagdo no chemical shift (WILLIAMSON, 2013).
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A titulacdo gradual do ligante é capaz de predizer a velocidade da reagcdo com que
o0 equilibrio da reacéo se desloca em direcdo a producdo de proteina-ligante (PL). Quando a
taxa de producdo de PL é alta, ou seja, a constante de dissociacdo (kof) € baixa, o sinal da
proteina desaparece a medida que o sinal do produto PL surge, como pode ser visto no
exemplo ilustrado na Figura 19A. Ao contrério, quando a K. € alta, o sinal muda
gradualmente de posi¢do, adquirindo posi¢Oes intermediérias entre a posi¢do inicial (na
auséncia do ligante) e final (em presenca do ligante), conforme pode ser visto

esquematicamente na Figura 19B.

A) B)

15N
15N

O

'H H
Figura 19: Esquema geral da variacdo do chemical shift verificado em um espectro de RMN
bidimensional A) llustracdo do tipo de sinal obtido quando a interacdo proteina-ligante ocorre
rapidamente. Esquematicamente, verifica-se que o0s picos referentes a proteina tendem a
desaparecer (em tons de azul) enquanto aqueles que dizem respeito ao produto PL surgem (em tons
de vermelho). B) Quando a velocidade de ligacdo proteina-ligante é baixa, 0s picos apresentam
diversas posi¢des intermedidrias. Em vermelho seria a posi¢do inicial, sofrendo uma gradual

mudanca de posicdo até a posicdo final, em azul. Figura adaptada de Williamson, 2013
(WILLIAMSON, 2013).

Para experimento de CSP é muito importante manter as condi¢des utilizadas o
mais estaveis possiveis, sendo o chemical shift muito sensivel, variacbes de pH e
concentragéo de sais podem alterar os sinais obtidos para cada spin podendo causar grande
confus@o nos dados obtidos. Experimentalmente levam-se em consideracdo diferentes
ntcleos *°N e 'H, e o CSP é calculado como uma funcdo Euclidiana da distancia onde as
variacoes em ppm (partes por milh&o) dos spins sdo multiplicadas por um fator a, conforme

as equacdes abaixo:

CSP = %[5§+{a-5§,}]

133



Os dados de *H e N sdo combinados na mesma equagdo ¢ o valor de o utilizado &
0,14, exceto no caso de glicinas onde usamos o = 0,2 (WILLIAMSON, R. A. et al., 1997,
URBANIAK et al., 2002; WILLIAMSON, M. P., 2013), & diz respeito a variagdo do

chemical shift encontrado para cada um dos atomos.
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Keywords: Jaburetox is a recombinant peptide derived from a Canavalia ensiformis urease that presents toxic effects upon
Hemocytes several species of insects, phytopathogenic fungi and yeasts of medical importance. So far, no toxicity of
Insect control Jaburetox to mammals has been shown. Previous reports have identified biochemical targets of this toxic peptide
Jaburetox

in insect models, although its mechanism of action is not completely understood. In this work, we aimed to
characterize the effects of Jaburetox in hemolymphatic insect cells. For this purpose, the model insect and
Chagas' disease vector Rhodnius prolixus was used. In vivo and in vitro experiments indicated that Jaburetox
interacts with a subset of hemocytes and it can be found in various subcellular compartments. In insects injected
with Jaburetox there was an increase in the gene expression of the enzymes UDP-N-acetylglucosamine pyr-
ophosphorylase (UAP), chitin synthase and nitric oxide synthase (NOS). Nevertheless, the expression of NOS
protein, the enzyme activities of UAP and acid phosphatase (a possible link between UAP and NOS) as well as the
phosphorylation state of proteins remained unchanged upon the in vivo Jaburetox treatment. Nitric oxide (NO)
imaging using fluorescent probes showed that Jaburetox augmented NO production in the hemocyte aggregates
when compared to controls. Even though Jaburetox activated the hemocytes, as demonstrated by wheat germ
agglutinin binding assays, the peptide did not lead to an increase of their phagocytic behavior. Taken together,
these findings contribute to our understanding of toxic effects of Jaburetox, a peptide with biotechnological
applications and a prospective tool for rational insect control.

Mechanism of action
Rhodnius prolixus
Toxicity

1. Introduction 2007), Blattodea (Mulinari et al., 2007) and Hemiptera (Defferrari

et al., 2011; Martinelli et al., 2014; Galvani et al., 2015). Nevertheless,

Jaburetox is a recombinant peptide of ~11 kDa derived from one of
the isoforms of urease from Canavalia ensiformis, a leguminous plant
commonly known as jack bean (Mulinari et al., 2007). The various
biological effects of urease isoforms, independent of their enzymatic
activity, have been reviewed elsewhere (Real-Guerra et al., 2013;
Carlini and Ligabue-Braun, 2016) and include entomo- and fungitoxi-
city, as well as exocytosis induction in several cell models. Jaburetox
was also reported as toxic for several species of phytopathogenic fila-
mentous fungi and yeasts of medical importance (Postal et al., 2012)
and to insect species from the orders Lepidoptera (Mulinari et al.,

high doses of Jaburetox are not lethal nor caused symptoms of acute
toxicity in mice or neonate rats when given orally or via injection, in-
dicating that the peptide has potential as an option of a safe insecticide
(Mulinari et al., 2007). Moreover, preliminary results with maize, su-
garcane and soybean transgenic plants expressing Jaburetox indicated
that those crops present higher resistance to the attack of insect pests,
making this peptide a prospective tool for rational insect control
(Carlini and Ligabue-Braun, 2016).

Due to its physiological characteristics and ease of raising, triato-
mines (Hemiptera: Reduviidae) have been used as models for

Abbreviations: CNS, central nervous system; NOS, nitric oxide synthase; UAP, UDP-N-acetylglucosamine pyrophosphorylase; WGA, wheat germ agglutinin; DAPI, 4’,6-diamidino-2-
phenylindole; FITC, fluorescein isothiocyanate; DAF-FM, 4-amino-5-methylamino-2’,7’-difluorofluorescein, diaminofluorescein-FM; PB, sodium phosphate buffer; FBS, fetal bovine
serum; DTT, dithiothreitol; AP, acid phosphatase; JBU, jack bean urease; NO, nitric oxide; PAMP, pathogen associated molecular pattern; SG, salivary glands; Jbtx, Jaburetox
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Jaburetox, a recombinant peptide of ~11kDa derived from one of the Canavalia ensiformis (Jack Bean)
urease isoforms, is toxic and lethal to insects belonging to different orders when administered orally or
via injection. Previous findings indicated that Jaburetox acts on insects in a complex fashion, inhibiting
diuresis and the transmembrane potential of Malpighian tubules, interfering with muscle contractility
and affecting the immune system. In vitro, Jaburetox forms ionic channels and alters permeability of
artificial lipid membranes. Moreover, recent data suggested that the central nervous system (CNS) is a

Keywords:
Jaburetox
Rhodnius prolixus
Action mechanism
Ureases

target organ for ureases and Jaburetox. In this work, we employed biochemical, molecular and cellular
approaches to explore the mode of action of Jaburetox using Rhodnius prolixus, one of the main Chagas’
disease vectors, as experimental model. In vitro incubations with fluorescently labeled Jaburetox indicated
a high affinity of the peptide for the CNS but not for salivary glands (SG). The in vitro treatment of CNS

Enzymatic pathways or SG homogenates with Jaburetox partially inhibited the activity of nitric oxide synthase (NOS), thus
disrupting nitrinergic signaling. This inhibitory effect was also observed in vivo (by feeding) for CNS but
not for SG, implying differential modulation of NOS in these organs. The inhibition of NOS activity did
not correlate to a decrease in expression of its mRNA, as assessed by qPCR. UDP-N-acetylglucosamine
pyrophosphorylase (UAP), a key enzyme in chitin synthesis and glycosylation pathways and a known
target of Jaburetox in insect CNS, was also affected in SG, with activation of the enzyme seen after both in
vivo or in vitro treatments with the peptide. Unexpectedly, incubation of Jaburetox with a recombinant R.
prolixus UAP had no effect on its activity, implying that the enzyme’s modulation by the peptide requires
the participation of other factor(s) present in CNS or SG homogenates. Feeding Jaburetox to R. prolixus
decreased the mRNA levels of UAP and chitin synthase, indicating a complex regulation exerted by the
peptide on these enzymes. No changes were observed upon Jaburetox treatment in vivo and in vitro
on the activity of the enzyme acid phosphatase, a possible link between UAP and NOS. Here we have
demonstrated for the first time that the Jaburetox induces changes in gene expression and that SG are
another target for the toxic action of the peptide. Taken together, these findings contribute to a better
understanding of the mechanism of action of Jaburetox as well as to the knowledge on basic aspects of the
biochemistry and neurophysiology of insects, and might help in the development of optimized strategies
for insect control.
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Abstract

Background: Although the entomotoxicity of plant ureases has been reported almost 20 years ago, their
insecticidal mechanism of action is still not well understood. Jaburetox is a recombinant peptide derived from
one of the isoforms of Canavalia ensiformis (Jack Bean) urease that presents biotechnological interest since it
is toxic to insects of different orders. Previous studies of our group using the Chagas disease vector and
model insect Rhodnius prolixus showed that the treatment with Jack Bean Urease (JBU) led to hemocyte
aggregation and hemolymph darkening, among other effects. In this work, we employed cell biology and
biochemical approaches to investigate whether Jaburetox would induce not only cellular but also humoral
immune responses in this species.

Results: The findings indicated that nanomolar doses of Jaburetox triggered cation-dependent, in vitro aggregation
of hemocytes of fifth-instar nymphs and adults. The use of specific eicosanoid synthesis inhibitors revealed that the
cellular immune response required cyclooxygenase products since indomethacin prevented the Jaburetox-dependent
aggregation whereas baicalein and esculetin (inhibitors of the lipoxygenases pathway) did not. Cultured hemocytes
incubated with Jaburetox for 24 h showed cytoskeleton disorganization, chromatin condensation and were positive
for activated caspase 3, an apoptosis marker, although their phagocytic activity remained unchanged. Finally, in vivo
treatments by injection of Jaburetox induced both a cellular response, as observed by hemocyte aggregation, and

a humoral response, as seen by the increase of spontaneous phenoloxidase activity, a key enzyme involved in
melanization and defense. On the other hand, the humoral response elicited by Jaburetox injections did not lead to
an increment of antibacterial or lysozyme activities. Jaburetox injections also impaired the clearance of the pathogenic
bacteria Staphylococcus aureus from the hemolymph leading to increased mortality, indicating a possible
immunosuppression induced by treatment with the peptide.

(Continued on next page)
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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 a-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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ARTICLE INFO ABSTRACT
Artic{e history: Ureases are nickel-dependent enzymes that catalyze the hydrolysis of urea to ammonia and carbon
Received 15 February 2016 dioxide. In soybean (Glycine max), the embryo-specific urease (eSBU), the ubiquitous urease (uSBU), and
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a third isoform (SBU-III) are synthesized. Our group has previously demonstrated that eSBU, purified
from seeds, has antifungal properties against phytopathogenic fungi, entomotoxicity against Dysdercus
peruvianus, the ability to induce blood platelet aggregation, and these properties are independent of
its enzymatic activity. Here we describe the biological properties of apo-uSBU fused to glutathione S-

IS(?; ;V::gS: transferase (GST) produced in Escherichia coli. Removal of GST affected apo-uSBU stability. We performed
Ubiquitous urease a Response Surface Methodology to optimize GST-uSBU production to 5 mg per liter and then bioassays
Production optimization were carried out. The recombinant protein exhibited inhibitory effects on filamentous fungi and affected
Antifungal activity fungal secondary metabolism. Candida albicans and C. tropicalis were also susceptible to GST-uSBU and
Fungal pigments formed pseudo-hyphae. The fusion protein was toxic against Rhodnius prolixus, with the toxicity being
Insecticidal activity accompanied by in vivo and in vitro hemocyte aggregation. Rabbit platelet also aggregated in the presence

of GST-uSBU. Thus, uSBU displayed similar biological properties as previously described for eSBU even
when fused to GST, reinforcing the proposed role of ureases in plant defense.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction dioxide, are produced by plants, fungi and bacteria but not by ani-
mals [1,2]. Ureases contain two catalytically important atoms of

Ureases (EC3.5.1.5, urea amidohydrolase), metalloenzymes that nickel [3] that require a set of accessory proteins to place them
catalyze the hydrolysis of urea to produce ammonia and carbon in the active site of the apoenzymes [4,5]. In plants, ureases are
abundant mainly in seeds of some members of the Fabaceae and

Curcubitacea families [1].It has been postulated that these enzymes
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