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RESUMO

As proteinas do leite bovino sdo responsaveis pelos tipos mais comuns de alergia alimentar.
Pessoas diagnosticadas com alergia ao leite usam férmulas contendo proteinas do leite parcial
ou extensivamente hidrolisadas. Como essas formulas sdo caras, devido ao processo
enzimatico, a pesquisa por novas proteases, capazes de produzir formulas hipoalergénicas mais
eficientes, ainda é um assunto interessante. Este trabalho teve como objetivo avaliar o potencial
biotecnologico para a hidrélise das proteinas do leite bovino e caracterizar trés serino
carboxiproteases (SCP) do fluido digestivo da planta carnivora Nepenthes mirabilis (SCP3,
SCP20 e SCP47). Além disso, uma protease (SCP3) foi escolhida para expressao heteréloga
adicional em Escherichia coli Shuffle®T7. O SDS-PAGE mostrou que a SCP hidrolisou
extensivamente as caseinas do leite bovino, resultando em uma menor antigenicidade dos
hidrolisados, medido por ELISA, quando comparado as caseinas do leite bovino néo
hidrolisadas. As analises in silico das trés SCP revelaram semelhancas de estruturas primarias,
secundarias e tridimensionais com outras SCP de plantas, sendo classificadas como
pertencentes ao cld SC das serino proteases. Embora a SCP3 tenha sido obtida na sua forma
soltvel usando etanol 1% durante a inducdo com IPTG 0,5 mM a 16 °C por 18 h, ela ndo
mostrou atividade proteolitica. A obtencdo dessa proteina em sua forma ativa pode levar a sua
aplicacdo na industria de alimentos para a hidrélise de proteinas do leite bovino com a producéo
de formulas hipoalergénicas, pois SCP3 também apresentou baixo potencial alergénico e foi
extensamente hidrolisada por proteases digestivas, ambas preditas por ferramentas de

bioinformética.

Palavras-chave: Escherichia coli. Alergia alimentar. Expressao heter6loga. Corpos de inclusao.

Peptidase.



ABSTRACT

Bovine milk proteins are responsible by the most common type of food allergy. People
diagnosed with milk allergy use formulas containing partially or extensively hydrolyzed milk
proteins. Because these formulas are costy, due to enzymatic process, the research for new
proteases, able to more efficiently produce hypoallergenic formulas, is still an exciting subject.
This work aimed to evaluate the biotechnological potential for the hydrolysis of bovine milk
proteins and to characterize three serine carboxyproteases (SCP) of the digestive fluid of the
Nepenthes mirabilis carnivorous plant (SCP3, SCP20, and SCP47). Besides, a protease (SCP3)
was chosen for further heterologous expression in Escherichia coli Shuffle®T7. SDS-PAGE
showed that SCP extensively hydrolyzed bovine caseins, resulting in a lower antigenicity of the
hydrolysates, measured by ELISA, when compared to non-hydrolyzed bovine caseins. In silico
analyzes of the three SCP revealed similarities of primary, secondary, and three-dimensional
structures with other plant SCP, being classified as belonging to the SC clan of the serine
proteases. Although SCP3 was obtained in its soluble form using 1% ethanol during induction
with 0.5 mM IPTG at 16 °C for 18 h, it did not show proteolytic activity. Obtaining of this
protein in its active form can lead to its application in the food industry for the hydrolysis of
cow's milk proteins with the production of hypoallergenic formulas, because SCP3 also showed
low allergenic potential and it was extensively hydrolyzed by digestive proteases, both

predicted using bioinformatics tools.

Keywords: Escherichia coli. Food allergy. Heterologous expression. Inclusion bodies.
Peptidase.
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1 INTRODUCAO

Ao longo da evolucdo, as plantas carnivoras desenvolveram estruturas especializadas
responsaveis por atrair e capturar suas presas, como armadilhas de pressdo, fluidos viscosos e
ventosas (THOROGOOD; BAUER; HISCOCK, 2018). Essas adaptacdes foram observadas e
estudadas desde Darwin (1875), que as consideravam as plantas mais maravilhosas do mundo.
Até o momento, cerca de 600 plantas carnivoras foram identificadas em diferentes familias de
angiospermas, sendo o género Nepenthes 0 mais numeroso, compreendendo quase 160 espécies
(ROTTLOFF et al., 2016).

Apds a captura, as presas sdo digeridas por diferentes enzimas, fornecendo nutrientes
essenciais para o crescimento e desenvolvimento dessas plantas, que crescem em solos
deficientes em nitrogénio (GIVNISH et al., 1984; GIVNISH et al., 2018). Entre as proteinas
digestivas identificadas estdo RNases, esterases, fosfatases acidas e alcalinas, lipases, quitinases
e proteases (LEE et al., 2016). Embora os fluidos digestivos de plantas carnivoras representem
uma fonte interessante de enzimas, estudos que descrevem a purificacdo ou a caracterizacao
bioquimica e estrutural dessas proteinas ainda s&o raros na literatura.

As proteases sdo enzimas ubiquas capazes de clivar a ligacdo peptidica de outros
peptideos/proteinas, constituindo as enzimas mais abundantes em qualquer genoma. Eles
podem ser classificados com base em seus mecanismos de acdo em: aspartato, cisteina,
glutamato, metalo, serina e treonina proteases (RAWLINGS, 2013). Essas enzimas sdo de alto
interesse comercial porque sdo usadas como aditivos nas industrias de detergente,
processamento de couro e alimentos, bem como na industria terapéutica (PHILIPPS-
WIEMANN, 2018). Na industria de alimentos, as proteases tém sido usadas para reduzir a
alergia alimentar.

As alergias alimentares sdo um importante problema de satde publica em todo o mundo.
Cerca de 8% das criangas e 2% dos adultos tém alguma alergia alimentar (TURNBULL,;
ADAMSN; GORARD, 2015). Assim, estima-se que 700 milhdes de pessoas (considerando
uma populacdo mundial atual de cerca de 7 bilhdes) tenham algum tipo de alergia alimentar,
representando um problema de satde global substancial. Em particular, a alergia ao leite bovino
constitui o principal tipo de alergia alimentar (MANUYAKORN; TANPOWPONG, 2019). A
alternativa mais comum para pessoas diagnosticadas com alergia ao leite é o uso de formulas
contendo proteinas do leite hidrolisadas parcial ou extensivamente (MURARO et al., 2012;
OLIVEIRA et al., 2019). O alto custo dessas formulas pode estar associado as enzimas usadas
nesse processo (GOLKAR; MILANI; VASILJEVIC, 2019). Por isso, a busca por proteases
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capazes de produzir férmulas proteicas hidrolisadas, com mais eficiéncia, € um assunto
motivador.

Como as proteases digestivas de plantas carnivoras sdo extremamente bem adaptadas a
hidrolise extensiva de proteinas de origem animal, foi levantada a hipétese de que essas enzimas
poderiam ser usadas como novas ferramentas biotecnoldgicas para digerir proteinas do leite
bovino e produzir formulas hipoalergénicas. Dessa forma, o extrato proteolitico do fluido
digestivo de Nepenthes mirabilis foi estudado e testado para hidrolisar as proteinas do leite de
vaca. Diante de sua baixa producéo pela planta e apds caracterizar in silico as trés principais
serino proteases presentes no fluido, uma serina protease foi escolhida e expressa em células de
Escherichia coli e seu potencial alergénico foi avaliado por bioinformaética.
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2 REVISAO BIBLIOGRAFICA

2.1 Plantas carnivoras

Plantas que possuem estruturas especializadas com a finalidade de atrair, capturar e
digerir nutrientes da presa e que se beneficiam dessa captura sdo chamadas de plantas
carnivoras. A carnivoria em plantas é uma adaptacao estratégica a ambientes onde a oferta de
nutrientes é escassa. Por isso a necessidade de se obter nutrientes minerais adicionais, inclusive
nitrogénio, aprisionando e digerindo suas presas (ROTTLOFF et al., 2011; BEHIE;
BIDOCHKA, 2013). Existem varios tipos de adaptacfes morfofisioldgicas que funcionam
como estruturas de captura: armadilhas de pressdo (Dionaea) (Figura 1), adesivas (Drosera ou
Pinguicula) (Figura 2), sugadoras (Utricularia) (Figura 3) e armadilhas em si (Nepenthes)
(Figura 4) (KROL et al.,, 2012). A complexidade de adaptacGes em diferentes plantas
carnivoras, incluindo a presenca de atividade proteolitica, levou Darwin (1875) a considera-las
como as plantas mais maravilhosas do mundo. Desde entdo, aproximadamente 600 espécies de
plantas carnivoras foram identificadas em seis subclasses de angiospermas, sendo o género

Nepenthes o mais numeroso, compreendendo quase 160 espécies (ROTTLOFF et al., 2016).

Figura 1 - Armadilhas da planta carnivora Dionaea.

i
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A. Armadilhas de Dionaea do tipo pressdo. B e C. Zoom dessas armadilhas capturando um

inseto. Fonte: https://www.carnivoras.com.br/.
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Figura 2 - Armadilhas das plantas carnivoras Drosera e Pinguicula.

A. Armadilhas de Drosera do tipo adesivas ou “pega moscas”. B. Zoom dessa armadilha de
Drosera capturando uma presa. C. Armadilhas de Pinguicula capturando insetos. Fonte:
https://www.plantascarnivoras.es.

Figura 3 - Armadilhas da planta carnivora Utricularia.

A. Armadilhas de Utricularia do tipo adesivas sugadoras. B e C. Zoom de dois tipos de
Utricularia que se assemelham a orquideas. Fonte: https://carnivorousplantnursery.com/
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Figura 4 - Armadilhas da planta carnivora Nepenthes.

Folha < Tampa
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A. Algumas Nepenthes do tipo “armadilhas em si” ou “pitcher plant”. Fonte:
https://diegooliveiranoticias.home.blog/ B. Desenho alusivo as regifes de captura da presa
dentro do jarro dessa planta. Fonte: MIGUEL; HEHNB; BOURGAUDA, 2018.

Plantas carnivoras das Familias Nepenthaceae, Cephalotaceae, Sarraceniaceae sao
capazes de atrair insetos forrageiros, voadores ou rastejantes e outros pequenos invertebrados
em seus pog¢os ou jarros cheios de liquido (Figura 5). Uma vez dentro do pogo, 0 inseto é
digerido enzimaticamente (JAFFE et al., 1992). Segundo Ellison e Gotelli (2001), essas plantas
sdo capazes de obter entre 10% e 80% do nitrogénio (N) total do inseto, dependendo do
ambiente e do tipo de armadilha empregada. Em geral, as plantas carnivoras apresentam uma
grande dependéncia de nitrogénio, e essa demanda aumenta a medida que as estruturas
carnivoras se tornam mais elaboradas (de folhas pegajosas de Drosera spp. a jarros com mais
de 1m de altura do lirio-cobra Darlingtonia californica). As proprias plantas variam ao longo
do tempo na contribuicdo relativa do N derivado de insetos para o contetdo total de N da planta
(SCHULZE et al., 1997; ADLASSNIG et al., 2012).

A evolucdo multipla e independente da carnivoria em diversas familias de plantas sugere
que essa é uma adaptacdo aos habitats com baixo teor de nutrientes e luz, nos quais ocorrem
tais espécies (GIVNISH et al., 1984; GRAY et al., 2017). Assim, os beneficios nutricionais da
carnivoria tém sido o foco tradicional da pesquisa nas tltimas décadas (SKATES et al., 2019).
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Figura 5 - Plantas carnivoras das Familias Nepenthaceae, Cephalotaceae,

Sarraceniaceae.
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Fonte: https://www.carnivorousplants.org/, http://www.plantecarnivore.fr,

https://www.growcarnivorousplants.com/, https://www.carnivoras.com.br/.

2.2 Género Nepenthes

O grupo monofilético das Nepenthaceae (Caryophyllales) contém até 100 espécies, e se
apresenta como a maior familia de plantas-jarro carnivoras (JEBB; CHEEK, 1997). Nepenthes
é 0 maior género de plantas carnivoras encontrado no sudoeste da Asia (MORAN; CLARKE,
2010). Elas sdo restritas aos Paleotrdpicos, indo de Madagascar para o leste até a Nova
Caleddnia e um pequeno namero de ilhas ocidentais do Pacifico. O centro da diversidade esta
no arquipélago indonésio, Filipinas, Sulawesi e nas grandes ilhas de Sonda, em Bornéu e
Sumatra (CLARKE, 1997; CLARKE, 2001).

Nepenthes sdo plantas carnivoras altamente estudadas e desenvolveram uma série de
caracteristicas ecoldgicas que atrairam a atencdo dos botanicos. Vérias estratégias adaptativas
desenvolvidas por essas plantas as tornam uma fonte de inspiracdo para muitas aplicacdes,
desde tratamentos terapéuticos até solucbes de biocontrole na agricultura. A excelente
organizacdo de tecidos do jarro digestivo pode ajudar a criar materiais novos e originais
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utilizaveis na vida cotidiana em muitas culturas do mundo, sendo uma ferramenta etnoboténica
capaz de curar dores de estdbmago, febre e até fornecer material para construgdo de casas
(MIGUEL; HEHN; BOURGAUD, 2018).

Ao observarmos a morfologia de plantas carnivoras de Nepenthes, encontramos a
estrutura em formato de jarro, que inicia no final da folha e forma progressivamente uma
cavidade/armadilha que consiste em trés se¢Oes: uma borda superior chamada peristomo que
estd envolvida na atracdo e captura de presas, coberta com uma substancia escorregadia
semelhante a um muco; quando um inseto pousa, € incapaz de escapar (GAUME; FORTERRE,
2007); uma parede interna escorregadia e cerosa para prender e impedir a fuga; e uma cova
inferior preenchida com um fluido viscoelastico acido usado para digerir a presa (Figura 4b).
Diversas variagfes estruturais e quimicas da armadilha parecem ser adaptadas para uma
variedade de invertebrados, incluindo detritos de plantas e até mesmo fezes de mamiferos
arboricolas (MORAN et al., 2012).

Essas armadilhas, em formato de jarro, como no caso da Familia Nepenthaceae, contém
uma diversidade de enzimas digestivas como proteases, RNAses, esterases, fosfatases e
quitinases (ROTTLOFF et al., 2016; LEE et al., 2016), além de grande densidade de bactérias
(TAKEUCHI et al., 2011). O fluido presente nessa armadilha é acido, apresentando um pH
entre 2 a 6 dependendo do tipo de espécie (TAKEUCHI et al., 2011). Adaptacdes especiais
como camadas de cera, anisotropia das glandulas digestivas, peristomo escorregadio e fluido
digestivo acido e viscoelastico estdo envolvidos no mecanismo de captura que contribuem com
grande porcentagem de exigéncia nutricional total da planta (MORAN; CLARKE, 2010). A
presa geralmente perde a estabilidade em superficies escorregadias e cai dentro do jarro
contendo o fluido digestivo (PAVLOVIC; SAGANOVA, 2015).

Nepenthes mirabilis, conhecida também como planta-jarro, é uma espécie de planta
carnivora bastante difundida e diversa, abrangendo o sudeste da Asia continental e todas as
principais ilhas do arquipélago malaio, estendendo-se da China até a Austrdlia (CLARKE,
2014). A sua estrutura de captura em formato de jarro, que inicia no final da folha, possui
comprimento de até 5 m, com o diametro de até 5 mm, e pode ser encontrado nas cores verde,
vermelho ou verde rosa. Possui folhas finas de forma alongada ou em lanceta, de coloragéo
verde com superficie escorregadia, com comprimento da folha de até 15 cm e com largura de
até 8 cm (LESTARININGSIH; SETYANINGSIH, 2017).

Essas plantas sdo um objeto vantajoso para estudos porque o contetdo presente no jarro

pode ser facilmente coletado, além de ser o préprio fluido da digestdo (MITHOFER, 2011). A
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identificacdo de toda a composicdo de proteinas no fluido digestivo é desafiadora porque sua
composicdo de aminoacidos € incomum. O banco de dados tanto gendmico como proteico de
plantas carnivoras ¢ limitado. Silva et al. (2016) e Silva et al. (2017), um grupo da Universidade
Estadual Paulista (Unesp), sequenciaram o genoma cloroplastidial e mitocondrial de uma planta
carnivora brasileira, a Utricularia reniformis, endémica do Brasil. Relataram que trabalhar com
genoma nuclear de plantas, por bioinformética, é uma tarefa desafiadora, ja que o genoma de
planta varia em tamanho e ordem de disposicdo das bases nos cromossomos. E preciso
determinar quais por¢des do genoma correspondem a genes funcionais.

Dessa forma, plantas carnivoras representam um grande reservatorio ainda néo
explorado de proteases com potenciais atividades biotecnoldgicas, tanto por apresentarem

enzimas estaveis, como pela sua pluralidade (LEE et al, 2016).

2.3 Peptidases

Enzimas proteoliticas (proteases ou peptidases) agem como efetores positivos ou
negativos de numerosos processos bioldgicos, apresentando a habilidade de digerir proteinas
usando uma variedade de sitios de clivagem essenciais para a identificacdo de proteinas e
peptideos a partir de uma mistura complexa (MISHRA et al., 2017). Nesse sentido de
enriquecer 0 “catalogo” da diversidade de proteases, tem-se a degradémica, uma forte
abordagem 6mica, que permitiu uma ampla visdo da biodiversidade de proteases. Um
degradoma pode ser definido como toda a diversidade de proteases em um organismo, tecido
ou célula em um determinado momento, com o objetivo de elucidar as proteases que estdo
presentes em um tempo definido, em um meio especifico, incluindo informagdes sobre o
substrato enzimatico e/ou inibidor enzimatico (PEREZ-SILVA et al., 2016). Essa complexidade
dos ciclos vitais e suas mudancas entre diferentes organismos fornece uma enorme variedade
de proteases com funcgdes diferentes e, consequentemente, uma grande variedade de
especificidades e estruturas (PUENTE et al., 2003).

Essas enzimas s&o capazes de hidrolisar as ligacdes peptidicas proximo as extremidades
das cadeias polipeptidicas (exopeptidases) ou dentro delas (endopeptidases) (PALMA et al.,
2002). E participam do primeiro lugar no mercado mundial de enzimas, estimado em
aproximadamente US$ 3 bilhdes de ddlares (LEARY et al., 2009), uma vez que desempenham
um papel importante na biotecnologia, ja que sua atividade proteolitica altera propriedades

quimicas, fisicas, bioldgicas e imunoldgicas das proteinas.
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Segundo Choudhary et al. (2004), as enzimas sdo uma ferramenta tecnoldgica de
interesse da industria porque sdo capazes de atingir uma alta taxa de reagcdo em condigdes
variadas de pH, temperatura e pressdo, alem de uma alta especificidade de reacéo,
biodegradabilidade, de natureza ndo toxica e que produzem efluentes ndo poluentes.
Adicionalmente, peptidases de origens vegetal e animal sdo utilizadas em farmacos para
doencas pancreaticas, artrites e intolerancia ao gluten (LORKOWSKI, 2012).

Nas ultimas décadas, o0 interesse pelas proteases vegetais aumentou significativamente.
Enzimas vegetais, como proteases, sdo amplamente utilizadas na medicina e na industria de
alimentos. Algumas proteases, como papaina, bromelaina e ficina, sdo usadas em varios
processos, como fabricacdo de cerveja, amaciamento de carne, coagulagéo do leite, tratamento
de cancer, digestdo e distdrbios virais, podendo ser obtidas a partir de sua fonte natural ou
através de culturas in vitro (GONZALEZ-RABADE et al., 2011).

Oliveira et al. (2019) avaliaram quatro tipos de fluidos laticiferos como nova fonte de
peptidases capazes de hidrolisar proteinas no leite de vaca. Os ensaios in vivo mostraram que
as proteinas do leite de vaca hidrolisadas por dois fluidos laticiferos do estudo, ndo exibiram
reacOes imunes em camundongos alérgicos ao leite de vaca, semelhante a uma formula
comercial parcialmente hidrolisada. Consideradas, portanto, promissoras para o
desenvolvimento de novas formulas hipoalergénicas para criangcas com alergia ao leite.

Diante desse cenario, podemos classificar as enzimas proteoliticas (E. C. 3.4) com base
em seu mecanismo catalitico em: asparticas, cisteinicas, metalo-treoninas e serinas (BARRETT
et al., 2003). Com o advento do sequenciamento do genoma, surgiu a necessidade de expandir
esse sistema de classificacdo, abrangindo o repertério catalitico encontrado na natureza.
Outrossim, sequéncias e estruturas de todos os compostos proteoliticos e enzimaticos
conhecidos encontram-se no banco de dados MEROPS (https://www.ebi.ac.uk/merops/). Esse
sistema de classificacdo divide peptidases em clds, utilizando o mecanismo catalitico e as
familias na base de ancestralidade comum. Atualmente, mais de 900.000 sequéncias de
proteinas peptidases foram classificadas em 62 clas e 268 familias (RAWLINGS et al., 2018).

As peptidases asparticas (APs; EC: 3.4.23) sdao uma familia de enzimas amplamente
distribuidas na natureza, onde desempenham papéis-chave em uma ampla gama de funcGes
biologicas (ZHAO et al., 2013). APs de plantas foram identificadas e purificadas a partir de
diferentes espécies (GUO et al., 2013; GUO et al., 2015). Kadek et al. (2014) caracterizaram
enzimatica e bioguimicamente, e expressaram em organismo heter6logo uma protease aspartica

da planta carnivora do género Nepenthes, nepentesina-1, protease capaz de digerir presas no
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jarro de Nepenthes gracilis. Embora analises de bioinformética tenham sido realizadas com
proteases asparticas de sementes de plantas para predicdo de diferentes estruturas e fungoes,
suas funcBes bioldgicas ndo sdo tdo bem conhecidas ou caracterizadas quanto as dos seus
correspondentes em mamiferos, microrganismos ou virus, que demonstraram desempenhar
funcgdes diferentes, incluindo o processamento especifico de proteinas (DARABI; SEDDIGH,
2015).

Butts et al (2016) identificaram 44 peptidases cisteinicas a partir do DNA genémico de
planta carnivora Drosera capensis, as quais revelaram homologia com peptidases vegetais ja
conhecidas, porém, com novas propriedades, confirmando esse grande potencial a ser
explorado. Proteases cisteinicas do tipo papaina (E. C. 3. 4. 22. 2) séo as mais investigadas
dentre as representantes dessa familia. A papaina é caracterizada por uma estrutura com dois
dominios e com o sitio ativo entre esses dominios. Essas enzimas séo sintetizadas como
precursores inativos ou menos inativos, que compreendem uma pro-sequéncia com 38 a 250
residuos de aminoacidos e a enzima madura com 220 a 260 residuos de aminoacidos
(GRUDKOWSKA; ZAGDANSKA, 2004). RIS@R et al. (2016) identificaram, também, que
proteinas de presas encontradas no liquido digestivo da planta carnivora Dionaea sao
degradadas por endopeptidases cisteinicas em associacdo com as carboxipeptidases serinicas.

Mais de um terco de todas as enzimas proteoliticas conhecidas sdo do tipo serino
peptidases (SP) e aproximadamente 26.000 peptidases de serina sdo agrupadas em 13 clas e 40
familias, sdo um dos maiores grupos de enzimas proteoliticas encontradas em eucariotos e
procariotos (PAGE; DI CERA, 2008). O nome da familia deriva do residuo nucleofilico do
aminoacido serina no sitio ativo da enzima, que ataca a por¢do carbonila da ligacdo peptidica
do substrato para formar um intermediério acil-enzima (HEDSTROM, 2002). Elas sdo
amplamente distribuidas na natureza, encontradas em todos os reinos de vida celular, bem como
muitos genomas virais. Nas plantas, elas sdo difundidas entre os grupos taxonémicos, de arvores
a leguminosas e ervas, e estdo presentes em quase todas as partes das plantas, mais abundantes
em frutas. SPs de cucurbitéceas, cereais e plantas de grande porte sdo geralmente classificados
como um s6 grupo (RAWLINGS; BARRETT, 2004).

SPs de plantas foram encontradas e extraidas de sementes de cevada, soja e arroz; do
latex de Euphorbia supina, Taraxacum officinale, Synadenium grantii e Artocarpus
heterophyllus; de flores, caules, folhas e raizes de Arabidopsis thaliana; das raizes de

armazenamento de batata-doce e milho; dos brotos de bambu; das folhas de tabaco, feijao e
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tomate; e dos frutos de Cucumis melo, Cucurbita ficifolia, Maclura pomifera, Zehneria
japonica e Trichosanthes cucumerina, entre outros (ANTAO; MALCATA, 2005).

Segundo Darabi e Seddigh (2015), devido a baixa quantidade de proteases presentes no
jarro de Nepenthes e também a acessibilidade limitada a essas plantas, ndo era possivel sua
caracterizacdo estrutural mais detalhada, anteriormente. Por isso, escolheram utilizar a
estratégia de producdo heterdloga em Escherichia coli de nepenthesina-1 para obtencdo de
grandes quantidades de proteina. Desde a descoberta da protease nepenthesina-1 secretada no
jarro de Nepenthes, enzimas digestivas de plantas carnivoras tém sido o foco de muitos estudos.
Recentes abordagens genémicas aceleraram a descoberta de enzimas digestivas, e com 0 avanco
da tecnologia do DNA recombinante e da purificacdo de proteinas, a identificacdo e
caracterizacdo de enzimas em plantas carnivoras foi facilitada (RAVEE; SALLEH; GOH,
2018).

2.4 Sistema de expressao procarioto (Escherichia coli)

O advento da tecnologia do DNA recombinante revolucionou as estratégias para a
producdo de proteinas heterdlogas. Devido ao genoma bem caracterizado e uma variedade de
ferramentas bem estabelecidas e disponiveis para manipulagdo genética, Escherichia coli é,
ainda, a alternativa mais escolhida para a producdo de proteinas recombinantes (BANEYX;
MUJACIC, 2004).

Este sistema bacteriano oferece respostas rapidas para questfes iniciais acerca da
transgenia da proteina desejada, tais como: a estabilidade génica no sistema heterélogo; a
expressdo correta e em niveis adequados; facil manuseio, além de ser um organismo muito bem
caracterizado e compreendido geneticamente. No entanto, a producdo heter6loga para
aplicacdes industriais ou para fins de pesquisa, na maioria das vezes, apresenta condi¢des de
crescimento celular significativamente diferente ao ambiente natural do micro-organismo,
resultando numa limitag&o da produtividade (CHOU, 2007).

Mesmo apresentando desvantagens como incapacidade de realizar modificacdes pds-
traducionais, bem como capacidade limitada de refazer pontes dissulfeto presentes em algumas
estruturas proteicas, além de um elevado conteudo de endotoxinas, comercialmente, a bactéria
E.coli é classificada como organismo seguro, e provou ser economicamente viavel na producéo

de produtos proteicos, 0 que ndo descarta a necessidade de otimizagdo do processo. Essa



24

otimizacdo se da pela maior quantidade de proteina recombinante funcional produzida por
unidade de volume e unidade de tempo (BROEDEL et al., 2001).

E possivel caracterizar corpos de inclusio como agregados proteicos, insolGveis,
presentes na maioria das vezes, no citoplasma de um organismo procarioto recombinante,
resultante de uma superexpressao do plasmideo que possui a regido codificadora de um gene
de interesse, chamados de corpos de inclusdo (CI) (GONZALEZ-MONTALBAN et al., 2007).
Segundo Prouty, Karnovsky e Goldberg (1975), os Cl sdo granulos intracelulares densos e
amorfos, visiveis por micrografia eletrénica.

Uma solubilizacéo eficiente é o passo inicial na recuperagdo da proteina. Walther et al.
(2013) observaram que apds a solubilizacdo, os corpos de inclusdo foram penetrados pelo
agente de solubilizacdo, diminuindo os nucleos densamente empacotados, bem como a
proteina, difundindo-se para fora. Pensando na estratégia de expressdo de proteinas sollveis,
Lobstein et al. (2012) desenvolveram uma cepa de expressao de proteinas em E. coli, chamada
SHuffle, com o propdsito de produzir proteinas recombinantes ativas, permitindo a correta
formacdo de pontes dissulfeto com altos rendimentos em seu citoplasma com capacidade
redutora diminuida. Esta cepa possui integrado ao seu cromossomo um gene que codifica para
isomerase DsbC, que permite que ligagOes dissulfeto sejam formadas no citoplasma. O estado
redox de DsbC no citoplasma oxidante, auxilia na formacéo de correto folding de proteinas com
multi pontes dissulfeto.

Panavas, Sanders e Butt (2009) verificaram que uma proteina modificadora do tipo
ubiquitina (SUMO), de células eucaridticas, ao ser fusionada a regido N-terminal da proteina
heter6loga, melhorava a producdo dessa proteina em sistemas de expressao tanto procariéticos
como eucaridticos. Essa significante melhora era baseada na estabilidade e solubilidade
proteica apds sua purificacdo, seguida da remocédo da tag SUMO por uma protease especifica.

Para ajudar na solubilizacdo e na purificacdo de proteinas recombinantes, Silva et al.
(2020) utilizaram o vetor de expressdao pET-SUMO, contendo uma cauda tag e 6 histidinas
adicionadas ao N-terminal da protease CpCP3 e expressaram uma protease de Calotropis
procera em E. coli SHuffle (rCpCP3). Eles caracterizaram e avaliaram o potencial
biotecnoldgico dessa protease cisteinica purificada a partir do latex de C. procera (CpCP3).
Esta enzima mostrou-se altamente estavel a diferentes ions metalicos e foi capaz de hidrolisar
k-caseina de maneira semelhante a quimiosina bovina, para producdo de queijo.

Lacou et al. (2015) relatam que os produtos alimentares sdo matrizes muito complexas,

apresentando diferentes composicdes, que interagem entre si, resultando em caracteristicas
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especificas do alimento final. Entre eles, temos peptideos e proteinas contidos, assumindo uma
posicdo de destaque. A hidrolise dessas proteinas afeta as propriedades da matriz alimentar e é
realizada por varias razdes, que podem produzir efeitos positivos, como modificacdes na
qualidade sensorial (como textura ou sabor), digestibilidade aprimorada, diminuicdo da
alergenicidade ou como a liberacdo de peptideos bioativos (GONZALEZ-RABADE et al.,
2011; LACOU etal., 2015).

2.5 Alergia Alimentar

Segundo Prescott e Allen (2011), a alergia alimentar é um problema de saude publica
tdo importante, que se coloca em segundo lugar no ranking das principais causas de alergia atras
apenas da asma. A alergia alimentar é definida como uma reacdo adversa reprodutivel aos
alimentos, mediada por mecanismos imunoldgicos. Esse distarbio é a causa mais comum de
reaces alérgicas, em criancas ou adultos (CASANAL et al., 2013).

Evidéncias sugerem que 5% dos adultos e 8% das criangas possua algum tipo de alergia
alimentar, com um aumento em prevaléncia nas ultimas décadas. Os fatores que afetam esse
aumento progressivo de alergia vao desde o estilo de vida, como o grande consumo de alimentos
industrializados, até a genética do individuo (SICHERER; SAMPSON, 2014). Os principais
alimentos alérgenos identificados pela Codex (2009) sdo amendoim, nozes, ovo, soja, peixe,
crustaceos, leite e trigo.

Hidrdlises enzimaticas e processamentos adicionais sdo comumente utilizados para
produzir formulas dietéticas hipoalergénicas derivadas de diferentes fontes de proteinas, como
o leite de vaca, lentilhas e gréo de bico, por exemplo (CUADRADO et al., 2009). A hidrdlise
da cadeia polipeptidica pode ser a Unica maneira de impedir a identificacdo do epitopo pelo
sistema imunolégico (SATHE; SHARMA, 2009). Uma selecdo adequada de uma protease com
a especificidade desejada e o protocolo de hidrélise adequado podem diminuir radicalmente a
alergenicidade das proteinas. No entanto, existem poucos estudos para avaliar o efeito na
reatividade de Imunoglobulina E (IgE) desses produtos de hidrolise com soros de pacientes com
alergia a esses alimentos (CUADRADO et al., 2009). E o alto custo dessas formulas
hipoalergénicas pode estar associado aos tipos de enzimas usados nesse processo (GOLKAR;
MILANI; VASILJEVIC, 2019).

Dentre os alimentos de dieta diaria, o leite de vaca é considerado uma matriz bioldgica

complexa, fonte de peptideos bioativos obtidos ap6s fermentacdo in vivo e in vitro com
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potencial atividade antimicrobiana, antioxidante, antitrombotica, anti-hipertensiva,
imunomoduladora, dentre outras (KORHONEN, 2009). A busca pela identificacdo e
caracterizacdo nutricional desses peptideos com diferentes bioatividades, também chamados de
peptideos bioativos do leite (BMPs), tem sido priorizada devido a essa pluralidade
(GIACOMETTI; BURETIC-TOMLJANOVIC, 2017).

Por outro lado, o leite (ou seus derivados) pode desencadear processos alérgicos. A
alergia ao leite envolve o sistema imunoldgico a partir da reacao a proteinas existentes no leite
(ou outros produtos lacteos), liberando substancias que causam sintomas alergénicos (HEINE
etal., 2017). Essa reacdo alérgica pode ser leve (erupg¢des cutaneas) ou muito grave (dificuldade
em respirar, perda de consciéncia). Uma pessoa com alergia ao leite geralmente é alérgica a
uma das duas principais proteinas do leite: caseina ou soro de leite. A alergia a caseina ocorre
guando o sistema imune desencadeia reacGes para eliminar a presenca da caseina. No caso da
proteina do soro de leite, os sintomas alérgicos podem estar associados a alergias ou a
intolerancia (HUSSAIN, 2018).

Em 2010 foram publicadas diretrizes para classificar, desenvolver e recomendar acdes
em prol de pacientes com alergia a proteina do leite de vaca (APLV). Dentre essas diretrizes,
cita-se a busca por férmulas alternativas e economicamente acessiveis para a condicao clinica
de cada paciente (FIOCCHI et al., 2018). A publicacdo desses documentos visa aprofundar o
conhecimento clinico, melhorar a qualidade do diagndstico e atendimento, reduzindo erros na
conducéo da pratica clinica. A aplicacdo dessas diretrizes pode promover o uso eficiente de
recursos, informar e capacitar pacientes e apoiar politicas publicas (STULC et al., 2017).
Portanto, a pesquisa por novas proteases capazes de produzir formulas proteicas do leite de vaca
extensivamente ou parcialmente hidrolisadas, com mais eficiéncia, ainda é um assunto

motivador.
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3 OBJETIVOS
3.1 Objetivo Geral

Esse trabalho teve como objetivo caracterizar trés serino carboxipeptidase (SCP) do fluido
digestivo de Nepenthes mirabilis, com o propdsito de avaliar seu potencial biotecnoldgico para

a hidrdlise das proteinas do leite de vaca.

3.2 Objetivos Especificos
Analisar o perfil proteico e proteolitico do fluido digestivo de Nepenthes mirabilis;

Hidrolisar as proteinas do leite de vaca utilizando as proteases do fluido digestivo de N.
mirabilis;

Caracterizar in silico as trés serino carboxipeptidase majoritarias do fluido digestivo de N.
mirabilis;

Construir os modelos tridimensionais das trés serino carboxipeptidases SCP3, SCP20 e
SCPA47,;

Expressar a protease SCP3 em linhagem de E. coli como sistema heterdlogo;
Estabelecer melhor condi¢do de solubilizagdo da proteina heter6loga;
Avaliar atividade proteolitica da protease recombinante (rSCP3);

Caracterizar in silico o potencial alergénico da protease SCP3;
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ABSTRACT
Bovine milk proteins are responsible by the most common type of food allergy. People
diagnosed with milk allergy use formulas containing partially or extensively hydrolyzed milk
proteins. Because these formulas are costy, due to enzymatic process, the research for new
proteases, able to more efficiently produce hipoallergenic formulas, is still a exciting subject.
This work aimed to evaluate the biotechnological potential for the hydrolysis of bovine milk
proteins and to characterize three serine carboxyproteases (SCP) of the digestive fluid of the
Nepenthes mirabilis carnivorous plant (SCP3, SCP20, and SCP47). Besides, SCP3 was chosen
for further heterologous expression in Escherichia coli Shuffle®T7. SDS-PAGE showed that
SCP extensively hydrolyzed bovine caseins, resulting in a lower antigenicity of the
hydrolysates, measured by ELISA, when compared to non-hydrolyzed bovine caseins. In silico
analyzes of the three SCP revealed similarities of primary, secondary, and three-dimensional
structures with other plant SCP, being classified as belonging to the SC clan of the serine
proteases. Although SCP3 was obtained in its soluble form using 1% ethanol during induction
with 0.5 mM IPTG at 16 °C for 18 h, it did not show proteolytic activity. Obtaining of this
protein in its active form can lead to its application in the food industry for the hydrolysis of
bovine milk proteins with the production of hypoallergenic formulas, because SCP3 also
showed low allergenic potential and it was extensively hydrolyzed by digestive proteases, both

predicted using bioinformatics tools.

Keywords: Escherichia coli; Food allergy; Heterologous expression; Inclusion bodies;

Peptidase;
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1 INTRODUCTION

Over evolution, carnivorous plants have developed specialized structures responsible
for attracting and capturing their preys, such as pressure traps, viscous fluids, and suckers
(Thorogood, Bauer, & Hiscock, 2018). These adaptations have been observed and studied since
Darwin (1875), who considered them the most wonderful plants in the world. To date, around
600 carnivorous plants have been identified in different angiosperm families, being Nepenthes
genera the most numerous, comprising nearly 160 species (Rottloff et al., 2016).

After the capture, the preys are digested by different enzymes, providing essential
nutrients for growth and development of these plants, which grow in nitrogen deficient soils
(Givnish et al., 1984; Givnish et al., 2018). Among the digestive proteins identified are RNases,
esterases, acid and alkaline phosphatases, lipases, chitinases, and proteases (Lee, Zhang, Ozar,
Sensen, & Schriemer, 2016). Although digestive fluids from carnivorous plants represent an
exciting source of enzymes, studies describing the purification or reporting biochemical and
structural characterization of these proteins are still rare in literature.

Proteases are ubiquitous enzymes able to cleave the peptide bond of other
peptides/proteins, constituting the most abundant enzymes in any genome. They can be
classified based on their mechanistic features into aspartate, cysteine, glutamate, metallo,
serine, and threonine proteases (Rawlings, 2013). These enzymes are of high commercial
interest because they have been used as additives in detergent, leather processing, and
therapeutics as well as in food industry (Philipps-Wiemann, 2018). In the food industry,
proteases have been used to reduce food allergy.

Food allergies are important medical and social problems worldwide. Around 8% of
infants and 2% of adults have some food allergy (Turnbull, Adamsn, & Gorard, 2015). Thereby,
it is estimated that 700 million people (considering a current world population of around 7

billion) have a type of food allergy, representing a substantial global health problem. In
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particular, bovine milk allergy constitutes the main type of food allergy (Manuyakorn &
Tanpowpong, 2019). The most common alternative for people diagnosed with milk allergy is
the use of formulas containing partially or extensively hydrolyzed milk proteins (Muraro et al.,
2012; Oliveira et al., 2019). The high cost of these formulas can be associated with the enzymes
used in this process (Golkar, Milani, & Vasiljevic, 2018). Therefore, the research for new
proteases able to produce extensively or partially hydrolyzed milk protein formulas, more
efficiently, is still a motivating subject.

Because carnivorous plant digestive proteases are extremely well adapted to hydrolysis
extensively proteins from animal sources, it was hypothesized that these enzymes could be used
as new biotechnological tools to digest bovine milk proteins and produce hypoallergenic
formulas. In this respect, the proteolytic extract from the Nepenthes mirabilis digestive fluid
was studied and tested for hydrolyzing the cow’s milk proteins. Furthermore, bioinformatics
tools were used to characterize its three main serine proteases. Finally, a serine protease was

expressed in E. coli cells and its allergenic potential was avaluated in silico.
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2 MATERIAL AND METHODS
2.1 Reagents
Acrylamide (17-1302-02), bis-acrylamide (17-1304-02), sodium dodecyl sulfate (SDS)
(17-1313-01), 1-mL Histrap™ HP (Nickel-Sepharose) column (29-0510-21), and molecular
mass markers (17-0446-01) were obtained from GE Healthcare Life Sciences (Sao Paulo, SP,
Brazil). B-mercaptoethanol (M6250), kanamycin (60615), isopropyl-p-D-tiogalactopyranoside
(IPTG, 15502), 5-Bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-Gal, B1690), Freund’s
complete (F5881) and incomplete (F5506) adjuvant, alkaline phosphatase-conjugated goat anti-
rabbit IgG antibodies (A6066), 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (B6149), and
nitro blue tetrazolium (NBT) (N6876) were obtained from Sigma-Aldrich (Sdo Paulo, SP,

Brazil). All other chemicals were of analytical grade.

2.2. Digestive fluid harvest and analysis of its protein and proteolytic profile

Nepenthes mirabilis species were purchased from a Brazilian website specialist in
carnivorous plants (https://www.plantascarnivoras.com.br/), and then cultivated under natural
light (12 h) at 28 + 3 °C, relative humidity of 70%, using a substrate poor in nutrients. The
plants were daily watered with distilled water. Digestive fluid samples (3 -5 mL) were collected
from newly opened pitchers, lyophilized, and then resuspended in 50 mM sodium acetate
buffer, pH 5.0 to a final concentration of 20 mg/mL. The soluble protein content was estimated
according to Bradford’s method, using bovine serum albumin as protein standard (Bradford,
1976).

The protein profile was assessed by 15% polyacrylamide gel electrophoresis in the
presence of SDS (SDS-PAGE) as described by Laemmli (1970). Protein samples were

dissolved in sample buffer [0.0625 M Tris buffer (pH 6.8) containing 2% SDS] and runs were
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performed at 25 mA per gel at 25 °C for 2 h. Gels were stained with coomassie brilliant blue
(R-350) solution.

The proteolytic activity was determined by zymogram containing 0.1% gelatin,
following Freitas et al. (2007). After SDS-PAGE, the gels were incubated in 2.5% Triton X-
100 for 30 min to remove all SDS and permit the protein renaturation. After, the gels were
incubated in 50 mM sodium acetate buffer, pH 5.0, for 12 h at 37 °C. Proteolytic activity was
detected as transparent bands in blue gels after staining with 0.1% Coomassie brilliant blue R-
350.

2.3 Hydrolysis of bovine milk proteins

The N. mirabilis digestive fluid proteases were used to hydrolyze the bovine milk
proteins as described by Oliveira et al. (2018). Briefly, aliquots of 50 pL of proteolytic extract
(0.05 mg/mL of protein) were mixed with 450 pL of cow’s milk proteins (whole proteins,
purified caseins or whey proteins, at 10 mg/mL in 50 mM sodium acetate buffer, pH 5.0) at 37
°C for 24 h. The hydrolysis was monitored by 15% SDS-PAGE and the residual antigenicity of
the hydrolysates was assessed by ELISA assay using anti-casein and anti-whey proteins
polyclonal antibodies produced in rabbits, according to Oliveira et al. (2019). The reaction was
detected using p-nitrophenyl phosphate disodium (150 uL, 5 mg/mL) as the substrate, and the
absorbance was measured at 405 nm. Enfamil Gentlease commercial formula (Mead Johnson

Nutrition) was used as the control for partially hydrolyzed bovine milk proteins.

2.4. Analysis of protein sequences

The amino acid sequences of three N. mirabilis digestive fluid serine proteases (hamed
SCP3, SCP20, and SCP47) were obtained from Rottloff et al. (2016). The three protein
sequences were freely accessed from the NCBI protein database with the following accession

numbers: KT209999 (SCP3), KT210000 (SCP20), and KT210001 (SCP47). The BLASTP
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bioinformatics tool was used to compare the three protein sequences with other plant proteases
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins), as well as the molecular masses and
isoelectric  points  were calculated using the EMBOSS Pepstats server
(http://www.bioinformatics.nl/emboss-explorer/). All bioinformatics analysis were performed
after  the  removal of  signal peptides  using  SignalP 4.1  server
(http://www.cbs.dtu.dk/services/SignalP). The DIANNA 1.1 webserver was used to predict the
disulfide bonds (http://clavius.bc.edu/~clotelab/DIANNA/).

2.5. Phylogenetic tree

Different protein sequences representing all serine protease clans were used to classify
SCP3, SCP20, and SCP47 (Supplementary Table 1). The sequences were obtained from the
MEROPS database and the phylogenetic analysis was performed using MEGA X package
(Kumar, Stecher, Li, Knyaz, & Tamura, 2018). Phylogenetic reconstructions were inferred
using the Maximum Parsimony with full deletion option for gap treatment. The Bootstrap

analysis consisted of 500 replicates (Kumar, Stecher, Li, Knyaz, & Tamura, 2018).

2.6. Molecular modeling

The three-dimensional (3D) models of SCP3, SCP20, and SCP47 were obtained by the
Swiss-Model server (http://swissmodel.expasy.org), using two serine proteases from yeast
(PDB 1YSC; PDB 1WPX) as templates, because they showed the highest identity with the input
sequence. The structural and stereochemical quality of all models was checked by programs
PROCHECK version 3.5 (https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/) and
Molprobity version 4.4 (http://molprobity.biochem.duke.edu/) (Chen et al., 2010). The 3D

structures were visualized using PyMOL software (https://pymol.org/2/).
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2.7. Heterologous expression, purification, and proteolytic activity of rSCP3

Because the N. mirabilis digestive fluid presented a minimal amount of proteases,
further assays were developed for the heterologous expression of one of these proteases. The
protease chosen was SCP3 because some in silico analyses showed that it presented the best
results for the prediction of protein solubility upon overexpression, when compared with SCP20
and SCP47 [SCRATCH, http://scratch.proteomics.ics.uci.edu/, Protein-Sol, https://protein-
sol.manchester.ac.uk/, and EMBOSS Pepstats,
https://www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/] (Supplementary Table 2).

For heterologous expression, firstly, the nucleotide sequence of SCP3 was reviewed to
optimize the codons more frequently used by E. coli. After, its nucleotide sequence was
synthesized by GenOne Biotechnologies (S&o Paulo, Brazil, http://www.geneone.com.br/), and
then cloned in the pET-Hiss-SUMO expression vector, which was used to transform E. coli
Shuffle®T7 competent cells (New England Biolabs) by electroporation. Thus, the resultant
plasmid pET-Hise-SUMO-SCP3 encoded a sequence containing six histidine residues in frame
with SUMO tag and the synthetic gene of SCP3. Hise-SUMO tag was used to help in the
solubilization and purification of recombinant protein (Silva et al., 2020).

The transformed E. coli cells were cultivated in liquid Luria-Bertani (LB) medium
containing kanamycin (50 pg/mL) at 37 °C, as described by Silva et al. (2020). Briefly, after
culture reaches the ODegoonm = 0.5, at 200 rpm, the expression of the recombinant protein was
induced by different IPTG concentrations (0.1, 0.3 and 0.5 mM). Different additives were also
added during the cell growth to help to express the protein in its soluble form. The first
experiment used ethanol (1 or 2%, v/v), according to Chhetri, Kalita, & Tripathi (2015),
whereas second protocol used 75 mM trehalose, 100 mM proline, and 50 mM mannitol as
Leibly et al. (2012). After 18 h at 16 °C, at 200 rpm, the cells were treated with 0.5% Triton X-

100 and lysozyme (100 pg/mL), followed by sonication at 50 kHz, 30 s pulse-on, 30 s pulse-
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off (7 times). Soluble and insoluble materials were separated by centrifugation (12.000x g, 30
min, at 4 °C) and analyzed by 15% SDS-PAGE, as described by Laemmli (1970). The
identification of recombinant SCP3 (rSCP3) in gels was performed by western blotting using
polyclonal antibodies raised in rabbit against the purified SUMO tag, as described by Freitas et
al. (2015).
rSCP3 was purified using a 1 mL HisTrap HP affinity column coupled to an AKTA
chromatography system (S&o Paulo, Brazil, GE Healthcare), according to Silva et al. (2020).
After washes with 50 mM Tris-HCI buffer (pH 8.0) containing 150 mM NaCl and 6 mM
imidazole, the proteins were eluted with 50 mM Tris-HCI buffer (pH 8.0), containing 300 mM
NaCl and 50 mM or 250 mM imidazole. After dialysis against distilled water and lyofilization,
the protein profile of each peak was determined by 15% SDS-PAGE. Furthermore, purified
rSCP3 was incubated with ULP1 (Ubiquitin-Like-specific Protease 1) (1:20, enzyme:substrate
ratio) for 16 h at 4 °C. ULP1, also known as SUMO protease, is a protease from Saccharomyces
cerevisiae that cleaves in a highly specific manner between the SUMO tag and the heterologous
protein (Muller, Hoege, Pyrowolakis, & Jentsch, 2001). The ULP1 protein was subcloned into
the pET-28a-SUMO vector and also transformed into the E. coli Shuffle®T7 competent cells.
The ULP1 was expressed at a temperature of 22 °C for 5 h and it was obtained in its soluble
form and active. The purity of the ULP1 protein was checked by SDS-PAGE as a single band
with an apparent molecular mass of 32 kDa (data not shown).
Finally, rSCP3, without SUMO tag, was purified using a HisTrap HP affinity column,
dialyzed against distilled water and used in further experiments. The in gel and in vitro
proteolytic activity of the rSCP3 were investigated using 0.1% gelatin and 1% azocasein,

respectively, as described by Freitas et al. (2007).
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2.8. In silico evaluation of allergenic epitopes in SCP3

In silico tools were used to estimate the allergenicity of SCP3 comparing it to other
known allergens present on Structural Database of Allergenic Proteins (SDAP)
(https://fermi.utmb.edu/). The searches were performed according to the recommendations of
FAO/WHO (2001), matching six contiguous amino acid residues with all the sequences of
allergenic proteins deposited in the SDAP database (lvanciuc, Schein, & Braun, 2003). For
comparative purposes, the same study was performed using human trypsin. The predicted
allergenic epitopes were labeled in the three-dimensional structures of SCP3 and trypsin using
the PyMOL program (http://pymol.org/). Moreover, the cleavage sites of SCP3 by digestive
enzymes pepsin, trypsin and chymotrypsin were evaluated using the EXPASy PeptideCutter

tool (https://web.expasy.org/peptide_cutter/).



38

3 RESULTS AND DISCUSSION

3.1. Protein and proteolytic profile

The soluble protein content in the digestive fluid from N. mirabilis was negligible (0.05
mg/mL). Similarly, Athauda et al. (2004) described that N. distillatoria digestive fluid had
around 0.06 mg/mL of protein. In contrast, Miguel et al. (2019) reported that different plants
from the Nepenthes genera were able to produce up to 0.2 mg/mL of protein in their digestive
fluids, among them aspartic proteases, cysteine proteases, serine carboxyproteases and prolyl-
endoproteases. Likely, the low protein content found for N. mirabilis was due to the absence of
an inductor as the chitin (Hatano & Hamada, 2012) or because the digestive fluid was collected
from recently opened pitchers (Rottloff et al., 2016). We used the digestive fluids from freshly

opened pitchers to avoid any contamination with microbial proteases.

SDS-PAGE showed an unique protein band of around 28 kDa in the N. mirabilis
digestive fluid (Fig. 1A). In contrast, Rottloff et al. (2016) showed that N. alata, N. sanguinea,
N. albomarginata and N. bicalcarata digestive fluids are rich sources of proteins with apparent
molecular masses from 10 to 250 kDa, including carboxyproteases, peroxidases, galactosidases,
phosphatases, chitinases, lipid transfer protein, glucosidases, among others. In addition, Lee et
al. (2016) identified 36 proteins in N. ventrata digestive fluid, which had molecular masses
ranging from 25 to 70 kDa, including acid phosphatases, serine proteases, chitinases, and [3-

1,3-glucanases.

Two bands with proteolytic activity (28 kDa and 52 kDa) were detected in gel containing
gelatin at pH 5.0. Protease of 28 kDa has not been described in literature yet, while the band
with higher proteolytic activity (52 kDa) can be the result of synergism among the three serine
proteases SCP3, SCP20 and SCP47, which have theoretical molecular masses of around 52-55

kDa (Rottloff et al., 2016). Because they were not seen in SDS-PAGE, we assume that SCP3,
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SCP20 and SCP47 are present in very low quantity in the digestive fluid. Even though the
concentration of these enzymes is not high, their proteolytic activity are enough to efficiently
digest the proteins of their preys. Interestingly, to overcome this issue of low concentration,
proteases are synthetized in several isoforms in carnivorous plant digestive fluids. According
to Stephenson & Hogan (2006), at least six different protease isoforms (124, 65, 61, 49, 36, and
33 kDa) were found in the N. ventricosa digestive fluid. Since these enzymes are present in
very low concentration, little is also known about their synthesis, regulation, induction during
development stages of the pitcher or response to catching and digestion of prey (An et al 2002;

Buch et al., 2015).

3.2. Hydrolysis of bovine milk proteins

As shown in Fig. 1B, even at very small concentration (0.05 mg/mL), the N. mirabilis
digestive fluid proteases were able to extensively hydrolysis the caseins, resulting in a very low
residual antigenicity of the hydrolysates (12%) when compared to nonhydrolyzed milk proteins
(100%). This value (12%) was very similar to that from a partially hydrolyzed commercial
formula (8%) used as standard (Fig. 1B). The extensive hydrolysis of the caseins is required to
reduce milk allergenicity, since these proteins are reported as the most abundant and major
allergens in bovine milk (Docena et al., 1996). In contrast, the whey proteins were only partially
hydrolyzed (Fig. 1B). Although immunoreactive peptides were still detected in the hydrolysates
(65% of residual allergenicity), the result was very similar to commercial hypoallergenic
formula (Enfamil Gentlease, Mead Johnson Nutrition) (66%). Likewise, proteases from other
plant extracts were unable to eliminate the full allergenicity of whey proteins (Oliveira et al.,
2019). The resistance to proteolysis of whey proteins (a-lactalbumin and B-lactoglobulin) is
reflected by their compact structures, which are stabilized by disulfide bonds. Therefore,
additional processing, such as heat pretreatment or pressurization, has allowed a significant

enhance of hydrolyzing of whey proteins (Bu et al., 2009; Chicén et al., 2009).
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3.3. Analysis of protein sequences

Some theoretical biochemical characteristics of the three serine carboxyproteases
(SCP3, SCP20 and SP47) are shown in Table 1. The three proteases have at least eight
conserved cysteine residues, which are involved in the formation of four disulfide bonds, as
reported by Rottloff et al. (2016). The theoretical pl values and molecular masses of SCP3,
SCP20 and SP47 were 4.10 and 52.51 kDa, 5.78 and 52.41kDa, and 5.02 and 55.30 kDa,
respectively (Table 1). Similarly, Lee et al. (2016) reported that the majority of the digestive
proteins from Nepenthes species are acidic and more than 60% of the identified proteins had pl
< 6.0, which is coherent with the acidic nature of the digestive fluid. These values of pl and
molecular mass are also in concordance with those of most carnivorous plant proteases (Hatano
& Hamada, 2008; Rottloff et al., 2016). These biochemical characteristics were also quite
similar to other digestive fluid proteases, such as those from N. mirabilis, N. alata and N.
sanguinea, in which the mature amino acid sequences ranged from 417 to 496 amino acids,
molecular masses from 45.7 to 55.3 kDa and pl from 4.3 to 5.6 (Rottloff et al., 2016).

The multiple alignment of the open reading frames of the three serine carboxyprotease
sequences from N. mirabilis (SCP3, SCP20 and SP47) with other plant serine proteases (such
as serine carboxyprotease from Herrania umbratica, Morus notabilis, Spinacia oleracea, and
Durio zibethinus) shows some conserved sequences in serine carboxyproteases belonging to
S10 family, which are represented by four boxes (box 1: GGPGCSS, box 2: GESYAG, box 3:
GDXDXXVIC, box 4: DEXH) (Fig. 2). These conserved amino acid residues are also crucial
to the enzymatic activity of these proteins, and thus they have been used as markers to
categorize serine proteases in the group of chymotrypsin-like, subtilisin-like and a- and f-
hydrolases (Krem & Di Cera, 2001).

The alignment also revealed that SCP3 was more similar to SCP47 than to SCP20. The

change of amino acid class was the main responsible for these differences. For example, in
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SCP3 and SCPA47 there is a positively charged amino acid (Arg37), while in SCP20, at the same
position, there is a negatively charged amino acid (Glu37) (Fig. 2). Despite differences, the
spatial arrangement of the catalytic triad composed by serine (box 2), aspartic acid (box 3), and
histidine (box 4) (Barrett, 1999) remained without alteration in SCP3, SCP47 and SCP20,
similar to other plant serine proteases (Rawling et al, 2018). The sequence analyses also showed
that the three proteases have a conserved glutamic acid residue prior to the catalytic serine,
which interacts with histidine (present in the active site) via carboxylic group substrates and

may be involved in the catalytic action (Jung, Ueno, Hayashi, & Liao, 1995).

3.4. Phylogenetic tree

The MEROPS database groups the proteases into clans, based on the similarity of
primary sequence and tertiary structures as well as similarity of adjacent residues to the catalytic
site (Rawlings & Barrett, 1999). Each clan is represented by more than one family and it is
identified with two capital letters. The first letter represents the catalytic type of the protease
family (i.e. serine, cysteine, aspartic, metallo) followed by an arbitrary second. The serine
proteases are grouped in twelve clans (SB, SC, SE, SF, SH, SJ, SK, SO, SP, SR, SS, ST) and
54 families. The main differences among them are in the catalytic mechanism, proteolytic
activity or protein fold (Rawlings et al., 2018). Therefore, in order to classify SCP3, SCP20 and
SCP47, a phylogenetic analysis was performed using other proteases belonging to all twelve
clans. Based on that analysis, SCP3, SCP20 and SP47 were classified as serine proteases
belonging to Clan SC. The clan SC includes both endoproteases and exoproteases, and it is
represented by seven families with different catalytic functions (S9-prolyl oligoprotease, S10-
carboxyprotease Y, S15-Xaa-Pro  dipeptidyl-protease, = S28-lysosomal  Pro-Xaa
carboxyprotease, S33-prolyl aminoprotease, S37-PS-10 protease, S82-autocrine proliferation

repressor protein A) (Rawlings et al., 2018). These families have representatives of both



42
prokaryotic and eukaryotic taxonomic domains, such as: Sus scrofa, Saccharomyces cerevisiae,
Lactococcus lactis, Homo sapiens, Neisseria gonorrhoeae, Streptomyces lividans, and
Dictyostelium discoideum. SCP3, SCP20 and SCP47 were included in S10 family, which differ
from most other serine proteases families because these enzymes are only active at acidic pH
(Page & Di Cera, 2008). The specific site of hydrolysis is also used to classify these enzymes.
The carboxyproteases present in family S10 show preference for hydrophobic residues and
basic amino acids on either side of the scissile bond, although exhibit broad substrate specificity

such as peptides, esters, amides and anilides (Hayashi, 1976; Rawlings et al., 2018).

3.5. Three-dimensional (3D) model

Fig. 4 shows the 3D models of the three serine carboxyproteases generated by homology
modeling. As pointed out, the catalytic triad (Asp, His and Ser) was conserved between the
three proteases (SCP3, SCP20 and SP47), similar to other plant serine proteases, as follows:
SCP3 (Aspags, Hisaso, Serags), SCP20 (Aspags, HiSaag, Serisg), and SCP47 (Aspaos, Hisas7, Seroie)
(Fig. 4D). Serine carboxyproteases are proteolytic enzymes that cleave the C-terminal peptide
bond of polypeptides. They have been found in higher plants, fungi and animals (Breddam,
1986) and act through the nucleophilic attack of the hydroxyl group present in the reactive
serine residue to the carbon of the carbonyl group of the substrate. The histidyl residue acts as
a base, generating a tetrahedral intermediate and an imidazolium ion. The intermediate
decomposes, through general acid catalysis, into an acyl-enzyme, an imidazole base and alcohol
or amine, depending on the nature of the substrate (Bender & Kezdy, 1965). The main
difference among the action mechanism of serine carboxyproteases and endoproteases is that
the carboxyproteases release C-terminal amino acids from peptides, and the pKa of the
catalytically essential histidyl residue is somewhat lower in the carboxyproteases than in the

endoproteases (Breddam, 1986).
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All three carboxyproteases exhibited secondary structures common to those of Clan SC,
such as ten parallel B-sheets surrounded by ten a-helices (Fig. 4). Substrate specificity is usually
shaped by the presence and the length of loops between the third and the eighth core [3-strands
(Lazniewski et al., 2011). The members of clan SC are included in the "alpha-beta hydrolase’
fold family, which also includes proteases, lipases, esterases, dehalogenases, peroxidases and
epoxide hydrolases, making it one of the most versatile and widespread protein folds known
(Nardini & Dijkstra, 1999). According to the MEROPS database, the family S10 proteases
contain 14 alpha helices and 11 beta sheets. Besides, the six central beta-strands are surrounded

on either side by the 14 alpha-helices.

3.6. Heterologous expression, purification and proteolytic activity of rSCP3

The heterologous expression strategy was used to overcome the problem of low amount
of the proteases. Similarly, most proteins of relevant industrial value are found in small amounts
in their natural sources. Hence, prokaryotic systems have been used in order to express high
levels of these proteins (Villaverde & Carrio, 2003). Once the expression system has been
obtained, the heterologous production can be improved, increasing the protein production per
cell and per unit of time (Sgrensen & Mortensen, 2005). In this respect, SCP3 was chosen
because some in silico analyzes predicted that it was a unique soluble protein upon
overexpression in E. coli, when compared with SCP20 and SCP47 (Supplementary Table 2).

Fig. 5A shows that IPTG, at all concentrations tested, induced the overexpression of a
70 kDa protein band, which was expected to be the combined molecular mass for SCP3 (52
kDa) and SUMO tag containing Hisex (18 kDa). The expression of rSCP3 was confirmed by
western blotting using polyclonal antibodies produced against SUMO tag (Fig. 5B). The
optimal condition for the induction of rSCP3 was 0.5 mM IPTG at 16 °C for 18 h. Although the

protein was expressed in high levels, it was obtained as an insoluble form (inclusion bodies)
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(Fig. 5A). High-level expression of recombinant proteins in the prokaryotic systems can result
in protein aggregation, and then inclusion bodies. A reduced environment of bacterial cytosol
and a lack of post-translational machinery have been reported to contribute to this problem
(Singh et al., 2015). The formation of inclusion bodies imposes a bottleneck in the production
and purification of recombinant proteins. Therefore, additional steps are needed to solubilize or
renature these proteins from inclusion bodies (Upadhyay et al., 2016; Santos & Souza, 2018).
Different protocols were tested to obtain soluble rSCP3. According to Chhetri, Kalita &
Tripathi (2015), the usage of ethanol during E. coli cultivation enhances the expression and
solubilization of recombinant proteins. They proposed that ethanol can affect the cell
environment by making changes in the cell membrane transport and fluidity. Ethanol is an
amphipathic molecule and thus can modify lipid composition and assembly of membrane
proteins, providing greater fold of poorly or less expressed recombinant proteins. Using this
procedure, rSCP3 was successfully produced in its soluble form adding 1% or 2% ethanol
during the induction with 0.5 mM IPTG (Fig. 5C). Another protocol to obtain the soluble rSCP3
was performed by adding different additives during cell growth, such as 75 mM trehalose, 100
mM proline, and 50 mM mannitol, as described by Leibly et al. (2012). According to them, the
environmental conditions promoted by these additives can avoid the unfolding and aggregation
of proteins, stabilizing it. Many of these additives are osmolytes, which are protein stabilizing
molecules and chemical folders in nature. Its general stabilization mechanism is by excluding
the protein hydration layer, increasing the energy needed to denature the proteins during cell
lysis or by increasing the thermal stability of proteins, changing the melting temperature of
these proteins when present in the protein buffer. Fig. 5C shows that among the three additives
used, mannitol was the best one for the induction of the soluble rSCP3. However, when the
expression experiment was scaled up, using 2 L of cultivation medium, the usage of mannitol

was impracticable due to its high cost when compared to ethanol. Therefore, 1% ethanol was
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used to further assays for expression, and then purification and characterization of rSCP3. The
purification of rSCP3 was performed using a HisTrap HP affinity column containing 50 mM
Tris-HCI buffer (pH 8.0), 150 mM NaCl and 6 mM imidazole. The bound proteins were eluted
with 50 mM Tris-HCI buffer (pH 8.0), 300 mM NacCl, containing 50 mM or 250 mM imidazole
(Fig. 5 E, F). After, purified rSCP3 (eluted with 50 mM imidazole) was incubated with ULP1
(Protease SUMO), for cleavage of SUMO tag. SDS-PAGE showed a band of 52 kDa,
representing the purified rSCP3 (rSCP3*), without SUMO tag (Fig. 5F), but a protein band of
70 kDa was also displayed, because the cleavage of SUMO tag by SUMO protease was not
complete (Fig. 5F). Finally, the proteolytic activity of the rSCP3, without SUMO tag (rSCP3%*),
was evaluated by testing its ability to digest the gelatin and azocasein (both non-specific
substrates for proteases). The zymogram showed that rSCP3* did not exhibit proteolytic
activity (Fig. 5G) as well as no activity was detected in vitro using azocasein as substrate (Fig.
5H).

When massively expressed in bacteria, recombinant proteins often tend to misfold and
accumulate as soluble and insoluble nonfunctional aggregates (De Marco et al., 2005).
Creighton (1986) explained that in a reducing environment as in the E. coli cytoplasm, the
disulfide bonds are not correctly formed. Therefore, for proteins in which the disulfide bonds
are critical for correct folding and then activity, this result in denatured inactive protein. rSCP3
has four disulfide bonds and because of that, the E. coli Shuffle®T7 was chosen to generate an
oxidative cytoplasm besides disulfide bond isomerase capacity (Lobstein et al., 2012). In
addition, a SUMO tag was fused to synthetic gene SCP3 resulting in plasmid pET-His6-SUMO-
SCP3. SUMO fusion technology usually promotes correct folding and structural stability of the
fusion protein (Panavas, Sanders, & Butt, 2009). Lee et al. (2008) reported that the SUMO
system is widely used to facilitate the recombinant expression of difficult-to-express proteins.

They expressed the RecA protein family in pPSUMO-RecA vector in E. coli prokaryotic system,
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and purified a soluble and catalytically active protein after cleavage by an engineered SUMO
protease, with final yield ~10 mg of protein per liter of cell culture. In contrast, Silva et al.
(2020) expressed an inactive protease from Calotropis procera latex in E. coli (rCpCP3). They
attributed the inactivity to protein misfolding due to high amounts of disulfide bridges present
in the protein. The production of recombinant proteins containing disulfide bond is a
challenging task in heterologous expression. Otherwise, Kadek et al. (2014) expressed high
amounts of nepenthesin-1, which is an aspartic protease from Nepenthes gracilis carnivorous
plant, using E. coli. That recombinant protease showed optimal activity around pH 2.5. Similar
results were obtained by Ishisaki et al. (2012), who reported a soluble and active class IV
chitinase from Nepenthes alata (NaCHIT1) after the digestion of the fusion protein by HRV3C
protease, even with three disulfide bonds in the tridimensional structure. Therefore, other

protocols should be tested to express SCP3 in its soluble and active form.

3.7. In silico evaluation of allergenic epitopes in SCP3

In silico analysis of the complete amino acid sequence of SCP3 revealed no significant
similarity with sequences of other toxic or antinutritional proteins deposited in SDAP protein
databases. The SDAP database predicted only six peptides (PVVLWL; AIGNGLT;
NAGHMVP; LTGGPG; YITGES; GIPALL) from SCP3, which were similar to allergens of
insects, fungi or foods (wheat, lentil) (Api m 9, Len ¢ 3, Asp f 12, and Tri a glutenin)
(Supplementary  Table 3). Interestingly, five peptides (PYQVSL; HFCGGS;
DSCQGDSGGPVV; GGKDSCQGDSGGPVV; GVVSWG) from human trypsin matched with
eleven allergens (Blot 3, Der f3, Tyrp 3, Derp 3, Bomp 4, Eurm 3,Canf5, Derp 9, Blot6,
Der 6, Api m 7). Allergenic epitopes on the surface of SCP3 and trypsin structures can be seen
in Fig. 6A. According to FAO / WHO (2001), research with eight contiguous amino acids needs

to be carried out so that the allergenic potential of proteins is also evaluated through research
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with small segments of amino acids. It was observed that the length of the allergenic peptides
in SCP3 was lesser than eight amino acids, making it difficult to be recognized by antibodies.
Therefore, SCP3 could be used to hydrolyze food proteins with a very low or no residual
allergy. On the other hand, trypsin had one possible allergenic peptide with 12 and another with
15 amino acids. Although trypsin has an allergenic potential higher that SCP3, there is no report
about trypsin allergenicity. Yu & Ahmedna (2012) report the several applications of trypsin in
food processing and food science research. Besides, this protease has been widely used in
protein chemistry, proteomics and nutrition research. Accordingly, Bu et al. (2013) reported
that the most used enzymes to hydrolyze milk proteins are commercial preparations of digestive
enzymes (trypsin, chymotrypsin, pepsin) (Pefias et al., 2006), proteases from vegetable origin
(papain) or microbiological (preparations Neutrase, Alcalase, Corolase) (Nakamura, Sado,
Syukunobe, & Hirota, 1993).

The in silico digestion of SCP3 was performed using different digestive enzymes to
simulate its digestion. The EXPASYy PeptideCutter tool was used to predict cleavage sites under
the action of enzymes pepsin, trypsin and chymotrypsin. Fig. 6B shows several catalytic sites
for each enzyme in SCP3 sequence. This high susceptibility to these digestive enzymes supports
the hypothesis of the low toxic potential of SCP3 by via oral (Codex, 2009). In the context of
safety, Delaney et al. (2008) showed that International Food Biotechnology Committee
recommends that the potential risk of new proteins should be assessed comparing its amino acid
sequence with other toxic and allergenic proteins as well as its digestibility evaluated by

different digestive enzymes.
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4 CONCLUSION
This study suggests that proteases from N. mirabilis digestive fluid can be used as source
of new biomolecules to hydrolysis bovine milk proteins, producing a hypoallergenic milk
formula. The three major serine carboxyproteases from N. mirabilis digestive fluid showed
structural and functional characteristics similar to other plant serine proteases belonging to SC
clan and S10 family. Moreover, the heterologous expression in E. coli of a serine
carboxyprotease (SCP3) was best achieved using 1% ethanol, 0.5 mM IPTG at 16 °C for 18 h.
Even though the protein was successfully hydrolyzed from its SUMO tag and purified, it did
not show proteolytic activity under the tested conditions. Shortly, more studies are need to reach
the correct formation of disulfide bridges of SCP3 and then its correct refolding and proteolytic
activity. Because SCP3 has low allergenic and toxic potentials, preditied by bioinformatics, the
achievement of high expression of this protein in its active form can lead to its application in

food industry to hydrolysis bovine milk proteins producing hypoallergenic formulas.
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Figure 1 - Protein and proteolytic profile and bovine milk protein hydrolysis by serine
carboxyproteases from N. mirabilis digestive fluid.
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(A) Legend: (1) protein profile and (2) proteolytic activity of N. mirabilis digestive fluid by
zymogram; (3) molecular mass markers; (4) non-hydrolyzed and (5) hydrolyzed bovine milk
whole proteins; (6) non-hydrolyzed and (7) hydrolyzed purified caseins; (8) non-hydrolyzed
and (9) hydrolyzed purified whey proteins. Assays were performed at 37 °C (pH 5.0) for 24 h.
(B) Residual antigenicity of cow’s milk proteins hydrolyzed by serine carboxyproteases from
N. mirabilis digestive fluid measured by ELISA using polyclonal antibodies against caseins and
whey proteins. Enfamil® Gentlease formula (Commercial formula) was used as the control for
partially hydrolyzed cow’s milk.



Flgure 2 - Multlple sequence allgnment among SCP3, SCP20 SCP47 and dlfferent serine proteases.
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The catalytic triad are highlighted in black and by arrows. The cysteine re3|dues involved in disulfide bonds are highlighted in gray.
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Figure 3 - Phylogenetic relationship of SCP3, SCP20 and SCP47 with other serine proteases
belonging to twelve different clans.

The proteins are represented by their accession numbers and each clan is displayed by circles
of different colors (see Supplementary Table 1). SCP3, SCP20 and SCP47 are indicated by
arrows.
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Figure 4 - Three-dimensional models of Nepenthes mirabilis digestive fluid carboxypeptidases
showing their active sites.

(A) SCP3, (B) SCP20, (C) SCP47 and (D) overlap of SCP3, SCP20 and SCP47.



53

Figure 5 - Expression, purification and proteolytic activity of recombinant SCP3 (rSCP3).
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(A) Effect of different concentration of IPTG; (B) Western Blot analyses using polyclonal
antibodies against SUMO tag. (C) Effect of different additives on rSCP3 expression. (D)
Purification of rSCP3 by affinity chromatography. (E) Purified rSCP3. (F) 1- Purified rSCP3
digested by SUMO protease, without SUMO tag (rSCP3*). 2- SUMO tag used as control. (G)
Proteolytic activity of rSCP3 by zymogram containing gelatin. 1- Trypsin (positive control). 2:
Purified rSCP3 with and (3) without SUMO tag. (H) In vitro proteolytic activity using azocasein
as substrate and purified rSCP3 without SUMO tag (rSCP3*). Legend: M Molecular mass
markers. T: total protein fraction. S: soluble fraction; I: insoluble fraction.
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Figure 6 - Allergenic epitope superimposition on the surface of the SCP3 structure.
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(A) Predicted allergenic peptides on three-dimensional model of SCP3 and trypsin. SCP3:

putative allergenic peptides were highlighted in yellow ( ), blue (LTGGPG), purple
(YITGES), red (AIGNGLT), pink (GIPALL), and brown (NAGHMYVP). Trypsin: putative
allergenic peptides were highlighted in green (PYQWVSL), yellow ( ), red

(GGKDSCQGDSGGPVV) and orange (GVVSWG). The colors grey (SCP3) and blue
(trypsin) represent the non-allergenic amino acid sequences. (B) Predicted cleavage sites in
SCP3 by Pepsin (pH1.3) (), Chymotrypsin-low specificity (not before P) (V) and Trypsin
(V) using the PeptideCutter program.
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Table 1 - Some biochemical characteristics of three serine carboxyl peptidases from
Nepenthes mirabilis.

BLASTP best

. . Cysteine Disulphide match*** .
. Protein  Molecular Isoelectric . bonds - . ldentity
Peptidase | - N residues . (Protein/Speci
ength mass point - (amino /A - (E-Value)
acids)** es/ Accession
number)
Serine
4 (116- carboxypeptida
NmSCP3 299;277- se-
(AMN148 474 52518.47 4.10 9 292; 284~ like/Herrania 71% (0)
54.1) 356; 327- umbratical/
397) XP_021295806
A
Serine
4 (64- carboxypeptida
NmSCP20 362;228- se-like
(AMN148 473 52414.83 5.78 8 240;263—  20/Chenopodiu 75% (0)
55.1) 329;339- m quinoa/
399) XP_021733488
A
Serine
4 (127- carboxypeptida
NmMSCP47 288;295- se-like
(AMN148 496 55309.10 5.02 9 303;310- /Spinacia 76% (0)
56.1) 367,338- oleracea/
408) XP_021853376
A

*The EMBOSS Pepstats server was used to compute the theoretical molecular weight, isoelectric point, and
cysteine residues (http://www.bioinformatics.nl/emboss-explorer/).

** The DIANNA 1.1 webserver was used to predict the disulfide bonds
(http://clavius.bc.edu/~clotelab/DiIANNA/).

*** The BLASTP was used to compare the protein query sequence against a protein sequence database in NCBI
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins).
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Supplementary Table 1 - List of all serine peptidases used to build the phylogenetic tree

of the Fig. 3.
CLAN SB
Accession Protein name Family Organism
number
MER0000309  subtilisin Carlsberg S08 _Bacillus
licheniformis
MERO0001755 | mesentericopeptidase S08 Bacillus pumilus
MERO0000325 aqualysin 1 S08 Thermus aquaticus
MER0000335 = endopeptidase K S08 Engéﬁ’gﬁg““m
MER0003688 mycosin-1 S08 Mycobacterium
tuberculosis
MER0020159 CspC peptidase S08 Clost_r idium
perfringens
MER0127116  scytalidolisin S53 Scytalidium
lignicolum
CLAN SC
Accession Protein name Family Organism
number
MERQ0981959 = peptide cyclase 1 S09 Vaccaria hispanica
MERO0002010 | carboxypeptidase Y S10 Sacchar_or_nyces
cerevisiae
putative serine
AMN14854.1 | carboxypeptidase S10 Nepenthes mirabilis
type 3
serine
AMN14855.1 | carboxypeptidase 20- S10 Nepenthes mirabilis
like protein
serine
AMN14856.1 | carboxypeptidase 47- S10 Nepenthes mirabilis
like protein
MER0000446 ~ YSosomal Pro-Xaa S28 Homo sapiens
carboxypeptidase
MER0000431 _prolyl $33 Neisseria
aminopeptidase gonorrhoeae
MERO0001350  PS-10 peptidase $37 Streptomyces
lividans
CLAN SE
Accession Protein name Family Organism
number
MERO0000448 D-Ala-D-Ala 511 Geobacillus
carboxypeptidase A stearothermophilus
MER0000455 ~ Murein-bb- s11 Escherichia coli
endopeptidas
MER0000450  Penicillin-binding s11 Escherichia coli

protein 6



MERO0000472

MERO0011571

MERO0053015

Accession
number
MER0000569

MERO0000587
MERO0000589

MERO0000597

MERO0003273

MER0013626

Accession
number

MERO0000613

MERO0002594

MERO0000611

MERO0150756

MERO0001311
MER0048535
Accession

number
MER0000485

MERO0041647

MERO0003359

MERO0002128

MERO0099995

D-Ala-D-Ala

peptidase C S13
D-Ala-D-Ala
carboxypeptidase S13
PBP3
pen|II|n-k_J|nd|ng 513
protein 4
CLAN SF
Protein name Family
repressor LexA S24
phage Iambdag 524
repressor protein
signal peptidase | S26
mitochondrial inner
membrane peptidase S26
1
SpsB_S|gnaI $26
peptidase
PA1303 peptidase S26
CLAN SH
Protein name Family
cytomegalo_vlrus 51
assemblin
herpesvirus (_S-type $21
assemblin
Varicella zc_)ster $21
assemblin
gpO peptidase S73
prohead peptidase 577
gp21
prohead peptidase S78
CLANSJ
Protein name Family
Lon-A peptidase S16
LonC peptidase S16
protease La S16
avian infectious
bursal disease
birnavirus Vp4 S50
peptidase
Tellina virus 1 VP4 369

peptidase

Escherichia coli

Neisseria
meningitidis
Corynebacterium
jeikeium

Organism

Escherichia coli
bacteriophage
lambda
Escherichia coli

Saccharomyces
cerevisiae

Staphylococcus
aureus
Pseudomonas
aeruginosa

Organism
human herpesvirus 5
human herpesvirus 6

human herpesvirus 3

Enterobacteria
phage P2
Enterobacteria
phage T4
bacteriophage T5

Organism

Escherichia coli
Thermus
thermophilus
Methanocaldococcus
jannaschii

avian infectious
bursal disease virus

Tellina virus 1
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Accession
number
MERO0000474

MERO0004857

MERO0003413

MERO0001297
MERO0001300
MERO0001303

Accession
number

MER0151384

MER0151063

Accession
number
MER0020203

MER0020215

MER0020212
MER0020206

MERO0020207

Accession
number
MER0020365
MERO0030072

MERO0033288

MERO0033291

Accession
number

CLAN SK
Protein name Family
peptidase Clp S14
ClpP1 peptidase S14
C-terminal
processing S41
peptidase-2
CtpA peptidase S41
sohB peptidase S49
protein C S49
CLAN SO
Protein name Family

endosialidase

CIMCD self- S74
cleaving protein
neck appendage

CIMCD self- S74
cleaving protein
CLAN SP
Protein name Family
nucleoporin 145 S59
nuclear pore
complex component S59
Nup145
At1g80680 S59
nucleoporin 98 S59
NPP-10 S59
CLAN SR
Protein name Family
lactoferrin S60
hemiferrin S60
serotransferrin 60
precursor
melanotra_nsferrln 360
domain 1
CLANSS
Protein name Family
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Organism

Escherichia coli
Streptomyces
coelicolor

Scenedesmus
obliquus

Synechocystis sp.
PCC 6803
Escherichia coli
bacteriophage
lambda

Organism

Enterobacteria
phage K1F

Bacillus phage GA-1

Organism
Homo sapiens

Saccharomyces
cerevisiae

Arabidopsis thaliana
Drosophila
melanogaster
Caenorhabditis
elegans

Organism

Homo sapiens
Rattus norvegicus

Homo sapiens

Homo sapiens

Organism



MERO0016191

MERO0016185

Accession
number

MER0015449

MERO0015472

MER0015468
MER0015631

murein
tetrapeptidase LD-
carboxypeptidase
microcin C7
immunity protein

CLANST
Family

Protein name
rhomboid-1

Pcpl peptidase

GIpG peptidase
At1g52580

S66

S66

S54

S54

S54
S54

59

Pseudomonas
aeruginosa

Escherichia coli

Organism

Drosophila
melanogaster
Saccharomyces
cerevisiae
Escherichia coli

Arabidopsis thaliana

Supplementary Table 2 - Prediction of solubility of three Nepenthes mirabilis serine
peptidases using different bioinformatic programs.

Programs Predicted Solubility
upon Overexpression
Soluble Insoluble
Probability  Probability
SCP3 | Protein-Sol* 0.448
EMBOSS Pepstats** 0.530
SCRATCH*** 0.506
Protein-Sol 0.316
SCP20 | EMBOSS Pepstats 0.218
SCRATCH 0.549
Protein-Sol 0.442
SCP47 | EMBOSS Pepstats 0.424
SCRATCH 0.812

*Protein-Sol: https://protein-sol.manchester.ac.uk/
**EMBOSS Pepstats: https://www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/
***http://scratch.proteomics.ics.uci.edu/
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Supplementary Table 3 - Prediction of allergenic peptides in the SCP3 sequence using
Structural Database of Allergenic Proteins program.

Allergens Species Peptides Source
PVVLWL
Apim9 Apis mellifera AIGNGLT Insect
NAGHMVP
Lenc3 Lens culinaris LTGGPG Foods
Ascomycota
Eurotiales; fungi
Asp 12 Aspergillus YITGES (moulds)
fumigatus
Tri a glutenin Triticum aestivum GIPALL Foods

Supplementary Table 4 - Prediction of allergenic peptides in the trypsin sequence using
Structural Database of Allergenic Proteins program.

Allergens Species Peptides Source
. o PYQVSL .

Blot3 Blomia tropicalis CQGDSGGPVV Mites
Dermatophagoides HFCGGS .

Derf3 farinae DSCQGDSGGPVV Mites
Tyrophagus HFCGGS .

Tyrp3 putrescentiae DSCQGDSGG Mites

Dermatophagoides

Derp3 . GGKDSCQGDSGGPVV Mites
pteronyssinus

Bom p 4 Bombus KDSCQGDSGGP Insect
pennsylvanicus

Eurm 3 Euroglyphus maynei DSCQGDSGGPV Mites

Canfb Canis familiaris GDSGGP Animal

Dermatophagoides GDSGGP .

Derp?9 pteronyssinus GVVSWG Mites

Blot6 Blomia tropicalis GDSGGP Mites

Der £ 6 Dermetophagoides GDSGGP Mites

arinae

Apim7 Apis mellifera DSGGPV Insect
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5 CONCLUSAO

Este estudo sugere que proteases do fluido digestivo de N. mirabilis podem ser
usadas como fonte de novas biomoléculas para hidrolise de proteinas do leite bovino,
produzindo uma formula de leite hipoalergénica. As trés principais serino
carboxiproteases do fluido digestivo de N. mirabilis apresentaram caracteristicas
estruturais e funcionais semelhantes a outras serino proteases vegetais pertencentes ao cla
SC e a familia S10. Além disso, a expressdo heterdloga em E. coli de uma serino
carboxiprotease (SCP3) foi melhor obtida com etanol a 1%, IPTG 0,5 mM a 16 °C por 18
h. Embora a proteina tenha sido hidrolisada com sucesso a partir da cauda SUMO e
purificada, ela ndo mostrou atividade proteolitica nas condicdes testadas. Dessa forma,
sd0 necessarios mais estudos para alcancar a formacéo correta de pontes dissulfeto em
SCP3 e, em seguida, sua correta redobragem e atividade proteolitica. Como a SCP3
possui baixos potenciais alergénicos e toxicos, preditos por bioinformatica, a obtencéo de
alta expressdo dessa proteina em sua forma ativa pode levar a sua aplicacao na industria
de alimentos, para a hidrolise de proteinas do leite bovino produzindo férmulas

hipoalergénicas.
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