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RESUMO

As lectinas compreendem uma classe heterogénea de proteinas que apresenta uma grande
diversidade de propriedades terapéuticas. Neste contexto, a lectina isolada das sementes do
quiabo (Abelmoschus esculentus), “A. esculentus lectin” (AEL), tem se destacado como um
promissor agente terapéutico, tendo em vista suas propriedades anti-inflamatdrias, anticancer e
antinociceptivas. Ainda no contexto das proteinas terapéuticas, peptideos encriptados em
sequéncias de proteinas bioativas tém-se mostrado como ferramentas promissoras para
aplicacdo no tratamento de varias doencas, incluindo diabetes e hipertensdo. Sendo assim,
lectinas (incluindo a AEL) podem ser investigadas como fontes potenciais de peptideos
inibidores da enzima conversora de angiotensina-1 (ECA-I) e da dipeptil-peptidase IV (DPP-
IV). O objetivo geral deste estudo foi (i) realizar a avaliag&o de risco da lectina de A. esculentus,
candidata a varias aplicacdes farmacoldgicas, bem como (ii) prospectar e caracterizar in silico
peptideos inibitérios da ECA-I e DPP-IV presentes em sequéncias primarias de aminoacidos de
dez lectinas vegetais. Na Parte | (avaliacdo de risco da AEL) foram realizadas: (1) analises de
bioinformatica para a predicdo de potenciais efeitos adversos (alergenicidade, efeito
anitnutricional e toxicidade) e susceptibilidade a digestdo; (2) capacidade inibitoria de proteases
intestinais e susceptibilidade a digestdo e ao tratamento térmico; e (3) teste de toxicidade aguda
em embriGes de peixe-zebra (Danio rerio). J& na Parte Il (predicdo de peptideos bioativos)
foram realizadas as seguintes andlises: (1) digestdo sequencial in silico e predicdo da
bioatividade; (2) predicao de toxicidade e parametros bioquimicos; e (3) andlise de “docking”
molecular e interagdo atdmica. Na Parte |, os resultados da avaliagdo de risco da AEL né&o
mostraram identidade relevante (> 50%) com proteinas alergénicas, toxicas e/ou
antinutricionais. Contudo, a AEL apresentou identidade > 35% com inibidores de proteases
alergénicos, utilizando o parametro janela de 80 aminoacidos. A AEL apresentou atividade
inibitéria de tripsina (90%) e quimotripsina (97%). Ainda, a AEL se mostrou resistente a
pepsina, embora tenha sido completamente digerida com tripsina. A AEL ndo causou efeitos
adversos aos embrides de peixe-zebra. Dessa forma, AEL mostrou-se uma molécula segura para
aplicacOes terapéuticas. Quanto a Parte I, as lectinas apresentaram um grande numero de
potenciais peptideos inibidores de ECA-I e DPP-1V. Nenhum dos peptideos mais promissores
apresentou toxicidade. Todos os peptideos apresentaram baixa solubilidade. Os resultados do
docking revelaram que todos os peptideos sdo capazes de se ligar com alta especificidade as
enzimas alvo. A energia de ligag&o entre os peptideos MF, CF e FFL e ECA-I variou de -671,7
kJ/mol* a -518,4 kJ/ mol, enquanto para os peptideos WF, MF e GF e DPP-IV a energia de
ligacdo variou de - 697,3 kJ/mol! a -415,7 kJ/molt. Os principais tipos de interacdo
encontrados foram interagdes hidrofobicas e ligacdes de hidrogénio. A falta de interacdo dos
peptideos inibitdrios com o sitio ativo das enzimas sugere uma inibi¢éo do tipo ndo competitivo.
Estes peptideos sdo candidatos promissores ao desenvolvimento de agentes anti-hipertensivos
e antidiabéticos.

Palavras-chave: Alergenicidade, avaliagdo de seguranca de uso, diabetes, hipertenséo,
predicdo in silico, proteinas terapéuticas.



ABSTRACT

Lectins comprise a heterogeneous class of proteins that have a wide range of therapeutic
properties. In this context, the lectin isolated from okra (Abelmoschus esculentus) seeds, named
“A. esculentus lectin” (AEL), has stood out as a promising therapeutic agent in view of its anti-
inflammatory, anticancer and antinociceptive properties. Also in the context of therapeutic
proteins, peptides encrypted in bioactive protein sequences have been shown to be promising
tools for application in the treatment of various diseases, including diabetes and hypertension.
Thus, lectins (including AEL) can be investigated as potential sources of inhibitory peptides of
the angiotensin-l-converting enzyme (ACE-I) and dipeptidyl peptidase-IV (DPP-1V). The
general aim of this study was (i) to carry out the risk assessment of the A. esculentus lectin that
is a candidate for several pharmacological applications, as well as (ii) to prospect and
characterize in silico ACE-I and DPP-IV inhibitory peptides present in primary amino acid
sequences of ten plant lectins. In the Part | (AEL risk assessment) the following analyses were
carried out: (1) bioinformatics analyses for the prediction of potential adverse effects
(allergenicity, anitnutritional effect and toxicity) and susceptibility to digestion; (2) inhibitory
capacity of intestinal proteases and susceptibility to digestion and heat treatment; and (3) acute
toxicity testing on zebrafish (Danio rerio) embryos. In the Part Il (prediction of bioactive
peptides) the following analyses were performed: (1) sequential in silico digestion and
prediction of bioactivity; (2) prediction of toxicity and biochemical parameters; and (3)
molecular docking and atomic interaction analyses. In Part I, the results of the AEL risk
assessment did not show relevant identity (> 50%) with allergenic, toxic and/or anti-nutritional
proteins. However, AEL showed > 35% identity with allergenic protease inhibitors, using the
80 amino acid window parameter. AEL showed inhibitory activity against trypsin (90%) and
chymotrypsin (97%). Furthermore, AEL was resistant to pepsin, although it was completely
digested with trypsin. AEL did not cause adverse effects to zebrafish embryos. Thus, AEL
proved to be a safe molecule for therapeutic applications. As for Part 11, the lectins presented a
large number of potential ACE-I and DPP-1V inhibitory peptides. None of the most promising
peptides showed toxicity. All peptides had low solubility. The docking results revealed that all
peptides are able to bind with high specificity to the target enzymes. The binding energy
between peptides MF, CF and FFL and ACE-I ranged from -671.7 kJ/mol™ to -518.4 kJ/mol ™,
while for peptides WF, MF and GF and DPP- 1V the binding energy ranged from -697.3 kJ/mol
1 t0 -415.7 kd/mol™. The main types of interaction found were hydrophobic interactions and
hydrogen bonds. The lack of interaction of inhibitory peptides with the active site of the
enzymes suggests a non-competitive type of inhibition. These peptides are promising
candidates for the development of antihypertensive and antidiabetic agents.

Keywords: Allergenicity, diabetes, hypertension, in silico prediction, safe use assessment,

therapeutic proteins.
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1. INTRODUCAO

As lectinas compreendem uma classe heterogénea de proteinas que se ligam aos
carboidratos e desempenham diferentes atividades biologicas, como por exemplo, melhorar a
funcéo renal (JIANDONG et al., 2019), possuem atividade antioxidante (SABITHA et al.,
2012), atividade antifungica (WU et al., 2016a) e efeito antitumoral (DE BRITO MARQUES
RAMOS et al., 2019). No entanto, ja esta bem documentado que essas proteinas podem exercer
atividades pré-inflamatorias, oxidativas e citotoxico para células epiteliais do intestino
(MIYAKE; TANAKA; MCNEIL, 2007; WANG et al., 2019).

No campo medicinal, a lectina de Abelmoschus esculentus (AEL) tem-se destacado
como um agente terapéutico promissor. Estudos pioneiros demonstraram que esta lectina
apresenta atividade anti-inflamatéria e antinociceptiva em camundongos e, de forma
semelhante a outras lectinas vegetais, apresenta atividade hemaglutinante (DE SOUSA
FERREIRA SOARES et al., 2012).

Em estudos recentes, foi possivel verificar a atividade citotoxica seletiva dessa lectina
contra uma linhagem de cancer de mama através de um mecanismo pré-apoptético (MONTE
et al., 2014). Ainda em relacdo ao seu potencial uso farmacoldgico, a AEL vem ganhando
destaqgue como agente analgésico, antinociceptivo e anti-inflamatorio no tratamento de
desordens temporomandibulares, em parte devido a interacdo com receptores opioides e
reducdo de citocinas pré-inflamatérias (ALVES et al., 2018; FREITAS et al., 2016).

No entanto, poucos estudos procuraram investigar possiveis efeitos indesejaveis dessa
lectina, embora ja tenha sido relatado que o extrato de A. esculentus apresentou alergenicidade
moderada e atividade inibitéria de tripsina (DATTA et al., 2019; MANDA; TADERA,
AOYANA, 1992). Assim, € necessaria uma analise mais consistente da seguranca do uso desta
proteina para fins terapéuticos.

Embora as proteinas sejam atraentes do ponto de vista médico, é necessario avaliar a
seguranca do uso por diferentes abordagens, pois é amplamente relatado que muitos alérgenos,
toxinas e antinutrientes sdo de natureza protéica (DELANEY et al., 2008). As avaliagdes de
risco compreendem estratégias diferentes para investigar potenciais efeitos adversos de uma
molécula e garantir seu uso seguro com minimo impacto negativo.

A seguranca do uso de novas proteinas, seja na perspectiva dietética ou terapéutica, tém
sido realizada principalmente com base nas diretrizes para avaliacéo de risco de alergenicidade

para OGM (Organismos Geneticamente Modificados) propostas pela EFSA em 2010 (Painel
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GMO da EFSA, 2010; VERHOECKX et al., 2016). Portanto, é importante que proteinas com
grande potencial farmacoldgico e que nao sejam originarias de OGM também sejam avaliadas
quanto a seguranca de uso.

Peptideos bioativos sdo pequenas moléculas obtidas a partir da hidrélise de uma proteina
parental que podem ser obtidas através de diferentes processos enzimaticos (SANCHEZ e
VASQUEZ, 2017). Em meio a uma grande diversidade de peptideos e diferentes propriedades
exercidas por estes, muitos desses peptideos tém se destacado na literatura devido ao seu
potencial como agente terapéutico (MAESTRI et al., 2016).

Em raz&o da sua grande diversidade, as lectinas tem ganhado espaco na descoberta de
novas agentes terapéuticos fato este que se relaciona com o seu amplo espectro de atividades
farmacoldgicas (LARGADA-DIAZ et al. 2017).

Nesse cenario de atividades farmacoldgicas, os peptideos anti-hipertensivos e anti-
diabéticos merecem um destaque especial, devido a sua frequente presenca em sequéncias
peptidicas (BHAGYAWANT et al. 2019). O principai alvo molecular das doencas citadas como
forma de tratamento ¢ a inibicdo das enzimas ECA-I (enzima conversora de angiotensina-I) e
DDP-IV (dipeptidil peptidase-1V), respectivamente (WU et al., 2009; OPARIL et al., 2018).
Embora distintas do ponto de vista fisiologico e celular, ambas as enzimas compartilham uma
inibicdo por pequenas sequéncias hidrofobicas e de baixo peso molecular. Em muitos casos, a
relacdo enzima-inibidor ocorre por interacées ndo-covalentes (NONGONIERMA et al., 2014).

Os peptideos bioativos apresentam resultados com grande potencial farmacolégico,
porém estudos sobre a seguranca de uso desses peptideos ainda continuam escassos (LIU et al.,
2020). Durante sua producdo por hidrdlise, sequéncias toxicas e/ou alergénicas podem surgir
da sequéncia parental, resultando em efeitos colaterais ndo desejados (RUTHERFURD-
MARKWICK, Kay J., 2012). Embora estudos in silico tenham aberto um caminho na
investigacao da seguranca de uso, estudos in vivo precisam ser realizados para analisar 0s riscos
associados ao seu uso e confirmar ou ndo os estudos in vitro (LIU et al., 2020).

Dado o exposto, o objetivo geral deste estudo foi (i) realizar a avaliacdo de risco da
lectina de A. esculentus (AEL) que é candidata a varias aplicagcdes farmacologicas, bem como
(ii) prospectar e caracterizar in silico peptideos inibitérios da ECA-I e DPP-IV nas sequéncias
primarias de aminoacidos de dez lectinas vegetais. A fim de facilitar a compreensdo da
fundamentacéo teorica, esta sera apresentada em trés partes: Parte | — Introducéo ao estudo das
lectinas, Parte 1l - Avaliagdo de risco da lectina de A. esculentus e Parte 1l — Predi¢do de

peptideos inibidores da ECA-I e DPP-1V em sequéncias de lectinas vegetais.
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2. FUNDAMENTACAO TEORICA

2.1 Parte | — Introducédo ao estudo das lectinas

2.1.1 Histérico e classificacdo das lectinas

As lectinas compreendem um grupo de moléculas de origem ndo imune que se liga de
forma especifica e reversivel a grupos de agucares de outras moléculas e através dessa interacdo
apresentam suas diferentes atividades bioldgicas (PEUMANS; VAN DAMME, 1995).
Inicialmente essas proteinas foram denominadas como aglutininas devido a sua capacidade de
aglutinar eritrécitos presentes no sangue humanos. Outros sindnimos para, as lectinas sdo
hemaglutininas ou fitohemaglutininas (devido a sua presenca em extratos vegetais) (SHARON;
LIS, 2004).

O termo lectina seja amplamente empregado para proteinas de ligacdo a carboidratos, o
termo hemaglutinina seria mais apropriado pois define a capacidade de aglutinar eritrécitos,
apesar das lectinas aglutinarem outros grupos de células (VAN DAMME et al., 1998). No final
do século XX, o termo lectina passou a ser empregado apenas para proteinas que possuem pelo
menos um dominio ndo catalitico que se ligue reversivelmente a mono- e oligossacarideos
especificos (PEUMANS; VAN DAMME, 1995). Os estudos sobre esse grupo de proteinas,
campo de estudo mais tarde denominado lectinologia, teve seu inicio com 0s experimentos de
Silas Weir Mitchell em 1860, ao estudar a a¢do do veneno da Crotalus durissus, ele percebeu
que o sangue se aglutinava rapidamente na presenca do veneno (MITCHELL, 2011).

No entanto, as primeiras proteinas deste grupo, foram identificadas apenas no ano de
1888 pelo pesquisador Peter Hermann Stillmark, quando tentava isolar das sementes de Ricinus
communis (conhecida como mamona) a lectina posteriormente chamada de ricina. Nos anos
seguintes outras lectinas comecaram a ser identificadas como a abrina de Abrus precatorius
(SHARON; LIS, 2004).

A primeira cristalizacdo de uma lectina foi liderada por James B. Sumner em 1938, que
purificou a lectina concanavalina A de Canavalia ensiformis e demonstrou pela primeira vez a
especificidade a acucares das lectinas, tendo observado a inibicdo dessa lectina pela sacarose
(SUMNER; GRALEN; ERIKSSON-QUENSEL, 1938).

Outro passo importante na caracterizagdo das lectinas, foi sua capacidade de aglutinar
celulas do sistema sanguineo (Sistema ABO), foi demonstrado que algumas dessas proteinas
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possuem a habilidade de aglutinar tipos sanguineos especificos, por exemplo, as lectinas de
Phaseolus limensis e Vicia cracca sdo capazes de aglutinar células do tipo A mas nao do tipo
B ou O (SHARON; LIS, 2004). Diversos estudos foram realizados para tentar caracterizar
lectinas de varias espécies de plantas, animais e fungos nos seus aspectos funcionais e
estruturais (DE HOFF; BRILL; HIRSCH, 2009; DE FREITAS PIRES et al., 2019).

Nessa perspectiva, seguindo os avangos na Biologia Molecular, a busca pela estrutura
tridimensional das proteinas levou o pesquisador Edelman em 1972 a identificar ndo apenas a
sequéncia de aminoacidos primaria da Concavalina A, mas junto com outros grupos de pesquisa
conseguiram identificar sua estrutura tridimensional através de cristalografia por raio-X de alta
resolucédo (EDELMAN et al., 1972; HARDMAN; AINSWORTH, 1972).

A capacidade de ligacdo a carboidratos das lectinas estd intimamente relacionada ao seu
enovelamento (NAGAE e YAMAGUCHI, 2019). Hoje, sabe-se que existe uma grande
disponibilidade de informagdes sobre a biologia estrutural de diversas proteinas distribuidas em
diversos grupos taxondmicos (VASTA e FENG, 2020). A compreensao das possiveis estruturas
adotadas pelas lectinas nos ajudou a compreender sobre suas origens evolutivas e suas funcdes
(VAN HOLLE; VAN DAMME, 2019). Muitas das classificacfes que foram adotadas na
lectinologia usam como base caracteristicas estruturais de sequéncias especificas nessas
proteinas que se conservaram ao longo do tempo (SHARON; LIS, 2004).

A maioria das lectinas possuem um enovelamento comum durante seu processamento
chamado de enovelamento de lectina de leguminosa. Esse padrdo de enovelamento foi
inicialmente observado na concanavalin (ConA). Tal descoberta deve-se aos estudos feitos por
Edelman e colaboradores (EDELMAN et al., 1972). Um padrdo comum de ser encontrado nas
lectinas é o chamado C-lectina, embora seja mais comum de ser encontrado em animais
(CHANDRA et al., 2001).

A capacidade de ligacdo das lectinas é conferida pelo dominio de reconhecimento de
carboidratos (CDR). Esse dominio habilita essas proteinas as suas diferentes atividades
bioldgicas, como defesa, infecgcdes, regulacdo do metabolismo e varios outros processos
fisiolégicos (SHARON; LIS, 2004). Com base no tamanho da sequéncia que determina o CDR
nas lectinas, pode-se dividir esse dominio em dois grupos. O primeiro compreende as lectinas
que apresentam um CDR entre 120-150 residuos formando apenas uma unidade Unica ou
globular, como as lectinas de legumes, de moraceae, galectina, lectinas tipo-C e hemaglutinina

do virus influenza. O segundo grupo contém mais de um CDR por unidade Unica e apresentam
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CDR entre 40 e 50 residuos de aminoacidos de comprimento como as lectinas de bulbos e
cereais (VIJAYAN e CHANDRA, 1999).

As lectinas podem se ligar a uma diversidade de carboidratos na forma de
monossacarideos ou polissacarideos como glicose, galactose, manose, N-acetil-glicosamina, N-
acetil-galactosamina, L-fucose entre outros. A especificidade gerada na sintese das lectinas
parece ser diferente para diversos grupos de lectinas, levando a formacéo de diferentes CDR.
A oligomerizacdo parece ser um fator determinante na formacdo dessa especificidade e
consequentemente na sua atividade biologica. Por exemplo, a lectina do alho apresenta-se como
um dimero e ndo possui atividade anti-retroviral, embora lectinas com enovelamento similar
ndo dimericos sdo anti-retrovirais. Outro exemplo é a jacalina, que precisa passar por
modificacbes  poOs-tranducionais para manter sua especificidade a galactose
(SANKARANARAYANAN et al., 1996).

Inicialmente, as lectinas foram classificadas em 3 grupos com base no nimero de CDRs:
merolectinas, hololectinas e quimerolectinas. Merolectinas sdo proteinas que possuem um
dominio de ligacdo a carboidrato e ndo possuem atividade hemaglutinante. As hololectinas tém
pelo menos 2 dominios de ligacdo a carboidratos e a maioria das lectinas estdo classificadas
neste grupo. Quimerolectinas ttm um dominio de ligacdo a carboidratos e um dominio de
atividade catalitica (PEUMANS; VAN DAMME, 1995). As superlectinas que possuem pelo
menos dois dominios de ligacdo a acucar, mas reconhecem acUcares diferentes foram
posteriormente adicionados a essa classificacdo (VAN DAMME et al., 1998).

Classificagbes mais antigas costumavam dividir as lectinas de acordo com a
especificidade a grupos especificos de aclicares. Embora pouco interessantes do ponto de vista
evolutivo, constituiram uma importante fase do estudo das lectinas acerca da fun¢do biolégica
(VAN DAMME et al., 1998). Contudo, o avanco da Bioquimica e da Biologia Molecular
permitiu grandes descobertas no campo da biologia estrutural e parte desse conhecimento vém
sendo utilizado para sistematizar melhores classificaces para as lectinas baseado em regides
evolutivamente conservadas entre elas.

Com base nisso, foi possivel estabelecer uma nova classificacdo para esse grupo com
base em estruturas evolutivamente e estruturalmente relacionadas dos dominios de ligacdo a
carboidrato. Estdo inseridas nessa classificacdo: lectina de leguminosa, lectina ligadora de
manose em monocotileddnea, lectina ligadora de quitina com dominio heveina, proteina
inativadora de ribossomo (RIP) do tipo 2, Jacalina, lectina da familia Amarantina e lectina do
floema de Cucurbitaceae (VAN DAMME et al., 1998).
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Estas classes sdo apresentadas a segui:

As lectinas de leguminosas sdo encontradas exclusivamente nas leguminosas, possuem
um CDR contendo 25-30 kDa e sitio de ligagdo para cations divalentes (Ca®* e Mn?*)
(LAGARDA-DIAZ; GUZMAN-PARTIDA; VAZQUEZ-MORENO, 2017).

As lectinas ligadoras de manose de monocotiledoneas, se ligam especificamente a
manose e foram encontradas apenas nas familias Alliaceae, Amaryllidaceae, Araceae,
Bromeliaceae, Liliaceae e Orchidaceae (BARRE et al., 1996). Os protbmeros que
formam esse grupo podem ser divididos em dois: com apenas um dominio de 11 a 14
kDa ou com dois dominios de cerca de 30 kDa (VAN DAMME et al., 1998).

As lectina ligadora de quitina com dominio heveina sdo caracterizadas por um CDR
com especificidade para GIcNAc (N-acetil-glicosamina), o mondmero que forma a
quitina (ITAKURA et al., 2017). Existem lectinas ligadoras de quitina que néo
apresentam o dominio heveina. Heveina consiste em uma sequéncia de
aproximadamente 43 aminoacidos encontrada em Hevea brasiliensis (VAN DAMME
et al., 1998). Exemplos desta lectina podem ser encontradas nas familias Gramineae,
Solanaceae, Phytolaccaceae, Urticaceae, Veraceae e Viscaceae.

As proteinas inativadoras de ribossomos (RIP) do tipo 2 sdo conhecidas por inativar
através da catalise os ribossomos dos eucariotos, levando a uma deficiéncia na sintese
proteica, 0 que caracteriza a sua potencial toxicidade. A acao sobre os ribossomos ocorre
devido a presenca da atividade N-glicosidase presente na cadeia A dessa proteina. A
cadeia B possui a atividade de ligacdo a carboidrato, é encontrada nas familias
Euphorbiaceae, Leguminoseae, Viscaceae, Passifloraceae, Ranunculaceae, Lauraceae,
Sambucaceae, Iridaceae e Cucurbitaceae (VAN DAMME et al., 1998).

Lectinas relacionados a Jacalina sdo proteinas que apresentam um dominio relacionado
a jacalina (lectina purificada de Artocarpus heterophyllus). Ocorre principalmente em
plantas monocotiledéneas. Acredita-se que suas atividades estdo relacionadas a
resisténcia ao estresse biotico e abidtico, ferimentos e doengas causadas por insetos
(SONG et al., 2014). Essa classificagdo possui duas subfamilias importantes, as lectinas
da Moraceae e as lectinas de Convolvulaceae (VAN DAMME et al., 1998).

As lectinas da familia Amarantina séo proteinas que apresentam especificidade para o

carboidrato N-acetil-D-galactosamina. Amarantina € uma lectina purificada das
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sementes de Amaranthus caudatus, da familia Amaranthaceae, esta relacionada com
defesa a predadores nas plantas (VAN DAMME et al., 1998).

% As lectinas do floema Cucurbitaceae apresentam um sitio de ligacdo a quitina, N-

<,

acetilglicosamina especificamente, e ndo apresentam dominios heveina. Séo
encontradas principalmente no floema das plantas da familia Cucurbitaceae. Essas
lectinas possuem subunidades ndo glicosiladas (VAN DAMME et al., 1998).

<,

% OQutras lectinas ndo entraram em nenhuma das categorias acima por falta de similaridade
estrutural. Contudo, sabe-se que existem as lectinas purificadas de Apiaceae,
Araucariaceae, Celastraceae, Cucurbitaceae, Euphorbiaceae, Gramineae e Labiatae
(VAN DAMME et al., 1998).

No ano de 2008 foi proposta uma nova classificacdo para as lectinas vegetais com base
nos dominios de ligagdo a carboidratos. Muitos anos se passaram desde a Gltima tentativa de
organizar as lectinas com base em estruturas evolutivamente conservadas. O avanco da pesquisa
sobre lectinas levou a descoberta de 12 dominios diferentes de ligacdo a carboidratos, sendo a
classificacdo atualmente mais utilizada para lectinas vegetais (VAN DAMME, 2014; VAN
DAMME; LANNOO; PEUMANS, 2008). Estdo inseridas nessa classificacdo: Aglutinina
homologa a Agaricus bisporus, Amarantina, homélogos da quitinase classe V com atividade da
lectina, Familia de cianovirina, Familia de aglutinina de Euonymus europaeus, Familia de
aglutinina de Galanthus nivalis, Proteinas com dominios heveina, Jacalina, Proteinas com
dominios de lectina de leguminosas, Dominio Lys/M, Familia de aglutinina de Nicotiana
tabacum (anteriormente lectinas do floema de Cucurbitaceae) e Familia Ricina-B (VAN
DAMME; LANNOO; PEUMANS, 2008).

Levando em consideracdo as atualizagdes mais recentes nos estudos das lectinas,
algumas modificagdes podem ser observadas desde a Gltima classificagdo por Van Damme em
2008. As pequenas modificagOes ocorridas sdo principalmente em relagdo a nomenclatura das
familias existentes e a exclusdo da categoria Homologos da quitinase classe V com atividade
da lectina. A nova classificacdo inclui portanto apenas 11 familias de lectinas: Aglutinina de A.
bisporus, Amarantina, Cianovirina, Lectina relacionada a Euonymus (EUL), Lectina de G.
nivalis (GNA), Hevein, Jacalina, Lectina de leguminosa, LysM: motivo de lisina, Aglutinina
de N. tabacum (Nictaba) e Ricina-B (VAN HOLLE; VAN DAMME, 2019).


https://www.google.com/search?sxsrf=ALeKk038lJ9fyJ786X0mTL3gLb_yGKMktQ:1585528458445&q=Amaranthaceae&stick=H4sIAAAAAAAAAONgVuLUz9U3MMwuKixexMrrmJtYlJhXkpGYnJqYCgCKFKTfHQAAAA&sa=X&ved=2ahUKEwjjxa_k-cDoAhXDCtQKHdygBXEQmxMoATAXegQIEBAD&sxsrf=ALeKk038lJ9fyJ786X0mTL3gLb_yGKMktQ:1585528458445
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2.1.2 Atividades bioldgicas das lectinas de interesse terapéutico

O papel que as lectinas exercem nas plantas ainda é pouco compreendido. No entanto,
diversos estudos vém demonstrando que sua principal fungdo nas plantas é auxiliar na defesa
contra patégenos. Seu potencial de se ligar a carboidratos da superficie dos patdgenos e inativa-
los faz desse grupo de proteinas uma importante estratégia evolutiva de sobrevivéncia contra
fitopatégenos (PEUMANS; VAN DAMME, 1995). Outro possivel papel importante das
lectinas, é que sua ligacdo a carboidratos de bactérias como as do género Rhizobium pode
conferir a planta uma melhor adaptacdo ao processo de simbiose e oferta de nutrientes em
leguminosas a partir da associacdo com as micorrizas (DE HOFF; BRILL; HIRSCH, 2009).
Seu papel na defesa contra predadores ganha forca ao reconhecer que a maior concentracao de
lectinas encontram-se normalmente em parte da planta que costumam ser mais susceptiveis a
predacdo, embora as lectinas possam ser encontradas em praticamente todas as partes das
plantas (PEUMANS; VAN DAMME, 1995).

As lectinas vegetais sdo conhecidas por exercerem um grande nimero de atividades
biol6gicas nos organismos. Desde o século passado, varias lectinas foram purificadas de
diversas espécies e 0 seu potencial farmacol6gico e medicinal vem se tornando cada vez mais
relevante na area médica. Um grande nimero de atividades bioldgicas das lectinas vém sendo
descrito na literatura tais como atividades antioxidante, antimicrobiana, antiflngica, antiviral,
anti-inflamatoria, antinociceptiva e anticancer (LAGARDA-DIAZ; GUZMAN-PARTIDA,;
VAZQUEZ-MORENO, 2017). As atividades anti-inflamatoria, antinociceptiva e anticancer e

os efeitos toxicos das lectinas serdo descritos em maiores detalhes a seguir.

2.1.2.1 Atividade anti-inflamatéria

As lectinas vegetais com propriedades anti-inflamatorias sdo amplamente descritas na
literatura e varios sdo os mecanismos pela qual elas exercem essa atividade (BEZERRA, et al.,
2014; ABREU et al., 2016). A lectina de Lonchocarpus araripensis (LAL), uma lectina ndo
toxica com especificidade para N-acetil-glicosamina mostrou agdo anti-inflamatoria, sendo
capaz de inibir a formacdo de edemas e aumento da permeabilidade vascular, inibicdo da
migracdo de neutrofilos e reducdo de mediadores inflamatdrios tais como PGEZ2, dxido nitrico
e TNF-o (PIRES et al., 2016).

Resultados similares foram encontrados para a lectina ligadora de manose (LCal)
purificada de L. campestris. A lectina demonstrou atividade antiedematogénica além de inibir
0 aumento da permeabilidade vascular e a migracao leucocitaria (DE FREITAS PIRES et al.,
2019).
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Outras lectinas como a BtL purificada de Bryothamnion triquetrum também apresentam
atividade anti-inflamatéria e antiedematogénica. Em estudos com camundongos, BtL se
mostrou eficiente em reduzir o edema de pata induzida por carragenina, diminuindo a migracéo
leucocitaria e de neutrdfilos além de reduzir os niveis de TNF-a, interleucina IL-1B e
mieloperoxidase (FONTENELLE et al., 2018).

A lectina de Schinus terebinthifolia (SteLL), que é conhecida por sua atividade
anticancer e anti-microbiana vém ganhando espaco como um promissor agente terapéutico no
tratamento de inflam¢bes. N&o foi identificada toxicidade a esplendcitos de camundongos,
apresentou atividade imunomoduladora auxiliando na expresséo de citocinas pro-inflamatérias
tais como (IL-17A, TNF-o, IFN-y and IL-2) e aumento da citocina anti-inflamatéria 1L-4. Os
niveis de 6xido nitrico também reduziram, no entanto, pardmetros como Ca?* citosolico e
espécies reativas de oxigénios ndo mostraram alteracdo significativa (DOS SANTOS et al.,
2020). Em modelos de peritonite, a lectina de Parkia biglobosa (PBL) apresentou um potente
efeito anti-inflamatoério evidenciado principalmente pela reducdo leucocitaria nos sitios de
inflamacdo e reducéo de citocinas pro-inflamatdrias (SILVA et al., 2013).

Contudo, é valido ressaltar que alguns efeitos adversos podem ser percebidos apés a
exposicao de algumas lectinas. Foi demonstrado por Pinto-Junior e colaboradores que a lectina
Drfl purificada das sementes de Dioclea reflexa apesar de apresentar baixa toxicidade em
exposicdo a nauplios de Artemia sp., possui efeito edematogénico significativo em
camundongos (PINTO-JUNIOR et al., 2016). No entanto, cerca de 20% da sua atividade
inflamatoria foi reduzida quando a lectina foi conjugada com seu carboidrato de ligagdo. Efeitos
edematogénicos induzidos por lectinas foram verificados com a ConV, uma lectina isolada das
sementes de C. virosa, seu efeito foi sido inibido pela conjugacdo com glicose e representa um
efeito de curta duracdo quando comparado com o efeito edematogénico da carragenina
(OSTERNE et al., 2017).

2.1.2.2 Atividade antinociceptiva

O perfil inflamatorio tem como uma de suas principais caracteristicas a presenca de dor,
seja ela localizada ou sistémica. No mecanismo de a¢do de medicamentos antinociceptivos,
utilizados para minimizar a percep¢do da dor, € comum que ocorra interacdo do ligante a
receptores opioides tais como delta, kappa e mi para a promocao de efeitos como a analgesia e
termorregulacdo (MARTINS et al., 2012). A antinocicepcdo tem se tornado um alvo importante

na caracterizacdo de novas lectinas e seus resultados mostram um grande potencial
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farmacologico para o tratamento de dores presentes em diversas doencas e condicdes
metabdlicas (ABREU et al., 2016; CAMPOS et al., 2016).

E descrito na literatura que existe uma grande diversidade de lectinas com atividade
antinociceptiva e muitos dos seus mecanismos de acdo ja foram decifrados. Camundongos
induzidos por &cido acético e formalina mostraram um resultado significativo para os
parametros contor¢Ges e nimero de lambidas, respectivamente, quando foram previamente
tratados com a lectina de Clitoria fairchildiana (CFAL) (LEITE et al., 2012). A reducdo no
numero de contorc¢des e lambidas que o animal realiza durante a inducéo da nocicepcao ja foi
relatada em diversos trabalhos, evidenciando um grande nimero de lectinas com essa atividade,
por exemplo, a lectina das folhas de Bauhinia monandra (BmoLL) (CAMPOS et al., 2016), a
lectina de Solieria filiformis (ABREU et al., 2016), a lectina de Andira anthelmia (AAL)
(NASCIMENTO et al., 2016) e a lectina de L. araripensis (LAL) (AMORIM et al., 2016).

Em muitas respostas antinociceptivas parece haver uma interagéo entre as lectinas com
receptores opioides, responsaveis pela sensacdo de dor. A lectina de C. boliviana (Cbol)
apresentou atividade antinociceptiva confirmada pelo nimero reduzido de contor¢des apds
tratamento com a proteina. E sugerido que seu mecanismo de acdo envolva dois receptores
opiodides (FIGUEIREDO et al., 2009). Resultados semelhantes foram verificados para a lectina
de C. brasiliensis (ConBr). Esta lectina possui efeito antinociceptivo dose-dependente para a
reducdo de contor¢des e lambidas. A utilizacdo de inibidores dos receptores opidides mostrou
que apenas antagonistas do receptor mi ndo inibiram o efeito antinociceptivo, revelando uma
relacdo entre a ConBr e 0s receptores kappa e delta na promocao da atividade antinociceptiva
(DE FREITAS PIRES et al., 2013).

2.1.2.3 Atividade anticancer

Sabendo que as células tumorais podem apresentar um padréo de glicosilacdo diferente
nas suas proteinas de superficie, as lectinas tém se tornado uma interessante estratégia para
entender os mecanismos de distribuicdo de metastase e progressdao tumoral levando em
considerac&o sua ligacdo altamente especifica a estes carboidratos de superficie (LITYNSKA
et al., 2001). Nesse sentido, as lectinas vém se destacando como uma abordagem promissora
no tratamento, progndstico e diagnostico de diversos tipos de canceres (YAU et al., 2015).

Alguns mecanismos basicos pelos quais as lectinas com propriedades antitumorais
exercem sua atividade ja sdo bem conhecidas, como a citotoxicidade, inibi¢do do crescimento
tumoral, ligacdo a membrana da célula cancerosa, alteracao da sinalizagdo das vias metabdlicas

(em especial, a apoptose), inativacdo dos ribossomos, autofagia e desregulacédo da atividade
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telomerasica (DE MEJIA; PRISECARU, 2005; JIANG et al., 2015). A lectina isolada de Pisum
sativum L., por exemplo, apresenta atividade anticancer em linhagens de cancer colorretal por
inibir o crescimento e proliferacédo celular, bem como induz a apoptose mediada pela expresséo
de p21 e p53 (ISLAM et al., 2018). Outro estudo demonstrou que a lectina de P. acutifolius
apresentou atividade semelhante na inducdo da apoptose em linhagens de células de cancer de
cdlon mediada por uma aumento na fosforilacdo da p53, maior atividade de caspase-3 e
aumento de células em G0/G1 durante o ciclo celular (MORENO-CELLIS et al., 2020).

Estudos in vitro identificaram que a lectina de Lantana camara (LCL) possui atividade
seletiva contra cancer de colon, interagindo com os tumores na fase metastatica e nao se ligando
as células do tecido normal. Além disso, o estudo também verificou que a LCL possui atividade
inibitéria no crescimento celular desse tipo de cancer, evidenciando o potencial antitumoral
dessa lectina como agente terapéutico (HIREMATH et al., 2020). A DLasil, uma lectina
purificada de D. lasiocarpa, apresenta atividade antiproliferativa contra diversos tipos de
carcinomas humanos, incluindo cancer de ovario, pulméo, prostata e mama. A linhagem de
células tumorais de cancer de ovario (A2780) foi mais suscetivel a parada do ciclo celular em
G2/M. Este resultado sugere que a DLasil seja capaz de reconhecer com maior especificidade
carboidratos da superficie de linhagem A2780 (GONDIM et al., 2017).

2.1.2.4 Efeitos toxicos

Vale ressaltar que algumas lectinas de origem vegetal também podem exercer efeitos
adversos (WANG et al., 2019; WONG et al. 2020). As lectinas ConA (ConcanavalinA), LCA
(Lens culinaris lectin), WGA (Wheat germ agglutinin), SBA (Soybean aglutinin), aglutinina do
amendoim, aglutinina de Ulex europaeus e a jacalina sdo capazes de induzir a ativacdo de
caspase-1, promovendo uma maior secrecao de interleucina inflamatoria 1L-1B, resultando na
formacéo de inflamassomas (NLRP3) e inflamacéo in vivo, especialmente Con A e WGA
(GONG etal., 2017). As lectinas mais conhecidas por sua potente toxicidade séo provavelmente
a ricina e a abrina. A ricina € uma lectina extraida de R. communis que tem como principal
mecanismo de acdo a inativacdo enzimética dos ribossomos. A cadeia A desta lectina apresenta
citotoxicidade para linfocitos e macréfagos (EL-NIKHELY et al., 2007). A abrina isolada de
A. precatorius € outra lectina comumente usada como referéncia sobre o potencial toxicoldgico
das lectinas, apresenta atividade inativadora de ribossomos assim como a ricina (WORBS et
al., 2021), ambas inibem a sintese proteica, levando a morte celular (HEGDE; MAITI;
PODDER, 1991).
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2.2 Parte 11 — Avaliagéo de risco da lectina de A. esculentus

2.2.1 A. esculentus: aspectos botanicos, uso medicinal e propriedades terapéuticas

A. esculentus (ou Hibiscus esculentus em classificagbes mais antigas), conhecido
popularmente como quiabo, é uma planta medicinal nativa do continente africano e faz parte
da familia Malvaceae (Figura 1). Acredita-se que tenha surgido no pais que hoje fica a Etidpia
(DAVIES et al., 1989; SINGH et al., 2014). De acordo com a etnobiologia, acredita-se que essa
espécie tenha se estabelecido no Brasil durante o trafico de escravos africanos com destino as
coldnias portuguesas na América por volta do século XVI (SILVA et al., 2016).

Figura 1: Classificagdo taxonémica de A. esculentus.

Box 1. Taxonomia do quiabo

Reino: Plantae
Filo: Tracheophyta
Classe: Magnoliopsida
Ordem: Malvales
Familia: Malvaceae
Género: Abelmoschus
Espécie: Abelmoschus esculentus L.

Fonte: Adaptado de Islam, 2019.

A familia malvaceae se caracteriza por apresentar um habito arboreo, arbustivo, lianas
ou ervas. As folhas geralmente sdo alternadas, espiraladas ou disticas. Apresentam ainda
venagdo palmada ou peninérvea e presenca de estipula. Possuem inflorescéncia indeterminadas
ou mistas. As flores sdo bissexuais ou unisexuais, geralmente radiais, normalmente associada
com bracteas que podem formar um epicalice. Suas flores apresentam diferentes morfologias,
atraindo polinizadores como abelhas, morcegos, moscas, vespas, formigas, mariposas e aves.
As sépalas costumam aparecer em um total de 5 nessa familia, mas podem estar ausentes.
Estames podem ser 5 ou numerosos. Os graos de pdlen sdo geralmente tricolporados, triporados
ou poliporados, as vezes espinhosos. Apresentam dois carpelos ou mais e sdo conatos. Possuem
ovario supero e placentacdo geralmente axial. Os nectarios s&o compostos por pélos glandulares

multicelulares densamente agrupados. O fruto € normalmente uma cépsula, noz, agregado de
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foliculo, baga ou drupa. As sementes podem apresentar pélos ou serem ariladas, mas em poucos
casos podem ser aladas. O endosperma esta presente nas malvaceae (JUDD et al., 2009).

O quiabeiro apresenta distribuicdo principalmente em regides tropicais e subtropicais
(Figura 2). Apresenta caule ereto semi lenhoso, é uma planta anual e podem chegar até 2,5
metros de altura. As folhas sdo pecioladas e podem chegar até 20 e 30 cm de comprimento. A
corola apresenta cor amarela, sendo a base um tom de puarpura. Seu fruto é do tipo capsula e de
acordo com o tipo de cultivar esse fruto pode apresentar coloragcbes como verde, violeta,
vermelho, embora a cor verde seja predominante. O tamanho do fruto pode chegar até 25 cm.
A capsula é responsavel por manter as sementes em protecdo. Suas sementes apresentam um
boa fonte de proteinas, minerais além de elementos como o ferro, potassio, calcio e magnésio
(GURGEL,; MITIDIERI, 1956).

Nas sementes esta presente grande parte dos compostos bioativos que exercem suas
atividades antioxidantes e antimicrobianas (PETROPOULOS et al., 2017). No Brasil, A.
esculentus esta presente principalmente na regido nordeste devido as caracteristicas morfo-
climaticas da regido, mas sua ocorréncia também ¢é relatada no sudeste do pais (REFLORA,
2020).

Figura 2: Representa a planta de A. esculentus. A) Habito arbustivo da planta. B) Caracteristicas da
flor e do fruto. C) Seccdo transversal do fruto, evidenciando as sementes.

Fonte: Google imagens.

No campo medicinal, essa planta vém se destacando devido as suas propriedades anti-
inflamatoria, auxilia no bom funcionamento intestinal, tratamento de Ulceras, doengas do
aparelho urinario, dentre outros (JAIN et al., 2012). A figura 3 representa as principais
atividades do quiabo. A composicdo diversa de proteinas, carboidratos e compostos fendélicos
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de A. esculentus faz dela uma espécie com grande potencial farmacoldgico no tratamento contra
varias doengas seja através de extratos ou compostos isolados, especialmente no tratamento do
Diabetes Mellitus tipo 2 (PETROPOULOS et al., 2017).

Figura 3: Principais propriedades terapéuticas de A. esculentus.

Inibicdo de DPP-IV
Inibigdo de PPARs
Iaibigho de a-glicosidase

Inibigho de a-amilase calesterol
Redugdo de TNF-a Inibigdo de PPARs

Antioxidante Dimimuicio da absorgdo de
colesterol

Tnibigio da lipogénese
Aumento da degradagio do

Diminuicio dos niveis de
Inibicdo de ECA-] leptina
Atividade diurética Elevagio da adiponectina
Inibicdo de PPARs

Fonte: Adaptado de Esmaeilzadeh et al., 2020.

As propriedades antidiabéticas desta planta vem ganhando destaque no tratamento do
diabetes tipo 2, pois ela apresenta efeitos hipoglicémicos, reduzindo os niveis de glicose no
sangue, entre outros beneficios (KHOSROZADEH; HEYDARI; ABOOTALEBI, 2016;
HUANG et al., 2017; PENG et al., 2019; DURAZZO et al., 2019). Outro efeito bem estudado
é a sua capacidade inibitéria de enzimas importantes no contexto patolégico da doenca, como
a alfa-amilase e a alfa-glucosidase (SABITHA; PANNEERSELVAM; RAMACHANDRAN,
2012). Varios polissacarideos estdo sendo descobertos por serem responsaveis pelas atividades
antidiabéticas que sdo encontradas no quiabo, entre eles a ramnogalacturonana (LIAO et al.,
2019; LIU et al., 2018b).

Muitos medicamentos utilizados no tratamento da diabetes atuam inibindo receptores
especificos, tais como o PPARs (Receptores Ativados por Proliferadores de Peroxissoma).
Extratos em p6 do quiabo j& demonstraram resultados positivos sobre a agdo do genes PPARS,
onde sua desregulagdo foi associada a uma melhora dos niveis de glicose no sangue (MAJD et
al., 2018). Os flavonoides presentes no quiabo, em especial a quercetina e seu derivados sao
responsaveis em partes por sua atividade anti-hiperglicémica e antioxidante, através da reducao
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dos niveis de malondialdeido, um subproduto da peroxidacdo lipidica (DAMAYANTHI,
RIMBAWAN; HANDHARYANI, 2018). O quiabo também foi capaz de reduzir o estresse
oxidativo em ratos diabéticos através do aumento da atividade das enzimas glutationa
peroxidase (GPX) e catalase (CAT) (MAJD et al., 2019).

Os efeitos gastroprotetores do quiabo tém sido evidenciados principalmente devido a
sua complexa composicdo de polissacarideos. A fragdo obtida dos frutos do quiabo,
apresentando varios carboidratos na sua composicao, foi capaz de inibir a bactéria Helicobacter
pylori devido as suas propriedades anti-adesivas, reduzindo a ligacdo da bactéria a mucosa
gastrica do hospedeiro (LENGSFELD et al., 2004). Outro estudo demonstrou que o extrato do
quiabo é responsavel por reduzir os danos gastricos induzidos pelo &lcool, além de evitar a
formacdo de ulceras e melhorar o perfil antioxidante atraves da reducdo de malondialdeido e
aumento do antioxidante GSH (Glutationa peroxidase), neste trabalho, foi visto também uma
menor infiltracdo celular, reducdo de edema e hemorragia apds o tratamento com o extrato do
quiabo (ORTAC et al., 2018).

O quiabo é bastante conhecido na medicina tradicional devido as suas atividades
antioxidantes. Um estudo feito com a mucilagem das vagens do quiabo foi possivel identificar
que existe uma quantidade desejavel de antioxidantes naturais nessa planta (GEMEDE et al.,
2018). Essa mesma capacidade antioxidante tem sido reportada em estudos que utilizaram o
extrato metandlico e aquoso das sementes do quiabo.

No entanto, os resultados in vitro mostram que para esses extratos, a atividade
antioxidante existe, porém é menor do que a normalmente relatada para outros tipos de extrato
(DOREDDULA et al., 2014).

A composi¢do variada de polifendis e polissacarideos de A. esculentus é responsavel,
em parte, por sua atividade antioxidante e estudos com esses compostos tém mostrado reducdes
nos niveis de malondialdeido, bem como aumento na expressdo de genes antioxidantes como
glutationa (GSH), GPX e superoxido dismutase (SOD) (XIA et al., 2015). Em adicédo a estes
resultados, sabe-se que a atividade antioxidante do quiabo varia de acordo com os diferentes
estagios de maturacdo da planta, ja é conhecido que os compostos fenodlicos apresentam
diferencas em sua concentragdo de acordo com o amadurecimento (SHEN et al., 2019).

Algumas desordens no metabolismo apresentam varios marcadores bioquimicos que
podem ser utilizados como parametro de avaliacdo. Entre eles podemos destacar o aumento na
formacéo espécies reativas de oxigénio, responsavel por causar danos a biomoléculas como

proteinas, lipideos e DNA. Um perfil oxidativo elevado estd normalmente associado a fendtipos
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negativos e respostas a este estado se traduzem em alteracfes na expressao de proteinas
antioxidantes, tais como SOD, CAT e GSH. O quiabo, pode ser utilizado como uma boa
estratégia para minimizar essa acdo oxidante, que desempenha uma papel importante na
patogénese e progressdo de varias doencas de distribuicdo mundial como o diabetes e a
obesidade (SABITHA et al., 2012).

A. esculentus vém ganhando espa¢o como coadjuvante na luta contra o cancer. Varios
estudos vém relatando sua eficacia contra linhagens de células tumorais especificas e, até o
momento, os resultados tém se mostrado bastante promissores. Um estudo recente identificou
que utilizacdo do extrato das sementes do quiabo promoveu a inibicdo da migracdo e
proliferagéo celular, inibicdo de VEGF (Fator de Crescimento Endotelial VVascular), bem como
aumento do numero de células apoptoticas nas linhagens tumorais MCF-7, HelLa e HepG2.
Ainda, o estudo indicou que a linhagem MCF-7 foi mais responsiva aos efeitos citotoxicos do
extrato das sementes do quiabo (CHAEMSAWANG et al., 2019).

Estudos in vitro demonstraram que o polissacarideo ramnogalacturonana obtido de A.
esculentus possui eficiente atividade antiproliferativa e pro-apoptdtica em linhagens de
melanoma (B16F10). Outros efeitos desse polissacarideo sdo a inibicdo do ciclo celular e
inducdo da apoptose, além da reducdo da expressdo de caderinas, moléculas importantes na
progressao de diversos tipos de cancer (VAYSSADE et al., 2010).

Outros beneficios de A. esculentus vem sendo evidenciados na literatura, seu extrato
etanolico e a presenca de polissacarideos foi eficaz em aumentar a glicose hepatica, além de
reduzir os niveis de acido latico no sangue, propiciando dessa forma um efeito antifadiga (LI et
al., 2016b; XIA et al., 2015). A sindrome metabdlica & uma desordem caracterizada por uma
série de fatores como a resisténcia insulinica, dislipidemia, pressao sanguinea alta, obesidade e
hipertriglicemia. O guiabo vem ganhando destaque no combate a essa sindrome por apresentar
atividade antidiabética, antiobesidade e antihipertensiva (ESMAEILZADEH; RAZAVI,
HOSSEINZADEH, 2020).

O quiabo também apresenta atividade imunomoduladora devido aos seus
polissacarideos, aumentando a atividade fagocitica, a proliferacdo de células do sistema imune
como células T, células B e macréfagos, aumento da producéo de éxido nitrico (NO) além de
modular a expressdo de citocinas importantes na defesa contra patdgenos, em especial
Staphylococcus aureus (CHEN et al., 2016; WAHYUNINGSIH et al., 2018). Foi verificado
também que alguns flavonoides presentes no quiabo mostraram atividade protetora contra

radiacdo UV-B através do seu potencial antioxidante, reduzindo o dano oxidativo ao DNA além
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de uma diminuig&o nos niveis de espécies reativas de oxigénio (EROS) mediada pela via Nrf2
(PATWARDHAN; BHATT, 2016).

2.2.1.1 Lectina de A. esculentus (AEL)

As sementes do quiabo apresentam um grande quantidade de proteinas com diversas
atividades biologicas (PETROPOULOS et al., 2017). Nesse contexto, a lectina de A. esculentus
(AEL) purificada das sementes do quiabo por Soares e colaboradores demonstrou varias
atividades bioldgicas promissoras (DE SOUSA FERREIRA SOARES et al., 2012). Os autores
identificaram que a AEL possui atividade anti-inflamatoria e antinociceptiva e sua atividade
hemaglutinante é diferente de outras lectinas, sendo metalo-independente. Sua atividade de
hemaglutinacdo € inibida por lactose, frutose e manose. O perfil eletroforético da AEL
identificou duas bandas de proteinas de 15,0 kDa e 21,0 kDa. Os resultados da espectrometria
de massas revelaram um monémero de 10,29 kDa e um dimero de 20,58 kDa (DE SOUSA
FERREIRA SOARES et al., 2012).

Outra atividade relevante da AEL que ja foi investigada é a sua atividade fungicida,
principalmente contra Candida parapsilosis. Acredita-se que sua atividade inibitdria se deva a
capacidade de ligacdo aos carboidratos da parede celular dos fungos, causando assim sua
inibicdo (KLAFKE et al., 2013). A AEL mostrou atividade citotdxica seletiva para a linhagem
celular de cancer de mama MCF7, promovendo alteracdes na permeabilidade da membrana
celular e na expressdo de genes relacionados a apoptose, como caspase-3, Bax, p21 e Bcl-2.
Assim como ocorre com outros efeitos mediados por lectina, presume-se que ocorra uma
interacdo entre a lectina e os agUcares da superficie celular da linhagem de células MCF7, uma
vez que as células saudaveis ndo sdo afetadas (MONTE et al., 2014).

A AEL também possui grande potencial farmacoldgico no tratamento de dores na
articulacdo temporomandibular através de seus efeitos anti-inflamatorios e antinociceptivos,
reduzindo os niveis de TNF-o e IL-1P e a ativa¢do dos receptores kappa e delta opiodides
(FREITAS etal., 2016). Além disso, esta lectina apresenta um efeito gastroprotetor em modelos
induzidos pelo etanol, provavelmente devido a sua atividade antioxidante e & ativacdo de
receptores opiodides (A. RIBEIRO et al., 2016).
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2.2.2 Alergias

A hipersensibilidade pode ser caracterizada como uma resposta imune a antigenos que
leva a reacOes sintométicas apds sua exposicdo (MURPHY; WEAVER, 2016). As
hipersensibilidades s&o classificadas em quatro tipos de acordo com o tipo de resposta imune e
0 mecanismo efetor: as hipersensibilidade do tipo 1, 2, 3 e 4 (ABUL K; ANDREW H.
LICHTMAN MD; SHIV PILLAI MBBS, 2015). As alergias propriamente ditas constituem o

grupo da hipersensibilidade 1 e seu mecanismo de a¢do € ilustrado na Figura 4.

Figura 4: Mecanismos basicos no processo de hipersensibilidade do tipo 1.
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Fonte: Google imagens.

Uma caracteristica marcante nas alergias € a capacidade que anticorpos IgE tém de
serem produzidos e estarem aptos a se ligarem a determinados antigenos. Seu surgimento esta
normalmente associado com ativacdo de células T auxiliares (T helper), as quais séo capazes
de produzir as interleucinas IL-4, IL-5 e IL-13, levando a producdo de anticorpos IgE. Em
seguida, ocorre a ligacdo do anticorpo a receptores Fc de mastocitos (chamada fase de
sensibilizacdo) e ativacdo de mastocitos através da reexposicdo ao antigeno (degranulacao),
resultando na liberacdo de mediadores que culminard em uma reagdo alérgica de caréater

inflamatdrio. Mastdcitos ativados secretam uma variedade de mediadores que sdo responsaveis
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pelas manifestagdes das reacGes alérgicas (BERIN, 2015; SABBAN; YE; HELM, 2014).
(Figura 5).

Figura 5: Principais efeitos clinicos observados apds a ligacdo do IgE aos receptores Fc dos
mastacitos.

@ == U Vasodilatagdo I

g% Extravasamento
U =% | vascular

(p. ex., histamina)

/ ,;4 > L Bronco-
Mediadores = | W05\ = P | 1y, | constricao

lipidicos (p. ex., PAF,

/ PGD2, LTC4) A"j.'
<. |Hipermotilidade

L e ",t intestinal

R Bt
Mastécito 3 »ca" :
ativado (ou Cicocinas o)
basdfilo) (p. ex., TNF) "

&
—> 3@ ® [amaeo

Mediadores lipidicos
(p. ex., PAF, PGDg, LTCa)

Enzimas »"’7 D
y —_— s ano |
(p. ex., triptase) .é-;.%_“g tecidual

Fonte: Abul K et al., 2015.

Anticorpos ou imunoglobulinas, sdo uma familia de glicoproteinas estruturalmente
relacionadas e produzidas na forma ligada a membrana ou secretadas pelos linfocitos B
(HNASKO, 2015). Os anticorpos apresentam diferentes isoformas responsaveis por funcoes
especificas e sdo nomeadas como IgA, IgD, IgE, 1gG e IgM (MA; O’KENNEDY, 2015). Todas
as moléculas de anticorpo compartilham as mesmas caracteristicas estruturais basicas, mas
apresentam marcante variabilidade nas regides onde os antigenos se ligam (SCHROEDER,;
CAVACINI, 2010). Um antigeno é qualquer substancia que pode ser especificamente ligada
por uma molécula de anticorpo ou receptor de célula T (HNASKO, 2015).

Moléculas que estimulam as respostas imunes sdo chamadas de imundgenos
(CRUMPTON, 1974; VAN REGENMORTEL, 2001). Macromoléculas, tais como proteinas,
polissacarideos e acidos nucleicos, normalmente sdo muito maiores do que a regido de ligacéo
do antigeno de uma molécula de anticorpo (ABUL K; ANDREW H. LICHTMAN MD; SHIV
PILLAI MBBS, 2015). Dessa maneira, qualquer anticorpo se liga a somente uma porcao da
macromolécula, que é chamada de determinante ou um epitopo (Figura 6). Quando um
anticorpo se liga a uma proteina, os locais de ligag&o resultantes no anticorpo e na proteina séo
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chamados o paratopo e epitopo, respectivamente (EL-MANZALAWY; DOBBS; HONAVAR,
2017). Os epitopos podem ser classificados em lineares (continuos) ou conformacionais
(descontinuos) (VAN REGENMORTEL, 2001). Os epitopos lineares/continuos sdo definidos
pela sequéncia de aminodacidos residente na sequéncia primaria da proteina onde os anticorpos
podem se ligar. Os epitopos conformacionais/descontinuos se caracterizam por sequéncias
peptidicas agrupadas na estrutura tridimensional que reagem aos anticorpos. Se 0s
determinantes lineares surgem na superficie externa ou em uma regido de conformacao
estendida na proteina dobrada nativa, eles podem ser acessiveis aos anticorpos. Os
determinantes lineares podem estar inacessiveis na conformacdo nativa e aparecem somente
quando a proteina é desnaturada (EL-MANZALAWY; DOBBS; HONAVAR, 2017,
NIELSEN; MARCATILI, 2015). A predicdo de epitopos alergénicos leva em consideracdo
caracteristicas bioquimicas da proteina como flexibilidade, antigenicidade, hidrofilicidade,
voltas beta e acessibilidade (KOZLOVA et al., 2015).

Figura 6: Caracteristicas dos determinantes antigénicos encontrados em proteinas. A) Os determinantes
conformacionais estdo expostos apenas na conformacdo nativa das proteinas. B) Os determinantes
lineares podem surgir apés a desnaturacdo da proteina, expondo a sequéncia de ligacdo. C) Os
determinantes neoantigénicos podem ser formados devido as modificagBes que ocorrem posterior a
sintese das proteinas.
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Fonte: ABBAS et al, 2008.

O local de ligacdo do antigeno de um anticorpo pode acomodar um determinante linear

composto por cerca de seis aminoacidos (FAO / WHO, 2001). As proteinas podem estar sujeitas
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a modificagdes como glicosilacdo, fosforilacdo, ubiquitinacdo, acetilacdo e protedlise
(WALSH; JEFFERIS, 2006). Essas modificacGes, por alteracdo na estrutura da proteina, podem
produzir novos epitopos. Tais epitopos sdo chamados de determinantes neoantigénicos e eles
também podem ser reconhecidos por anticorpos especificos (ISLAM et al., 2017).

O reconhecimento do antigeno pelo anticorpo envolve principios termodindmicos como
por exemplo, a Constante de afinidade (Ka) (HNASKO, 2015). Varios tipos de interagdes nao
covalentes podem contribuir para a ligacgdo do anticorpo ao antigeno, incluindo forcas
eletrostaticas, ligacdes de hidrogénio, forcas de Van der Waals e interacdes hidrofobicas
(BRADEN; POLJAK, 1995).

Os individuos atdpicos produzem altos niveis de IgE em resposta a alérgenos
ambientais, enquanto os individuos normais geralmente produzem outros isotipos de Ig, como
IgM e IgG, e apenas pequenas quantidades de IgE (JOHANSSON, 2016). A quantidade de IgE
sintetizada depende da propensdo de um individuo a gerar células T auxiliares especificas de
alérgenos que produzem IL-4 e IL-13, porque estas citocinas estimulam a mudanca da classe
dos anticorpos de células B para IgE. O anticorpo IgE é responsavel pela sensibilizacdo dos
mastocitos e fornece o reconhecimento de antigenos para as reacfes de hipersensibilidade
imediata (LEHRER; HORNER; REESE, 1996).

Alérgenos tipicos incluem proteinas no pélen, acaros domésticos, pélos de animais,
alimentos e produtos quimicos como o antibiotico penicilina (IVANCIUC et al., 2009).
Algumas caracteristicas sdo tipicas de alérgenos como médio peso molecular (pelo menos 3,5
kDa), a estabilidade e a glicosilagdo (FAO / WHO, 2001).

Em um individuo alérgico a um antigeno particular, uma grande parte da IgE ligada ao
FceRI na superficie dos mastocitos ¢ especifica para este antigeno (RIOS; KALESNIKOFF,
2015). A exposicdo ao antigeno ird cruzar moléculas de IgE suficientes para desencadear a
ativacdo dos mastocitos. A ativacdo dos mastocitos resulta em trés tipos de resposta bioldgica:
a secrecao do contetido dos granulos pré-formados por exocitose (degranulacédo), a sintese e
secrecdo dos mediadores lipidicos e a sintese e secrecdo de citocinas (HAYGLASS, 1995).

Outras reagdes de hipersensibilidades ocorrem nos organismos, mas estas nao séo
consideradas alergias propriamente ditas, contudo, sdo responsaveis por alteracGes
imunoldgicas importantes (ABUL K; ANDREW H. LICHTMAN MD; SHIV PILLAI MBBS,
2015). A hipersensibilidade do tipo 2 € mediada por anticorpos IgG e IgM e atuam por meio da
ativacdo do sistema complemento, recrutando células inflamatdrias e interferindo nas funcGes

celulares normais. Esses anticorpos sdo especificos para antigenos de determinadas células e
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podem ser encontradas de forma livre na circulagdo. A hipersensibilidade do tipo 3 é
caracterizada principalmente pela formacdo de imunocomplexos na circulagdo (complexo
anticorpo-antigeno), que se depositam nos vasos e provocam lesdes. A hipersensibilidade do
tipo 4 é causada pela ativacdo das células T auxiliares CD4+ T, que pode induzir um processo
inflamatorio ou matar suas células-alvo através da secrecdo de citocinas e producdo de
anticorpos que danificam os tecidos (ABUL K; ANDREW H. LICHTMAN MD; SHIV PILLAI
MBBS, 2015; DELVES et al., 2017; JUSTIZ VAILLANT; ZITO, 2018) Um esquema

demonstrando os principais mecanismos de hipersensibilidade € mostrado na Figura 7.

Figura 7: ReacgOes imunoldgicas de hipersensibilidade. A) Hipersensibilidade do tipo 1. B)
Hipersensibilidade do tipo 2. C) Hipersensibilidade do tipo 3. D) Hipersensibilidade do tipo 4.
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Fonte: Delves et al, 2017.

2.2.3 Avaliagéo de risco de novas proteinas
A seguranga de uso de novas proteinas, seja ela com perspectiva alimentar ou

terapéutica, tem sido realizada principalmente com base nas orientac6es de avaliacdo de risco
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de alergenicidade para OGMs (Organismos Geneticamente Modificados) proposta pela EFSA
em 2010 (“Scientific Opinion on the assessment of allergenicity of GM plants and
microorganisms and derived food and feed”, 2010; VERHOECKX et al., 2016). Novas
atualizacOes desta diretriz foram feitas em 2017, no entanto nenhuma abordagem especifica
para proteinas terapéuticas foi mencionada. A avaliacdo de risco de novas proteinas continua
utilizando as abordagens “peso de evidéncia” e “abordagem caso a caso” para avaliar a
seguranca dessas proteinas quanto ao seu potencial alergénico e toxicologico (VERHOECKX
etal., 2016, 2019).

As abordagens que séo realizadas para a seguranca dos OGM podem ser adaptadas para
garantir o uso seguro de novas proteinas com atividade terapéutica na perspectiva de novas
formas de tratamento para muitas doencas. Entre essas abordagens, podemos citar:

1. Elaboracdo de um Historico de Uso Seguro: Uma ampla busca sobre as utilizacbes
da proteina de interesse bem como do organismo da qual ela foi extraida. Tem como
objetivo identificar os efeitos terapéuticos, toxicos, antinutricionais e alergénicos sobre
0 uso do organismo/proteina com base na literatura (CONSTABLE etal., 2007).

2. Busca por sequéncias homdlogas a alérgenos: As ferramentas de bioinformaética vém
se tornando uma abordagem de grande peso na tomada de decisdes sobre a potencial
alergenicidade de proteinas de origem animal e vegetal. Os bancos de dados de
alérgenos sao utilizados para comparar a sequéncia primaria da proteina de interesse
com proteinas reconhecidamente alergénicas. Os padrdes de homologia (35% de
identidade para uma janela de 80 aminoacidos) entre as sequéncias ainda continuam
sendo 0s mesmo que os descritos pela FAO/WHO, 2001. Os principais bancos utilizados
sdo o AllergenOnline, Allermatch, SDAP e AllerCatPro (IVANCIUC et al., 2003,
FIERS et al., 2004; GOODMAN et al., 2016; MAURER-STROH et al., 2019).

3. Capacidade de ligacao de IgE a epitopos alergénicos: A ligacdo de IgE representa
um dos principais indicios da alergenicidade de uma proteina. Diversas ferramentas de
bioinformatica vém sendo utilizadas para fazer a predi¢do dos sitios de ligagéo da IgE
em epitopos alergénicos da sequéncia alvo. O percentual de identidade com epitopos
alergénicos de outras proteinas € um importante indicativo da capacidade de ligacdo da
IgE com a proteina alvo (FAO/WHO, 2001).

4. Estabilidade de proteinas e resisténcia as proteases intestinais: Testes in vitro ainda
permanecem como boas estratégias para validar a resisténcia de varios alérgenos de

natureza proteica. Esse teste simula de forma in vitro a digestdo gastrica e intestinal
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como naturalmente ocorreria. Proteinas que sdo resistentes as principais proteases
intestinais tais como pepsina, tripsina e pancreatina (mistura de proteases produzidas no
pancreas) sdo consideradas potenciais alérgenos (VERHOECKX et al., 2016).

5. Avaliacdo de toxicidade aguda: A utilizacdo de modelos animais é um importante
método para avaliar os efeitos toxicos da exposicdo de substancias que apresentem
algum risco em sua utilizacdo. Os testes podem ser feitos seguindo as diretrizes da
OECD (“Organisation for Economic Co-operation and Development”) e buscam
identificar a toxicidade e as concentracBes seguras da substancia no contexto
farmacol6gico e terapéutico (BARRE-SINOUSSI e MONTAGUTELLLI, 2015).

Nesse sentido, fica claro a necessidade de realizacdo das avaliacfes de risco para hovas
proteinas terapéuticas baseadas em estratégias holisticas. A seguranca dessas proteinas deve
levar em consideragdo abordagens in silico, in vitro e in vivo para compreender a natureza da
proteina e os efeitos sistémicos que ela pode exercer numa possivel reacdo com os sistemas
biolégicos (FASOLIN et al., 2019).

2.2.4 Danio rerio

O peixe-zebra (D. rerio), também conhecido como zebrafish ou peixe paulistinha, € um
peixe teledsteo da familia Danionidae (STOUT et al., 2016). Em classifica¢cfes mais antigas,
D. rerio era classificado como Cyprinidae. No entanto, estudos genémicos auxiliaram na
modificacdo da filogenia do grupo dos teledsteos incluindo este peixe como pertencente a
familia Danionidae (BETANCUR et al., 2017; MCCLUSKEY; BRAASCH, 2019). Uma

classificacdo filogenética recente é mostrada na Figura 8.

Figura 8: Atualizaces taxondémicas de Danio rerio. A figura mostra uma classificacéo filogenética
recente da espécie ap6s modificacGes taxondmicas ocorridas no grupo dos teledsteos nos Gltimos anos.
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Fonte: Adaptado de McCluskey and Braasch, 2019,

D. rerio é um peixe tropical de origem asiatica e é encontrado principalmente em rios,
pequenos riachos e lagos rasos, especialmente aqueles encontrados préximos as plantagdes de
arroz (ENGESZER et al., 2007). Os animais adultos podem chegar a 4-5 cm de comprimento,
apresentando dimorfismo sexual visivel (Figura 9). As fémeas sdo maiores que 0s machos,
apresentando um abddmen mais proeminente devido a postura de ovos, enquanto os machos
sdo menores e mais longilineos, com formato semelhante a um torpedo (HOLTZMAN et al.,
2016; LAALE, 1977). Os animais adultos apresentam um padréo de listras ao longo do corpo

que é caracteristico da espécie.

Figura 9: Visdo lateral de animais adultos de Danio rerio. O dimorfismo sexual presente nos peixes
adultos da espécie é marcado pelo formato longilineo em forma de torpedo dos machos, enquanto as
fémeas sdo caracterizadas por um abddmen proeminente. O padrdo de listras horizontais ao longo do
corpo dos animais € caracteristico da espécie.

Macho adulto

Fémea adulta
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Fonte: Holtzman et al, 2016.

S&o animais que na natureza formam agregados sociais para prote¢éo contra predadores,
forrageamento e acasalamento (PARICHY, 2015). D. rerio apresenta fecundacdo externa. A
reproducéo dessa espécie ocorre 0 ano todo, garantindo que uma grande quantidade de animais
seja gerada o ano inteiro. A espécie apresenta ovo do tipo telolécito, ou seja, a maior parte do
citoplasma é composto por vitelo, garantindo a nutricdo do embrido nos estagios iniciais do seu
desenvolvimento. Os embriBes apresentam um padrdo de clivagem meroblastica e discoidal
(GILBERT; BARRESI, 2017; LAALE, 1977). Umas de suas caracteristicas mais marcantes
como modelo experimental é a velocidade do seu desenvolvimento, como mostrado no Figura
10. Apos a fertilizacdo os embriGes passam por diversos estagios do desenvolvimento como o
periodo de zigoto (1 célula), clivagem (2 até 64 células), blastula (128 células até 30% do
processo de epibolia), gastrula (50% de epibolia até a formacéo do broto), segmentacado (1 até
26 somitos), faringula (estagio 5 dos primordios da linha lateral até o surgimento das nadadeiras
peitorais rudimentares), incubacdo (continuacdo da morfogénese) e o desenvolvimento das
larvas (GILBERT; BARRESI, 2017; KIMMEL et al., 1995).

Figura 10: Estagio embrionarios de Danio rerio. Em 1 hpf (horas po6s fertilizacdo) o embrido encontra-
se no estagio de 4 células, concentradas no polo animal. Em 25 hpf as principais estruturas e
modificagdes corporais ja ocorreram, como a formacéo da cabeca, desprendimento da cauda, formacao
dos somitos, surgimento dos otélitos. Em 48 hpf o embrido apresenta coluna reta e a maior parte dos
seus 0rgdos estdo desenvolvidos.

Fonte: Holtzman et al. (2016).
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2.2.4.1 Peixe-zebra (D. rerio) como sistema modelo

Os roedores (por exemplo, ratos e camundongos) tém sido classicamente utilizados na
pesquisa devido a sua proximidade filogenética com os seres humanos e suas semelhancas
fisiologicas (VANDAMME, 2014). Outros sistemas modelo tais como a Drosophila
melanogaster (SANTALLA; PORTIANSKY; FERRERO, 2016), Caenorhabditis elegans
(HUNT, 2017) e Artemia spp. (OS, 2019) ainda sdo bastante utilizados devido a tracos
fenotipicos facilmente distinguiveis e amplo conhecimento sobre o desenvolvimento desses
organismos. Nessa perspectiva, D. rerio tem emergido como excelente sistema modelo de
vertebrados devido as caracteristicas do seu desenvolvimento, comportamento e morfologia,
permitindo analises genéticas, bioquimicas e um bom poder de visualizacdo celular devido a
sua transparéncia nos estéagios iniciais do desenvolvimento (PARICHY, 2015).

Os primeiros estudos feitos com peixe-zebra datam de 1930 como destaca Laale (1977).
No entanto, o trabalho publicado em 1981 por Streininger e colaboradores € um dos grandes
marcos na pesquisa e divulgacdo de estudos utilizando o peixe-zebra como modelo
experimental. O grupo se dedicou a estudar a genética e mutagénese de clones de peixe-zebra
(STREISINGER et al., 1981). Embora conhecido ha bastante tempo, sua utilizacdo na ciéncia
teve um crescimento exponencial frente & outros modelos devido a sua versatilidade de trabalho
e a decifracdo do seu genoma, que impulsionou os campos da genémica e biologia do
desenvolvimento dos vertebrados (STRAHLE et al., 2012).

Varias caracteristicas fizeram de D. rerio um animal popular entre os cientistas, entre
eles sua facilidade de criacdo em biotérios, menores custos de manutencdo e manejo, facil
reproducéo, tempo de geracao curto, alta fecundidade, transparéncia éptica do embrido, rapido
desenvolvimento e disponibilidade de recursos gendmicos (LAALE, 1977; NASIADKA;
CLARK, 2012).

No campo da toxicologia clinica e ambiental, D. rerio vem se destacando como um
relevante modelo para avaliacdo da toxicidade de diversos herbicidas e pesticidas, tais como o
Glifosato e 0 2,4-D, bem como de formulagGes contendo estes principios ativos (GAAIED et
al., 2020; GONCALVES et al., 2020; LANZARIN et al., 2020). O desenvolvimento das
estratégias dmicas na ciéncia vem ganhando destaque nas pesquisas da Biologia Molecular
devido ao grande impacto dos resultados gerados. Essas técnicas permitem analisar de forma
holistica os processos bioldgicos e D. rerio vem servindo como alvo dessas abordagens devido

as suas grandes utilizacBes na pesquisa como mencionado (VIEIRA et al., 2020, 2021). Estudos
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com peixe-zebra tem evidenciado alteracdes no perfil epigendmico apds a exposicdo de
particulas de arsénico inorganicos, com importantes mudancas pos-transgeracionais revelando
alteracdo no perfil de metilacdo das histonas e na expressao de fatores de transcri¢do neuronais.
O estudo ressalta o peixe-zebra como um bom modelo para avaliagdo da expressdao génica com
foco em modifica¢bes quimicas de carater reversivel no DNA (VALLES et al., 2020).

De acordo com Williams et al. (2014), areas como a toxicogendmica e a
toxicoepigenémica tém sido amplamente beneficiadas com o crescimento de D. rerio no estudo
da toxicologia, especialmente devido a conservacao no perfil de transcricdo e vias metabdlicas
encontradas neste teledsteo, possibilitando a extrapolagdo de resultados para outros organismos
(WILLIAMS; MIRBAHALI; CHIPMAN, 2014). Foi demonstrado também que D. rerio é um
bom modelo experimental para avaliacdo do consumo dietético de acidos graxos émega-6 e
o6mega-3 no desenvolvimento de obesidade induzida, na perspectiva de avaliar o impacto do
consumo desses lipideos sobre parametros no sucesso reprodutivos entre machos e fémeas bem
como a viabilidade dos embrides (FOWLER et al., 2020).

A similaridade funcional e organizacdo morfologica do pancreas de D. rerio com o
pancreas de mamiferos tém proporcionado o estudo das relagbes hormonais e genéticas
relacionados ao Diabetes Mellitus, usando principalmente linhagens transgénicas desse
organismo (KIMMEL; MEYER, 2016). Ja é conhecido que no desenvolvimento de humanos e
peixe-zebra, as células que expressam insulina surgem antes do aparecimento das células
capazes de produzir glucagon, enquanto nos roedores essa ordem é inversa. Assim, existe uma
maior similaridade entre humanos e peixes, no que diz respeito a formacdo de algumas regibes
do péncreas, do que de humanos e camundongos (PRINCE; ANDERSON; DALGIN, 2017).

A técnica CRISPR (“Clustered Regularly Interspaced Short Palindromic Repeats™) vem
revolucionando a area da genética e da gendmica. Aliado a isso, varios estudos vém
demonstrando a utilizacdo de D. rerio para edi¢Ges genéticas devido as vantagens conferidas
pelo rapido desenvolvimento e similaridades genéticas com humanos. Sua utilizacdo vem sendo
feita principalmente para a geracdo de linhagens “knock-out” e “knock-in” para genes
especificos (LI et al., 2016a).

No campo da oncologia, D. rerio tem sido eficiente em mimetizar neuroblastomas
devido a inducéo de genes caracteristicos das células deste tumor. Além disso, esse modelo vem
auxiliando na compreensdo dos mecanismos de progressdo da doenca, assim como na
elaboracdo de novas drogas e formas de tratamento (ZHU; THOMAS LOOK, 2016).
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Outro aspecto importante da utilizacdo desse modelo na oncologia diz respeito a sua
similaridade de telémeros, estruturas que estdo associadas a senescéncia celular e também
alguns tipos de canceres. Tanto o comprimento dessas estruturas quanto a regulacdo da sua
atividade na célula parecem ocorrer de forma similar aquela de humanos (BARRIUSO;
NAGARAJU; HURLSTONE, 2015).

Outros estudos ressaltam D. rerio como adequado para o estudo de condigdes
neuroldgicas como as convulsdes epiléticas, tendo em vista que este organismo apresentou
alteracdes na expressao génica e proteica similares aquelas encontradas em modelos de roedores
classicamente utilizadas nos ensaios pré-clinicos (PAUDEL et al., 2020). Ainda, como sistema
modelo D. rerio tem se mostrado uma valiosa estratégia para estudar a patofisiologia e génese
de vérias doencas como: doencas renais (MORALES; WINGERT, 2017), doencas
hematopoiéticas (GORE et al., 2018), desordens cerebrais (KALUEFF; STEWART; GERLAI,
2014), doengas no figado (GOESSLING; SADLER, 2015), doengas humanas raras
(ADAMSON; SHERIDAN; GRIERSON, 2018) e doencas cardiovasculares e metabdlicas
(GUT et al., 2017). Além disso, esse modelo tem sido util na area da neurofarmacologia (DE
ABREU et al., 2019) em estudos toxinoldgicos (VARGAS; SARMIENTO; VASQUEZ, 2015),
compreenséo da evolugéo do sistema imunologico de vertebrados (GARCIA-MORENO et al.,
2019), regeneracdo de 6rgdos (SHI et al., 2015) e entendimento do comportamento social
(GENG; PETERSON, 2019).

2.3 Parte 111 — Predicao de peptideos inibidores da ECA-1 e DPP-1V em sequéncias de
lectinas vegetais

2.3.1 Proteinas e peptideos terapéuticos

Proteinas e peptideos terapéuticos sdo moléculas de natureza proteica que apresentam
atividade bioldgica relevante no contexto das patologias e bem-estar metabolico. As varias
funcbes que as proteinas exercem fazem delas grandes alvos da pesquisa moderna a fim de
buscar novas atividades e potenciais aplicagdes (SANCHEZ-RIVERA et al., 2014; HAYES,
2018).

Nessa perspectiva, as proteinas de origem vegetal vem se destacando como interessantes
recursos para a prospeccéo e identificagdo de novas proteinas, especialmente com potencial
farmacoldgico (LEAL et al., 2016). As diversas aplicacGes das proteinas terapéuticas vegetais
vém sendo evidenciadas devido as suas propriedades anti-inflamatdrias, antioxidantes,
antitumoral, antiparasitaria, antidiabéticas (MAESTRI; MARMIROLI; MARMIROLLI, 2016).
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A principal justificativa para o uso de proteinas e peptideos como forma de tratamento resulta
da sua alta especificidade, alta atividade, baixa toxicidade e o minimo de interacGes
inespecificas quando administrada (RENUKUNTLA et al., 2013).

Vale ressaltar que além dos polimeros de proteinas bioativos encontradas na maioria
das plantas, diversos peptideos com relevante significado bioldgico sdo produzidos a partir da
quebra dessas moléculas (HAJFATHALIAN et al., 2018). Durante a ingestdo, as proteinas sdo
quebradas enzimaticamente em tamanhos menores para que possam ser absorvidas pelo
organismo, normalmente na forma de aminoacidos. No entanto, € esperado que alguns
peptideos ndo sejam digeridos e dessa forma serdo absorvidos pelo organismo em sua forma
peptidica contendo ndmeros diferentes de residuos de aminoécidos (TOLDRA et al., 2018).
Outro processo comum na producdo desses peptideos endogenamente é a fermentacdo, este
processo € mediado por bactérias da flora intestinal que secretam proteases para promover a
hidrdlise das proteinas (HAJFATHALIAN et al., 2018).

A utilizacdo de farmacos de natureza proteica possui diferentes formas de
administracao, garantindo a manutencao da estrutura primaria da proteina e consequentemente
sua funcdo (JITENDRA et al., 2011). Vale ressaltar ainda, que a forma de administracdo das
proteinas terapéuticas deve ser levada em consideracdo, pois sabe-se que a via oral ird degradar
as proteinas em diferentes estagios (RENUKUNTLA et al., 2013). Outra forma de utilizacao
das proteinas terapéuticas que vem se destacando € a formulacdo em capsula. Este método
objetiva realizar a entrega da proteina apenas em compartimentos ideais, como o intestino,
preservando a atividade e o potencial terapéutico da proteina testada (KWON; DANIELL,
2016). Uma forma recentemente utilizada para efetuar a entrega de proteinas e peptideos com
atividade terapéutica é a bioencapsulacdo. Devido a composicdo da parede celular das plantas
(carboidratos como a lignina e a celulose), capsulas com essa estrutura vem sendo feitas para
realizar a entrega dessas drogas no epitélio intestinal, pois sabe-se que havera normalmente um
resisténcia as proteases humanas, que nao possuem especificidade para clivar a ligacdo desses
acucares da parede celular vegetal (XIAO et al., 2016).

Centenas de proteinas e peptideos com perfil terapéutico ja tiveram sua bioatividade
validada e a expectativa é que esse nimero aumente nos proximos anos (SANCHEZ;
VAZQUEZ, 2017). Este cenario tem sido favorecido pelo avanco das ferramentas in silico e
desenvolvimento de novas metodologias para prever a fungdo de proteinas e peptideos
(MINKIEWICZ et al., 2019). Metodologias computacionais na caracterizagdo de novas

moléculas podem reduzir tempo e dinheiro gasto nos estagios inicias da pesquisa, além de gerar
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dados robustos para as proximas fases da pesquisa (KRALJEVIC et al., 2004) Por exemplo, a
base de dados BIOPEP (http://www.uwm.edu.pl/biochemia/index.php/pl/biopep) € utilizada
para deposicdo e digestdo de sequéncias peptidicas, obtencdo do grau teérico de hidrdlise, entre
outras; ToxinPred (http://crdd.osdd.net/raghava/toxinpred/) € usado para analisar o potencial
toxico de sequéncias de peptideos; e o PeptideRanker (http://distilldeep.ucd.ie/PeptideRanker/)
usado para avaliar o potencial bioativo das sequéncias de interesse. Neste sentido, peptideos
derivados de plantas té-se mostrado como alternativas terapéutica e nutracéutica promissoras
no tratamento de algumas doengas, tendo em vista as diferentes atividades ja descritas na
literatura (GUANG; PHILLIPS, 2009; MAESTRI; MARMIROLI; MARMIROLI, 2016).
Dentre estas atividades, as propriedades anti-hipertensiva e antibiabética dos peptideos serdo

apresentadas em maiores detalhes a seguir.

2.3.1.1 Peptideos Anti-hipertensivos

Hipertensdo é uma doenca caracteriza pelo controle inadequado da pressdo sanguinea,
com individuos apresentando valores de pressdo arterial >140/90 mmHg. Os principais
componentes que atuam na regulacdo da pressdo sanguinea sdo: sistema nervoso simpatico
(SNS), regulacdo por horménios, sistema renina-angiotensina-aldosterona, além do controle
mecanico promovido pelo coragéo (O’SHEA; GRIFFIN; FITZGIBBON, 2017). Devido a essas
elavadas taxas, muito individuos se tornam mais suscetiveis ao risco de desenvolver doencas
cardiovasculares (ALUKO, 2015; POULTER; PRABHAKARAN; CAULFIELD, 2015). A
hipertensdo é uma das doencas cronicas que mais afetam as pessoas em todo o mundo (WHO,
2020). O estilo de vida é um dos principais fatores relacionados ao inicio da doenca, bem como
sua progressao e complicacbes (CHEUNG; LI, 2012). Além disso, caracteristicas genéticas
podem estar envolvidas na etiologia dessa desordem. Estudos tém mostrado que as variantes
genéticas sdo fundamentais para prever a suscetibilidade de desenvolver tais doencas (ONG et
al., 2008).

A pressdo sanguinea € controlada principalmente pelo sistema renina-angiotensina-
aldosterona (RAA). Quando a pressao sanguinea esta baixa, o rim expressa a proteina renina na
sua forma inativa chamada prorenina que sera posteriormente clivada para tornar-se
biologicamente ativa (PATEL et al., 2017). A renina por sua vez desempenha um papel
importante no inicio do sistema RAA pois € responsavel pela conversao do angiotensinogénio
para angiotensina I. Em seguida, a angiotensina | sera clivada pela ECA-1 formando como
produto a angiotensina-1l (MIRABITO COLAFELLA; BOVEE; DANSER, 2019). Esta, por

sua vez, atua como um potente vasoconstritor e retentor de sal. A producdo de angiotensina-1|
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leva & vasoconstricdo de veias e artérias, elevando dessa forma a pressdo sanguinea (NATESH
etal., 2003). Um dos eventos finais desse sistema é a expressdo de aldosterona, que funcionara
regulando a concentracdo dos ions sddio e potassio (AMES; ATKINS; PITT, 2019). Diferentes
inibidores para as enzimas desse sistema tém sido identificados, e estes atuam impedindo
principalmente a formagéo de angiotensina-11 (HE; LI1U; MA, 2013).

ECA-1 é uma dipeptidil carboxidase do grupo das metaloproteinases de zinco que
participa do sistema RAA e tem sido alvo farmacoldgico para o tratamento da hipertensdo ha
muitas décadas (VUKIC et al., 2017). ECA-I atua no sistema RAA transformando a
angiotensina-1 (decapeptideo) em angiotensina-Il (octapeptideo) através da remocdo dos
residuos His-Leu na por¢do C-terminal (FOUNTAIN; LAPPIN, 2018). Além disso, ECA-I
também é responsavel pela degradacdo de bradicinina, uma vasodilator que desempenha papéis
importantes na inflamacdo (PIRAHANCHI; SHARMA, 2019). Estruturalmente, a ECA-I tem
trés bolsdes de sitio ativo bem caracterizado: S1 (ALAsss, GLU384 and TYRs23), S2 (GLN2gy,
HIS3s3, LY Ss11, HISs13 and TYR520) and S1°(GLU162) (WU et al., 2015).

Peptideos inibidores de ECA-I foram identificados em uma ampla gama de espécies de
plantas (DASKAYA-DIKMEN et al., 2017). Os inibidores de ECA-I de origem natural ainda
séo uma alternativa de baixo custo com menos efeitos colaterais quando comparados aos anti-
hipertensivos mais comumente usados, tais como captopril e lisinopril (ERDMANN;
CHEUNG; SCHRODER, 2008; FITZGERALD; MEISEL, 2000).

Entre as principais caracteristicas compartilhadas pelos peptideos inibidores da ECA-I
estdo a sequéncia, composicdo de aminoacidos e tamanho da cadeia (DASKAYA-DIKMEN et
al., 2017). Os peptideos inibidores de ECA-I geralmente tém entre 2 e 12 residuos de
aminoécidos e peso molecular inferior a 3 kDa (LOPEZ-FANDINO; OTTE; VAN CAMP,
2006). Peptideos com potencial inibitério de ECA-I de tamanhos maiores podem ter sua
atividade reduzida devido a dificuldade encontrada para se ligar ao sitio ativo da enzima
(NATESH et al.,, 2003). Embora os tripeptideos geralmente tenham maiores atividades
inibitérias da ECA-I, os dipeptideos podem ter sua atividade aumentada (ou diminuida) se
houver a adicdo de um aminodcido especifico & sua por¢do N-terminal, transformando-se em
tripeptideos inibidores (LI et al., 2004).

Os peptideos inibidores de ECA-I apresentam forte hidrofobicidade em suas cadeias e
esta caracteristica tem sido fortemente associada ao seu mecanismo inibitdrio, principalmente
quando os amino&cidos Trp, Phe, GIx ou Pro estdo presentes na porcéo C-terminal (CHEUNG

et al., 2009). A presenca de aminoacidos arométicos (como triptofano, tirosina e fenilalanina)
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e cadeias laterais ramificadas na por¢do COOH-terminal dos peptideos foram relatadas como
caracteristicas importantes encontradas em peptideos inibidores de ECA-I, enquanto a por¢ao
NH.-terminal geralmente tem aminoacidos ramificados (GUANG; PHILLIPS, 2009; LI et al.,
2004).

Os peptideos inibidores da ECA-I também apresentam efeito imunomodulador quando
0s peptideos possuem arginina na por¢do C-terminal, podendo se ligar a receptores de células
T e modular a expressdo de linfocinas (MEISEL, 1997; SANTIAGO-LOPEZ et al., 2016).
Sequéncias ricas em peptideos hidrofilicos reduzem o acesso dessas sequéncias ao sitio ativo
da enzima e consequentemente reduzem a atividade inibitoria (LI et al., 2004). O tamanho
desses peptideos tem uma forte influéncia na forma como eles séo entregues as células porque
a taxa de absorcao de pequenos peptideos (di e tripeptideos) € maior do que a taxa de absorcao
de aminoécidos livres (WEBB, 1990). Embora ndo seja comum, tem sido sugerido que mesmo
pequenas quantidades de peptideos bioativos na dieta podem ter um efeito bioldgico
(ROBERTS et al., 1999). Outro mecanismo de inibicéo proposto para ECA-I é a quelagéo do
atomo de zinco presente no sitio ativo (SUETSUNA, 1998). A quelacdo de atomos de zinco
mediada por peptideo ocorre principalmente quando a carga do peptideo é negativa devido a
presenca de aminoacidos como Asp e Glu, criando interacdes idbnicas com o metal necessario
para a atividade catalitica da enzima (ALUKO, 2015).

Para exemplificar os peptideos anti-hipertensivos, temos o peptideo Leu-Leu obtido a
partir do hidrolisado de proteina de soro de leite que é capaz de se ligar aos aminoacidos que
compdem o sitio ativo da ECA-I e estabilizar sua ligacdo por meio do hidrogénio. Essa interacdo
resultou em uma alta interacdo peptideo-enzima, evidenciada por uma baixa energia de ligacao
(PAN et al., 2012). Peptideos anti-hipertensivos das proteinas do mel mostraram uma potente
inibicdo da ECA-I através da interacdo por ligagdes de hidrogénio com o bolsdo S1 e S2 da
enzima (TAHIR et al., 2020). Como inibidores ndo competitivos de ECA-I, Ala-Val-Lys-Val-
Leu, Tyr-Leu-Val-Arg e Thr-Leu-Val-Gly-Arg de Corylus heterophylla (aveld) tém a
capacidade de se ligar a locais diferentes do local ao qual o substrato enzimatico natural se liga
e, assim, inibir a formagdo do complexo enzima-substrato (LIU et al., 2018a). Analises in silico
revelaram que a digestdo da enzima RuBisCO gera varios peptideos com bioatividade relevante,
principalmente antioxidantes e inibidores de ECA-1 e DPP-IV (UDENIGWE; GONG; WU,
2013).

O peptideo Thr-Asn-Leu-Asp-Trp-GIx das sementes de Ginkgo biloba também foi

capaz de inibir a ECA-1 ao se ligar ao &tomo de zinco, criando liga¢des de hidrogénio e forcas
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de Van der Waals com aminoéacidos presentes nos bolsdes S1 e S2. Por outro lado, o peptideo
Arg-Ala-Asp-Phe-Tyr de G. biloba embora apresente 0os mesmos tipos de interacdo entre os
aminoacidos, apenas o0 bolsao S2 ativo esta envolvido nainibicdo (MA et al., 2019). A atividade
anti-hipertensiva de peptideos obtidos de Gracilariopsis lemaneiformis (Rhodophyta), tem
mostrado que ambas as sequéncias atuam por inibicdo ndo competitiva, formando ligagdes de
hidrogénio principalmente com residuos de aminoacidos presentes nos bolsdes S1 e S2 (DENG
etal., 2018).

2.3.1.2 Peptideos Antidiabéticos

Diabetes tipo 2 é uma desordem metabdlica multifatorial caracterizada pelo aumento
dos niveis glicémicos de forma crbénica em seus portadores, sendo em muitos casos
acompanhado da deficiéncia na secre¢do da insulina (GUTHRIE; GUTHRIE, 2004). De acordo
com dados da Organizacdo Mundial da Saude (OMS), estima-se que existam cerca de 422
milhdes de pessoas vivendo com diabetes mellitus no mundo (WHO, 2020). Embora
amplamente distribuida no mundo, atualmente China, india e Estados Unidos s&o 0s paises com
0 maior numero de pacientes diabéticos. Além disso, 0 nimero crescento de novos casos ao
longo dos anos alcangou em 2015 o numero de diabéticos previsto para o ano de 2030. Grande
parte dessa mudanca deve-se a fatores como estilo de vida sedentario, habitos alimentares nao
saudaveis, histérico familiar, status socio-econémico, idade e fatores genéticos (GUTHRIE;
GUTHRIE, 2004; HURTADO; VELLA, 2019; ZHENG; LEY; HU, 2018).

A obesidade tem se destacado com um dos principais fatores de risco para o surgimento
da diabetes e um dos seus efeitos no metabolismo corresponde a diminui¢do na eficiéncia do
transporte de glicose e alteracdes na sensibilidade da insulina sobre seus receptores, provocando
nos tecidos resisténcia a esse horménio (MALONE; HANSEN, 2019). A resisténcia insulinica
€ um evento comum na progressdo dessa doenga e, em muitos casos, 0 acimulo de tecido
adiposo pode interferir no metabolismo e secrecdo de substancias que regulam as funcbes da
célula (AL-GOBLAN; AL-ALFI; KHAN, 2014; RODRIGUES et al., 2019). As complicacdes
que caracterizam a diabetes e podem acompanhar a evolugdo dessa doenca incluem a cetose
diabética, retinopatia, neuropatia e nefropatia diabética, assim como outras complica¢fes micro
e macrovasculares que sdo na maior parte decorrentes de eventos hiperglicémicos nao
controlados (FITE; LAKE; HANFORE, 2019; FOWLER, 2008; WU, 2015).

Biomarcados ndo genéticos tém sido utilizados ha bastante tempo para a avaliacdo da
diabetes, como, por exemplo, a avaliagdo de HbAlc e hormdnios enddcrinos envolvidos na

diabetes. No entanto, os biomarcadores ndo-genéticos como micro-RNAs, embora néo
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apresentem resultados sélidos na literatura, podem ser no futuro uma alternativa mais
personalizada de avaliagdo da doenga (LAAKSO, 2019). A diabetes mellitus do tipo 2 pode ser
dividida em cinco estagios: estagio 1 - pré-diabetes; estagio 2 - diabetes sem complicacdes;
estagio 3 - diabetes com complicacGes moderadas; estagio 4 - diabetes com deficiéncia absoluta
de insulina e estagio 5 - diabetes com complicagdes sérias (WU, 2015).

Além do horménio insulina, que desempenha um papel fundamental na patofisiologia
da diabetes, outros hormonios de grande relevancia no contexto da diabetes séo as incretinas
(DEACON; AHREN, 2011). Estes hormdnios sdo produzidos no trato gastrointestinal e estima-
se que as incretinas estejam envolvidos na homeostase da glicose, respondendo a quase 50% da
liberagéo de insulina (TSENG; ZHANG; WOLFE, 1999). As duas principais incretinas GIP
(“Glucose-dependent insulinotropic polypeptide”) e GLP-1 (“Glucagon-like peptide-1")
apresentam niveis sanguineos baixos em individuos em jejum e niveis aumentados quando
ocorre a ingestdo de alimentos que elevem os niveis glicémicos (NAUCK; MEIER, 2018).

Estima-se que que GIP e GLP-1 apresentem uma meia-vida de 7 e 2 minutos na corrente
sanguinea, embora ndo seja conhecido se o tempo de vida plasmatica influencie na sua atividade
insulinotropica (SHUBROOK et al., 2011). O horménio GIP é produzido pelas células-K na
porcao proximal do intestino, especialmente no duodeno. O horménio GLP-1 é produzido pelas
células-L na porgdo mais distal do intestino, como o ileo (DEACON; AHREN, 2011). GIP e
GLP-1 estimulam a secrecdo de insulina principalmente através de receptores localizados nas
células B-pancreaticas, além disso, 0 GLP-1 tem sido implicado na proliferacéo e diferenciacdo
de células B pancreaticas (BUTEAU et al., 1999).

Os receptores das incretinas sdo receptores acoplados a proteina G e a ligacdo desses
hormonios desencadeia uma cascata de sinalizacdo que resulta em niveis elevados de calcio
intracelular e cAMP. Essa cascata libera insulina pré-formada em pequenos granulos nas células
B-pancredticas atraves de exocitose (HOLST; GROMADA, 2004; POWER et al., 2014). As
incretinas sdo hormdénios importantes no contexto da diabetes, tem sido sugerido que pacientes
com grau avancado da doenga expressam e secretam GLP-1 em menor quantidade que
individuos saudaveis (NAUCK; MEIER, 2018).

A inibicdo da enzima DPP-IV como estratégia para manter os niveis de insulina em
niveis adequados continua sendo o assunto de pesquisas recentes no campo da farmacologia
(GAO et al., 2015). As incretinas GIP e GLP-1 s&o os principais alvos da enzima dipeptidil
peptidase-1VV (DPP4). Essa enzima € uma serino-peptidase que regula a concentra¢do de

incretina no corpo auxiliando na homeostase da glicose sanguinea, principalmente pela
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regulacdo de insulina e glucagon (MCINTOSH et al., 2005). DPP-1V atua enzimaticamente
clivando aminodcidos que estejam apds residuos de alanina na posi¢do 2 de uma sequéncia,
principalmente na porcdo N-terminal (PATIL et al., 2015). Devido aos efeitos fisioldgicos
envolvendo essa enzima, a inibicdo de DPP-IV tem sido implicada como uma boa estratégia
para manter os niveis insulinicos elevados e continua sendo alvo de importantes estudos na
descoberta de novos farmacos antidiabéticos (LU et al., 2019).

Nesse contexto, os peptideos inibidores da DPP-IV surgiram nesse cenario como uma
alternativa ao uso dos antidiabéticos tradicionais. Considerando que a elevacdo de CAMP atua
em diferentes mecanismos na célula, é possivel que outras vias de sinalizacdo como a MAP
quinase e as vias da fosfatidilinositol 3-quinase / proteina quinase B também estejam envolvidas
na ativacdo dos receptores de incretinas (HOLST; GROMADA, 2004). Também ¢ sugerido que
a via da fosfatidilinositol 3-quinase ativada pela incretina é responsavel pela proliferacdo de
células beta no pancreas devido ao aumento dos niveis de PDX-1, um importante fator de
transcricdo envolvido no desenvolvimento do pancreas, e na expressao de genes como
transportadores de insulina, glucosinase e GLUT-2 (BUTEAU et al., 1999). O GLP-1 tem sido
implicado na reducéo da apoptose em células pancreéticas, evidenciado pela baixa condensacéo
nuclear, superexpressao do gene antiapoptético Bcl-2 e subexpressao da caspase-3 (FARILLA
et al., 2003).

Os inibidores DPP-1V sdo principalmente inibidores competitivos, bloqueando a ligacéo
da enzima e seu substrato natural (PATIL et al., 2015). No entanto, foi observado que os
inibidores da DPP-1V de longa acdo podem atuar como inibidores ndo competitivos, ligando-
se a sitios secundarios e modificando a acdo da enzima (NONGONIERMA; FITZGERALD,
2013; POWER et al., 2014).

Diferentes fontes nutricionais ja apresentam potencial inibitdrio para esta enzima como
alternativa terapéutica no tratamento do Diabetes (PATIL et al., 2015; POWER et al., 2014).
Embora varias fragcdes de hidrolisados de proteina de soro de leite com cerca de 3-10 kDa
possam inibir DPP-1V, o0s peptideos que mostraram as atividades inibitorias mais altas tém um
peso molecular inferior a 3 kDa (KONRAD et al., 2014).

Estudos in vivo demonstraram que o hidrolisado de proteina zeina de milho, contendo
peptideos inibidores de DPP-IV, foi capaz de aumentar a concentracdo de insulina no sangue
em até 6,3 vezes em comparagdo com os ratos do grupo controle (MOCHIDA; HIRA; HARA,
2010). Embora menos comum, DPP-1V pode ser inibida por aminoécidos livres, com excecao

da leucina, metionina e triptofano (POWER et al., 2014). Porém, estudos realizados com a
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proteina zeina do milho, mostraram que os aminoacidos livres obtidos a partir dos hidrolisados
s&o menos eficazes na promocgao da secre¢do de GLP-1 pela inibicdo da DPP-IV (MOCHIDA;
HIRA; HARA, 2010). Phalaris canariensis (capim-candrio), que pertencente a familia das
gramineas, apresentou peptideos inibitorios para ambas as enzimas, DPP-IV e ECA-I,
encriptados em proteinas de armazenamento (ESTRADA-SALAS et al., 2014). Vérios
peptideos inibidores de DPP-1V de diferentes fontes alimentares, como ovos de galinha, carne
bovina, soja, cevada, dentre outros, ja& foram preditos usando abordagens computacionais
(LACROIX; LI-CHAN, 2012).

Em hidrolisados preparados a partir de sementes de A. hipocondriacus L. observou-se
que os peptideos inibidores de DPP-IV apresentam tamanhos menores que 10 kDa. Além disso,
esses peptideos interagem com DPP-IV principalmente por meio de ligacbes de hidrogénio e
interacdes hidrofobicas (VELARDE-SALCEDO et al., 2013). Como visto para os peptideos
obtidos a partir do hidrolisado de suco de cozimento de atum, a maioria dos peptideos com
atividade inibitéria da DPP-IV tem aminoacidos hidrofobicos, como Val, Leu, lle, Trp, Phe e
Cys (HUANG et al., 2012).

Vérios outros peptideos inibidores ja foram identificados em A. hypochondriacus,
porém os inibidores DPP-IV e ECA-I tém a maior frequéncia de ocorréncia (SILVA-
SANCHEZ et al., 2008). Peptideos inibidores DPP-1V com cerca de 300 Da foram encontrados
nas sementes de Oryza sativa (arroz), com lle-Pro / Met-Pro e Pro-lle / Gly-Pro mostrando a
maior e menor atividade inibitéria DPP-IV, respectivamente (HATANAKA et al., 2012).
Outros aminodcidos hidrofébicos e hidrofilicos também podem estar presentes, embora o papel
dos aminoacidos hidrofilicos ainda ndo seja bem compreendido (NONGONIERMA,
FITZGERALD, 2019). O GLP-1 e o GIP sdo horm6nios com atividade insulinotrépica, que
perdem essa atividade ap0s a inibicao pela DPP-1V. Desta forma, a inibicdo da DPP-IV leva a
uma maior estimulag&o da insulina enquanto os niveis de glucagon s&o reduzidos, promovendo
um balanco positivo na homeostase da glicose em pacientes diabéticos (POWER et al., 2014).

Um heptapeptideo interagindo com os aminoacidos da enzima DPP-1V foi identificado
no colostro de bdfala e 0 aminoacido ARG125 parece exercer uma grande influéncia nesta
ligacdo, uma vez que a Diprotina (A), um conhecido inibidor da DPP-1V, também requer esta
interacdo em sua inibicdo (ASHOK; BRIJESHA; APARNA, 2019). O peptideo TTAGLLE
isolado de feijdo caupi (Vigna unguiculata) foi o Gnico entre varias sequéncias peptidicas capaz
de interagir com o sitio ativo e os bolsGes S2/S3 por meio principalmente de interacfes

eletrostaticas, embora ndo tenha apresentado os melhores valores de energia de ligacao livre
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(DE SOUZA ROCHA et al., 2014). Como esperado para a maioria dos peptideos inibidores da
DPP-1V, os peptideos extraidos do amaranto (A. hypochondriacus L.) interagem com o sitio
ativo da enzima por meio de interacdes hidrofobicas e ligacdes de hidrogénio. No entanto, em
uma propor¢do muito pequena, alguns residuos de aminoacidos positivos, como histidina e
arginina, também foram capazes de interagir com a enzima (VELARDE-SALCEDO et al.,
2013). Dentre vérios peptideos obtidos a partir da hidrolise da napina, principal a proteina da
colza (Brassica napus), observou-se que o nimero de ligacbes de hidrogénio e as interacdes
totais entre os aminoacidos do complexo peptideo-enzima ndo tiveram relacdo com a
intensidade de inibicdo enzimatica e os diferentes peptideos obtidos conseguiram interagir nos
bolsbes S1, S2 e S3 da enzima DPP-IV (XU et al., 2019).
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Highlights:

- The okra lectin (AEL) presents anticancer and anti-inflammatory properties.
- AEL showed relevant identity with antinutritional and allergenic proteins.

- AEL showed in vitro inhibitory activity of intestinal proteases.

- AEL was susceptible to in vitro simulated gastrointestinal digestion.

- AEL did not cause mortality or morphological changes in zebrafish embryos.
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Abstract

The Abelmoschus esculentus lectin (AEL) has stood out as a promising therapeutic agent in
view of its anti-inflammatory, anticancer and antinociceptive properties. Thus, this study aimed
to carried out an early risk assessment to gather information on the safety of AEL for
pharmaceutical applications. The history of safe use showed no hazard reports for the A.
esculentus species and AEL, while for the lectin class its toxic and/or anti-nutritional effects
are described. No relevant identity of AEL full-length amino acids sequence with allergenic,
toxic and/or antinutritional proteins was observed in NCBI databases. Likewise, no identity >
50% in allergen databases was found. However, the AEL sequence showed similarity with
allergens (mainly serine protease inhibitors) when comparisons were made using 80 amino
acids sliding window parameter (identity > 35%). AEL showed in vitro inhibitory activity of
trypsin and chymotrypsin (90% and 97% inhibition, respectively) which were resistant to heat
treatment. In contrast, the lectin had its digestion completed in the first minutes of the intestinal
phase of in vitro sequential digestion. AEL did not cause acute adverse effects to zebrafish
embryos. Taken together, the results indicate that AEL is potentially safe for further exploration

in therapeutic applications.

Keywords: allergenicity, in vitro digestibility, plant lectin, protease inhibitor, embryotoxicity.
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1. Introduction

Lectins comprise a heterogeneous class of proteins that selectively bind to
carbohydrates and are present in a wide variety of plant foods, especially seeds and tubers like
cereals, potatoes and beans (Hamid and Masood, 2009; Miyake et al., 2007). Research focused
on lectin-based drug development has been given much attention due to the large number of
their biological activities, including the improvement of renal function (Jiandong et al., 2019),
antioxidant activity (Sabitha et al., 2012), antifungal (Wu et al., 2016) and anti-tumor effects
(de Brito Marques Ramos et al., 2019). These molecules are also known to cause acute toxic
effects when lectin-containing undercooked vegetables are ingested, which is accompanied by
nausea, vomiting and diarrhea (Vasconcelos and Oliveira, 2004; Miyake et al., 2007). Despite
being one of the most studied classes of proteins, the mechanism behind the toxicity of lectins
remains poorly understood (Miyake et al., 2007). However, the broad profile of biological
activities carried out by lectins sheds light on many medical fields as they are considered a
promising therapeutic protein class.

In this context, the lectin from Abelmoschus esculentus (AEL) seeds has been
highlighted as a promising candidate for medical and pharmaceutical applications. Pioneering
studies have shown that this lectin presents anti-inflammatory and antinociceptive activity in
mice, and equally to other plant lectins, presents hemagglutinating activity (De Sousa Ferreira
Soares et al., 2012). In a recent study, it was reported the selective activity of AEL against the
MCF-7 breast cancer cell line through a proapoptotic mechanism (Monte et al., 2014). Also
regarding its potential pharmacological use, this lectin has been gaining prominence as an
analgesic, antinociceptive and anti-inflammatory agent for treatment of temporomandibular
disorders, in part due to its interaction with opioid receptors and reduction of pro-inflammatory
cytokines (Alves et al., 2018; Freitas et al., 2016). Nevertheless, few studies have sought to

assess potential undesirable effects of this lectin, since it has already been reported that the
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extract of A. esculentus has moderate allergenicity (Manda et al., 1992) and trypsin inhibitory
activity (Datta et al., 2019).

The safety of use of novel proteins, whether with a dietary or therapeutic perspective,
has been carried out mainly based on the guidelines for risk assessment of allergenicity for
GMOs (Genetically Modified Organisms) proposed by EFSA in 2010 (EFSA GMO Panel,
2010; Verhoeckx et al., 2019). In that context, the use of holistic approaches in the evaluation
of new molecules has been of great value in generating more robust results about their safety
(Crump et al., 2010). Results provided in these analysis when taken together provide a solid
base of information to be used to reduce the time and costs with pre-clinical trials, also because
they are limiting factors for the characterization of a new therapeutic agent (Parng et al.,
2002; Kraljevic et al. 2004). At the same time, such approaches are also capable of improving
in vivo assays, reducing the number of animals in experimental tests (Franceschi et al., 2017).
Therefore, it is important that candidate proteins for drug development, and not just those
originated from GMOs, are also assessed to their safety. A recently published study
demonstrated the safety of the protein miraculin, commonly used as a food additive, by adopting
an in silico and in vitro approach to evaluate its allergenic and toxicological potential based on
the FAO/WHO and Codex Alimentarius guidelines (Tafazoli et al., 2019).

It is well known that some proteins can provoke an immune response due to cross-
reactivity with endogenous proteins (Kirshner, 2014). The use of these proteins as a form of
treatment deserves attention regarding the safety of use and the potential unintended effects that
may arise. Much attention has been paid to multidisciplinary risk assessments especially as they
have become an important tool to validate the safety of these proteins for this purpose,
especially related to immunogenicity (Gaitonde and Balu-lyer, 2011). Although proteins are

attractive from the medical point of view, it is necessary to assess their risks of use through
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different approaches, as it is widely reported that many allergens, toxins and antinutrients are
of protein nature (Delaney et al., 2008; Farias et al., 2015).

Here, we aim to assess the safety of the lectin from A. esculentus seeds through
assessments in silico, in vitro and in vivo. First, we have initially carried out a literature review
to construct its history of safe use (HOSU) followed by in silico analysis to search similarities
of the full-length amino acids sequence of AEL with those of proteins described as allergenic,
toxic and/or antinutritional. In vitro tests were performed to evaluate the protease inhibitory
activity of AEL, as well as its susceptibility to digestion and thermal stability. Finally, this lectin

was assessed for its acute toxic effects by using the zebrafish embryotoxicity test (ZET).

2. Materials and Methods
2.1 A. esculentus (AEL) sample

A lyophilized sample of 50 mg of A. esculentus lectin was kindly provided by Professor
Tatiane Santi-Gadelha, coordinator of the Laboratory of Biochemistry, Genetics and
Radiobiology, Federal University of Paraiba (Jodo Pessoa, Brazil), and kept refrigerated until
the moment of the analysis. The isolation of AEL followed the methodology pioneering
described by De Sousa Ferreira Soares et al. (2012). The AEL sample provided was >99% of

purity (SDS-PAGE analysis).

2.2 History of safe use

A literature review was carried out regarding the HOSU of the A. esculentus species and
lectins with emphasis on AEL. To guide this search, the following parameters were followed:
(1) exposure to humans or animals and their respective results; (2) advantages or disadvantages
associated with the use and consumption; (3) biological activities reported. For this, the

PubMed database (pubmed.ncbi.nlm.nih.gov/) was accessed. To broaden this research, the
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synonymy most used for the species (Hibiscus esculentus) was also used. The search was
carried out using keywords in different combinations: Hibiscus esculentus; Hibiscus esculentus
and allergy; Hibiscus esculentus and use; Abelmoschus esculentus; Abelmoschus esculentus
and intake; Abelmoschus esculentus and lectin; Abelmoschus esculentus and toxicity;
Abelmoschus esculentus and use; Abelmoschus esculentus and allergenicity; Abelmoschus

esculentus and AEL. The search was conducted between September and November 2020.

2.3 Bioinformatics analysis

The primary amino acids sequence of AEL was provided by Prof. Tatiane Santi Gadelha
from the Federal University of Paraiba, Jodo Pessoa, Brazil (Figure 1).

An in silico search was carried out to assess the degree of similarity of the full-length
amino acids sequence of AEL with those of proteins known to be allergenic, toxic and/or
antinutritional for humans. The AEL sequence in FASTA format (Pearson; Lipman, 1988) was
run  against  proteins  deposited in  the NR and Model Organisms

(https://www.ncbi.nlm.nih.gov/) reference databases. The algorithm used was BLASTP+ and

the scoring matrix was BLOSUMG62. The alignments were carefully checked for specific details
[E-value <0.01, shared identity >50%, alignment size and gap frequency (gap) <6%] to indicate
the relevance of any similarity found as suggested by Séa et al. (2020). Then, the results of the
alignment considered relevant were searched in the literature to find reports of adverse effects
(toxicity, antinutritional and allergenicity).

Another in silico search was carried out to specifically assess the degree of similarity of
the AEL amino acids sequence with allergenic proteins, using the criteria established by
FAO/WHO (2001). The lectin sequence was compared to the allergen sequences deposited in
the following databases: (1) Structural Database of Allergenic Proteins (SDAP), from the

University of Texas (fermi.utmb.edu/SDAP/); (2) AllergenOnline (AOL) from the University
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of Nebraska-Lincoln (allergenonline.com/) and (3) Allermatch from the Wageningen

University and Research Centre (allermatch.org/). The complete sequence of AEL in FASTA

format was subjected to comparisons, using as filter (cutoff) E-value < 0.1 and alignments with
identity > 50% being considered relevant (Aalberse and Van Ree, 2000). AEL sequence
comparisons were also performed against allergenic proteins using the parameter of 80 amino
acids sliding window for detection of identity > 35%, and contiguous sequences of eight, seven
or six amino acids showing 100% identity. All comparisons were run during the period from

October to November 2020.

2.4 Mode of action and specificity

According to the indications of Delaney et al. (2008), a search was conducted in order
to summarize the data available in the literature on the mode of action and specificity of lectins
with  focus on A. esculentus lectin. To this end, the PubMed database
(ncbi.nlm.nih.gov/pubmed/) was accessed, using combinations of keywords as follows: (1)
mode of action and lectins; (2) mode of action and lectins and specificity; (3) mode of action
and Abelmoschus esculentus lectin; (4) mode of action and Abelmoschus esculentus lectin and

specificity. The search was carried out in the period from October to November 2020.

2.5 Inhibitory activity of intestinal proteases

Evaluation of intestinal protease inhibitory activity by AEL was performed following
the protocol described by Erlanger et al. (1961). Initially trypsin (0.1 mg/mL) and chymotrypsin
(0.2 mg/mL) solutions were prepared using 1 mM HCI, and a 2% azocasein solution using 50
mM Tris-HCI buffer, pH 7.5, for the construction of an enzyme curve with different enzyme
volumes in order to establish the most appropriate volume to be used in the evaluation of the

inhibitory activity. Volumes of 10 and 15 pL for trypsin and chymotrypsin, respectively, were
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established. The trypsin and chymotrypsin enzymes were incubated with 50 mM Tris-HCI
buffer with 20 mM CaCl2, pH 7.5, at a constant temperature of 37 °C. To the tests and blanks
were added 100 pL of AEL at a concentration of 1 mg/mL followed by an incubation for 15
min at 37 °C. At the end of this period, the 2% azocasein substrate was added to the standards
and tests. Again, an incubation of this mixture was done for 15 min. Trichloroacetic acid 20%
was added to stop the reaction. Finally, 2% azocasein solution was added to the blanks and the
inhibitory activity promoted by AEL was measured spectrophotometrically at the wavelength
of 440 nm. Inhibitory activity was calculated following the formula: Inhibitory Activity (%) =
(Test Abs - White Abs) x 100 / Standard Abs. Assays were performed in quadruplicate for each

test sample.

2.6 In silico prediction of susceptibility to digestion

An in silico prediction of AEL susceptibility to digestion was carried out to evaluate its
resistance to major gastrointestinal proteases. Using the Peptide Mass tool from the EXPASy
Bioinformatics Resource Portal (web.expasy.org/peptide_mass/), the complete AEL amino
acids sequence was firstly submitted to pepsin proteolysis (pH 1.3). Then each peptide sequence
obtained was subjected to a new trypsin proteolysis. The number and mass (Da) of the peptides

generated were registered in each stage.

2.7 Sequential in vitro digestion

The AEL susceptibility to sequential in vitro digestion followed the protocol described
by Farias et al. (2015), with slight modifications. Initially, pepsin (P7012, Sigma) and AEL
were prepared separately in the concentrations of 1.0 and 2.5 mg/mL, respectively, using as a
solvent an acidic solution (NaCl 34 mM, HCI 0,7% pH 1,0-2,0). Then, 250 pL of pepsin

solution were mixed with AEL solution, in the proportion of 1:10 (v/v), and incubated at 37 °C
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in a water bath with continuous stirring (80 rpm). The mixture remained incubated for 2 h at 37
°C under stirring, and aliquots of 100 uL were collected at different times of incubation (1, 5,
15, 30, 60 and 120 min), and then transferred to appropriate stopping buffer (2% SDS, 10%
Glycerol, 6% B-mercaptoethanol, 0.01% bromophenol blue, 200 MM DTT and 500 mM Tris-
HCI pH 2.0) in the ratio of 1: 1 (v/v) followed by heating at 100 °C for 5 min and then kept
frozen until electrophoresis analysis. Then, the pH of the remaining solution was adjusted to
8.0 with 1 M Tris-HCI, and an alkaline solution of 50 mM potassium phosphate, pH 8.0 and 1
mg/mL trypsin (T4799, Sigma) in the proportion of 1:1 was added. The mixture was incubated
and aliquots were collected as described, and then they were transferred to stopping buffer (3%
SDS, 17% glycerol, 8.5% B-mercaptoethanol, 0.01% bromophenol blue, 170 mM DTT, 6 mM
PMSF, 200 mM Tris-HCI pH 7.2). Aliquots were subjected to heating and finally were kept
frozen until electrophoresis analysis. The digestibility of AEL was monitored by Tricine-SDS-
PAGE (15%) (Schagger and von Jagow, 1987), stained using Coomassie Blue R-250 following

the Blue silver method (Candiano et al., 2004).

2.8 Stability of the protease inhibitory activity to thermal treatment

AEL samples at a concentration of 1.0 mg/mL were incubated in a water bath at
approximately 100 °C for 10, 30 and 60 min. After the different times of incubation, the samples
were rapidly cooled down and kept frozen until the time of analysis. The stability of trypsin and
chymotrypsin inhibitory activities of AEL heat-treated samples was assessed as described
earlier (2.5). Inhibition of the inhibitory activity was calculated as follows: Inhibition (%) = 100

- Inhibitory Activity (%). Assays were performed in quadruplicate for each test sample.

2.9 Toxicity assay

2.9.1 Zebrafish embryos
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The zebrafish (Danio rerio) embryos were provided by the zebrafish facility established
at the Department of Molecular Biology, Federal University of Paraiba (Jodo Pessoa, Brazil).
Zebrafish adults (wild type strain) were kept at 26 + 1 °C under a 14:10 h (light:dark)
photoperiod. The water quality was maintained by activated-carbon filtration, conductivity at
750 £ 50 uS, and dissolved oxygen above 95% saturation. Fishes were fed daily with
commercial food (Tetra ColorBits, Germany) and Artemia sp. nauplii, being also monitored for
abnormal behavior or disease development.

To obtain embryos, an egg trap was placed overnight in a tank containing male and
female specimens (1:1 ratio) one day prior to testing. One hour after the beginning of the light
cycle, eggs were collected with a Pasteur pipette and rinsed with E3 medium (5 mM NacCl, 0.17
mM KCI, 0.33 mM CaClz and 0.33 mM MgSOQa) for subsequent selection of embryos by using
an inverted light microscope (100x magnification). Viable fertilized eggs were selected for
embryotoxicity analysis. All experiments were conducted with zebrafish in this study were
approved by the Committee on Ethical Use of Animals in Research (CEUA) of Federal

University of Paraiba, Brazil, certified by number 6743030518.

2.9.2 Acute toxicity test using zebrafish embryos

The Fish Embryo Acute Toxicity (FET) test was conducted with AEL according to
OECD’s guideline number 236 (OECD, 2013), with modifications. Zebrafish embryos with up
to 3 hpf (hours post fertilization) of age were exposed to 0.1 mg/mL of AEL (concentration that
corresponds to the ICso against the cancer cell line MCF7 and also that of greater solubility)
solubilized in E3 medium containing 0.1 M of sodium phosphate buffer, pH 7.4. For that, it was
prepared a 24-well plate containing 20 fertilized eggs (1 embryo per well in 2.0 mL of solution)
exposed to the test sample and 4 embryos were exposed only to E3 medium (internal controls).

Additional plates containing embryos exposed only to E3 medium (negative control) or E3
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medium containing 0.1 M of sodium phosphate buffer pH 7.4 (solvent control) were also
assayed. The exposure was performed for 96 h, and the embryos were analyzed every 24 h for
the apical endpoints: egg coagulation; lack of somite formation; lack of detachment of the tail-
bud from the yolk sac and lack of heartbeat. In the presence of any of these endpoints the
embryo/larva was considered dead. The exposures were under static conditions (without
renovation of test sample or controls). Observations were performed in a stereomicroscope (80x
magnification) and photographed (Televal 31, Zeiss). After 96 h, surviving larvae were
euthanized with eugenol and properly discarded.

The % mortality was calculated using Abbott’s formula after correction for control: %

mortality = (% test mortality - % test control) / 100 - % control mortality (Abbott, 1925).

3. Results and Discussion

The okra lectin, AEL, has been considered a candidate protein for application in the
pharmaceutical industry as a potential therapeutic agent in the breast cancer treatment and also
as an anti-inflammatory and antinociceptive agent (Monte et al., 2014; Freitas et al.,
2016). However, very little is known about the presence of possible undesirable properties of
this protein (e.g. allergenicity and toxicity), which could hamper further steps on the research
and drug development. Thus, in this study, the AEL was analyzed holistically from a series of
in silico, in vitro and in vivo analysis to gather information that attested to the safety of this

molecule that may also serve as experimental basis for guidance further studies.

3.1 History of safe use
The AEL risk assessment began with search in the scientific literature to determine the
HOSU of A. esculentus species and plant lectins with focus on AEL. The safe use of okra is

consolidated due to its ancient consumption as food (Huang et al., 2017; Liao et al., 2019;
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Sabitha et al., 2011). In addition, different extracts and substances isolated from various parts
of the plant have numerous beneficial (pharmacological or medicinal properties) (Doreddula et
al., 2014; Erfani Majd et al., 2018; Luo et al., 2018) (Table 1). We found only two reports of
moderate hypersensitivity of okra extracts (Manda et al., 1992; Ueda et al 1993). According to
Manda and colleagues, the hypersensitivity is possibly triggered by a non-lgE-mediated
process, supporting the low presence of IgE-binding epitopes following the AEL (Manda et al.,
1992). On the other hand, a moderate IgE-mediated allergenicity was observed by Ueda and
colleagues (Ueda et al 1993). Regarding AEL, few reports were found and these refer to the
presence of beneficial pharmacological activities to human health (Monte et al., 2014; Ribeiro
et al., 2016; Freitas et al., 2016; Alves et al., 2018). However, it is reported that most lectins
display toxic and/or antinutritional effects, which can be deflated with domestic heat treatment
before consumption (Manda et al., 1992; Vasconcelos and Oliveira, 2004). Thermal or
hydrolytic processing could not be a viable alternative to curb undesirable effects of lectins
since it could modify their three-dimensional structure impairing the biological activities of

interest.

3.2 Bioinformatics analysis

Another important aspect in the safety assessment of a protein is to compare its primary
amino acids sequence with that of allergenic, toxic and antinutritional proteins, in order to detect
the degree of identity between them (Codex Alimentarius, 2009; Madduri et al., 2012). Thus,
the AEL sequence was compared to protein sequences deposited in large public databases.
Here, the sequences deposited in NCBI's nr and Model Organisms databases were used. No
identity of AEL with allergenic, toxic and/or antinutritional proteins was observed according to
the parameters used (Table S1). AEL showed identity mostly with proteins from species of the

genus Durio, Theobroma and Gossypium, but none of them have reports of toxic, antinutritional
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or allergenic properties. The comparison of the AEL sequence with other proteins in the
databases identified similarity with several hypothetical and putative proteins, but because they
are predicted sequences the confidence to assess their potential allergen risk may be limited.
Although some proteins of the Theobroma cacao species are known to have allergenic potential,
there are few studies that confirm the allergenicity of this fruit (Menezes et al., 2012).

The allergenic potential of a protein can also be evaluated by comparing its primary
sequence of amino acids with proteins deposited in specific allergen databases (FAO/WHO,
2001; Ladics, 2008; Codex Alimentarius, 2009; Ladics et al., 2011). The allergenicity
prediction of AEL inthe AOL, SDAP and Allermatch databases showed no identity > 50% with
any allergenic protein using full FASTA comparisons (Table 2). According to Aalberse and
Van Ree (2000), complete sequence alignments with identity > 50% may indicate that protein
can trigger allergenic processes or cause cross-reactions with IgE antibodies. On the other hand,
the AEL sequence presented similarity with allergenic proteins in the three databases accessed
when comparisons were made using an 80 amino acids window and identity > 35% (Tables 2
and 3). All protease inhibitors showed similarity to Solanum tuberosum. In the AOL database,
only one protease inhibitor was found. In the SDAP, inhibitors of cysteine and aspartic
proteases were found, while in Allermatch, inhibitors of cysteine and serine proteases were
identified (Table 3). According to the search parameter of six and seven contiguous amino acids
in the SDAP database, four and one sequence of allergenic proteins identical to those of the
AEL were found, respectively (Table S2). In the Allermatch database, two and one sequence of
allergenic proteins were found in the search for six and seven contiguous amino acids.
Regarding the search for sequences of eight contiguous amino acids, searches in the AOL,
SDAP and Allermatch databases did not find any allergenic proteins (Table 2). However,

searches for matches of short amino acid sequences (< 8 amino acids) to detect proteins as
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potential cross-reactive allergens has been taken as a product of chance which add little value
to the allergenicity prediction due to the high rate of false positives (Silvanovich et al., 2006).
The AOL, Allermatch and SDAP databases are versatile tools capable of quickly
indicate the potential of a protein to be allergenic or not. These tools have been applied, for
example, to investigate the allergenicity of proteins used in the development of transgenic
cultures such as an osmotine from Nicotiana tabacum, where similarities greater than 35% with
potential allergens have been identified (Sharma et al., 2011). It is possible to note that the
search for IgE-binding sites in protein sequences in databases for allergens has long been used
in earlier studies, and robust results have been generated from these analysis (lvanciuc et al.,
2003; Menezes et al., 2012; Wang et al., 2020). In the golden era of bioinformatics, new
approaches based on high-throughput technologies have been used as alternative tools to
identify allergens. It is noteworthy that, although omics approaches present a new evaluation
parameter for new allergens (a field called allergomics), traditional methodologies continue to
be widely used in research to detect and validate potential allergens (Wang et al., 2020).
Although the databases for allergens are based mainly on percentages of identity with
other proteins deposited in banks, providing good results on the allergenicity of the proteins of
interest, it is suggested that in vitro tests should be carried out to validate the results in silico in

addition to certifying their biological mechanisms.

3.3 Mode of action and specificity

Lectins comprise a group of molecules that have been extensively studied since the last
century, and are characterized by being able to bind to groups of sugars from other molecules.
This binding ability, conferred by the carbohydrate recognition domain (CDR), gives these
proteins their ability to participate into different biological events such as defense, infections,

metabolism regulation and several other physiological processes (Sharon and Lis, 2004). It is
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well known that lectins can fold in different conformations and to these changes are credited
the ability of lectins to bind to carbohydrates and perform their great diversity of biological
properties (Vijayan and Chandra, 1999).

This remarkable capacity for specific binding to sugars seems to be the initial molecular
event for the development of the pharmacological activities presented by AEL, as well as
responsible for its specificity for certain biological targets. AEL has been investigated for its
fungicidal activity, especially against Candida parapsilosis. It is believed that its inhibitory
activity is due to the capacity of binding to carbohydrates of the fungal cell wall, causing its
inhibition (Klafke et al., 2013). This lectin also showed selective cytotoxicity against the breast
cancer cell line (MCF7), causing changes in the cell membrane permeability and changes in the
expression of apoptosis-related genes such as caspase-3, Bax, p21 and Bcl-2. As with other
lectin-mediated effects, an interaction between AEL lectin and surface sugars of the MCF7
strain is assumed to occur because healthy cells are not affected (Monte et al., 2014).

AEL also has anti-inflammatory and antinociceptive effects, reducing the levels of TNF-
a and IL-1p and activation of x and 8 opioid receptors (Freitas et al., 2016; Alves et al., 2018).
Furthermore, this lectin has a gastroprotective effect in models induced by ethanol, probably
due to its antioxidant activity and its activation of opioid receptors (Ribeiro et al., 2016).

Despite all the potential of AEL as a therapeutic agent, more studies are needed to
deepen the knowledge about the mode of action, specificity of this lectin and its three-

dimensional structures.

3.4 Susceptibility to digestion
In order to obtain prior information on the susceptibility of AEL to digestion, we
performed an in silico prediction of susceptibility to pepsin digestion followed by trypsin to

simulate the normal digestive process flow. The peptides generated in digestion were divided
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into three groups (less than 6 amino acids, between 6 and 10 amino acids and above 10 amino
acids) (Figure 2A). AEL presented several cleavage points for pepsin, producing a large number
of peptides with <10 amino acids, 11 of the 28 peptides formed (Figures 2A and 2B). When
these peptides were subjected to trypsin digestion, new peptides were formed, with a large
increase in the number of peptides with <10 amino acids (30 of 46 formed). These results
preliminarily point out that AEL can be completely digested.

To validate the predictions obtained in silico, we conducted in vitro tests to assess the
digestibility of AEL samples using the sequential digestion assay to monitor the susceptibility
of this lectin to common proteases of the human gastrointestinal tract. As shown in Figure 2C,
after 2 h of pepsin digestion, one AEL band of approximately 14 kDa remained visible on the
electrophoresis gel. However, this gastric-resistant peptide could be fully digested in just 5 min
of incubation with trypsin in the intestinal phase. Likewise, no peptide derived from AEL
digestion with molecular mass > 3.5 kDa can be seen minutes after the begin of the intestinal
phase. This data is relevant because it is known that this is the minimum size that a peptide
must have to trigger an IgE-mediated immune response (FAO/WHO, 2001).

Acidity and temperature treatments are known to be indicators of allergenicity, as these
conditions can alter the conformation of protein epitopes, important regions for IgE binding
(Taylor and Lehrer, 1996). For example, in vitro evaluations showed that rice chitinase was
detected in SDS-PAGE even after 60 min incubated with pepsin (Mishra et al., 2015). A similar
result was found for other rice allergenic proteins, showing that although digestibility varied in
simulated gastric fluid (SGF) according to pH, solubility and heat treatment conditions, all
proteins were digested in simulated intestinal fluid (SIF) (Lang et al., 2015). Another example
is Phaseolus vulgaris lectin, which was resistant to proteolysis by pepsin in the gastric phase,

but in SIF the lectin bands were almost imperceptible. In addition, the allergenicity of this lectin
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could be reduced when incubated at low pH, reducing the ability to bind to IgE (Zhao et al.,
2019).

Here, a clear difference between in silico and in vitro results were observed. Similar
divergences have been seen in other studies, showing different results obtained by in vitro and
in silico tests. In most cases, this can occur due to the perfect conditions for in silico assays,
reducing factors that decreased the optimal enzymatic catalysis usually seen in bench tests
(Chatterjee et al., 2015). In other studies, in silico digestion was successfully used to confirm
the non-allergenicity of novel proteins such as in the risk assessment study of a chimeric Cry

protein which showed its safety for development of transgenic crops (Rathinam et al., 2017).

3.4 Trypsin and chymotrypsin inhibitory activities and thermal stability

The bioinformatics analysis showed that AEL has significant similarity with serine
protease inhibitors. Protease inhibitors are considered classic antinutritional factors and when
ingested or administered in their native form, they can cause great nutritional damage (Clemente
and Del Carmen Arques, 2014). In this sense, AEL was analyzed for its ability to inhibit the
activity of major serine proteases, such as trypsin and chymotrypsin.

AEL showed inhibitory activity of trypsin and chymotrypsin (90 and 97% inhibition,
respectively) (Figure 3). To assess the susceptibility of these activities to heat treatment, a
sample of AEL was heat treated by incubation for 10, 30 and 60 min at ~ 100 °C. As can be
seen in Figure 3, the trypsin inhibitory activity was quite stable to heat treatment. Even after 1
h incubation, the lectin still succeeded to inhibit trypsin proteolytic activity by approximately
50%. Regarding chymotrypsin inhibitory activity, AEL was even more resistant. After 1 h
incubation, lectin was still able to inhibit 84.4% of chymotrypsin proteolytic activity in relation
to the standard. Like AEL, the Kunitz-type protease inhibitor AKPI2, purified from Apios

americana, exhibited inhibitory activity against trypsin and chymotrypsin, although for AKPI2
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the heat treatment time between 37 and 100 °C does not seem to influence the decrease of its
inhibitory activity (Liu et al., 2019).

At first glance, the use of AEL orally as a therapeutic strategy may represent a
considerable risk given its inhibition of intestinal proteases and resistance to treatment.

However, this result is mitigated by the fact that this lectin is digested as previously shown.

3.7 Toxicity assay

Historically, most studies have used rodents as model organisms to investigate the acute
toxicity of candidate molecules for agricultural and biomedical applications (Farias et al.,
2015). Recently, zebrafish has stood out as an important tool for assessing the risks of
therapeutic drugs due to its biological attributes (Parng et al., 2002). Among the advantages of
using zebrafish embryos for toxicological studies, it is possible to highlight its rapid
development, low production cost, transparent embryos and great biochemical and genetic
similarity with vertebrate organisms including humans (Gongalves et al., 2020). Fertilized
zebrafish embryos were exposed to 0.1 mg/mL of AEL. This lectin did not cause mortality or
morphological changes, as well as no delay in embryo/larvae developments were registered
(Figure 4). In the last years, several studies have been carried out in order to understand the
toxicological potential that lectins have on living beings due to their presence in a large number
of plants, many of them used for consumption. Similar to the results found here, the PNA lectin
(Peanut agglutinin) did not show morphological or developmental changes in zebrafish
embryos at even higher higher concentrations than the one used in this study, i.e., 500 ug/mL,
although it was able to stimulate cell proliferation in cell culture. On the other hand, Soybean
agglutinin (SBA) and Wheat germ agglutinin (WGA) when evaluated in the same
concentrations as PNA promoted pericardial edema and induction of systemic apoptosis in the

body and in regions of the tail (Wang et al., 2019).
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Therefore, this result contributes to the use of the acute toxicity test in fish embryos as
an alternative to the use of rodents in the risk assessment of candidate proteins in preliminary

risk assessments, in line with the 3R principle.

4. Conclusions

The early risk assessment of the A. esculentus lectin, AEL, gathered relevant
information on the safety of this candidate molecule for pharmaceutical applications. The
HOSU did not present convincing hazard reports, while the bioinformatics analysis showed
similarity with antinutritional and allergenic proteins, especially serine protease inhibitors. AEL
inhibited intestinal proteases (trypsin and chymotrypsin), even after heat treatment. However,
the protein had its digestion completed in the first minutes of the intestinal phase of in vitro
sequential digestion (pepsin followed by trypsin). In addition, the lectin did not cause acute
adverse effects to zebrafish embryos in the therapeutic concentration tested. If taken together,

the results indicate that AEL is potentially safety to be used for therapeutic applications.
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Figure captions

Figure 1. Primary amino acid sequence of Abelmoschus esculentus lectin (AEL).

Figure 2. Susceptibility to digestion of Abelmoschus esculentus lectin (AEL). (A) Number of
predicted peptide fragments generated at each stage of in silico sequential digestion (pepsin
followed by trypsin) by using the PeptideCutter program. (B) AEL cleavage sites simulating a
sequential digestion: Pn 1.3 - Pepsin cleavage sites at pH 1.3 and Tryps - trypsin cleavage sites.
(C) Tricine-SDS-PAGE (15%) of AEL (1 mg/mL) after increasing periods of incubation with
pepsin (gastric phase of digestion) followed by trypsin (intestinal phase of digestion). M =
Marker: beta-galactosidase (116.0 kDa), phosphorylase B (97.0 kDa), bovine serum albumin
(66.0 kDa), glutamic dehydrogenase (55.0 kDa),ovalbumin (45.0 kDa), glyceraldehyde-3-
phosphate dehydrogenase (36.0 kDa), carbonic anhydrase (29.0kDa), trypsinogen (24.0 kDa),

trypsin inhibitor (20.1 kDa) and alpha-lactalbumin (14.2 kDa).

Figure 3. A. esculentus lectin (AEL) inhibitory activity (1 mg/mL) after different heating times
(0, 10, 30 and 60 min at ~ 100 °C) on trypsin (0.1 mg/mL) (A) and quimotrypsin (0.2 mg/mL)

(B) proteolytic activities.

Figure 4. 96 hpf-old zebrafish (D. rerio) larva after acute exposure to AEL. A) Control larvae
kept only in embryo medium. B) Larvae exposed to AEL 0.1 mg/mL. No morphological or

developmental changes in the embryos at the tested concentration were observed.
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Figure 1.

>
AGNAVLDVDGDEVLTGVRYYVQSVLWGAGGGGLALGRATGQKCPELVVQNADSLDKANP
VVFSNADSSDGLVRVSSDVRLEFVGPRDRLCLTSTVWKVVQDEDESAGKTWVELGGSEGEP
GCDTVKSWFKLESANVPGSYKFKYCPSVCDSSETSCLGLERSLDDDGQLRLALSDTGDFPWP
WVFLKAFGKD




Figure 2.
A)

8 ]
TSN
*»as
B Saa
LN
| B
2%
%
Trypan
) Ml a3
Teyns Pra.d |
Tryps | Teyen! |
Pl Teyps |1 |
Tryps L B ) Trym Trype iy |
Mmi.d Mell3 [0 D T O 1 Pl 3 Pel.2 Ad3 ) Pl3 | |
M3 Pet 3] M3 M Pos.a| oy Pet Toypsl | Tegpe
I | | ] | | |
SV DWVTREEW TV WWUN VL WLSLOI ) A LFATRQUEPE | vWONEDS | EX ANy VI SRZDEADGL VEVLSUN L 5y emi | O T3 W eecx s
) ¢ - e e ey e AR S S~
Teyes Tryps
. as] ‘Dn).f . Fel. ) |
Wl % Trope!| e vl Trvis |
Fra.3 1 P13 || Pt PLA :
M1 Trype | Pl n] 1L Tl .
13| r r1,3E| || Pet.d| QL)
Tryps 1| | R TN SRR o ol 361 |
11 m L |
DTV L ESAWRAYED KYOIMWTINAE TNOLRL IS DDoGs FLALYDYGDR Y WAL LKA
1 R ’ . ' e 1M1 . 92
. 2 =
Gastric phase Intestinal phaze 2
(digestion with pepzin) {digestion with trypsin) '@
5 A B
{ §
[ =1 5 g 5 8
5 i i e = 3= = z s B 8B 4 4 ‘g = 5
= = = £ 3 B 5] = = g 2 E B _&B )
= = = = g o g £ B =) E Z
(XDa) 2 0 n & = v & )
= - w2 ®H 2 8 - e R 8 2 2

(116,0)
97.0)
(66.0)

(55.0)
(43,0)

(36,0)

(25.0)

24.0)

{20.0)

LR R I L -
]

(14.2)

Trypsin not incubated

£
£
sy

’ (14.2)

_

108

(XDa)
(116.0)
97.0)
(66,0)
(55,0)
45.0)
(36.0)

(25.0)

(24.0)

(20,0)



109

r @
I? m
E
=
Lo E
- o
8 - -3 2

b

(%) vop|qiyu) uysd Ao wiyd

o

$ @
Time { min)

o

)

1004

8 8 § R ©

(%) o giyuy wsd iy

T

Figure 3.



110

Figure 4.




Table contents

Table 1 - Sequences of 6 and 7 contiguous amino acids of allergenic proteins identified (100% identity) in lectin of Abelmoschus esculentus (AEL) in allergen

databases.
Sequence Number of access Description/ Species Database
DSSDGLV Q96385 Pectate lyase -Chamaecyparis obtusa SDAP
AGNAVL 17291858 Aldehyde dehydrogenase -Harmonia SDAP
axyridis
DSSDGL Q96385 Aldehyde dehydrogenase - SDAP

Chamaecyparis obtusa

SSDGLV BAA05543 Pectate lyase -Cryptomeria japonica SDAP


http://www.uniprot.org/uniprot/Q96385

DSSDGLV Q96385 Pectate lyase- Chamaecyparis obtusa  Allermatch
SSDGLV Q96385 Pectate lyase - Chamaecyparis Allermatch
obtusa

“Not provided by the database.
Source: Direct Search 2020.

Table 2 — Similarity search of the complete primary amino acids sequence of the Abelmoschus esculentus lectin (AEL) with toxic, antinutritional

and allergenic proteins deposited in the NCBI general databases*

. . Ga .
Database  Access number  Protein matched Identity E-value b Adverse effects
NRf EOY21251.1 Seed protein 61% 2e-55 3% _**
Theobroma cacao

Proteinase inhibitor
NR OMOQO94886.1 13, Kunitz legume —
Corchorus olitorius 57% 29 2%


https://www.ncbi.nlm.nih.gov/protein/EOY21251.1?report=genbank&log$=protalign&blast_rank=11&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/OMO94886.1?report=genbank&log$=protalign&blast_rank=13&RID=WVUUB15P015

NR

NR

NR

NRf

NR

NR

AALB85648.1

KJB73820.1

XP_022738218.1

EOY21247.1

XP_017985239.1

AAV41233.1

Trypsin inhibitor,
partial -
Theobroma
obovatum

Hypothetical
protein -
Gossypium
raimondii

Seed protein-like
Durio zibethinus

Seed protein
Theobroma cacao

Seed protein-like
Theobroma cacao

Putative trypsin
inhibitor -
Theobroma bicolor

66%

54%

58%

61%

60%

63%

2e-51

le-46

4e-55

4-e55

2e-54

2e-66

3%

3%

3%

3%

3%

2%



https://www.ncbi.nlm.nih.gov/protein/XP_022738218.1?report=genbank&log$=protalign&blast_rank=14&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/EOY21247.1?report=genbank&log$=protalign&blast_rank=15&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_017985239.1?report=genbank&log$=protalign&blast_rank=16&RID=WVUUB15P015

NR

NR

NR

NR

NR

NR

Seed protein -
XP_007036743.1 Theobroma cacao

prf||1802409A Albumin
Theobroma cacao
AAV41231.1 Putative trypsin
inhibitor
Theobroma cacao

Predicted: seed
XP_016733195.1 protein-like, partial
Gossypium
hirsutum

OM094897.1 Proteinase inhibitor
13, Kunitz legume
Corchorus olitorius

XP_022734232.1  Seed protein-like
Durio zibethinus

62%

62%

56%

58%

57%

56%

58%

3e-58

4e-58

2e-54

5e-54

3e-53

le-52

6e-52

2%

2%

2%

1%

2%

3%

3%



https://www.ncbi.nlm.nih.gov/protein/590665440?report=genbank&log$=protalign&blast_rank=3&RID=HC4H70S1014
https://www.ncbi.nlm.nih.gov/protein/228316?report=genbank&log$=protalign&blast_rank=4&RID=HC4H70S1014
https://www.ncbi.nlm.nih.gov/protein/AAV41231.1?report=genbank&log$=protalign&blast_rank=17&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_016733195.1?report=genbank&log$=protalign&blast_rank=18&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/OMO94897.1?report=genbank&log$=protalign&blast_rank=19&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_022734232.1?report=genbank&log$=protalign&blast_rank=20&RID=WVUUB15P015

NR

NR

NR

NR

NR

NR

XP_022734258.1  Seed protein-like
Durio zibethinus

Trypsin inhibitor,
AALB5648.1 partial
Theobroma
obovatum

Trypsin inhibitor,
AAL85644.1 partial
Theobroma
subincanum

Proteinase inhibitor
13, Kunitz legume
Corchorus olitorius

OMO67988.1

Seed protein-like
XP_022733892.1  Durio zibethinus

Trypsin inhibitor,
AAL85643.1 partial
Theobroma
angustifolium

66%

65%

57%

57%

63%

2e-51

3e-51

1e-50

2e-50

5e-50

3%

3%

2%

3%

2%



https://www.ncbi.nlm.nih.gov/protein/XP_022734258.1?report=genbank&log$=protalign&blast_rank=21&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85648.1?report=genbank&log$=protalign&blast_rank=22&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85644.1?report=genbank&log$=protalign&blast_rank=23&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/OMO67988.1?report=genbank&log$=protalign&blast_rank=24&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_022733892.1?report=genbank&log$=protalign&blast_rank=25&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85643.1?report=genbank&log$=protalign&blast_rank=26&RID=WVUUB15P015

NR

NR

NR

NR

NR

NR

XP_022734216.1

XP_022734369.1

XP_022734070.1

AAL85653.1

AAL85657.1

XP_022733898.1

Seed protein-like
Durio zibethinus

Seed protein-like
Durio zibethinus

Seed protein-like
Durio zibethinus

Trypsin inhibitor,
partial -
Theobroma
simiarum

Trypsin inhibitor,
partial, Theobroma
sylvestre

Seed protein-like
Durio zibethinus

55%

55%

55%

64%

66%

56%

le-49

2e-49

2e-49

3e-49

3e-49

4e-49

3%

3%

3%

1%

1%

3%



https://www.ncbi.nlm.nih.gov/protein/XP_022734216.1?report=genbank&log$=protalign&blast_rank=27&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_022734369.1?report=genbank&log$=protalign&blast_rank=28&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_022734070.1?report=genbank&log$=protalign&blast_rank=29&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85653.1?report=genbank&log$=protalign&blast_rank=30&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85657.1?report=genbank&log$=protalign&blast_rank=31&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_022733898.1?report=genbank&log$=protalign&blast_rank=32&RID=WVUUB15P015

NR

NR

NR

NR

NR

AALS85650.1

AALBS85651.1

_AAL85652.1

AAL85640.1

AAL85659.1

Trypsin inhibitor,
partial -
Theobroma
mammosum

Trypsin inhibitor,
partial -
Theobroma
mammosum

Trypsin inhibitor,
partial -
Theobroma
mammosum

Trypsin inhibitor,
partial - Herrania
albiflora

Trypsin inhibitor,
partial -
Theobroma
speciosum

63%

62%

62%

64%

65%

4e-49

4e-49

5e-49

S5e-49

le-48

1%

1%

1%

1%

1%



https://www.ncbi.nlm.nih.gov/protein/AAL85650.1?report=genbank&log$=protalign&blast_rank=33&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85651.1?report=genbank&log$=protalign&blast_rank=34&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85652.1?report=genbank&log$=protalign&blast_rank=35&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85640.1?report=genbank&log$=protalign&blast_rank=36&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85659.1?report=genbank&log$=protalign&blast_rank=37&RID=WVUUB15P015

NR

NR

NR

NR

NR

AALS85637.1

AALS85655.1

AALS85660.1

AAL85642.1

KJB73820.1

Trypsin inhibitor,
partial - Herrania
mariae

Trypsin inhibitor,
partial -
Theobroma bicolor

Trypsin inhibitor,
partial -
Theobroma
sylvestre

Trypsin inhibitor,
partial -
Theobroma
speciosum

Hypothetical
protein -Gossypium
raimondii

61%

61%

63%

63%

54%

le-48

2e-48

le-47

6e-47

le-46

1%

1%

1%

1%

3%



https://www.ncbi.nlm.nih.gov/protein/AAL85637.1?report=genbank&log$=protalign&blast_rank=38&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85655.1?report=genbank&log$=protalign&blast_rank=39&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85660.1?report=genbank&log$=protalign&blast_rank=40&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85642.1?report=genbank&log$=protalign&blast_rank=41&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/KJB73820.1?report=genbank&log$=protalign&blast_rank=42&RID=WVUUB15P015

NR

NR

NR

NR

NR

NR

Trypsin inhibitor,
partial -
Theobroma
grandiflorum

AALB5645.1

Trypsin inhibitor,
partial -Theobroma
cacao

AALB85654.1

Trypsin inhibitor,
partial -Theobroma
microcarpum

AALS85656.1

Predicted:
XP_016726747.1  seed protein-like -
Gossypium
hirsutum

Hypothetical
protein -Gossypium
darwinii

TYG51640.1

EOY21249.1

64%

64%

61%

56%

56%

53%

le-46

3e-46

3e-46

5e-46

le-45

5e-45

3%

1%

1%

3%

3%

3%



https://www.ncbi.nlm.nih.gov/protein/AAL85645.1?report=genbank&log$=protalign&blast_rank=43&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85654.1?report=genbank&log$=protalign&blast_rank=44&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85656.1?report=genbank&log$=protalign&blast_rank=45&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_016726747.1?report=genbank&log$=protalign&blast_rank=46&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/TYG51640.1?report=genbank&log$=protalign&blast_rank=47&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/EOY21249.1?report=genbank&log$=protalign&blast_rank=48&RID=WVUUB15P015

NR

NR

NR

NR

NR

Seed protein,
putative -
Theobroma cacao

XP_016724672.1
Predicted: seed
protein-like -
Gossypium
hirsutum

KAB2063681.1 Hypothetical
protein -Gossypium

barbadense

Predicted:seed
protein-like -
Gossypium
raimondii

XP_012456563.1

Predicted: seed
protein-like -
Gossypium
hirsutum

XP_016678869.1

XP_017985238.1

54%

54%

55%

54%

53%

5e-45

7e-45

9e-45

2e-44

Te-44

3%

4%

3%

4%

3%

10


https://www.ncbi.nlm.nih.gov/protein/XP_016724672.1?report=genbank&log$=protalign&blast_rank=49&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/KAB2063681.1?report=genbank&log$=protalign&blast_rank=50&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_012456563.1?report=genbank&log$=protalign&blast_rank=51&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_016678869.1?report=genbank&log$=protalign&blast_rank=52&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_017985238.1?report=genbank&log$=protalign&blast_rank=53&RID=WVUUB15P015

NR

NR

NR

NR

NR

Predicted: seed
protein-like -
Theobroma cacao

KAB2010646.1

Hypothetical
protein -Gossypium
barbadense
XP_017648613.1

Predicted: seed
protein-like -
Gossypium
arboreum
XP_016726748.1

Predicted: seed
protein-like -
Gossypium
hirsutum
KAB2010641.1

Hypothetical
protein -Gossypium
barbadense
TY162648.1

54%

54%

51%

54%

54%

8e-44

le-43

le-43

6e-43

6e-43

4%

4%

3%

3%

3%

11


https://www.ncbi.nlm.nih.gov/protein/KAB2010646.1?report=genbank&log$=protalign&blast_rank=54&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_017648613.1?report=genbank&log$=protalign&blast_rank=55&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_016726748.1?report=genbank&log$=protalign&blast_rank=56&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/KAB2010641.1?report=genbank&log$=protalign&blast_rank=57&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/TYI62648.1?report=genbank&log$=protalign&blast_rank=58&RID=WVUUB15P015

NR

NR

NR

NR

NR

Hypothetical
protein -Gossypium

KAB2010645.1 mustelinum

Hypothetical
protein -Gossypium
TYG51636.1 barbadense
Hypothetical
protein -Gossypium
darwinii
XP_016726751.1

Predicted: seed
protein-like -
Gossypium
hirsutum
AAV41232.1

Putative trypsin
inhibitor -
Theobroma
grandiflorum

XP_012456564.1

Predicted: seed
protein-like -

52%

51%

54%

52%

53%

le-42

le-42

2e-42

2e-42

3e-42

3%

3%

4%

2%

3%

12


https://www.ncbi.nlm.nih.gov/protein/KAB2010645.1?report=genbank&log$=protalign&blast_rank=59&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/TYG51636.1?report=genbank&log$=protalign&blast_rank=60&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_016726751.1?report=genbank&log$=protalign&blast_rank=61&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAV41232.1?report=genbank&log$=protalign&blast_rank=62&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_012456564.1?report=genbank&log$=protalign&blast_rank=63&RID=WVUUB15P015

NR

NR

NR

NR

NR

NR

Gossypium
raimondii
XP_012457838.1

Predicted: seed
protein-like -
Gossypium
raimondii

XP_016726750.1
Predicted: seed
protein-like -
Gossypium
hirsutum
KAB2010648.1

Hypothetical
protein -Gossypium
barbadense
TY162654.1

Hypothetical
protein -Gossypium
mustelinum
TYG51634.1

Hypothetical
protein -Gossypium
darwinii
TYH51456.1

53%

53%

54%

53%

52%

52%

8e-42

Oe-42

Oe-42

2e-41

7e-41

7e-41

3%

3%

3%

3%

4%

4%

13


https://www.ncbi.nlm.nih.gov/protein/XP_012457838.1?report=genbank&log$=protalign&blast_rank=64&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_016726750.1?report=genbank&log$=protalign&blast_rank=65&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/KAB2010648.1?report=genbank&log$=protalign&blast_rank=66&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/TYI62654.1?report=genbank&log$=protalign&blast_rank=67&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/TYG51634.1?report=genbank&log$=protalign&blast_rank=68&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/TYH51456.1?report=genbank&log$=protalign&blast_rank=69&RID=WVUUB15P015

NR

NR

NR

NR

Hypothetical
protein -Gossypium
tomentosum
KAB2010643.1

Hypothetical
protein -
Gossypium
barbadense

XP_016726764.1
Predicted: seed
protein-like -
Gossypium
hirsutum

TY162650.1 Hypothetical
protein -Gossypium

mustelinum

KAA3481788.1 Seed protein-like -
Gossypium

australe

52%

52%

52%

52%

7e-41

7e-41

8e-41

2e-40

4%

4%

4%

4%

14


https://www.ncbi.nlm.nih.gov/protein/KAB2010643.1?report=genbank&log$=protalign&blast_rank=70&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_016726764.1?report=genbank&log$=protalign&blast_rank=71&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/TYI62650.1?report=genbank&log$=protalign&blast_rank=72&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/KAA3481788.1?report=genbank&log$=protalign&blast_rank=73&RID=WVUUB15P015

NR

NR

NR

NR

NR

NR

XP_017618846.1 Predicted: seed
protein-like -
Gossypium

arboreum

PPD74598.1 Hypothetical
protein -Gossypium

barbadense

Predicted: seed
protein-like -
Gossypium
raimondii

XP_012457615.1

KAB2010647.1 Hypothetical
protein -Gossypium

barbadense

Predicted: seed
protein-like -
Gossypium
hirsutum

XP_016678874.1

KAB2063685.1

51%

50%

51%

52%

51%

52%

4e-40

2e-39

4e-39

7e-39

1e-38

1le-38

1%

3%

4%

3%

2%

2%

15


https://www.ncbi.nlm.nih.gov/protein/XP_017618846.1?report=genbank&log$=protalign&blast_rank=74&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/PPD74598.1?report=genbank&log$=protalign&blast_rank=75&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_012457615.1?report=genbank&log$=protalign&blast_rank=76&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/KAB2010647.1?report=genbank&log$=protalign&blast_rank=77&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/XP_016678874.1?report=genbank&log$=protalign&blast_rank=78&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/KAB2063685.1?report=genbank&log$=protalign&blast_rank=79&RID=WVUUB15P015

NR

NR

NR

NR

NR

OMO068115.1

TYJ16232.1

PPR93593.1

TYH51460.1

AAL85661.1

Hypothetical
protein -Gossypium
barbadense

Proteinase inhibitor
13, Kunitz legume -
Corchorus
capsularis

Hypothetical
protein -Gossypium
mustelinum

Hypothetical
protein -Gossypium
barbadense

Hypothetical
protein -Gossypium
tomentosum

Trypsin inhibitor,
partial -Theobroma
bicolor

56%

51%

52%

52%

55%

4e-38

le-37

2e-37

2e-37

6e-37

1%

2%

2%

3%

1%

16


https://www.ncbi.nlm.nih.gov/protein/OMO68115.1?report=genbank&log$=protalign&blast_rank=80&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/TYJ16232.1?report=genbank&log$=protalign&blast_rank=81&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/PPR93593.1?report=genbank&log$=protalign&blast_rank=82&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/TYH51460.1?report=genbank&log$=protalign&blast_rank=83&RID=WVUUB15P015
https://www.ncbi.nlm.nih.gov/protein/AAL85661.1?report=genbank&log$=protalign&blast_rank=84&RID=WVUUB15P015
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*Results with E-value < 0.01, shared identity > 50%, alignment size and gap frequency <6% were considered relevant, TNCBI database
(http://www.ncbi.nlm.nih.gov/).

** No similarity was found with toxic, anti-nutritional and / or allergenic proteins deposited in the NCBI general databases. No published articles were found
reporting adverse effects.


http://www.ncbi.nlm.nih.gov/

18

Table 3 - Identified proteins (>35% identity) for Abelmoschus esculentus lectin (AEL) in two allergen databases using as a search parameter a sliding window
of 80 amino acids.

Database Number access Description/Species  Identity (%) E-value

AllergenOnline gi[994779|gid|195 Proteinase inhibitor - 36.00 1.7e-016
Solanum tuberosum
Cysteine protease
SDAP 024383 inhibitor — Solanum 35.00 *
tuberosum
Aspartic protease
inhibitor; PIG;
SDAP CAA45723 PIGEN1; STPIB; 35.00 -
pF4 - Solanum
tuberosum
Serine protease
Allermatch P30941 inhibitor 7 - Solanum 36.00 -
tuberosum
Cysteine protease
Allermatch P20347 inhibitor 1- Solanum 35.00 -

tuberosum

*Not provided by the database.


http://www.uniprot.org/uniprot/O24383
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?cmd=Retrieve&db=protein&list_uids=CAA45723&dopt=GenPept

Supplementary tables

Table S1 - Literature search on the history of safe use of okra (Abelmoschus esculentus) and its lectin (AEL).
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Sample

Form of Use

Positive Aspects

References

Negative Aspects

References

Abelmoschus
esculentus

Extract (powder)

Extract (powder)

Extract (purified)

Extract (powder)

Antidiabetic,

antihyperglycemic and

antihyperlipidemic

Antihyperglycemic
activity and effect
hypolipidemic

Anti-fatigue activity

Antidiabetic,
antihyperglycemic,

Sabitha et al. (2011)

Erfani et al. 2018

Gao et al. (2018)

Huang et al. (2017)




Extract (powder)

Extract (powder)

Extract (phenolic)

reduced insulin
resistance and plasma
fatty acid concentration

Antioxidant and anti-
apoptotic activity in the
nervous system,
neuroprotective effect

Immunomodulatory
and immunostimulatory
activity, Increase
phagocytic activity and
splenocyte proliferation
during induced immune
response

Hypoglycemic,
antiapoptotic,
antioxidant, anti-
glycotoxicity, anti-lipid
peroxidation

Luo et al. (2018)

Wahyuningsih et al.

(2018)

Erfani Majd et al.
(2019)
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Wahyuningsih et al.
Immunosuppressive (2018)

activity



https://www.ncbi.nlm.nih.gov/pubmed/?term=Wahyuningsih%20SPA%5BAuthor%5D&cauthor=true&cauthor_uid=30402093
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wahyuningsih%20SPA%5BAuthor%5D&cauthor=true&cauthor_uid=30402093

Extract (aqueous)

Extract (alcoholic and
aqueous)

Extract (agueous and
methanolic)

Extract (powder)

Hypoglicemic activity,
oxidative stress
modulation and

reduction of
pathological processes
of diabetes

Antioxidant activity,
reduction of lipid
peroxidation,
reductions of renal
fibrosis and fat
deposition

Antioxidant, anti-stress
and nootropic activity

Antioxidant properties
in diabetic conditions

Liao et al. (2019)

Peng et al. (2019).

Doredulla et al. (2014)

Sabitha et al. (2012)
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Reversal of cognitive
Extract (ethanolic) deficits and toothed
gyrus cell proliferations

Extract (ethanolic and

polysaccharide) Anti-fatigue effect

Potassium-rich and
may contributed to
Extract (powder) maintaining blood
pressure and the
protective role of the
heart

Immunomodulatory

Extract (aqueous) activity

Tongiaroenbuan-
gam et al. (2011)

Li etal. (2016)

Hailu et al. (2016)

Chen et al. (2016)
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Dry okra pruning
accesses

Extract (alcoholic)

Extract (powder)

Purified protein

Extract (powder)

Relieves problems
related to malnutrition
in countries

Gastroprotective effect,
reducing
gastrointestinal ulcers,
inflammation, bleeding,
lipid peroxidation and
increasing antioxidant
defense

Antidiabetic

Antidepressant

Gemede et al. (2016)

Ortag et al (2018)

Akbari et al (2016)

Moderate allergenicity
and development of
skin lesions

Manda et al. (1992)
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Extract (methanolic)

Extract (alcoholic)

Extract (methanolic)

Extract (powder)

Antioxidant and
hepatoprotective

Antioxidant

Ebrahimzadeh et al
(2013)

Algasoumi et al (2012)

Atawodi et al (2009)

Dermatitis

Moderate allergenicity

24

Matsushita et al (1989)

Ueda et al (1993)




Lectin from
Abelmoschus
esculentus
Purified protein

Purified protein

Purified protein

Purified protein

Antinociceptive and
anti-inflammatory

Antioxidant activity

Displays anti-
inflammatory,
antinociceptive and
hemagglutination
activity

Antinociceptive and
anti-inflammatory
activity

Freitas et al.(2016)

Ribeiro et al. (2016)

Soares et al. (2012)

Alves et al. (2018)
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Anticancer (breast
cancer) and anti-
apoptotic

Monte et al.,(2014).

26




Supplementary tables

Table S2 - Similarity of the full-length primary amino acids sequence of Abelmoschus esculentus
lectin (AEL) with allergenic proteins deposited in allergen databases.

Parameters used

Databases
Ccst 80 aa’st 6/7/8 aa’s'
AllergenOnline 0 1 %0
2
SDAP 0 4/1/0
Allermatch 0 2 2/1/0

CS: Complete sequence of amino acids (aa’s).

"To be considered relevant the identity must be greater than 50% (AALBERSE, 2000).

‘To be considered relevant the identity must be greater than 35% (CODEX ALIMENTARIUS,
2009).

To be considered relevant the identity must be 100% (CODEX ALIMENTARIUS, 2009).

¥In this database it is not possible to do search for 6 and 7 contiguous amino acids.

*Number of similar sequences found according to the specificities for each parameter analyzed
Source: Direct Search 2020.
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Highlights:

Lectins are good sources of antihypertensive and anti-diabetic peptides.

Dipeptides and tripeptides comprise the majority of ACE-I and DPP-1V inhibitors
found.

ACE-1 and DPP-IV inhibitors are mainly composed of hydrophobic amino acids.

ACE-I and DPP-1V inhibitory peptides are non-competitive inhibitors.



Abstract

Plant lectins are recognized for their several biological activities which make them a
promising platform for identification of bioactive peptides (BP). This work aimed to predict
through in silico approaches the presence of dipeptidyl peptidase-IV (DPP-1V) and
angiotensin-I-converting enzyme (ACE-I) inhibitory peptides in sequences of plant lectins,
as well as to verify their binding capacity by molecular docking. In silico tools were used to
identify and characterize peptides that potentially have inhibitory activity of the ACE-I and
DPP-IV enzymes, as well as to assess their toxicity. Plant lectins possess a large number
potential inhibitory peptides of ACE-I and DPP-IV. None of the most promising peptides
presented toxicity according to ToxinPred, and all peptides showed low solubility according
to PepCalc. The results of docking revealed that all peptides are capable of binding with high
specificity to the target enzymes. The binding energy between MF, CF and FFL peptides
and ACE-I ranged from -671.7 kJ/mol? to -518.4 ki/mol?, while for WF, MF and GF
peptides and DPP-IV the binding energy varied from -697.3 kdJ/mol™ to -415.7 kJ/mol™. The
main types of interactions found were hydrophobic interactions and hydrogen bonds. The
lack of interaction of the inhibitory peptides with the active site of the enzymes suggests an
inhibition of the non-competitive type. Although these BP are promising inhibitors, in vivo
studies must be performed to confirm their biological activity, and also to assess their

toxicity and safety as new therapeutic tools.

Keywords: Antidiabetics, antihypertensives, bioactive peptides, hydrophobic interactions,

non-competitive inhibition



1. Introduction

Bioactive peptides (BP) are organic molecules of protein nature that are encrypted in a
parental protein and released mainly by enzymatic processes (Sanchez & Vazquez, 2017).
BP usually have between 2-20 amino acids and a molecular weight of less than 6,000 Da
(Sarmadi & Ismail, 2010). BP have gained ground as important molecules used in the
treatment of different diseases, whether they are of natural or synthetic origin (Fosgerau &
Hoffmann, 2015).

Plants have long been recognized as an excellent source of therapeutic proteins (Tran et
al., 2020). In addition to some classes of plant proteins, many peptides generated from the
digestion of these molecules have been considered potent therapeutic agents (Maestri et al.,
2016). In this sense, plant lectins have figured out as a class of great interest due to their
diversity of pharmacological activities (Lagarda-Diaz et al., 2017), specially for the
treatment of diseases that currently occupy a large space on the world stage such as diabetes
and hypertension (Bhagyawant et al., 2019). The remaining question is whether these lectins
would be able to show any biological activity when present only as small peptides from their
native sequences.

According to the World Health Organization (WHO) the prevalence of diabetes mellitus
and hypertension affects about 422 million and 1.3 billion people worldwide, respectively
(WHO, 2020). In a global context, both diseases are considered public health problems since
they can in the long term lead their patients to debilitating conditions (Al-Lawati, 2017;
Laurent et al., 2012). More recently, a new concern has emerged since diabetes and previous
vascular disease are risk factors for the severity and mortality of COVID-19 (Valencia et al.,
2020). The great spread of diabetes and hypertension in the world has stimulated the
discovery of new molecules capable of treating them by different mechanisms (Miller et al.,

2014). Amidst the traditional and widely commercialized drugs for the treatment of these



diseases, BP are emerging as promising approaches to the control of diabetes and
hypertension (Guo et al., 2020).

According to the Food and Drug Administration (FDA), there are currently
approximately twelve classes of drugs used to treat diabetes (Gourgari et al., 2017). Taking
into account the different mechanisms of action and possible combinations of these drugs,
inhibitors of the dypeptydil peptidase-1V enzyme (DPP-1V) are usually one of the main
choices in the treatment of diabetes (Pratley, 2008; J. Wu et al., 2009). DPP-1V is a serine
aminopeptidase that acts on the body by degrading a class of molecules called incretins.
GLP-1 and GPI are gut hormones and the main incretins that act as primary regulators of
glucose homeostasis, regulating the secretion of insulin and glucagon (Patil et al., 2015;
Power et al., 2014). Furthermore GLP-1 has been implicated in the proliferation and
differentiation of pancreatic p-cell (Holst & Gromada, 2004). Inhibition of the DPP-IV
enzyme as a strategy to maintain insulin levels at adequate levels remains the subject of
recent research in the field of pharmacology (Lu et al., 2019).

Among the different classes of antihypertensive drugs, the inhibitory substances of the
angiotensin-I converting enzyme (ACE-I) is one of the first-line drugs for the treatment of
high blood pressure (Oparil et al., 2018). ACE-I is a dipeptidyl carboxidase from the group
of zinc metalloproteinases and participates in the renin-angiotensin-aldosterone system
(RAS), transforming angiotensin-1 (Asp-Arg-Val-Try-lle-His-Pro-Phe-His-Leu) in
angiotensin-Il1 (Arg-Val-Try-lle-His-Pro-Phe) by removing the dipeptide His-Leu in the
terminal portion. Angiotensin Il acts as a potent vasoconstrictor and salt retainer (Vukic et
al., 2017). ACE-I inhibitors by preventing the formation of angiotensin-II lead to dilation of
the arteries, reducing blood pressure (Ribeiro-Oliveira et al., 2008). Besides that, ACE-I
inhibitors are known to raise levels of bradykinin, an important molecule that helps lower

blood pressure (Sharma, 2010).



In the past few years, great efforts have been made to characterize BP from natural
sources with relevant pharmacological and nutraceutical properties (but with reduced side
effects) by using in vitro and in silico methods (Liu et al., 2019). The reduced cost to identify,
isolate and characterize peptides and proteins with potent pharmacological activity using
computational approaches represents an additional advantage to the traditional
methodologies used in the pharmaceutical industry. An increasing advance has been seen in
the use of in silico tools to predict the function of proteins and peptides. For example, the

BIOPEP database (http://www.uwm.edu.pl/biochemia/index.php/pl/biopep) is used for

depositing and digesting peptide sequences, obtaining the theoretical degree of hydrolysis,

among others; ToxinPred (http://crdd.osdd.net/raghava/toxinpred/) is used to analyze the
toxic potential of peptide sequences; and the PeptideRanker

(http://distilldeep.ucd.ie/PeptideRanker/) used to evaluate the bioactive potential of the

sequences of interest.

Considering that lectins could be a source of peptides with biological activities of
pharmacological and nutraceutical interests, this work aimed to identify BP from lectins of
different plant origin, mainly legumes. For that, different in silico approaches were used to
generate and identify the peptides that potentially have inhibitory activity of the ACE-I and

DPP-1V enzymes, as well as to assess their toxicity.

2. Material and Methods
2.1 Lectin amino acids sequences

The justification for choosing lectins for study was based on previous reports of
pharmacological activities in the literature and availability of primary amino acids
sequences. Thus, the in silico analyses were performed with the following plant lectins: AEL

- Abelmoschus esculentus (de Lacerda et al., 2017), ConA - Canavalia ensiformes (Acession


http://www.uwm.edu.pl/biochemia/index.php/pl/biopep
http://crdd.osdd.net/raghava/toxinpred/
http://distilldeep.ucd.ie/PeptideRanker/

number P02866-CONA_CANEN), ConBr - C. brasiliensis (P55915), ConMa - C. rosea
(P81364), MusaLec - Musa acuminata (Q8L5H4), Pea Lec - Pisum sativum (P02867), Soybn
Lec - Glycine max (P05046), Lencu Lec - Lens culinaris (P02870), PHA-E - Phaseolus
vulgaris (Q8RW23), Favin - Vicia faba (P02871), Allce Lec - Allium cepa (COHJMS),
Allsa Lec - Allium sativum (P83886) and Coles Lec from Colocasia esculenta (ASHMM7).

These sequences were obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/)

with the exception of that of AEL. The peptide sequence in .pdb format was obtained from

the PeptideDB database (http://www4q.biotec.or.th/FeptideDB/index.php). To simulate the

gastrointestinal digestion in silico, the pepsin (EC 3.4.23.1) and trypsin (EC 3.4.21.4)

enzymes were used.

2.2 Bioactivity search of plant lectin peptides
The activity profile of the BP encrypted in each protein sequence was analyzed

individually at BIOPEP (http://www.uwm.edu.pl/biochemia/index.php/pl/biopep). Proteins

were analyzed for the frequency of bioactive peptides which can occur in their sequences
(A): A =a/N, where (a) 1s the number of fragments with a given activity and (N) is the
number of amino acids residues. The individual values of (A) for each biological activity
were used to generate the data plot on the HeatMap. The data were generated with the
RStudio program. The profile of biological activity in the heat map varied between 0 and 12
for each activity with 0 being a low activity potential and 12 a high profile of biological
activity. In total, 18 different biological activities performed by the selected lectins were
counted. The values of (A) added together resulted in the variable Y A - total frequency of
occurrence of all bioactive peptides. The values of Y A were also used to identify the total

number of biological activities that the different lectins have in their sequences.


https://www.uniprot.org/taxonomy/4460
https://www.ncbi.nlm.nih.gov/
http://www4g.biotec.or.th/FeptideDB/index.php
http://www.uwm.edu.pl/biochemia/index.php/pl/biopep
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2.3 Evaluation of the frequency of release of ACE-I and DPP-1V inhibitory peptides
from plant lectins

Enzymatic simulation and prediction of bioactive peptides were carried out at BIOPEP.
For that, it was used pepsin alone or pepsin followed by trypsin to simulate the
gastrointestinal digestion. The sequences were assessed for their frequency of release of
fragments with a given activity by the selected enzymes (AE) using the formula: AE =d /
N, where (d) is the number of peptides with a given activity released by a given enzyme and
(N) is the number of amino acid residues in protein. In addition, the relative frequency of
release of fragments with a given activity by selected enzymes (W) was evaluated applying
the formula: W = AE / A. Finally, the theoretical degree of hydrolysis (DHt) was analyzed
according to the the formula: DHt = d / D x 100%, where (d) is the number of hydrolyzed
peptide bonds in a protein / peptide chain and (D) is the total number of peptide bonds in a

protein / peptide chain (Minkiewicz et al, 2019).

2.4 Ranking and toxicity prediction of ACE-I and DPP-1V inhibitory peptides

In order to rank the biologically active peptides found, the PeptideRanker Score

(http://distilldeep.ucd.ie/PeptideRanker/) was used to select the top-three peptides that
obtained the highest scores among the DPP-1V and ACE-I inhibitory peptides. The results
were represented between 0 and 1, with O being a low bioactive potential and 1 a high
bioactivity potential. After selection, each peptide was evaluated in silico for toxicity in the

ToxinPred database (http://crdd.osdd.net/raghava/toxinpred/). The prediction method for the

toxicity analysis was based on support vector machine (SVM). The E-value cut-off for motif-
bases method was 10. For further analysis of the peptides such as solubility, molar extinction

coefficient and molecular weight, the PepCalc bank was used (http://pepcalc.com/).



http://distilldeep.ucd.ie/PeptideRanker/
http://crdd.osdd.net/raghava/toxinpred/
http://pepcalc.com/
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2.5 Analysis of molecular docking

The peptides used in docking were chosen according to their bioactivity profile provided
by the PeptideRanker Score and inhibitory activity (A) provided by BIOPEP. The sequences
of the DPP-1V and ACE-I proteins to be used in the docking were obtained in .pdb format

in the PBD Database (https://www.rcsb.org/). Docking analysis of DPP-1V and ACE-I and

the inhibitory peptides were performed using the ClusPro 2.0 database

(https://cluspro.bu.edu). The GPU option was chosen to work with the docking models. The

best models were chosen based on the balanced scoring scheme and the lowest binding
energy values. The molds with the lowest binding-free energies were chosen as the most
representative of enzyme inhibition. The Ligplot software was used to analyze in 2D figures
the hydrogen bonds and hydrophobic interactions between ligand-enzyme. PIC server

(http://pic.mbu.iisc.ernet.in/) was used to verify and quantify the interaction between the

amino acids involved in enzyme inhibition. The chosen interaction cut-off value followed
the recommendations of the software. PyMOL software was used to visualize the result of

molecular docking in 3D.

3. Results and Discussion
3.1 Evaluation of the biological activity profile in plant lectins
Amid a wide variety of physiological effects, plant-based proteins such as lectins have
gained attention as promising alternatives in the treatment of diabetes and hypertension
diseases. In this context, we aimed to identify peptides with high biological activity present
in plant lectin sequences with inhibitory activity against the ACE-1 and DPP-IV enzymes.
According to the BIOPEP database, a total of 18 biological activities were found in the
sequences of the selected lectins (Figure 1). Among them are: ACE-I inhibitor, activating

ubiquitin-mediated proteolysis, a-glucosidase inhibitor, antiamnestic peptide, anticancer


https://www.rcsb.org/
https://cluspro.bu.edu/
http://pic.mbu.iisc.ernet.in/
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peptide, antioxidant peptide, antithrombotic peptide, bacterial permease ligand, CaMPDE
inhibitor, DPP-III inhibitor, DPP-IV inhibitor, hypolipidemic, HMGG-CoA reductase
inhibitor, immunomodulating peptide, neuropeptide, renin inhibitor, and regulating and

stimulating.

3.2 Frequency of release of ACE-I and DPP-1V inhibitory peptides from plant lectins

The total frequency of occurrence of all bioactive peptides (D A) showed that the lectins
with the highest biological activity values were AEL (3’ A 1,3481), Coles Lec (D A 1,225),
Favin (3A 1.2666), PHA-E (3 A 1.2091), Soybn Lec (DA 1.1769) and Musa Lec (3 A
1.1794) (Table 1). However, in number of biological activities observed, the main lectins
were Soybn lec, PHA-E, AEL and Musa lec presenting 16 activities, Allce lec with 15
activities and Allsa lec, and Favin with 14 biological activities (Table 1). Although other
biological activities have been presented, only two activities have been chosen for a more
detailed analysis of the sequences responsible for such activities. Based on the frequency of
the occurrence of peptides with given activity (A), only ACE-I and DPP-1V inhibitory
activities were present in all lectins analyzed according to the heatmap (Figure 1). The lectins
with the highest values of (A) for ACE-I inhibition were Musa Lec (A 0.4279), Coles Lec
(A 0.3979) and AEL (A 0.3937). For the inhibition of DDP-1V, the lectins with the highest
values were Favin (A 0.6421), AEL (A 0.6199) and PHA-E (A 0.6184) (Table 1).

All BP encrypted in the lectin sequences which had between 2 and 5 amino acids and
associated with ACE-I and DDP-IV inhibition were systematically annotated
(Supplementary Table 1). The lectins presented a high amount of ACE-1 and DPP-1V
inhibitory peptides when analyzed individually and also in the total sum of inhibitory
peptides (Supplementary Table 2). Among all lectins studied, Coles Lec presented the

greatest number of ACE-I inhibitory peptides, accounting for a total of 110 peptides. As to
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the inhibition of DDP-1V, 197 inhibitory peptides were found in the Soybn Lec sequence
(Figure 2 and Supplementary Table 1).

The Theoretical Degree of Hydrolysis (DHt) in an enzymatic reaction is defined as the
total number of cleaved peptide bonds and it shows the enzyme's effectiveness in producing
peptides (lwaniak et al., 2020; Rutherfurd, 2010). Our results showed that the DHt using
pepsin ranged from 6.1111% (Allsa Lec) to 23.7288% (Pea Lec and Lencu Lec), while for
the combination of pepsin and trypsin ranged from 15.0000% (Allsa Lec) to 30.5085%
(PHA-E) (Table 2). For all lectin sequences, the DHt values were higher when there was a
combination of pepsin and trypsin. DHt values vary according to the combination of enzyme
and the sequence of amino acids. Moreover, the release of peptides can occur at different
DHt values (Iwaniak et al., 2020). A release of antioxidant peptides of plant origin revealed
a DHt that varied between 27% and 66% when the enzymes bromelain, ficin and pepsin were
used (Szerszunowicz & Ktobukowski, 2020). Plant proteases usually have higher DHt values
because they have more recognition sites than the proteases pepsin, trypsin and
chymotrypsin and therefore also generate a greater number of peptides (Ji et al., 2019) and
higher DHt values (Barbana & Boye, 2010). In order to simulate the enzymatic digestion
that occurs in animals, plant proteases were not included in our analyses. However, the DHt
results of the pepsin and trypsin proteases are promising and capable of generating a large
number of BP as demonstrated here.

The maximum and minimum values of (AE) for ACE-I inhibitory activity of the peptides
obtained were 0.0500 and 0.0055 (Lencu lec and Allsa lec peptides, respectively). For DPP-
IV inhibitory activity, the highest and lowest values of (AE) were 0.0667 and 0.0166 (Favin
and Allsa lec peptides, respectively). In turn, the maximum and minimum values found of
(W) were the same for all analyzed lectins (Table 2). Futhermore, it was possible to observe

that the values of (AE) for the same lectin were generally higher for the inhibitory activity



14

of DPP-IV when compared with the data of ACE-I. Despite the use of pepsin and trypsin
for all lectin hydrolysis simulations, the different DHt, AE and W values existed due to the
different amino acids compositions and the different cleavage sites of each lectin (Table 2).
The results obtained showed that the release of BP is greater in the intestinal phase (after
pepsin digestion) than in the gastric phase (where only pepsin is present). Analyses of wheat
peptides showed a similar result, by identifying a higher number and release of peptides in
the intestinal phase due to the presence of trypsin and chymotrypsin (Percin & Karakaya,
2020).

ACE-I inhibitory peptides have been identified in a wide range of plant species (Silva do
Nascimento et al., 2021). ACE-I inhibitors of natural origin are still a low-cost alternative
with fewer side effects when compared to the most commonly used antihypertensive drugs,
namely captopril and lisinopril (Aluko, 2015; Segura Campos et al., 2013). ACE-I inhibitors
still remain the main therapeutic strategy to regulate blood pressure in hypertensive patients.
Different natural sources of peptides have been identified, such as in hydrolysates of oat (I.
W. Y. Cheung et al., 2009), wheat germ (Matsui et al., 2000), quinoa (Guo et al., 2020),
chia (Segura Campos et al., 2013) and Zizyphus jujuba (Memarpoor-Yazdi et al., 2020).

In general, ACE-I inhibitory peptides have between 2-12 amino acids and those of long
size can be prevented from binding to the enzyme active site (Daskaya-Dikmen et al., 2017;
Natesh et al., 2003). The presence of aromatic amino acids (such as tryptophan, tyrosine and
phenylalanine) and branched side chains in the COOH-terminal portion of the peptides have
been reported as important characteristics found in ACE-inhibiting peptides, while the NH2-
terminal portion usually has aliphatic and branched amino acids (Rezaei et al., 2019; Wilson
etal., 2011).

It was seen that in the hydrolysates of chickpea and yellow pea proteins, ACE-I

inhibitory peptides had molecular weight below 4 kDa and the profile of inhibitory peptides
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changed according to the enzymes used in the digestion (Barbana & Boye, 2010). In peptides
derived from garlic, all dipeptides characterized presented the aromatic amino acids tyrosine
or phenylalanine as C-terminal residues, being Phe-Tyr the most potent among them
(Suetsuna, 1998). Futhermore, the presence of aliphatic amino acids in the NH2-terminal
portion is observed in potent ACE-I inhibiting dipeptides, such as Val-Trp (H.-S. Cheung et
al., 1980).

In order to have any in vivo effect, the peptides must be absorbed by the cells of the
intestine and reach the bloodstream without being degraded by plasma peptidases (Li et al.,
2004). Small peptides, as those presented in this study, are easily absorbed by the
transcellular pathway through the intestinal cells, while oligopeptides usually follow the
paracellular route (Shen & Matsui, 2017). Due to the high concentration of peptides observed
in the inhibition of ACE-I, it has been proposed that another mechanism of action in the
inhibition of ACE-I is the chelation of zinc molecules in the active site of this protein, which
acts as an important cofactor in the activity of ACE-I (Suetsuna, 1998).

Many inhibitors have been discovered for DPP-1V in order to improve the effectiveness
of drugs currently available on the market. Thus, incretin-based therapies appear to be a
viable and promising alternative in the treatment of the disease (Nauck et al., 2009). The
main substrates of the DPP-IV serine dipeptidase are the gut hormones, namely GLP-1 and
GIP and have a plasma half-life of approximately 2 and 7 minutes, respectively (Shubrook
et al., 2011). GLP-1 and GIP act on receptors coupled to G protein. The binding of these
hormones to their receptors initiates a signaling cascade raising levels of cyclic AMP and
intracellular calcium. Then, the calcium concentration leads to the release of insulin
contained in granules by exocytosis (Power et al., 2014).

It has been suggested that roughly half of the insulin released after a meal is mediated by

the action of the GLP-1 and GIP incretins (Tseng et al., 1999). DPP-IV cleaves dipeptides
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that are just after proline or alanine residues at position 2 of the inhibitory sequence in the
N-terminal portion (Patil et al., 2015). The discovery of new DPP-IV inhibitors has been
driven not only by its physiological effects, but also by safety and tolerability as an oral
hypoglycemic agent. Inhibition of DPP-IV prolongs the half-life of GLP-1 and GIP incretins,
reducing glucagon secretion and consequently increasing insulin levels in the bloodstream
(Patil et al., 2015). DPP-1V inhibitory peptides usually have a sequence of up to 7 amino
acids and hydrophobic characteristics (Huang et al., 2012). Although large peptides are less
able to inhibit DDP-1V, it has been seen that the sequence and amino acids composition of
the peptides are more important than their size (Huang et al., 2012; Nongonierma &
FitzGerald, 2019). Among the DPP-IV inhibitory peptides, it is common to find the amino
acids tryptophan, threonine and methionine in the N-terminal portion and alanine, leucine
and histidine in the C-terminal portion, although potent inhibitors have proline or alanine in
the N-terminal portion (Power et al., 2014). The presence of proline in the inhibitory
sequence despite being an important feature in the inhibition of DPP-1V, for some sequences
not to exert the same pattern of inhibition, since sequences showing proline were unable to
inhibit the enzyme (Nongonierma & FitzGerald, 2013).

Because the inhibition of DDP-IV requires a high concentration of peptides, it is
noteworthy that in order to have a significant and long-lasting physiological effect in diabetic
patients, foods containing these peptides should preferably be consumed daily. It has been
reported that the MF dipeptide has inhibitory activity and ACE-I, however it was seen in our

work that this same sequence also has DPP-1V inhibitory activity (Yu et al., 2019).

3.3 Top-three ACE-1 and DPP-1V inhibitory peptides and toxicity
The six peptides chosen (three for each inhibitory activity) were defined as the most

promising peptides in the context of enzyme inhibition and they were used in the further
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molecular docking analyses to verify their inhibition mechanism (Table 4). The peptides that
obtained the highest inhibitory activity for ACE-1 were the peptides MF (from ConA, ConBr
and ConMa), CF (Coles lec) and FFL (SBA). The peptides that obtained the best values for
DPP-1V inhibitory activity were WF (from AEL), MF (ConA, ConBr and ConMa) and GF
(ConMa, MusaLec, PEA, SBA, LCA, PHA-E, Favin).

Since toxicity is an important assessment in the development of new peptides, as well
as biochemical properties (e.g. solubility), the toxicity of all peptides was analyzed using the
ToxinPred and PepCalc softwares (Gupta et al., 2013). The result of the analyses showed
that the selected peptides were non-toxic according to the parameters used in the software,
and all of them showed low solubility due to its composition of hydrophobic amino acids
(Table 3). As expected the peptides also had low molecular mass due to the size of their
sequences. According to our knowledge, no lethality has been associated to the use of DPP-
IV inhibitors. However it is possible that non-lethal effects observed in studies with mice
such as alopecia, bloody diarrhea, thrombocytopenia and splenomegaly were due to DDP8/9

inhibition (Lankas et al., 2005).

3.4 Analysis of molecular docking

Among the thermodynamic properties that can be evaluated computationally is the
free binding energy, which will indicate the binding between the substrate-ligand complex.
In this context, bioinformatics tools were used to perform a protein-ligand docking in order
to understand the inhibitory activity of the peptides from lectins. The lowest binding energy
represents a strong interaction between peptide and enzyme. The three-dimensional structure
of the ACE-I and DPP-IV enzymes was obtained from the PDB Databank using the codes
108A and 1NUBG, respectively. Molecular docking analyses using ClusPro2 revealed that all

peptides had very low peptide-protein binding energies, revealing a high level of interaction
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between peptides and enzymes. The binding energy values of the inhibitory peptides for
ACE-I ranged from -671.7 kJ/mol™ to -518.4 kJ/mol, and for DPP-IV from -697.3 kJ/mol-
! t0 -415.7 kJ/mol™* (Table 4).

The binding energy between the MF peptide and ACE-1 was -536.7 kJ/mol™* (Table 4).
The main types of interaction between the enzyme-inhibitor complex were hydrophobic
interactions and hydrogen bonds. The residues responsible for hydrophobic interactions
were TYRus (PHE2); LEU161 (PHE2), TRP1gs (PHE2); TRP279 (PHE2); VAL3zso (MET3),
PHEs12 (PHE2); GLU3z49 (MET1); VAL1s1 (PHE2). Hydrogen bonds were found mainly
between residues CYS352 (MET1); ALAw9 (MET1); GLU162 (MET:) (Table 4 and Figure
3A). The MF peptide is able to interact with the ACE-1 S1' pocket and with amino acids
neighboring the S2 pocket - LY Ss11, HISs13. A non-competitive inhibition is suggested for
the MF dipeptide due to the lack of interaction between the main amino acids that make up
the ACE-I active site.

The CF inhibitory sequence for the ACE-I enzyme had a binding energy of -518.4
kJ/mol™* (Table 4). The CF peptide does not interact with amino acids present in the active
site. A single interaction was observed between the CF cysteine and the GLU1¢. residue from
the S1’pocket, through hydrogen bonds. Thus, CF is expected to be a non-competitive
inhibitor of this enzyme, due to the low interaction with the active site of the enzyme. The
interaction between the CF-ACE-1 complex occurs through hydrogen bonds and
hydrophobic interactions, the latter occurring mainly by aromatic chain amino acids.
Hydrophobic interactions occurred between amino acids TYRu14s, LEU161, TRP279, PHES512,
HISss3 and SER147 with the phenylalanine residue of the dipeptide. Hydrogen bonds occurred
between the residues of GLU1e2, ALA149 and CY Szs2 with the CYS residue from CF (Table

4 and Figure 3B).
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The FFL tripeptide obtained the lowest binding energy among ACE-I inhibitory
peptides, with an energy of -671.7 kJ/mol™? (Table 4). As expected for ACE-I inhibiting
peptides, the peptides showed mainly hydrophobic interactions between the peptides and the
enzyme. However, no interactions of the dipeptide amino acids with any amino acid that
makes up the active site of the enzyme were observed, indicating a possible non-competitive
inhibition by the FFL sequence. The interactions occurred between residues of TYRs;
(PHE1); TYRe2 (LEU3); ILEgs (PHE2); ILEss (LEU3); ALAgy (PHE2); VALi11s (PHE1),
LEU12 (PHE2); TYRzs0 (LEU3); GLU123 (PHE2). Hydrogen bonds were present between
VALiis (PHE1); THRe, (PHE1); ARG124 (LEU3) (Table 4 and Figure 3C). Two Cation-Pi
interactions were also observed between residues LY S11s (PHE1) and ARG124 (PHE>).

ACE-I has three pockets of active sites, being them: S1 (ALA3s4, GLU384 and TYRs23),
S2 (GLN2g1, HIS3s3, LYSs11, HISs13 and TYR520) and S1°(GLUj162) (Q. Wu et al., 2015). As
noted in the results, all peptides showed hydrophobic peptides (Phe, Trp, Met and Gly).
Inhibition of ACE-I can occur through competitive, non-competitive or mixed inhibition
(Tahir et al., 2020), however, small peptides usually act through competitive inhibition.

The inhibitory activity of ACE-I is strongly influenced by the composition of amino
acids present in the C-terminal portion and amino acids with hydrophobic characteristics,
namely aromatic amino acids and branched side-chains (Fitzgerald & Meisel, 2000). For
inhibitory peptides of small size, the composition of amino acids seems to be a more
important characteristic for the inhibition of this enzyme than the N-terminal portion.
Besides that, long peptide sequences less effectively inhibit ACE-1 (Pripp et al., 2004). The
chebulin peptide (Asp—Glu—Asn—Ser—Lys—Phe) obtained from Terminalia chebula is
capable of inhibiting ACE-I by non-competitive inhibition. The presence of phenylalanine
in the C-terminal portion of this hexapeptide is related to the formation of hydrogen bonds

and hydrophobic interactions (Sornwatana et al., 2015). The EWL tripeptide obtained from
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ovotransferrin proteolysis showed a potent inhibition of ACE-I through molecular docking,
and the main interactions between ligand-enzyme were pi interaction, attractive charge and
conventional hydrogen bond (Yu et al., 2019).

The WG and PRY peptides derived from patatin (potato) are able to inhibit ACE-I
in a mixed and competitive way, respectively, mainly for being able to form hydrogen bonds
and stabilizing the enzyme-peptide complex. Furthermore, the WG peptide was able to
interact with the zinc atom (Zn) in the enzyme, compromising the activity of ACE-I (Fu et
al., 2017). The amino acid isoleucine provides more flexibility to the IPP tripeptide (-19.02
kJ/mol?) and greater inhibitory capacity compared to the VPP tripeptide (-18.69 kJ/mol™?)
in terms of enzyme inhibition, which explains the different binding energy values of these
peptides , both obtained from casein (Pina & Roque, 2009).

The result of molecular docking with the DPP-IV inhibitory peptides indicated that
the binding energy found for the WF peptide was -697.3 kJ/mol™?, the lowest binding energy
among all analyzed sequences (Table 4). The interaction between the WF peptide and DPP-
IV was due to hydrophobic interactions and hydrogen bonds. lonic and Cation-Pi
interactions were observed in the protein structure, but these bonds were not involved in the
inhibition of DPP-1V. The WF peptide was able to interact through hydrophobic interactions
with the LEU2ss-a (PHE2) residues; TYRosg-a (PHE2); TYR241-a (TRP1); TYR2418
(TRP1/PHE>); PHE713.a (TRP1/PHE2); ALA717.8 (TRP1); TRP734-a (TRP1). In that case, both
chains of the DPP-IV protein were involved in inhibition. Hydrogen bonds were also
observed between residues GLN714 (PHE>2) and SER239 (TRP1) (Table 4 and Figure 4A). The
mode of inhibition was thought to be non-competitive due to WF bonds in several other
amino acids that do not make up the DPP-IV active site.

The binding energy found for the inhibition of DPP-1V by the MF peptide was -540.6

kJ/mol™ (Table 4). A non-competitive mode of inhibition has been thought due to low
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interaction with amino acids residues from the DPP-IV active site or any of the enzyme
pockets. The residues that interacted through hydrogen bonds were ILE23s-a (PHE2); TYR23s-
A (PHE); TYR241-a (PHE2/MET1); TYR2418 (PHE2); PHE713.A (PHE2/MET:); PHE7138
(METy); ALA717.8 (MET1); TRP734-a (MET1); THR 706-a8 (MET1). The hydrogen bonds
between the peptide and DPP-IV occurred mainly between SER239.a (PHE2); TYR241-a
(PHE?) (Table 4 and Figure 4B). lonic and Cation-Pi interactions were also observed, but
not involving the MF peptide.

For the GF peptide, a binding energy of -415.7 kJ/mol™* was found (Table 4). As seen
for the other DPP-1V inhibitors, ionic and Cation-Pi interactions were observed in some
residues, but were not present in the interaction of the peptides and the enzyme. Hydrophobic
interactions were also observed between various residues, being them: TYR2ss.a (PHE?);
TYR241-8 (PHE2); HIS712.a (PHE2); GLU237.a (PHE2); THR706.a (PHE2); PHE713-a (GLY?Y).
Among the hydrogen bonds, interactions were found between TYR241.8 (GLY1); TYR241- A
(PHE2); SER239-a (PHE?) (Table 4 nad Figure 4C). No interactions of the amino acids of the
inhibitory peptide with amino acids residues from the DPP-IV active site or the S1, S2 or S3
pockets were observed, indicating a possible non-competitive inhibition model.

In relation to DPP-1V, its catalytic site consists of the amino acids SERe30, ASP70g, and
HIS740 located between the two domains of the protein. It is still observed the presence of a
S1 pocket, formed by the amino acids VAL711, VALess, TYRes2, TYRess, TRPesg, and
TYRe31 (Thoma et al., 2003), S2 pocket formed by the amino acids ARP125, GLU20s5, and
GLU206, PHE3s7, TYRs47, PROss0, TYRe31, and TYReee (Aertgeerts, 2004) and S3 pocket
SER209, TYRs47, ARG3s8, and PHE3s7 (de Souza Rocha et al., 2014; Xu et al., 2019). Since
the active site is located in a small pocket, it is more likely that small side chain amino acids
like proline, alanine and glycine were able to interact with the amino acids in that pocket

(Rasmussen et al., 2003).
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It is common to notice in DPP-1V inhibitory peptides the presence of hydrophobic amino
acids or aromatic chain in the N-terminal portion such as Ala, Val, lle, Leu, Met, Phe, Tyr
or Trp (Nongonierma et al., 2014). In addition, the presence of tryptophan as seen in our
work is an important feature that appears in most non-competitive inhibitors. In fact, the
presence of hydrophobic amino acids in the N-terminal portion of the inhibitory peptide
appears to be more important than the total hydrophobicity of the peptide in terms of enzyme
inhibition.(Nongonierma et al., 2014).

Although less common, peptides from soy were able to perform ionic interactions during
the inhibition of DPP-IV through the amino acid ARGssg. This residue is also involved in
the inhibition of DPP-IV by the oral antidiabetic omarigliptin (Lammi et al., 2016). The
smallest peptides inhibiting DPP-IV of P. vulgaris have the ability to bind to S1 and S2
pocket through the HIS740 and ARG125 residues, respectively. On the other hand, pocket S3
had no relation to the inhibitory activity of the analyzed sequences (Oseguera-Toledo et al.,

2015).

4. Conclusions

Our results indicate that plant lectins of different origins, especially from legume species,
are good sources of antihypertensive and antidiabetic peptides. The peptides found, mainly
di and tripeptides, are hydrophobic in nature and interact with the ACE-1 and DPP-IV
enzymes through hydrophobic interactions and hydrogen bonds. The non-competitive
inhibition mode was thought to be the most representative since no interaction with residues
of the active enzyme site was observed. Since DPP-IV and ACE-I inhibitors are widely used
in the pharmaceutical industry, the results achieved in this work may help in the development
of new drugs based on proteins from natural sources as an adjunct in the management of

diseases of wide occurrence such as diabetes and hypertension. However, in vivo studies
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must be performed to confirm their biological activity, as well as to assess the toxicity and

safety os these peptides as new therapeutic tools.
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Figure captions

Figure 1 - Heatmap of the frequency of occurrence of peptides with given activity in plant
lectins. The frequencies were obtained from the BIOPEP database. For each lectin, the
highest frequency with a given activity obtains a maximal green color while the lowest

frequency obtains a minimum red color.

Figure 2 - ACE-I and DPP-1V inhibitory peptides found in the lectin sequences. A) Unique
peptides with antihypertensive and anti-diabetic activity. B) Total amount of ACE-I and
DPP-1V inhibitory peptides found in lectins. C) Quantity of ACE-I and DPP-IV inhibitory

peptides per protein sequence.

Figure 3 — Three-dimensional structure of ACE-1 and its inhibitory peptides. The left side
is showing the 3D structure of ACE-I complexed with its inhibitor. On the right side there is
a 2D diagram showing the hydrophobic interactions (red) and the hydrogen bonds (green)
existing between the inhibitory sequence and the enzyme. A) Non-competitive inhibition by
the MF peptide. B) Non-competitive inhibition by the CF peptide. Non-competitive
inhibition. C) Non-competitive inhibition by the FFL peptide. The 3D and 2D images were

analyzed using PyMOL and LigPlot, respectively.

Figure 4 — Three-dimensional structure of DPP-IV and its inhibitory peptides. The left side
is showing the 3D structure of DPP-IV complexed with its inhibitor. On the right side there
is a 2D diagram showing the hydrophobic interactions (red) and the hydrogen bonds (green)
existing between the inhibitory sequence and the enzyme. A) Non-competitive inhibition by

the WF peptide. B) Non-competitive inhibition by the MF peptide. Non-competitive
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inhibition. C) Non-competitive inhibition by the GF peptide. The 3D and 2D images were

analyzed using PyMOL and LigPlot, respectively.



35

Figure 1.

Screening of Biological Activity

igunn-mediziad protsolysiz
£ d2se inhibitor

Antiamnsstic pepids

Anticancer paptids

Artioxidative pap!
Artithrombotic p2
Bacterial perme2se lizand
CaNPDE inhibitor

D22-T1I inkibitor

DPP-IV inhibitor
Rypolipidamic

EMG-CoA rzductase mhibitor
Immunomodulating peptid

Color Key

(=9

= Neuropapnds
_—: -

] - L) Ll 10 7
Value - 3

g £ & & 8 8 8 8 W S 8 8 8

< R S c o ™ I 3 % f » : w

(8] O =] @ @ 5 o w s} o ]

] O @ o 3 '5 o ; 2 5

= (] g < O

Figure 2.
no® N ACH
i» - By
A)
2500+ - e - NCE
" 0DP-v B DDP.Y

" ACE'DDP-IV

16004

lectin

10204

5004

Total amoum of peprdes

Amoumt of peplides pes




Figure 3.

A) MF. ACE1

%

07 A
Ly o

(] a

e 4

)J A X AL

/




Figure 4.

A)WFE  DPPIV

B) MF - DPP-IV

C)GF DPPIV

37



Table 1. The frequency of occurrence of peptides with a given activity (A) obtained from in silico digestion of plant lectins. The frequencies

were obtained from the BIOPEP database.

Source Protein Number of activities YA” A A
(ACE-I inhibitor) (DPP-1V inhibitor)
Abelmoschus esculentus AEL 16 1.3481 0.3937 0.6199
Canavalia ensiformis ConA 12 1.0838 0.3177 0.5691
Canavalia brasiliensis ConBr 11 1.0893 0.3450 0.5463
Canavalia rosea ConMa 12 1.0198 0.3191 0.5164
Musa acuminata Musac lec 16 1.1794 0.4279 0.4925
Pisum sativum Pea lec 11 1.1161 0.3065 0.6012
Glycine max Soybn lec 16 1.1769 0.3217 0.5971
Lens culinaris Lencu lec 12 1.1203 0.3102 0.5994
Phaseolus vulgaris PHA-E 16 1.2091 0.3343 0.6184
Vicia faba Favin 14 1.2666 0.3789 0.6421
Allium cepa Allce lec 14 1.1974 0.3509 0.6096
Allium sativum Allsa Lec 15 1.1246 0.3434 0.5547
Colocasia esculenta Coles lec 13 1.225 0.3979 0.5329

“Total frequency of occurrence of all bioactive peptides.


https://www.uniprot.org/taxonomy/4460

Table 2. Prediction of the efficiency of release of bioactive peptides from plant lectins during in silico sequential digestion using pepsin and

trypsin. The rate of release of the peptides was analyzed using the BIOPEP database.

ACE inhibitor ACE inhibitor DPP-1V inhibitor DPP-1V inhibitor
Protein Enzime DHt" (%)
AE™ W# AE W

AEL Pepsin 11.8182 0.0090 0.0229 0.0136 0.0219
Pepsin/Trypsin 22.2727 0.0136 0.0345 0.0226 0.0365
ConA Pepsin 16.2011 0.0278 0.0770 0.0333 0.0555
Pepsin/Trypsin 21.7877 0.0278 0.0770 0.0500 0.0833
ConBr Pepsin 12.2881 0.0211 0.0490 0.0253 0.0400
Pepsin/Trypsin 20.3390 0.0211 0.0490 0.0464 0.0733
ConMa Pepsin 11.4894 0.0127 0.0326 0.0169 0.0285
Pepsin/Trypsin 17.8723 0.0169 0.0434 0.0339 0.0571
Musac lec Pepsin 11.4286 0.0071 0.0118 0.0213 0.0337
Pepsin/Trypsin 19.2857 0.0213 0.0353 0.0284 0.0450

Pea lec Pepsin 23.7288 0.0167 0.0417 - -
Pepsin/Trypsin 28.8136 0.0333 0.0833 0.0167 0.0244

Soybn lec Pepsin 16.1972 0.0140 0.0369 0.0386 0.0558




Lencu lec

PHA-E

Favin

Allce lec

Allsa Lec

Coles lec

Pepsin/Trypsin
Pepsin
Pepsin/Trypsin
Pepsin
Pepsin/Trypsin
Pepsin
Pepsin/Trypsin
Pepsin
Pepsin/Trypsin
Pepsin
Pepsin/Trypsin
Pepsin

Pepsin/Trypsin

23.5915
23.7288
30.5085
17.5182
24.4526
13.5593
25.4237
6.7485
15.3374
6.1111
15.0000
18.8341
28.2511

0.0246
0.0333
0.0500
0.0218
0.0327
0.0167
0.0333

0.0122

0.0055

0.0179
0.0089

0.0649
0.0908
0.1364
0.0555
0.0833
0.0385
0.0769

0.0267

0.0112

0.0361
0.0180

0.0456
0.0167
0.0333
0.0436
0.0473
0.0167
0.0667
0.0122
0.0183
0.0110
0.0166
0.0223
0.0179

0.0660
0.0271
0.0540
0.0615
0.0667
0.0213
0.0852
0.0163
0.0244
0.0156
0.0235
0.0359
0.0288

“DHt — Theoretical degree of hydrolysis

“AE - Frequency of release of fragments with a given activity by selected enzymes

"W - Relative frequency of release of fragments with a given activity by selected enzymes



Table 3. Prediction of the chemical characteristics of peptides obtained from sequential in silico digestion of plant lectins that showed the
greatest potential for bioactivity. The peptides were selected based on the score obtained in the PeptideRanker and analyzed for their toxicity in
ToxinPred and solubility and molecular weight in PepCalc.

Peptide Activity Source PeptideRanker  Toxicity™  Solubility* Molecular Weight

Score” (g/mol)?

MF ACE inhibition ConA, ConBr and ConMa 0.996643 Non-toxin Poor 296.39
solubility

CF ACE inhibition Coles 0.99641 Non-toxin Poor 268.33
solubility

FFL  ACE inhibition SBA 0.995536 Non-toxin Poor 425.52
solubility

WF DDP-IV AEL 0.998831 Non-toxin Poor 351.4

inhibition solubility

MF DDP-1V ConA, ConBr and ConMa 0.996643 Non-toxin Poor 296.39
inhibition solubility

GF DDP-IV ConMa, Musalec, PEA, SBA, LCA, 0.994712 Non-toxin Poor 222.24
inhibition PHA-E, Favin solubility

“Analyzed in the PeptideRanker;
““Analyzed in the ToxinPred;
*Analyzed in the PepCalc.



Table 4. Molecular interaction between ACE-1 and DPP-IV inhibitory peptides. Docking was performed using the ClusPro server 2.0 and the
interactions between amino acids were analyzed using LigPlot and PIC server software. The structures were visualized using the PyMOL

program.
Weighted
Activity  Peptide Representative Score” Hydrofobic interations™ Hydrogen bonds*
(kJ/mol-1)
ACE MF Lowest Energy -536.7 TYR146 (PHE2); LEU161 (PHE2), TRP1gs (PHE2); TRP279 CYSasy (MET));
inhibition (PHE2); VALsso(MET1), PHEsz (PHE2); GLUsss ALAugg (MET):
(MET?), VALys: (PHE>) GLU162(MET1)
ACE CF Lowest Energy -518.4 TYRu6 (PHE2); LEU161 (PHE2); TRP279 (PHE2); PHE 512 GLU1s2 (CYS1); ALA
inhibition (PHE-2), HIS3s3 (PHE?); SER147 (PHE?) 19 (CYSy); CYSss
(CYSy)
ACE FFL Lowest Energy -671.7 TYRs: (PHE1); TYRe2 (LEU3); ILEss (PHE2); ILEss VALiig (PHE1); THRg
inhibition (LEUs); ALAgy (PHE2); VAL119 (PHE1); TYR360 (LEU3), (PHEY); ARG124
LEU122(PHE2), GLU123 (PHE>); (LEUs)
DDP-IV WF Lowest Energy -697.3 ILE2s6-a" (PHE2); TYRass-a (PHE2); TYRza1-a (TRP1); GLN714 (PHE2). SER239
inhibition TYR21.8% (TRP1/PHEz); PHE7nsa (TRPY/ PHE2); (TRP1)
ALA717.8 (TRP1); TRP734.a (TRP1)
DDP-IV MF Lowest Energy -540.6 ILE2zs-a (PHE2); TYR23sa (PHE2); TYR2u-a SER239.A (PHE>);
inhibition (PHE2/MET3); TYR241-8 (PHE2); PHE713-a TYR241.a (PHE?)

(PHE2/MET3); PHE7138 (METy1); ALA 7178 (METY);
TRP734-a (METl); THR 706-2/8 (METl)




DDP-IV GF Lowest Energy -415.7 TYR23s-o (PHE2); TYR241.8 (PHE2); HIS712.a (PHE2). TYR241-8 (GLYY);
inhibition GLU237.a (PHE?2); THR706-a (PHE2); PHE713-A (GLY1) TYR21- A (PHE);
SER239-a (PHE>);

“Calculated by the ClusPro server 2.0;
“Analyzed in the LigPot and PIC server;
TChain A;

iChain B.



Supplementary Tables

Supplementary Table 1. Prediction of ACE-I and DPP-IV inhibitory peptides released from plant lectins after in silico sequential digestion

using pepsin and trypsin.

ACE inhibitor

DPP-IV inhibitor

Pepsin and
Trypsin
AEL

87 peptides

137 peptides

RL2(3Y), IR(2) MF(L), KW(1), VW(1), RE(1), GY(L), LF(L),

GP(1), AW(L), GEP(1), VK(1), AF(1), LA(2), VP(1), RA(L),

AA(L), FR(L), IF(L), IG(1), GA(1), GL(1), AG(3), GR(2),
KG(1), FG(1), GV(4), GQ(2), GK(1), GT(1), GE(1), GG(3),

SG(1), LG(2), GD(L), TG(2), NG(1), PG(1), VR(1), GYK(L),

DG(3), NY(L), SY(1), KF(1), YK(1), RR(L), KA(2), LLF(1),
EI(L), IE(2), LQ(L), EW(1), EK(1), FVP(1), AV(1), TP(),
YV(1), WA(L), WM(1), ST(3), AVV(L), VVR(1), VVL(1),
EF(L), YY(1), FF(1)

GP(1), VA(L), KA(2), LA(2), FA(1), VP(1), LL(2), VV(4),
TP(1), SP(1), GA(L), RA(L), WA(1), EP(1), TA(2), WV(L),
EK(1), AL(2), GL(1), VR(1), WRL(1), AA(l), WR(1),
WM(1), WW(L), WF(1), AW(1), AD(L), AF(1), AG(3), AS(L),
AT(2), AV(1), DN(4), DR(1), EI(1), EW(1), FR(1), GE(1),
GG(3), GV(4), GY(1), HS(1), IR(2), KF(L), KG(1), KH(1),
KI(L), KK(1), KS(1), KT(2), KW(1), MF(1), MK(1), NA3),
NE(1), NG(1), NT(1), NY(1), PG(1), PI(1), PN(1), PS(1),
PV(2), QI(1), QS(1), QT(1), QV(1), QY(1), RH(1), RL(3),
RR(1), SI(1), SK(3), SV(1), SW(1), SY(1), TD(3), TG(2),
TI(1), TL(2), TS(Q), TT(2), TV(L), VI(1), VK(1), VL(4),
VN(2), VQ(2), VS(1), VT(L), VW(L), YD(1), YF(1), YK(L),
YV(1), YY(L), FF(1)

Pepsin and
Trypsin
ConA

105 peptides

183 peptides




RL(1), IR(1), LY(1), YL(1), MF(2), KW(1), FP(1), LF(3),
FY(1), FNQ(1), AY(1), YP(3), IW(1), IA(L), PSY(L), IA(L),
IP(2), AF(1), AP(1), KR(1), RA(L), YA(L), AA(L), IF(1), VG(3),
IG(2), GI(2), GL(3), GR(2), DA(2), GS(3), GK(1), GT(1),
GQ(2), SG(1), LG(1), GD(2), TG(3), EA(L), NG(1), VR(2),
VAV(1), SHP(1), QK(1), DG(2), SY(3) SF(2), KL(1) YK(1),
NK(1), EI(1), VE(1), LQ(1), AH(1), PQ(1), EW(1), KE(1),
HP(L), PH(L), TF(3), Al(1), LSW(L), AV(3), GLY(L), GKV(1),

DF(1), IL(2), ST(4), YN(2), AVV(2), l1Y(1)

VAQ2), MA(L), AP(1), PA(1), LP(2), LL(1), VV(4), IP(2),
SP(2), FP(1), HP(1), YP(3), IA(1),RA(L), TA(2), FL(3),
WV(L), AL(2), SL(1), GL(1), VR(2), AA(L), WN(1), WS(L),
WE(L), VGL(1), AD(3), AF(1), AH(1), AS(2), AT(4), AV(3),
AY(1), DN(1), DP(1), DQ(), EI(1), ES(1), ET(2),
EW(1), FN(2), GI(2), HE(1), HF(L), HI(3), I1(1), IL(2), IR(1),
IW(1), KE(1), KK(2), KR(1), KS(4), KT(1), KV(2), KW(1),
LH(1), LI(2), LM(1), LT(L), MF(2), MQ(L), MV(L), NA(4),
NE(1), NG(2), NL(1), NM(1), NQ(L), NT(2), NV(2), PH(1),
PI(1), PN(2), PQ(1), PS(2), PV(1), QF(1), QG(2), QN(1),
RL(2), RN(1), SF(1), SH(1), SI(1), SK(4), SV(3), SW(1),
SY(3), TD(2), TF(3), TG(3), TH(L), TI(3), TM(L), TN(2),
TR(1), TS(1), TT(2), TV(2), TY(1), VD(2), VE(1), VG(3),
VH(L), VI(1), VL(@), VN(), VS®@), YA(), YD(L),
YK(1), YN(2)

Pepsin and
Trypsin
ConBr

102 peptides

150 peptides

VLP(1), RL(3), LY(L), 1Y(1), MF(1), KW(1), FP(1), LF(2),
FY(1), FNQ(L), YP(3), IW(1), PSY(1), IA(1), IP(1), AF(1),
AP(1), KR(1), RA(L), YA(L), VG(4), IG(2), GI(2), GL(3),
GR(2), DA(2), GS(3), GK(2), GT(2), QG(2), SG(1), LG(L),
GD(3), TG(3), EG(L), EA(1), NG(3), VR(2), VAV(1), SHP(1),
QK(1), DG(1), SY(3), SF(2), KL(1), YK(1), VE(L), TE(L),
LQ(1), AH(L), PQ(1), EW(L), KE(1), HP(1), PH(1), TF(2),
IL(2), ST(3), YN(1),

LSW(1), AV(3), GLY(1), GKV(1),
AVV(2), LR(L), Y (1),

VA(Q2), AP(1), PA(L), LP(1), LL(1), VV(2), IP(1), SP(2),
FP(1), HP(1), YP(3), IA(1), RA(L), TAQ2), FL(1), WV(1),
AL(2), GL(3), VR(2), WN(L), WS(1), WE(1), VGL(1), AD(2),
AF(1), AH(1), AS(2), AT(3), AV(3), DN(1), DP(1), DQ(L),
EG(1), ES(1), ET(2), EW(1), FN(1), GI(2), HE(1), HF(1),
HI(3), 11(1), IL(2), IW(1), KE(1), KK(1), KR(1), KS(3), KT(1),
KV(1), KW(1), LH(1), LI(2), LT(1), MF(1), MQ(L), NA(1),
NG(3), NL(1), NM(1), NQ(1), NT(2), NV(1), PH(1), PN(2),
PQ(1), PS(2), PV(1), QF(1), QG(2), QN(1), RL(3), SF(2),
SH(1), SI(1), SK(3), SV(3), SW(L), SY(3), TD(1), TE(1),
TF(2), TG(3), TH(1), TI(2), TN(2), TR(L), TS(1), TT(L),




TV(1), TY(1), VD(1), VE(1), VG(4), VH(1), VL(1), VS(3),
YA(L), YD(L), YK(1), YN(1),

Pepsin and
Trypsin
ConMA

91 peptides

140 peptides

VLP(1), RL(2), LY(1), MF(1), KW(1), FP(1), LF(2), FY(1),
FNQ(L), YP(3), GP(1), IW(1), PSY(1), IA(L), IP(1), AF(1),
AP(1), KR(1), RA(L), YA(L), GF(1), VG(5), GI(1), GL(3),
AG(1), GR(2), DA(3), GS(2), GK(2), GT(2), QG(L), SG(1),
LG(1), GD(2), TG(2), NG(3), VR(2), VAV(L), SHP(L), QK(1),
DG(2), SY(4), SF(1), KL(1), YK(1), VE(1), LQ(L), AH(1),
EW(1), KE(1), HP(1), PH(L), TF(1), LSW(L), AV(2), GLY(1),

GKV(1), IL(2), ST(4), YN(1), AVV(1)

GP(1), VA(2), AP(1), PA(1), LP(1), LL(1), VV(1), IP(1),
SP(1), FP(1), HP(1), YP(3), 1A(L), RA(L), TA(2), WV(L),
AL(2), GL(3), VR(2), WN(1), WS(1), WE(1), VGL(1), AD(2),
AF(1), AG(1), AH(1), AS(1), AT(4), AV(2), DN(1), DP(1),
DQ(1), ES(1), ET(2), EW(1), FN(1), GF(1), GI(1), HE(1),
HF(1), HI2), IL(2), IW(1), KE(L), KR(1), KS(2), KV(1),
KW(1), LH(1), LI(2), MF(1), MQ(1), NA(L), NG(3), NL(1),
NM(1), NQ(L), NT(2), NV(1), PH(1), PN(2), PS(3), PV(1),
QF(1), QG(1), QN(1), QS(1), RL(2), SF(1), SH(1), SI(1),
SK(1), SV(2), SW(1), SY(4), TD(2), TF(L), TG(3), TH(L),
TI(2), TK(1), TN(2), TR(1), TS(1), TT(L), TV(3), TY(1),
VD(1), VE(1), VG(5), VH(1), VL(1), VS(3), YA(L), YD(L),
YK(L), YN(1)

Pepsin and
Trypsin
Musalec

85 peptides

89 peptides

GPA(L), VY(1), YG(2), AY(1), GP(2), AW(1), VK(L), IA(L),
AF(1), AA(L), GF(2), IF(1), VG(@3), IG(1), GM(1), GA(2),
AG(1), GR(1), KG(1), FG(4), DA(2), GS(2), GV(2), MG(1),
GK(3), GT(2), WG(1), HG(1), GE(2), GG(6), SG(3), LG(L),
GD(2), TG(1), EG(L), NG(2), MKG(L), NY(1), SY(L), KL(1),
NK(1), EY(L), EI(1), TE(L), LQ(1), PH(L), TF(1), Al(2), AV(1),

GP(2), PA(1), LP(1), VV(4), TP(2), GPA(L), GA(2), IA(L),
EP(L), SL(L), AA(L), AW(L), WG(L), AF(1), AG(L), AV(1),
AY(1), EG(1), EI(1), ET(1), EY(1), GE(2), GF(2), GG(6),
GV(2), HE(L), HF(1), 11(1), KG(1), KI(2), KK(1), KS(1),
KT(1), KV(L), LV(1), MG(1), MK(L), MN(L), NG(2), NT(1),
NY(1), PF(2), PH(1), PI(1), QE(1), RG(1), RH(1), RI(1),




GVY(1), TP(2), DF(1), DM(1), YH(L), MGP(1), RG(L), ST(L),

SV(1), SY(1), TE(L), TF(1), TG(L), TN(L), TR(1), TY(1),

FGG(1) VD(2), VG(3), VK(1), VL(1), VT(1), VY(1), YG(2), YH(1),
YL(2), YR(2), YY(1)
Pepsinand | 99 peptides 193 peptides
Trypsin
PEA
LY (1), VF(1), GGY(1), GY(2), LF(1), FY(2), YP(1), AW(1), | VA(3), MA(1), KA(1), AP(2), VP(1), LL(1), VV(3), SP(2),
IW(1), VK(1), IA(1), AF(1), AP(2), VP(1), RA(1), YA(2), | KP(1), YP(1), GA(1), IA(2), RA(1), FL(2), WV(1), EK(1),
AA(4), GF(2), IF(2), VG(1), IG(2), GI(1), GA(1), GR(1), DA(L), | AL(1), SL(4), VR(1), AA(4), WK(1), WS(1), AW(1), YT(2),
GV(1), GT(1), GE(1), GG(2), QG(1), SG(1), LG(1), GD(1), | AD(2), AE(2), AF(1), AH(1), AS(1), AT(2), AV(2), DP(1),
TG(3), EA(1), NG(1), VR(1), VAV(1), DG(2), NGF(1), SY(2), | DQ(1), DR(2), ET(2), EV(1), EW(1), EY(2), FN(2), FQ(1),
SF(4), KF(1), KL(2), KA(1), EY(2), KP(1), IAP(1), EV(1), | GE(1), GF(2), GG(2), GI(1), GV(1), GY(2), HE(1), HI(2),
VE(1), TE(1), LQ(2), TQ(2), AH(1), PQ(1), EW(1), EK(1), | HS(1), IH(1), IL(2), IN(1), IW(1), KE(1), KF(1), KS(2), KT(1),
KE(1), TF(3), Al(1), LSW(1), AV(2), ASL(1), LEE(2), IFL(1), [ KV(2), LI(2), LT(5), MI(1), NA(3), NF(1), NG(1), NL(1),
FYN(L), FQ(1), IL(2), TLS(1), ST(1), YN(2), LGV(1) NR(1), NT(2), NV(5), PI(1), PN(2), PQ(1), PS(1), PV(1),
QA(1), QG(1), QN(2), QQ(1), QT(3), RH(1), RI(1), SF(4),
SI(2), SK(1), SV(), SW(2), SY(2), TE(), TF(3),
TG(3), TI(1), TK(5), TL(2), TN(1), TQ(2), TS(4), TT(5),
TV(3), TY(1), VD(1), VE(1), VF(1), VG(1), VI(2), VK(1),
VL(2), VN(3), VS(2), VT(2), WD(2), YA(2), YD(1), YL(1),
YN(2), YS(1)
Pepsinand [ 108 peptides 197 peptides
Trypsin
Soybn Lec

RL(1), IR(1), LVYP(1), SLVYP(1), LY(1), LVL(2), VY(1),
VYP(1), GY(1), LF(1), FY(1), YP(1), VPK(L), PL(L), IW(L),
FFL(1), LAP(1), IP(1), AF(1), AP(2), LA(4), KR(1), VP(1),

PP(1), VA®4), MA(L), KA(L), LA(4), FA(2), AP(2), LP(2),
VP(1), LL(2), VV(4), HA®), IP(1), TPQ), KP(),
YP(1), RA(1), NP(1), QP(1), FL(1), WV(1), AL(1), SL(6),




RA(L), YA(L), AA(2), GF(1), FR(1), 1G(2), GI(1), GL(3),
AG(1), GR(1), DA(2), GS(1), GK(1), GT(L), GE(1), QG(1),
SG(2), LG(2), GD(2), TG(2), EA(1), NG(1), PG(1), VR(1),
VAV(1), DG(1), NF(1), SF(5), KF(1), KL(2), NK(3), KA(1),
KP(2), VE(1), LQ(2), LN(1), TQ(1), PP(1), PQ(L), EW(1),
KE(1), PH(2), TF(2), Al(2), LVY(1), LSW(1), FVP(1), AV(1),

ASL(1), FNE(L), DGL(L), FNF(1), TP(2), IL(2), ST(2), QP(1)

GL(3), VR(1), AA(2), PL(L), WN(L), WS(1), AD(L), AE(L),
AF(1), AG(1), AS(6), AT(2), AV(1), DP(2), DQ(1), ES(2),
ET(2), EW(1), FN(2), FR(1), GE(1), GF(1), GI(1), GY(1),
HD(L), HE(L), HI(2), IH(L), IL(2), IN(L), IR(L), IW(1), KE(1),
KF(1), KR(1), KT(3), KV(3), LH(1), LI(1), LN(1), LT(4),
LV(4), MI(1), NE(2), NF(1), NG(1), NL(1), NM(L), NN(1),
NV(2), PG(1), PH(2), PI(2), PK(2), PN(2), PQ(1), PS(2),
QG(1), QL(L), QN(1), QT(1), QV(1), RI(1), RL(1), RN(1),
SF(5), SH(1), SI(2), SK(2), SV(1), SW(4), TF(2), TG(2),
TH(L), TK(2), TL(2), TQ(1), TS(8), TT(L), TV(1), TY(L),
VD(2), VE(1), VL(5), VN(1), VS(2), VT(1), VY(1), WD(3),
YA(L), YD(L), YL(1), YS(1)

Pepsin and
Trypsin
LCA

101 peptides

191 peptides

LY (1), VF(1), GGY(L), GY(2), FY(2), YP(L), PL(1), AW(1),
IW(1), VK(1), 1A(2), AF(1), AP(2), VP(2), RA(2), AA(4),
GF(1), IF(3), VG(1), 1G(2), GI(1), GA(L), GR(1), KG(1), DA(2),
GV(1), GK(1), GT(L), GE(1), GG(3), QG(L), LG(1), GD(L),
TG(3), NG(1), VR(1), VAV(1), QK(1), DG(L), NF(L), SY(2),
SF(4), KF(1), KL(1), NK(1), KA(1), EY(L), KP(1), IAP(L),
EV(2), VE(1), TE(1), LQ(2), LN(1), TQ(1), AH(1), PQ(1),
EW(1), KE(2), TF(3), AV(2), ASL(1), LEE(L), IFL(1), FYN(1),

TP(1), FQ(1), IL(1), ST(3), YN(2), LGV(1).

VA(3), MA(L), KA(1), FA(L), AP(2), VP(2), LL(1), VV(3),
VPL(1), TP(1), SP(1), KP(1), YP(1), GA(1), 1A(2), RA(2),
FL(1), WV(L), AL(L), SL(2), VR(1), AA(4), PL(1), WN(1),
WS(1), AW(1), YT(2), AD(2), AE(), AF(1), AH(1), AS(L),
AT(2), AV(2), DP(1), DQ(1), DR(1), ET(1), EV(2), EW(1),
EY(1),FN(2), FQ(1), GE(1), GF(1), GG(3), GI(1), GV(1),
GY(2), HE(L), HI(2), HS(2), H(), IL(1), IW(1), KE(2),
KF(1), KG(1), KS(3), KT(1), KV(1), LI(2), LN(1), LT(5),
MI(1), NA(2), NE(1), NF(1), NG(1), NL(2), NV(5), PI(1),
PN(1), PQ(1), PS(2), PV(1), QA(L), QG(1), QN(1), QT(3),
RH(1), RI(1), SF(4), SI(3), SK(2), SV(1), SW(2), SY(1),
TE(L), TF(3), TG@), TI(1), TK(), TL(3), TN(1), TQ(L),
TS(5), TT(4), TV(3), TY(1), VD(1), VE(L), VF(1), VG(L),




VH(1), VI(2), VK(1), VL(1), VN(3), VT(3), WD(2), YD(L),
YL(2), YN(2), YS(1)

Pepsinand [ 106 peptides 195 peptides
Trypsin
PHA-E
VPL(1), RL(2), LVYP(1), SLVYP(1), GPA(1), LY(1), LVL(2), | GP(1), VA(3), MA(1), LA(3), FA(3), AP(1), PA(1), LP(2),
RF(1), VY(1), VYP(1), PR(1), LF(2), FY(1), YP(1), LLP(1), | VP(1), LL(5), KP(1), YP(1), GPA(1), GA(1), RA(1), EP(2),
GP(1), IW(1), GEP(1), VK(1), AF(2), AP(1), LA(3), VP(1), | TA(1), FL(1), WV(1), AL(2), SL(4), GL(4), WS(1), AD(2),
RA(1), YA(1), GF(1), VG(2), I1G(1), GI(1), GA(1), GL(4), | AE(1), AF(2), AH(1), AS(5), AT(3), AV(2), DN(2), DP(1),
GR(1), KG(4), DA(1), GS(1), QG(1), GT(1), GE(2), GG(2), | EG(1), ET(3), EV(1), EW(1), FN(3), FQ(1), GE(2), GF(1),
SG(1), LG(2), TG(2), EG(1), NG(1), VAV(1), YKY(1), DG(2), | GG(1), GI(2), HI(1), HT(1), HW(1), IL(3), 1Q(1), IW(1),
NY(1), NF(1), SF(6), KY(1), KL(3), YK(1), KP(1), FAL(1), | KG(4), KS(2), KT(2), KY(1), LI(2), LN(2), LT(2), LV(3),
EV(2), LQ(1), LN(2), PT(1), AH(1), EW(1), TF(1), LVY(1), | NA(2), ND(2), NE(1), NF(1), NG(1), NL(2), NN(2), NQ(1),
LSW(1), AV(2), ASL(1), FNE(1), DGL(1), DF(1), FQ(1), IL(3), | NT(1), NV(3), NY(1), PI(1), PK(2), PN(1), PS(1), PT(1),
SGP(1), TLS(1), ST(1), YN(1), LR(1), TLS(1), TTW(1), | PV(1), QI(2), QL(1), RH(1), RL(1), SF(6), SI(2), SK(3),
VHW(1) SV(1), SW(1), TF(1), TG(2), TK(2), TL(2), TN(3), TS(4),
TT(5), TV(3), TW(1), TY(2), VD(1), VE(2), VG(2), VH(1),
VI(1), VK(1), VL(4), VN(2), VS(2), VY (1), WD(3), YA(1),
YD(2), YK(1), YN(1), YS(1)
Pepsinand [ 102 peptides 171 peptides
Trypsin
Favin

LY(2), VF(1), GGY(2), GY(4), FY(1), YP(1),GP(1), PL(1),
AW(1), IW(1), LYP(1), VK(1), IA(1), IP(1), RP(1), AP(2),
KR(1), VP(2), RA(L), YA(L), AA(1), GF(2), FR(1), IF(2),
VG(1), 1G(2), GI(1), GA(L), GR(1), DA(L), GV(1), GK(2),
GE(1), GG(4), QG(1), LG(1), TG(5), EA(1), NG(4), VR(1),

GP(1), VA®4), KA(1), AP(2), LP(2), VP(2), LL(1), VV(2),
VPL(1), IP(1), RP(1), KP(1), YP(1), GA(L), IA(1), RA(L),
TA(L), QP(1), FL(L), WV(1), EK(1), AL(1), SL(1), VR(1),
AA(L), PL(1), WN(L), WT(L), AW(1), YT(2), AD(2), AE(L),
AH(1), AT(3), AV(2), DP(1), DQ(1), EI(1), ET(1), EV(2),




VAV(1), TTN(1), DG(1), SF(2), KF(1), KL(1), KA(L), EY(L),
KP(1), IAP(), EI(1), EV(2), VE(1), LQ(1), AH(1), PQ(1),
EW(1), EK(1), KE(1), TF(4), Al(1), LSW(L), AV(2), FYN(1),
DY(1), DF(1), FQ(1), TGP(1), LTGP(1), TLS(1), ST(1), YN(2),

LGV(1), QP(1)

EW(1), EY(1), FN(2), FQ(1), FR(1), GE(L), GF(2), GG(4),
GI(1), GV(1), GY(4), HE(L), HI(2), HV(1), IH(1), IW(1),
KE(1), KF(1), KR(1), KS(2), KT(1), LI(1), LT(4), NA(2),
NG(4), NL(3), NT(2), NV(3), PI(1), PK(1), PN(3), PQ(1),
PS(2), PV(1), QG(1), QN(1), QT(2), RH(1), RI(1), SF(2),
SI(2), SV(1), SW(2), TD(1), TF(4), TG(5), TH(L), TI(1),
TK(4), TL(3), TN(1), TS(1), TT(5), TV(2), VD(1), VE(L),
VF(1), VG(1), VI(1), VK(L), VL(2), VN(L), VT(1), WD(2),
YA(L), YD(1), YL(1), YN(2), YS(1)

Pepsin and
trypsin
Allce

76 peptides

124 peptides

LY(2), 1Y(1), LVL(2), VW(1), VY(L), VAA(L), YG(1), GP(1),
IW(2), GPV(1), VK(1), LA(1), RA(2), YA(L), AA(3), VG(2),
GL(1), AG(L), GR(1), KG(1), GS(2), GV(1), GQ(1), GK(L),
GT(3), GG(2), TG(3), EG(L), NG(3), VR(1), QK(1), DG(2),
NY(1), NF(1), RR(1), AR(1), VIY(1), EY(1), VE(1), VE(1),
LQ(1), TF(1), AV(3), GLY(1), VLY(1), VGP(L), TP(1), YE(1),

IL(3), WA(2), VVGP(1), RG(1), ST(3)

GP(1), VA(2), MA(2), LA(L), VV(5), TP(L), RA(2), WA(2),
TA(L), SL(1) GL(1), VR(1), AA3), WS(1), YT(L), AD(1),
AG(1), AS(3), AT(1), AV(3), DR(1), EG(1), EY(L), GG(2),
GV(1), IL@3), IM(L), IW(2), KG(L), KK(1), KV(2), LT(1),
LV(4), MN(L), MQ(2), NE(1), NF(1), NG(3), NL(1), NN(1),
NQ(1), NT(1), NV(1), NV(3), NY(1), PI(1), PV(1), QA(1),
QD(1), QN(1), QS(1), QY(1), RG(1), RK(2), RN(2), RR(1),
SV(1), TF(1), TG(3), TI(2), TV(4), TY(1), VD(1), VE(1),
VG(2), VI(1), VK(L), VL(3), VM(2), VN(2), VT(3), VW(L),
VY(1), YA(L), YD(1), YD(1), YE(L), YG(1), YI(1), YR(L),
YS(1), GPV(1), VAAA(L)

Pepsin and
Trypsin
Allsa

87 peptides

127 peptides




IR(1), GP(1), LY(2), IY(L), LVL(2), VW(1), VY(1), VAA(L),
YG(1), GP(1), IW(2), GPV(1), IA(1), RP(1), LA(1), RA(L),
YA(L), AA(L), VG(2), IG(1), GA(2), GL(1), AG(1), GR(2),
GS(2), GV(1), MG(1), GQ(1), GK(1), GT(3), GE(1), GG(2),
TG(4), EG(1), NG(5), VR(1), QK(1), DG(2), NY(1), NF(1),
KF(1), YK(1), RR(1), AR(1), KA(L), VIY(1), EY(1), VE(),
LQ(L), Al(2), AV(2), GLY(1), VLY(1), TP(1), YE(L), IL(3),

MM(1), WA(2), RG(1) , GTG(1), ST(3), AVV(1),

GP(1), VA(L), MA(2), KA(L), LA(1), VV(5), TP(1), SP(1),
RP(1), GA(1), IA(L), RA(1), WA(2), TA(1), SL(1), GL(1),
VR(1), AA(3), WS(1), AG(1), AS(3), AT(L), AV(2), DR(1),
EG(1), EY(1), GE(1), GG(2), GV(1), IL(3), IM(1), IR(1),
IW(2), KF(1), KV(1), LT(2), LV(2), MG(L), MM(L), MN(),
MQ(2), MR(1), NF(1), NG(5), NL(1), NQ(1), NT(1), NV(3),
NY(1), PI(1), PK(1), PV(2), QD(1), QN(1), QS(1), QY(1),
RG(1), RI(1), RK(1), RN(2), RR(1), SV(3), TG(4), TI(1),
TN(L), TS(1), TT(L), TV(2), TY(1), VD), VE(L), VG(2),
VI(2), VL(3), VM(2), VN(2), VT(2), VW(1), VY(L), YA(L),
YD(1), YE(1), YG(1), YI(1), YK(L), YR(1), YS(1), GPV(1)

Pepsin and
Trypsin
Coles

110 peptides

140 peptides

RL(3), AVP(1), LY(3), VF(2), LVL(2), VW(1), RF(1), PR(1),
LF(2), YG(4), LLP(1), VFK(1), PGL(1), GP(1), VK(1), GW(1),
IP2), RP(1), AP(1), VP(2), RA(1), YA(L), AA(2), FR(2),
GA(1), GL(2), GH(1), HL(1), GR(3), KG(2), FG(1), GS(1),
GQ(2), GK(1), GT(1), HG(1), GE(3), GG(L), QG(1), SG(3),
LG(2), GD(4), NG(5), PG(1), PAP(1), YGG(1), DG(4), NY(2),
KL(2), CF(1), LLF(2), LN(3), HP(1), HK(1), Al(1), AV(3),
VVF(1), VLY(3), AVL(1), DY(1), DF(2), IL(1), ST(L),YN(1),

LR(2)

GP(1), VA(L), MA(1), AP(), PA(2), LP(1), VP(2), LL(6),
VV(1), IP(2), RP(1), HP(1), GA(L), RA(L), TA(2), FL(2),
WV(1), HL(1), AL(1), SL(1), GL(2), WRS(L), AA(2), WR(L),
WQ(2), AV(3), DN(1), DP(1), EH(1), FR(2), GE(3), GG(L),
GH(1), GW(1), 11(1), IL(1), KG(2), KI(1), KS(1), KY(1),
LH(L), LI(2), LN(3), LT(3), LV(6), MQ(2), ND(1), NG(5),
NH(2), NL(3), NN(1), NT(3), NW(1), NY(2), PF(1), PG(1),
PS(3), PW(1), QG(1), QL(1), QN(1) QS(2), QT(1), QV(1),
RL(3), RN(L), RN(L), SV(2), TD(3), TH(L), TL(2), TN(1),
TV(1), VF(2), VI(), VK(L), VL(4), VM(2), VW(L), YA(L),
YG(4), YL(1), YN(1)

2 Inhibitory amino acids sequences;




b Number of repetitions in which the inhibitory sequence was found.

Supplementary Table 2. Prediction of all ACE and DDP-IV inhibitory peptides released from plant lectins after sequential in silico digestion

using pepsin and trypsin. The peptides were obtained from the BIOPEP database.

ACE

DDP-1V

ACE + DDP-1V

All
lectins

1,207 peptides

2,025 peptides

1,488 peptides

RL2(14%), FGK(1), RY(L), VF(7), LW(1),
VW(4), FP(4), LVR(1), PR(3), GP(9),
AF(10),
VG(25),
GA(10), GL(23), AG(8), GR(19), FG(6),
GS(19), GV(8), GQ(9), GK(17), WG(2),
GD(19),
TG(29), EG(6), PG(4), VR(15), QK(7),
DG(23), SY(16), KY(2), KF(7), KL(15),
YK(6), KA(7), EV(8), VE(10), VRY(1),
DGL(3),
AVL(2), VGP(2), DF(7), YV(1), ST(28),
LR(5) , IR(3), LY(16), YL(1), MF(4),
KW(3), LF(13), FY(10), FNQ(3), AY(2),
YP(14), IW(12), 1A(9), PSY(3), IP(8),
YA(LL), AA(19), IF(9), IL(21), YN(12),
AVV(6), 11Y(2), 1Y(3), AP(12), KR(4),
IG(13), GI(8), DA(14), GT(17), QG(8),

GEP(2),
LA(11),

VK(8),
VP(10),

LKA(L),
RA(14),

GE(13), GG(25), LG(16),

LEF(1), AV(27), VVF(2),

VA(27), MA(10), AP(13), PA(6), LP(12),
FP(4),
HP(4), YP(14), 1A(10), RA(14), TA(13),
FL(12), WV(11), AL(15), SL(24), GL(21),
VR(15), AA(21), WN(7), WS(8), WE(3),
VGL(3), AD(18), AF(10), AH(7), AS(24),
AT(26), AV(27), AY(2), DN(6), DP(10),
ET(16),
FN(15), GI(11), HE(8), HF(4),
HI(L7), 11(6), IL(18), IR(3), IW(12), KE(8),
KK(5), KR(), KS(21), KT(12), KV(14),
KW(3), LH(), LI(16), LM(1), LT(29),
MF(4), MQ(9), MV(1), NA(15), NE(6),
NG(29), NL(17), NM(4), NQ(6), NT(17),
NV(27), PH(6), PI(10), PN(15), PQ(6),
PS(19), PV(11), QF(3), QG(10), QN(12),
RL(15), RN(7), SF(25), SH(4), SI(14),
SK(16), SV(22), SW(15), SY(15), TD(9),

LL(19), VV(34), IP(8), SP(9),

DQ(7),
EW(8),

EI(3), ES(7),

RL(29), VF(14), LW(2), VW(8), FP(8),

GP(17), VK(17), AF(20), LA(22),
VP(20), RA(28), VG(50), GA(17),
GL(44), AG(16), GV(16), WG(4),

GE(26), GG(50), TG(64), EG(12), PG(9),
VR(30), SY(31), KY(5), KF(13), YK(12),
YK(14), EV(15), VE(22), AV(54),
YV(2), IR(6), YL(9), MF(8), KW(6),
AY(4), YP(28), IW(24), IA(19), IP(16),
YA(22), AA@40), 1L(39), YN(24),
AP(25), KR(9), GI(19), QG(18), NG(57),
SF(49), TE(8), AH(13), PQ(11), EW(15),
KE(8), HP(7), PH(11), TF(39), GF(20),
GPA(4), VY(10), YG(16), AW(8),
KG(18), MG(4), NY(12), YH(2), RG(6),
GY(18), EY(11), KP(12), TQ(10), EK(4),
FQ(8), PL(6), FR(8), NF(11), LN(14),
PP(2), TP(12), QP(4), VPL(3), PT(2),
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SG(12), EA(4), NG(28),

TF(18), LSW(6), GF(10),

MGP(1), RG(3), FGG(L),

FYN(3),

FQ(4), TLS(4),

SGP(1), TTW(1), VHW(Q),

LTGP(1), VAA(2), GPV(2),
VVGP(1),

AVP(1),

GRP(1),

VFK(1), PGL(1),

LFF(1), HK(2),

VAV(7),
SHP(2), SF(24), TE(4), LQ(13), AH(6),
PQ(5), EW(7), KE(7), HP(3), PH(5),
GLY(3),
GKV(1), GPA(2), VY(5), YG(8), AW(4),
GM(L), KG(9), MG(2), HG(2), MGK(L),
NY(6), NK(5), Al(9), DM(1), YH(1),
GGY(4),
GY(9), NGF(1), EY(5), KP(6), IAP(3),
TQ(5), EK(2), ASL(4), LEE(2), IFL(2),
LGV(3),
LVYP(2), SLVYP(2), LVL(9), VYP(2),
VPK(1), PL(3), FFL(1), LAP(1), FR(4),
NF(5), LN(7), PP(1), LVY(2), FVP(1),
FNE(2), FNF(1), TP(5), QP(2), VPL(1),
RF(2), LLP(2), YKY(L), FAL(1), PT(1),
LYP(L),
RP(3), TTN(1), EI(1), DY(2), TGP(5),
RR(2),
AR(2), VIY(2), VLY(5), YE(2), WA(4),
MM(1), GTG(L),
GW(1),
GH(1), HL(1), PAP(1), YGG(1), CF(1),

TF(21), TG(35), TH(6), TI(13), TM(L),
TN(L5), TR(4), TS(28), TT(24), TV(27),
TY(11), VD(15), VE(12), VG(25), VH(5),
VI(11), VL(31), VN(15), VS(17), YA(11),
KA(7),
GA(7),
WF(1),
EV(7),
KY(3),
QL(4),
VQ(3),
VW), YV(L), YY), TE@), GF(10),
TK(19), TP(7), GPA(2), AW(4), EY(6),
KG(9), KI(3), MG(2), MK(1), MN(3),
NY(6), PF(3), QE(1), RG(3), RH(5), RI(6),
YL(8),
YT(7), AE(),
FQ(4), GY(9), HS(4), IH(5), IN(2), MI(3),
NF(6), NR(1), QA(3), QQ(1), QT(10),
TL(14), TQ(5), WD(12), YS(7), PP(1),
FA(6), HA(2), QP(2), PL(3), FR(4), HD(L),
LN(7), NN(5), PK(6), QV(2), VPL(2),
HT(1), HW(1), 1Q(1), ND(3), PT(1), QI(2),
IM(2),
RR(2), VM(6), YE(2),
Y1(2), GPV(2), VAAA(1), MM(L), MR(1),
HL(1), WRS(1), WR(L), WQ(2), EH(L),

YD(11), YK(6), YN(12), GP(8),
LA(11), VP(10), VV(3), WP(L),
EP(4), NP(2), WK(2), LW(1),
WG(2), AG(8), DR(6), EG(6),
GE(13), GG(25), GV(8), KF(6),
LV(22), PG(5), PW(3), QD(3),
QS(6), TW(2), VF(7), VK(9),

VT(13), VY(5), YG(8), YH(1),
YR(3), KP(6), EK(2),

RP(3), WT(1), HV(1), WA(4),
QY(2), RK(2),

GH(1), GW(1), NH(2), NW(1)

RP(6), EI(4), GPV(4), RR(4), YE(4),
WA(8), MM(2), GW(2), GH(2), HL(2),

2 Inhibitory amino acid sequence;



b Number of repetitions in which the inhibitory sequence was found

11



6. CONSIDERACOES FINAIS

As lectinas compreemdem um grupo bastante diverso de proteinas capazes de se ligarem
com alta especificidaas a diferentes aclcares. Desde a sua descoberta, diversas atividades
bioldgicas foram descritas e 0 ramo da lectinologia ainda hoje continua sendo uma area de
grande interesse na pesquisa.

A lectina de A. esculentus (AEL) é uma proteina terapéutica candidata a vérias
aplicacdes farmacoldgicas. A avaliacdo de risco feita para a AEL buscou reunir informacdes
sobre a seguranca de uso dessa proteina. A AEL mostrou similaridade com proteinas anti-
nutricionais e alergénicas, com destaque para os inibidores de serino proteases. Embora a AEL
tenha apresentado inibicdo de proteases intestinais como tripsina e quimotripsina, esta foi
completamente digerida durante a digestdo sequencial in vitro. Além disso, a AEL ndo causou
efeitos adversos aos embrides de peixe-zebra. Dessa forma, os resultados indicaram que a AEL
é uma proteina segura para ser utilizada com fins terapéuticos.

As lectinas oriundas de fontes vegetais apresentam um grande potencial para a geracao
de peptideos bioativos com diferentes propriedades farmacoldgicas. Os peptideos anti-
diabéticos e anti-hipertensivos se destacaram como a principal atividade bioldgica encontrada
nas sequéncias encriptadas em dez lectinas vegetais. As duas atividades encontradas foram
evidenciadas pela inibicdo das enzimas ECA-I e DPP-IV, respectivamente. Os peptideos
apresentaram baixa solubilidade e baixa toxicidade quando analisados através de ferramentas
in silico. Contudo, mais estudos devem ser realizados a fim de atestar a eficacia e seguranca in

vivo desses peptideos para fins terapéuticos.



