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RESUMO

A resisténcia antimicrobiana representa um problema de saude publica que vem
crescendo nas ultimas décadas, obrigando a comunidade cientifica a procurar novas
alternativas terapéuticas. Nesse cenario, os peptideos antimicrobianos (AMPs,
antimicrobial peptides) fornecem uma opgao promissora contra uma ampla gama de
microrganismos patogénicos. AMPs podem ser encontrados em uma vasta variedade
de organismos com diversos mecanismos de agdo o que os tornam potenciais
candidatos para o desenvolvimento de antibioticos. O presente trabalho teve como
objetivo identificar genes codificantes para AMPs e seus produtos a partir de plantas
da familia Euphorbiaceae, gerando um peptideo sintético com potencial atividade
contra diversos patégenos. Foram selecionadas sequéncias de defensinas em banco
de dados, as quais foram utilizadas como sondas para busca de defensinas de
Euphorbiaceae. No total, 12 sequéncias foram encontradas e caracterizadas. Apds a
amplificacdo e sequenciamento, os AMPs tiveram sua estrutura analisada e foram
modificados, obedecendo a uma série de pré-requisitos e de analises de
bioinformatica, selecionando-se uma defensina (PDef-Me1) para sintese. Sua
atividade antimicrobiana foi testada contra diversos patodgenos, incluindo cepas
resistentes a antibioticos, obtendo-se melhores resultados contra Staphylococcus
aureus (16 ug.ml'), Acinetobacter baumannii (64 ug.ml') e Candida parapsilosis (64
ug.ml'). Além disso, ensaios realizados apontaram para uma baixa toxicidade
indicando o potencial terapéutico de PDef-Me1. Embora sejam necessarios mais
testes, PDef-Me1 mostrou potencial para testes in vivo, para seu uso como um futuro

composto farmacéutico antimicrobiano de amplo espectro.

Palavras-chave: Defensina. Manihot esculenta. Bioinformatica.



ABSTRACT

Antimicrobial resistance represents a public health problem that has been growing in
recent decades, forcing the scientific community to search for new therapeutic
alternatives. In this scenario, antimicrobial peptides (AMPs) provide a promising option
against a wide range of pathogenic microorganisms. AMPs can be found in a wide
variety of organisms with diverse mechanisms of action which make them potential
candidates for the development of antibiotics. The present study aimed to identify
genes coding for AMPs and their products from plants of the family Euphorbiaceae,
generating a synthetic peptide with potential activity against several pathogens.
Defensins sequences were selected from the database, which were used as seeds to
search for Euphorbiaceae defensins. However, 12 sequences were found and
characterized. After amplification and sequencing, the AMPs had their structure
analyzed and were modified, following a series of prerequisites and bioinformatics
analyzes, by selecting a defensin (PDef-Me1) for synthesis. Its antimicrobial activity
was tested against several pathogens, including strains resistant to antibiotics,
obtaining better results against Staphylococcus aureus (16 ug.ml"), Acinetobacter
baumannii (64 ug.ml') and Candida parapsilosis (64 pg.ml"). In addition, assays
performed indicated low toxicity indicating the therapeutic potential of PDef-Me1.
Although further testing is needed, PDef-Me1 has shown potential for in vivo testing

for its use as a future broad spectrum antimicrobial pharmaceutical compound.

Key words: Defensins. Manihot esculenta. Bioinformatics.
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1 INTRODUGAO

A resisténcia de patdégenos aos medicamentos tradicionais compreende um
grave problema de saude publica, o qual vem crescendo nas ultimas décadas,
inexistindo até o momento uma solugao capaz de reverter este cenario. A resisténcia
microbiana & geralmente resultante de um fendmeno natural de adaptagcdo dos
patogenos aos compostos antimicrobianos. Tal situagao € agravada pelo fato de que,
uma vez que um patdogeno se torna resistente a um antibiético, essa caracteristica
pode ser transmitida para sua progénie ou mesmo para outros microrganismos do
mesmo ambiente.

Atualmente os tratamentos disponiveis ndo tém sido eficazes contra a
resisténcia a antibidticos desenvolvida por algumas cepas bacterianas. Contudo,
pesquisas vém sendo desenvolvidas na busca por novas moléculas com agao
antimicrobianas que tenham um amplo espectro de atividade. Neste cenario,
compostos antimicrobianos derivados de plantas tém sido prospectados, para
combater doengas provocadas por bactérias, fungos, protozoarios e virus,
frequentemente com poucos efeitos colaterais.

O Brasil abriga uma extensa diversidade vegetal, com a mais diversa flora do
planeta, apresentando um enorme potencial fitoterapéutico e biotecnoldgico. Apesar
desta potencialidade, ainda sdo poucos os estudos envolvendo a prospecg¢ao de
moléculas bioativas da flora nativa, sendo insipiente a utilizagido comercial de recursos
geneéticos, quando comparada ao seu notorio potencial. A exploragédo farmacologica
da biodiversidade brasileira é basilar e existe um vastissimo campo a ser explorado.

Durante milhdes de anos a interagédo planta-patégeno resultou na coevolugao
de moléculas de defesa, como metabdlitos secundarios presentes nas plantas, com
funcdo antimicrobiana na defesa contra doencas. Esses compostos variam desde
substancias inseticidas a moléculas bioativas como terpenos, esteroides, alcaloides,
saponinas, taninos, ligninas, flavonoides e peptideos. De fato, compostos com
atividade anticancer, anti-inflamatoria, anticoagulante, antibacteriana, moluscicida,
antidiarreica e antiviral tém sido prospectados em vegetais, incluindo plantas do
Nordeste brasileiro.

Entre as moléculas associadas a defesa vegetal, outras classes de compostos
que possuem importancia biolégica, com destaque para componentes proteicos e
peptidicos, incluindo peptideos antimicrobianos (AMPs). Alguns AMPs vegetais
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apresentam uma notavel atividade antimicrobiana contra fungos fitopatogénicos,
bactérias e virus. Devido a sua atividade antimicrobiana rapida e potente contra
agentes patogénicos resistentes as drogas tradicionais, os AMPs vém sendo
considerados como novas promessas terapéuticas contra agentes infecciosos.

O presente trabalho pretende identificar e caracterizar peptideos
antimicrobianos a partir de plantas da familia Euphorbiaceae, com énfase para
defensinas, selecionando um peptideo para testes in vivo e in vitro. Tendo em vista o
grande potencial antimicrobiano e anti-inflamatério das plantas dessa familia,
considera-se que o peptideo candidato selecionado (em sua forma nativa ou
modificada) tem potencial para testes in vivo com vistas ao desenvolvimento de um

novo agente terapéutico.
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1.1 OBJETIVOS

1.1.1 Objetivo geral

v Avaliar peptideos antimicrobianos em, no minimo, duas espécies selecionadas da
familia Euphorbiaceae, inferindo sobre sua estrutura, fungao, expressao diferencial

e potencial uso medicinal.

1.1.2 Objetivos especificos

1. Selecionar duas espécies da familia Euphorbiaceae com base na bibliografia
etnobotanica especializada, bem como na facilidade de obtenc&o e cultivo das
espécies candidatas.

2. Avaliar perfis cromatograficos e fitoquimicos das espécies selecionadas, avaliando

a abundancia e diversidade das moléculas observadas.

3. Selecionar sequéncias dos principais peptideos-alvo usando-as como sonda (seed
sequences) para a identificagao de ortdlogos nos bancos de dados publicos.

4. ldentificar e descrever os dominios, assinaturas e regides conservadas das
sequéncias identificadas, comparando-as com os depositados nos bancos de
dados, bem como reconhecer e analisar quadros de leitura aberta (ORF) destas

sequéncias, inferindo seus padrdes estruturais.

5. Desenhar primers para amplificagdo e isolamento de genes envolvidos na defesa
das espécies de interesse, para amplificagao, clonagem e sequenciamento dos
produtos obtidos, permitindo inferéncias sobre estrutura genémica, analise de
ORF, predigao funcional e modelagem molecular.

6. Analisar o padrdo de expressédo dos genes identificados como diferencialmente

expressos in vitro através da técnica de qPCR, utilizando bibliotecas de cDNA
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disponiveis a partir de tecidos das referidas espécies submetidas a inoculagéo por

patogeno.

7. Realizar sintese de um peptideo previamente selecionado e testa-lo in vitro contra
patégenos humanos selecionados.
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2 REVISAO DA LITERATURA
2.1 RESISTENCIA BACTERIANA

Desde a descoberta da penicilina por Alexander Fleming, em 1928 até os
primeiros antibiéticos sintéticos (caso da sulfonamida; Gerhard Domagk, 1935), o uso
excessivo e inadequado de agentes antimicrobianos acelerou o processo da
resisténcia antimicrobiana (AMR), considerando-se que esta seja uma das maiores
ameagas a saude que a humanidade enfrentara nas proximas décadas (Tortora et al.
2010; O’Neill 2016).

A resisténcia desenvolvida pelos microrganismos € um resultado inevitavel do
fragil equilibrio e da coevolugao entre as bactérias e os antibidticos. Porém, devido ao
seu curto tempo de geragao e a facilidade de acumular mutagdes, as bactérias tém
infinitamente mais chances em adquirir resisténcia a antibiéticos, que o ser humano
tem de criar agentes antimicrobianos (Huttner et al. 2013). Essa resisténcia surge
como consequéncia da pressao seletiva pelo uso excessivo de antibidticos, situagao
que oferece uma vantagem competitiva para as linhagens bacterianas mutantes (Ferri
et al. 2017). No ambiente hospitalar ou ambulatorial, a disseminagdo de um clone
resistente pode ser rapida, com graves consequéncias para os pacientes e a equipe
envolvida. Esta propagacédo é facilitada pela transmissdo horizontal de genes
interespécies, falta de saneamento e controle hospitalar, bem como devido ao
aumento da frequéncia global de viagens e comércio, facilitando a dispersao da
doenca (Ferri et al. 2017).

Nestes bilhdes de anos de evolugao dos seres vivos, 0 mundo microbiano tem
acumulado uma enorme diversidade de mecanismos metabdlicos e de protecao que
podem ser utilizados como resposta a uma agressao externa, incluindo antibiéticos.
Esta resposta evolutiva para a presséo seletiva de antimicrobianos é a base do rapido
desenvolvimento de resisténcia em bactérias e virus que, para sobreviver, se
multiplicam e produzem uma descendéncia resistente que progressivamente vai
substituindo as cepas nao resistentes (Aminov 2010).

O conhecimento dos mecanismos bioquimicos e genéticos envolvidos na AMR
é fundamental para estabelecer medidas de controle da resisténcia bacteriana.
Embora alguns patdogenos possam ser mais aptos do que outros em adquirir € ou
transmitir resisténcia pelo arsenal genético, tal capacidade em geral é causada por
alguns fatores ilustrados na Figura 1, tais como: (1) inativagdo do antibidtico



20

diretamente na molécula bioativa por alteragdes quimicas, geralmente promovidas por
enzimas bacterianas (Wright 2005), (2) modificagdo do alvo, levando a perda de
sensibilidade ao antibidtico (Lambert 2005), (3) permeabilidade ao antibidtico e (4)
mudanc¢a na bomba de efluxo (Li et al. 2015).

As bombas de efluxo também fornecem resisténcia aos antibidticos
estruturalmente diferentes, incluindo as quinolonas, uma recente familia de
antibioticos sintéticos (Nikaido e Pagés 2012). Isso indica que, pelo menos em alguns
casos, a resisténcia aos antibioticos seria uma fungdo emergente que foi
recentemente selecionada devido ao uso de antibidéticos para o tratamento de
infeccbes. As bombas de efluxo também se enquadram nesta categoria, pois exibem
multiplas fungdes relevantes para a fisiologia bacteriana, além da resisténcia
antibidtica mediadora, embora a resisténcia aos antibioticos seja provavelmente
apenas uma fungdo secundaria (mais recente) dessas bombas (Martinez 2009a;
Martinez 2009b).

ALTERAGAO DE | MECANISMO ENZIMATICO |
PERMEABILIDADE
ATM ¢ ATM

aAT™

ATM BOMBA DE EFLUXO|
parede L
bacteriana P — —1 3%

: "_— N ‘ vATM

plasmideo

membrana

bacteriana
genes de

resisténcia

ATM = antimicrobiano DNA bacteriano ’ ALTERA(;AO DO SITIO DE ACAOI

Figura 1 - Mecanismos de resisténcia a antibiéticos. Nos quadros em azul, os principais mecanimos
de resisténcia utilizados por bactérias. (Fonte: http://www.brasilescola.com/biologia/resistencia-das-
bacterias-aos-antibioticos.htm. Acesso em 7 de dezembro de 2016).

De fato, algumas bombas de efluxo estdo envolvidas na viruléncia bacteriana,
no trafego das moléculas e, sobretudo, na desintoxicagdo n&o apenas de metabdlitos

intermediarios ou de compostos toxicos como metais pesados e solventes, mas
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também de antibidticos naturalmente produzidos por outros microrganismos (Alvarez-
Ortega et al. 2013). Estas caracteristicas primordiais das bombas de efluxo
provavelmente potencializaram a diversidade funcional e estrutural como
consequéncia de uma presséao seletiva. Para entender o surgimento dos fendtipos de
resisténcia, é importante entender os papéis e a diversidade destas bombas em um
contexto n&do apenas clinico, mas evolutivo, especialmente para patégenos
oportunistas, que apresentam predisposi¢cdes particulares para desenvolver
rapidamente novas resisténcias aos antibioticos (Youenou et al. 2015).

Além disso, os elementos de resisténcia podem ser adquiridos através de
transferéncia horizontal de elementos genéticos tais como a transferéncia de
infecgdes via bacteriéfagos, integrons, transposons e incorporagao de plasmideos ou
fragmentos de DNA portadores de genes de resisténcia a antibiéticos (Avison et al.
2000; Liaw et al. 2010; Hu et al. 2011; McArthur et al. 2013). No entanto, na analise
gendmica comparativa dos testes experimentais de dois isolados de
Stenotrophomonas maltophilia — sendo uma cepa de isolado clinico e outra endofitica
(K279a e R551-3) — ficou evidente que a maioria dos genes de resisténcia aos
antibioticos, e especialmente os genes codificadores da bomba de efluxo, ndo estéo
associados a elementos genéticos moveis (Ryan et al. 2009).

Nos ultimos tempos novos mecanismos de resisténcia resultaram no
desenvolvimento simultaneo de resisténcia a varias classes de antibidticos criando
cepas bacterianas resistentes a multiplas drogas, também conhecidas vulgarmente
como superbactérias (World Health Organization 2015).

A descoberta de novos farmacos pode ser potencializada por uma melhor
compreensao dos mecanismos de resisténcia, bem como das interagdes sinérgicas
entre eles, o que contribuiria também no auxilio a terapia clinica, otimizando a
administragao de antibioticos e reduzindo o seu uso excessivo. No entanto, devido ao
limitado entendimento da complexidade de todos os eventos de resisténcia
antimicrobiana, ainda se enfrenta muitos desafios que possam contornar os efeitos da
interagcdo evolutiva patdogeno-hospedeiro que acabam levando a resisténcia (Li et al.
2015).

Além do estudo dos mecanismos de resisténcia e dos esforcos no
desenvolvimento de novos farmacos, outras formas de combate a AMR s&o

necessarias, como por exemplo, conscientizar a populagao de forma geral para o uso
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adequado dos antibioticos. No estudo de Bhattacharya et al. (2016), foi avaliado o
impacto de uma campanha informativa entre agosto de 2014 e janeiro de 2015 na
Inglaterra, através principalmente de midias sociais e sites informativos, além de
esclarecimento de duvidas da populagédo. De forma geral, dos 47.158 visitantes ao
site, 26,5% se compromteram em se tornar Guardides de Antibioticos, termo utilizado
no trabalho para aqueles que combateriam a AMR, seja de forma pessoal ou
informando outras pessoas. Destes, 69% eram profissionais de saude. Apds os
resultados, que superaram as expectativas iniciais do trabalho, os autores concluiram
gue sdo necessarias outras acdes semelhantes para melhorar o envolvimento com o
publico-alvo e determinar se estas campanhas tém um impacto no consumo de
antibiéticos e no comportamento de prescricao entre o publico e os profissionais de
saude.

Embora esses resultados tragam esperangas, existe ainda uma demanda
social progressiva por incentivos a pesquisa para o desenvolvimento de novos
antibioticos, além da necessidade de melhorias na politica de regulamentagao apos a
disponibilizagdo no mercado, que nao vise apenas o lucro, mas sim os beneficios a
sociedade. Uma vez que as politicas atuais ndo preconizam a corre¢cdo do modelo
econdmico atual de uso e producdo de antibibticos, poucas empresas investem em
pesquisas inovadoras que atendam as necessidades de saude mais urgentes da AMR
(Outterson et al. 2016).

2.2 FAMILIA EUPHORBIACEAE COMO PRODUTORA EM POTENCIAL DE
COMPOSTOS QUIMICOS

2.2.1 Aspectos botanicos gerais e importancia da familia Euphorbiaceae

Os primeiros registros sobre Euphorbiaceae acorreram no século XIX, quando
Jussieu (1824), Baillon (1858) e Mueller (1873) publicaram importantes descobertas
em relacao a classificagao da familia. Somente 57 anos mais tarde Bentham e Hooker
(1880) revisaram o trabalho de Baillon e Muller, publicando no Journal of the Linnean
Society, fazendo extensas notas sobre o seu préprio sistema de classificagdo. Pax
(Pax 1910; 1924) parcialmente assistido por Kathe Hoffmann, descreveu a maioria
dos géneros de Euphorbiaceae. Apenas em 1931 (Pax e Hoffmann 1931) foi
disponibilizada uma sinopse revisada das Euphorbiaceae, a qual tem sido utilizada
como a classificacado basica da familia.
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Posteriormente Webster (1967) e Webster e Carpenter (2002) passaram longos
anos estudando e classificando novas espécies da familia, reunindo informacdes
morfologicas e taxondmicas importantes. A familia passou por varios tratamentos
taxondmicos, fundamentados principalmente em estudos filogenéticos com dados
moleculares (APGII 2003; Wurdack et al. 2004; APGIIl 2009), apresentando
marcantes diferencas em relagao a classificacido tradicional revisada e proposta por
Webster (Webster 1994; Secco et al. 2012).

Existem dificuldades na classificagdo desta familia devido a diversidade de
espécies, de modo que nado € surpreendente que apenas alguns botanicos tenham
um conhecimento geral de toda a familia, como destacado por Punt (1962), cujo
trabalho ainda reflete a realidade atual.

A familia Euphorbiaceae tem distribuicdo cosmopolita sendo considerada uma
das maiores e mais diversas familias de Angiospermas. Abrange atualmente cerca de
8.000 espécies distribuidas em aproximadamente 299 géneros, sete subfamilias
(Phyllanthaceae, Oldfieldioideae, Peroideae, Cheilosoideae, Acalyphoideae,
Crotonoides e Euphorbiaceae) e 47 tribos em todo o mundo (Webster 1975; Webster
2014), ocorrendo preferencialmente em ambientes tropicais e subtropicais (Pax e
Hoffmann 1931; Watson e Dallwitz 1992; Webster 1994; Alves 1998; Tomlinson 2016).
No Brasil, ha cerca de 63 géneros e estimadas 940 espécies distribuidas em todo o
territorio (Cordeiro et al. 2015).

Podem se apresentar como arvores, arbustos, subarbustos e, menos
frequentemente, ervas ou trepadeiras, monoicas ou dioicas. As folhas apresentam
filotaxia alterna, sendo as vezes opostas ou verticiladas, simples, pecioladas, inteiras
a profundamente lobadas com margem inteira ou de outro tipo. Flores unissexuais,
geralmente actinomorfa dispostas na regido proximal. Flores estaminadas, na regido
distal do eixo. Frutos esquizocarpos ou capsulidios, em geral globosos, 3-lobados;
columela usualmente persistente, frequentemente delgada. Sementes na maioria
elipsoides, planas na face interna, convexas na externa, endospermadas, com testa
lisa a rugosa, carunculadas ou n&o; embrido reto com cotilédones planos,
membranaceos, arredondados, mais largos do que a radicula (Webster e Carpenter
2002; Lima e Pirani 2008; Webster 2014). No entanto, segundo Webster (2014), as
informacdes sobre membros da familia Euphorbiaceae ainda s&o confusas, pela
amplitude das tribos e sua complexidade.
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As Euphorbiaceae tém se destacado por sua importdncia econbémica na
alimentagdo humana (Gleadow et al. 2016), na produgao de latex (Friolani et al. 2017)
e de oOleos (Roman-Figueroa et al. 2016), além de amplo uso na medicina popular
(Ruangnoo et al. 2017). Em um levantamento das espécies ocorrentes no Brasil com
potencial para o desenvolvimento de drogas antimicrobianas, Benko-Iseppon e
Crovella (2010) indicaram 29 espécies de oito géneros de Euphorbiaceae,
compreendendo a segunda familia mais representada no estudo (superada apenas
pelas Fabaceae).

Certas euforbiaceas nativas s&o utilizadas na alimentagdo humana como a
Manihot esculenta (Crantz) (Figura 2A), também conhecida como mandioca ou
macaxeira, da qual se extrai a farinha de mandioca e o polvilho (Allem et al. 1975;
Aloys e Hui Ming 2006). Consumida em larga escala em todo o pais, trata-se de uma
importante fonte de amido para boa parte da populagcédo brasileira (Sanchez et al.
2009). Os tubérculos de uma variedade dessa espécie sdo amplamente consumidos
e delas pode ser produzida uma bebida alcodlica tradicional da Amazonia, a “tiquira”
(Braga 1976).

Figura 2 - Principais euforbiaceas de importancia econémica. Em: A — Manihot esculenta B — Hevea
brasiliensis; C — Ricinus communis. Fonte: Google imagens.

Outros representantes da familia movimentaram grandes riquezas no Brasil,
especialmente pela extracado de latex para a producao de borracha natural, durante o
ciclo da borracha no Brasil, como a espécie Hevea brasiliensis (Aublet), também
conhecida como seringueira (Figura 2B), uma espécie nativa da floresta amazonica,
gue movimentou a economia do Acre e da Amazbnia até ser cultivada com maior
produtividade e menores custos no Sri Lanka e nas florestas do arquipélago Malaio
(Batista 1976; Batista 2007).
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Outra importante espécie € a mamoneira Ricinus communis (Linnaeus) (Figura
2C), nativa da Africa, cujos frutos s3o utilizados para a produgéo de éleos, em especial
0 Oleo de ricino, fibras vegetais e compostos quimicos usados na medicina e na
industria (Braga 1976). Além disso, os Oleos extraidos de espécies como Euphorbia
tirucalli (Linnaeus) (Van Damme 2001), Jatropha curcas (Linnaeus) (Achten et al.
2010), M. esculenta (Crantz) (Adeniyi et al. 2007), R. communis (Benavides et al.
2007), entre outros, podem ser empregados na produc¢ao de biodiesel.

A familia também apresenta também espécies de importadncia ornamental,
como a Poinsétia [Euphorbia pulcherrima (Willd)]. Outros usos incluem a producgéo de
madeira, uso no artesanato e utilizagdo em programas de reflorestamento, entre
outros (Mwine e Van Damme 2011). Além dos usos mencionados, a familia
Euphorbiaceae vem sendo considerada como uma importante fonte de ervas
medicinais (com aplicagbes no tratamento de afecgdes em humanos ou para uso

veterinario), bem como agricola (Mwine e Van Damme 2011; Afolayan et al. 2014).

2.2.2 Euphorbiaceae rica em moléculas bioativas com potencial uso na medicina

terapéutica

Ao longo de sua existéncia, o homem tem extraido recursos da natureza para
atender as suas necessidades basicas, também buscando por medicamentos para o
tratamento de um amplo espectro de doengas. As plantas formaram a base dos
sofisticados sistemas de medicina tradicional, com os registros mais antigos, datando
de cerca de 2600 a.C., documentando os usos de aproximadamente 1000 substancias
derivadas de plantas na Mesopotamia. Estes incluem 6leos de cedro Cedrus atlantica
(Endl.), cipreste Cupressus sempevirens (Linnaeus), alcaguz Glycyrrhiza glabra
(Linnaeus), mirra Commiphora myrrha (Nees) e o sumo de papoula Papaver
somniferum (Linnaeus), todos ainda hoje utilizados no tratamento de doengas
variando de tosse e resfriados a infecgdes parasitarias e inflamagéo (Borchardt 2002).

Muitas plantas da familia Euphorbiaceae estdo incluidas na Lista Nacional de
Plantas Medicinais de Interesse do Sistema Unico de Saude (RENISUS), um relatério
do Ministério da Saude brasileiro que inclui 71 espécies de plantas medicinais que
visa orientar estudos e pesquisas que possam subsidiar a elaboragdo, o
desenvolvimento e a inovagdo na busca por potenciais fitoterapicos para gerar
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produtos farmacéuticos de Interesse no sistema de saude publica brasileiro (Brasil
2009; Feélix-Silva et al. 2014a).

Em relacdo a biodiversidade do reino vegetal, as plantas parecem ser fonte
inegavel de remédios para combater diversas enfermidades, incluindo bactérias
multirresistentes (Subramani et al. 2017). As propriedades medicinais de varias
plantas tém sido investigadas nos ultimos anos em todo o mundo devido ao seu
potencial farmacologico, baixa incidéncia de efeitos colaterais e baixo custo
(Gadamsetty et al. 2013; Voukeng et al. 2017). Dentre estas as plantas da familia
Euphorbiaceae tém sido amplamente utilizadas na medicina popular para varios fins,
incluindo usos antiofidicos, anti-inflamatorios, anti-hemorragicos, hemostaticos,
cicatrizantes, sinusite, inchagos, furunculos, gonorreia, disenteria, bronquite, doencgas
do aparelho digestivo, febre, dor nos rins, reumatismo e hipertensao (Irvine 1961; Di
Stasi et al. 2002; Burkill 2004; de Albuquerque et al. 2007; Benko-Iseppon e Crovella,
2010; Félix-Silva et al. 2014a), entre outros usos. Euphorbiaceae podem possuir
comprovadamente atividade anti-inflamatdria, antioxidante e analgésica (Wandiji et al.
2000; Nkeh-Chungag et al. 2001) atuando também como depressores do Sistema
Nervoso Central (Sudharshan et al. 2009). Estudos fitoquimicos anteriores em
algumas espécies desta familia apontam a presenga de flavonoides, glicosideos,
saponinas, terpenos e/ou esteroides, fenol, alcaloides, etc. (Wandji et al. 2000; Wandji
et al. 2003; Nenkep et al. 2008; Awanchiri et al. 2009; Fannang et al. 2011; Félix-Silva
et al. 2014b).

Devido a grande capacidade de produzir diversas substancias e moléculas
bioativas, a familia Euphorbiaceae vem sendo estudada ao longo dos anos e
prospectada sua potencialidade na medicina terapéutica. Um exemplo envolve o
trabalho de Méité et al. (2010) que investigaram a atividade laxativa do extrato foliar
aquoso de Mareya micrantha (Benth.) em ratos em diferentes doses (100, 200 e 400
mg/kg de peso corporal), sendo a atividade laxativa determinada com base no peso
da matéria das fezes. Os efeitos do extrato aquoso de folhas de M. micrantha e dleo
de ricino também foram avaliados no transito intestinal, acumulagdo de liquido
intestinal e secrecéo de ions. A prospeccao fitoquimica do extrato revelou a presenca
de flavonoides, alcaloides, taninos, polifendis, esterdis e politerpenos. O extrato
aquoso nas diferentes doses produziu atividade laxante significativa e reduziu a
constipagdo induzida pela loperamida de um modo dose-dependente. O efeito do
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extrato a 200 e 400 mg/kg foi semelhante ao do farmaco de referéncia picossulfato de
sédio (5 mg/kg). Os autores concluiram que os resultados do extrato aquoso de M.
micrantha possuia uma atividade laxante significativa, dando suporte ao uso
tradicional em fitoterapia (Méité et al. 2010).

Appiah-Opong et al. (2011) avaliaram a atividade antiplasmodial com diferentes
extratos de Tridax procumbens (Compositae) e Phyllanthus amarus (Schum)
(Euphorbiaceae), ambas usadas na medicina tradicional para tratar a malaria. Estudos
anteriores demonstraram os efeitos anti-tripanossoma, antibacteriano e anti-HIV. A
atividade antiplasmodial dos extratos foi avaliada com o ensaio de hipoxantina 3H
utilizando parasitas resistentes a cloroquina (Dd2) Plasmodium falciparum. O ensaio
colorimétrico com base em tetrazélio modificado foi também utilizado para avaliar as
atividades protetoras/antiplasmodiais dos glébulos vermelhos e a citotoxicidade dos
extratos. Os resultados mostraram que as plantas possuiam atividades
antiplasmodiais. Os extratos aquosos e etanolicos de P. amarus foram os mais ativos,
produzindo valores de ICso de 34,9 ug/ml e 31,2 yg/ml, respectivamente, no ensaio a
base de tetrazdlio. No ensaio de hipoxantina as plantas produziram valores de IC50
de 24,8 pug/ml (Tridax procumbens) e 11,7 yg/ml (P. amarus). Nenhum dos extratos,
dentro da faixa de concentragdo (1.9-500 pg/ml) estudada produziu qualquer
toxicidade evidente para as células vermelhas de humano. Os resultados indicam que
as duas plantas tém atividade contra parasitas resistentes a cloroquina, como P.
falciparum (Dd2). Os principais tipos de extratos com atividade antiplasmodiais foram
de aguaso e etandlico (Appiah-Opong et al. 2011).

No estudo de Elya et al. (2012), determinaram a atividade inibitoria da a-
glucosidase de extratos de etanol a 80% de folhas e galhos de algumas plantas das
Apocynaceae, Clusiaceae, Euphorbiaceae e Rubiaceae. O teste de atividade inibitéria
da a-glucosidase foi realizado in vitro utilizando métodos espectrofotométricos. Em
comparagao com o controle da acarbose (ICso 117,20 pg/mL), 37 de 45 amostras
mostraram ser mais potentes inibidores da a-glucosidase com valores de ICso na gama
de 2,33-112,02 uyg/mL. Por fim, os autores destacam a importancia de purificar estes
extratos e investigar seus mecanismos de ag&o, bem como realizarem testes in vivo
(Elya et al. 2012).

Na extensa revisdo de Alves et al. (2012) sobre o género Croton
(Euphorbiaceae) no Nordeste do Brazil, destacam-se varias espécies com diferentes
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propriedades farmacoldgicas (Fontenelle et al., 2008). Devido a grande diversidade e
importancia medicinal deste género, os autores sugerem que estudos de taxonomia,
ecologia, genética, fitoquimica e etnobotanica ainda sdo necessarios, bem como a
promogéo do desenvolvimento de produtos e estratégias de conservacgao in situ e ex
situ. Visando este potencial, Blank et al. (2017) relataram o desenvolvimento de uma
formulacdo a base de 6leo essencial de Croton tetradenius com menor atividade
fungistatica contra Fusarium solani testada de 0,5 mL.L" e atividade fungicida de 5
mL.L"", dando origem a uma patente.

Gadamsetty et al. (2013) investigaram as atividades antioxidantes, anti-
inflamatdrias e citotoxicas in vitro de extratos com diferentes tipos de solventes obtidos
de folhas da euphorbiacea Drypetes sepiaria (Wight Arn.). O extrato de metanol
apresentou melhores resultados em comparagdo com os outros para atividade
antioxidante e foi capaz de inibir a inflamacéao in vitro por cerca de 85-90% e in vivo
de 40-45%. No ensaio de citotoxicidade o extrato metandlico apresentou IC50 de 10
ug/ml, mostrando um grande potencial medicinal, além de baixa citotoxicidade
(Gadamsetty et al. 2013).

Na extensa revisdo de Sabandar et al. (2013), sobre o género Jatropha, além
de citar a importancia do estudo etnobotanico em varios continentes, dizendo que
espécies deste género tém sido prospectadas para dor de estdbmago, inchaco,
inflamacgé&o, hanseniase, disenteria, vertigem, anemia, diabete, bem como para tratar
HIV e tumores, oftalmia, micose, ulceras, malaria, doengas de pele, bronquite, asma
e 0 uso como afrodisiaco. Também citaram que espécies de Jatropha podem ser de
uso ornamental e como seu uso como biocombustiveis. Em relagdo as substancias
encontradas, citam desde alcaloides, peptideos ciclicos, diterpenos a diversos
compostos ja relatados por outros autores. Nos extratos e compostos purificados de
plantas deste género foram descritas atividades citotoxica, antitumoral,
antimicrobiana, antiprotozoarios, anticoagulantes, imunomoduladoras, anti-
inflamatoria, antioxidantes, protoscolicidas, inseticidas, moluscicidas, inibidores de
acetilcolinesterase (AChE). Desta maneira, concluiram que espécies do género
Jatropha possuem um forte potencial, como fonte de novas drogas devido as suas
varias atividades promissoras, indicando a necessidade de estudos mais
aprofundados sobre o desenvolvimento de farmacos com os extratos e constituintes

desde género (Sabandar et al. 2013).
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Gangwar et al. (2014) fizeram uma extensa revisao sobre uma Euphorbiaceae
(Mallotus philippinensis Muell. Arg.) com foco na etnofarmacologia e fitoquimica.
Segundo os autores as espécies de M. philippinensis s&o conhecidas por conterem
compostos naturais diferentes, principalmente fendis, diterpenoides, esteroides,
flavonoides, cardendlideos, triterpenoides, cumarinas e alguns fendis especificos
como bergenina, mallotophilippinens, rottlerin e isorottlerin. Estes ultimos ja foram
isolados, identificados e apresentaram atividades biolégicas como antimicrobiana,
antioxidante, antiviral, citotéxica, antioxidante, anti-inflamatdria, inibicado da proteina
de atividade imunorreguladora contra ceélulas cancerigenas. Por fim os autores
concluem que as euforbiaceas sdo uma valiosa fonte de moléculas naturais
medicinalmente importantes e fornece suporte convincente para seu uso futuro na
medicina moderna. No entanto, o conhecimento existente é muito limitado, sendo
necessaria a geracéo de dados mais detalhados relativos a toxicidade de forma geral
dos extratos e seus compostos purificados (Gangwar et al. 2014).

Félix-Silva et al. (2014b) avaliaram as propriedades antiofidicas do pinh&o-
manso (Jatropha gossypiifolia L.) a partir do extrato aquoso de suas folhas. Sua
analise fitoquimica revelou a presenca de agucares, alcaloides, flavonoides, taninos,
terpenos e/ou esteroides e proteinas. O extrato foi capaz de inibir as atividades
enzimaticas e bioldgicas induzidas pelo veneno de serpente jararaca in vitro e in vivo.
Em concluséo, os resultados demonstraram que o extrato dessa espécie possui uma
atividade antiofidica, incluindo ag&o sobre os efeitos locais, sugerindo seu uso como
nova fonte de moléculas bioativas contra o veneno de serpente (Félix-Silva et al.
2014b).

Apesar do uso na medicina popular de J. gossypiifolia, mais estudos
toxicoldgicos sdo necessarios para seu uso de forma confiavel. Almeida et al. (2015;
2016) avaliaram os efeitos toxicos, citotoxicos e genotoxicos do latex e de extratos
etandlicos e aquosos (folhas) de J. gossypiifolia, utilizando Allium cepa como sistema
teste. Em todas as concentragdes testadas (0,001 a 10 mL.L'") as trés amostras
apresentaram queda significativa no valor médio de crescimento radicular e indice
mitotico, com excegdo de 1,25 mL.L-!, quando comparado ao controle negativo. As
concentragbes de 1,25, 2,5 e 5 mL.L" induziram aderéncias cromossémicas,
metafases C e/ou pontes cromossOmicas, como efeitos genotoxicos. A frequéncia

significativa de pontes cromossdmicas também indicou potencial mutagénico para os
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cromossomos de J. gossypiifolia como discutido no artigo. A presengca de
micronucleos na administracdo dos extratos também indicou acdo mutagénica no
nivel cromossémico. No extrato etandlico, a aneugenicidade parece ser a principal
atividade, provavelmente como resultado da acédo de terpenos e/ou flavonoides,
enquanto no extrato aquoso a agao clastogénica parece ser a principal atividade,
presumivelmente como consequéncia do efeito de flavonoides e/ou saponinas. Assim,
0os autores sugerem que os extratos desta espécie devem ser usados com muita
cautela para fins fitomedicinais.

Por se tratar de uma espécie utilizada na medicina popular, Wu et al. (2019)
realizaram uma extensa revisdo sobre a farmacologia especifica e atributos
toxicologicos de Jatropha gossypiifolia e seus metabdlitos bioativos. Os autores
enumeraram as principais propriedades farmacoldgicas da espécie, incluindo
atividades antiinflamatoria, antineoplasica, antimicrobiana, antioxidante e
anticolinesterasica e anti-hipertensiva. Contudo, espécies de Jatropha sao também
conhecidas pelo seu potencial toxico, primariamente relacionado ao conteudo de latex
e a compostos presentes nas sementes. Além disso, 0s mecanismos potenciais das
atividades farmacoldgicas reportadas ainda ndo foram totalmente elucidados,
demandando pesquisas complementares.

Villanueva et al. (2015) estudaram a atividade citotoxica de trés isolectinas
purificadas a partir do latex Euphorbia trigona (Miller) baseados na hipotese que as
lectinas seriam proteinas inativadoras de ribossomos (RIPs) e, portanto, potentes
inibidores da sintese de proteinas em células e em sistemas livres de células. Foram
isoladas trés isolectinas (ETR1, ETR2 e ETR3) por cromatografia de troca aniénica.
Tanto ETR1 como ETR3 produziram uma unica banda em SDS-PAGE sob condigdes
redutoras, correspondendo a um peso molecular de 32 g.mol', enquanto que ETR2
produziu duas bandas correspondentes a 31 e 33 g.mol'. As lectinas estudadas foram
termoestaveis até 60 °C e a sua atividade observada foi mantida atraveés do intervalo
de pH 5-12. Estas lectinas revelaram-se como potentes inibidores da sintese de
proteinas eucariéticas num sistema de células livres. A analise de citometria de fluxo
revelou a atividade antiproliferativa destes para as linhas celulares A549, HelLa, H116,
HL-60. Como conclusédo Villanueva et al. (2015) afirmaram que as isolectinas de E.
trigona sao RIPs com atividade citotoxica em relagdo a linhas celulares de cancer
humano testadas (Villanueva et al. 2015).
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Araujo et al. (2015) investigaram os efeitos citotoxicos e genotoxicos do extrato
etandlico de Euphorbia hyssopifolia em cultura de células HepG2. As principais
classes encontradas na triagem fitoquimica foram terpenos, esteroides e flavonoides.
As concentragbes de extrato usadas no ensaio de MTT ndo mostraram atividade
citotoxica. Por outro lado, a atividade genotoxica foi verificada em 0,1 e 1,0 mg.mL""
no teste do cometa alcalino. Além disso, a concentragdo de 1,0 mg. mL™" induziu danos
celulares graves, levando a morte no ensaio de micronucleos em bloco de citocinese,
indicando um efeito citotéxico. Por fim os autores alertam que o uso do extrato de E.
hyssopifolia para fins medicinais deve ser evitado, pois concentragdes acima de 0,01
mg.mL-' podem representar risco a satide humana devido aos efeitos citotoxicos e/ou
genotoxicos.

Conforme informado na revisdo de Haque et al. (2015), a espécie Mallotus
philipiensis (Lam.) (Euphorbiaceae) vem sendo utilizada ha muito tempo na medicina
popular na india. Além de ser utilizada como corante comum, a citada espécie
compreende uma fonte rica de substancias e compostos bioldgicos, sendo também
utilizada no tratamento de doencgas cutaneas, bronquite, diarreia, de problemas de
infecgdo urogenital, para combater o céncer, diabetes, ictericia e a malaria, entre
outros. Existem muitos constituintes quimicos documentados como fendis, esteroides
diterpenoides, triterpenoides, flavonoides, cumarinas, isocumarinas, cardendlidos e
particularmente fenois. Compostos como bergenina, mallotophilippinens, rottlerina e
isorottlerina foram isolados e identificados, relatando-se diferentes atividades
biolégicas, tais como antimicrobiana, citotoxica, antifungica, antiviral, antioxidante e
anti-inflamatoria. Alguns compostos ja foram implementados ha algum tempo em
formulagbes para o tratamento de sarna e comichdo, de forma segura. Os autores
concluem em sua revisdo que M. philippinensis compreende uma fonte preciosa de
medicamento natural e fornece suporte persuasivo para seu uso potencial em
medicamentos modernos (Haque et al. 2015).

No estudo de revisdo de Ernst et al. (2015), os autores destacaram a
importancia da pesquisa em usos medicinais das espécies de Euphorbia e sua
importancia como fonte de produtos naturais. Além disso, os autores salientam que o
subgénero medicinal Chamaesyce (atualmente posicionado no género Euphorbia)
necessita de estudos adicionais investigando a diversidade quimica associada ao
elevado valor medicinal (Ernst et al. 2015). Neste cenario, Kumari (2018), avaliou
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diferentes extratos de Euphorbia hirta L., sendo o extrato metandlico das folhas o mais
ativo contra as bactérias testadas, especialmente contra E. coli que apresentou um
halo de inibigao por volta de 25 mm, considerado um resultado promissor.

Sendo a picada de serpente um dos problemas de saude no Brasil, Gomes et
al. (2016) investigaram a capacidade do extrato aquoso das folhas de uma
euforbiacea (Jatropha mollissima Pohl) frente aos efeitos locais induzidos por veneno
de serpente do género Bothrops. Apos alguns perfis cromatograficos com analise de
detecgao de matriz de diodo e analise de espectrometria de massas do extrato aquoso
de folha, foi confirmada a presenca de flavonoides, isoschaftoside, schaftoside,
isoorientina, orientina, vitexina e isovitexina. Doses entre 50 e 200 mg/kg do extrato
administradas por via intraperitoneal, apontam para um potencial inibitério significativo
contra os efeitos locais (hemorragia cutanea local, edema local, migragao leucocitaria
e miotoxicidade) induzidos pelo veneno de serpentes, como Bothrops erythromelas e
B. jararaca. Os autores concluiram que esses resultados demonstram que o extrato
de J. mollissima apresenta potencial inibitério, especialmente contra o veneno de
botrépicos, sugerindo seu potencial como adjuvante no tratamento de picadas de
serpentes (Gomes et al. 2016).

Voukeng et al. (2017) obtiveram o extrato metandlico das folhas da euforbiacea
Elaeophorbia drupifera (Thonn.), aplicando cromatografia para isolar compostos e
avaliar sua atividade antimicrobiana contra um painel de bactérias Gram-negativas e
positivas, incluindo fendtipos resistentes a multiplas drogas. Os extratos apresentaram
uma variedade de metabdlitos com diferentes valores de concentragdo minima
inibitéria contra as bactérias testadas. A subfragdo EDLc3 foi mais ativa do que todos
os compostos isolados e os autores sugerem que a mesma merece investigagdes
adicionais, apresentando potencial para o desenvolvimento de um futuro farmaco. Os
autores concluiram que as euforbiaceas compreendem uma fonte preciosa de
compostos quimicos fitoterapicos, inclusive para combater bactérias multirresistentes
(Voukeng et al. 2017).

Além de todas as moléculas bioativas citadas anteriormente, as Euphorbiaceae
produzem uma gama diversificada de terpenos, muitos dos quais tém atividades
farmacoldgicas. Apesar do interesse nos terpenos, atualmente sua biossintese é dificil
e pouca compreendida (King et al. 2014).
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Os diterpendides sdo compostos de 20 atomos de carbono derivados do
precursor comum pirofosfato de geranilgeranilo. A biossintese de diterpenoideos € um
processo essencial em plantas, sendo necessario para a produgao de clorofilas,
tocotrienol e giberelinas. Além desses metabdlitos primarios, algumas familias de
plantas desenvolveram a capacidade de produzir uma gama diversificada de
metabdlitos secundarios como diterpendides (Zerbe et al. 2013). A familia
Euphorbiaceae € bastante conhecida na medicina etnobotanica pela capacidade de
producdo de metabdlitos (Mwine e Van Damme 2011) e analises dos extratos de
varias espécies da familia revelaram que em muitos casos a atividade bioldgica pode
ser atribuida a diterpendides particulares (Beutler et al. 1989).

Por fim, vale ressaltar que a grande disponibilidade de informagdes genéticas
(especialmente genomas e transcriptomas) levou ao uso de técnicas genéticas que
permitiram a implementac&o da tecnologia biossintética combinatéria e mineragao de
dados ©6micos. O conhecimento adquirido permitiu identificar moléculas
desconhecidas, incluindo novas estruturas bioativas que podem ser otimizadas
usando a quimica combinatéria, gerando novos candidatos a drogas para muitas
doengas. Cragg e Newman (2013) destacam que a natureza teve trés bilhdes de anos
de adaptagao e evolugao, na geracao de diversos compostos bioquimicos, sendo que
estamos agora apenas arranhando a superficie para explorar a sua diversidade

molecular.

2.3 MECANISMOS DE DEFESA DA PLANTA

A protecéo contra os desafios que ameagam a vida € um determinante critico
de auto-sobrevivéncia, incluindo a defesa contra estresses bidticos, como por exemplo
predacdo por insetos e ataque por fitopatdgenos (como fungos, bactérias, virus e
nematoides). Assim, os mecanismos de defesa evoluem a medida que combatem
outros organismos em ambientes em mudanga. Além de outros modos de protecéo,
as plantas desenvolveram uma resposta de defesa hipersensivel (HR) contra
estresses bidticos. Na HR, as plantas reconhecem a presencga de patégenos atraves
de assinaturas estruturais chamadas padrdées moleculares associados a patégenos
(PAMPs) através de receptores transmembranar (Dodds e Rathjen 2010).

O reconhecimento inicial de patdgenos pelas plantas € analogo ao sistema
animal na medida em que os receptores de reconhecimento de padrées (PRRs) na
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superficie da célula hospedeira detectam a presenca de PAMPs, representada por
pequenos motivos de moléculas maiores que sao essenciais para sobrevivéncia
(Janeway e Medzhitov 2002). A imunidade desencadeada por PAMPs (PTI) ativa uma
miriade de processos, incluindo cascatas de proteinas quinase ativadas por
mitégenos (MAPK), produgdo de espécies reativas de oxigénio (ROS), sinalizagao
hormonal e expressdo génica (Figura 3). A imunidade conferida através deste
mecanismo é referida como imunidade desencadeada por PAMP (Schwessinger e
Zipfel 2008).
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Figura 3 - Mecanismo de defesa imunoldgica da planta. Fonte: Baseado em Dodds e Rathjen (2010).

Os agentes patogénicos bem-sucedidos suprimem a PTIl através do
carreamento de proteinas efetoras de viruléncia ao hospedeiro. Por sua vez, o
segundo ramo da imunidade das plantas, € definido por outro conjunto de receptores
de plantas amplamente intracelulares, cujos produtos dos genes de resisténcia (R)
sdo ativados. Esses receptores reconhecem proteinas efetoras especificas de forma
direta ou indireta, ativando a “imunidade desencadeada por efetor” (ETI), uma
resposta de defesa da planta mais forte que pode culminar na morte celular
programada (Jones e Dangl 2006).

O PTI e o ETI estimulam diferentes caminhos de biossintese e sinalizagéo
hormonal. O ETI desencadeia biossintese e sinalizacdo de acido salicilico (SA),
levando a resisténcia adquirida local e sistémica (SAR) contra patdogenos biotréficos
(Metraux et al. 1990; Delaney et al. 1994). A SAR é a indugao de resisténcia a doenga
de amplo espectro em tecidos distais ndo infectados, ativados por infecgdo patogénica
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local, que resulta na necrose tecidual (HR) (Ward et al. 1991). Por outro lado, o PTI
estimula a biossintese de etileno (ET) (Felix et al. 1999). O ET e o acido jasménico
(JA) ativam sinergicamente as defesas das plantas contra patdogenos necrotroficos
(Thomma et al. 1998). Aléem disso, existe uma interacdo antagonista entre a
sinalizagao JA / ET e SA (Niki et al. 1998). Ambos os caminhos induzem a expresséo
de peptideos antimicrobianos (AMP) de diferentes maneiras.

Desta maneira, ao longo da historia evolutiva da relagédo planta-patégeno foram
selecionadas nas plantas estratégias para combater os mecanismos de evaséo
desenvolvidos pelos patégenos (Chisholm et al. 2006). As mudangas abrangentes
associadas a defesa de HR para patdégenos desviam os recursos que de outra forma
seriam usados para o crescimento e o desenvolvimento da planta de modo que, os
estresses biodticos levam a redugao da produtividade da planta por baixa-regulagéo de
genes fotossintéticos e consequentemente redugéo da atividade fotossintética (Brown
2002; Bolton 2009).

Em termos de selegdo natural, adaptacbes que geram menos custos
energéticos as plantas tendem a ter sua frequéncia aumentada, como os AMPs que
possuem a caracteristica de terem um baixo custo energético para o hospedeiro com
um amplo e potente espectro de acéo. Por isso, ndo € surpreendente que, além das
fontes de animais e plantas, os AMPs também foram identificados em
microrganismos, incluindo bactérias e fungos (Benko-Iseppon et al. 2010; Paiva e
Breukink 2013).

2.4 PEPTIDEOS ANTIMICROBIANOS (AMPS)

Além da resposta de defesa hipersensivel e proteinas de resisténcia (R), as
plantas também empregam barreiras através da parede celular e sintetizam peptideos
antimicrobianos (AMPs). Os peptideos antimicrobianos sdo moléculas de defesa de
baixa massa molecular com uma vasta e potente atividade inibitoria contra uma ampla
gama de organismos, incluindo fungos (Han et al. 2016), bactérias (Liu et al. 2016),
alguns virus (Mathieu et al. 2017), como também predagé&o por insetos (Furstenberg-
Hagg et al. 2013). Pertencem a um diverso e abundante grupo de moléculas que séao
produzidas tanto em plantas quanto em animais, agindo como componentes

importantes da imunidade inata (Broekaert et al. 1997; Franco 2011).
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Em animais, esses peptideos antimicrobianos constituem parte do sistema
imune inato (Lehrer et al. 1993; Benko-Iseppon et al. 2010). Em plantas, proteinas e
peptideos antimicrobianos formam um sistema de defesa comparavel a imunidade
inata em animais, protegendo-as assim do ataque de certos patégenos e pragas
(Shewry e Lucas 1997; Gallo et al. 2002). Esses componentes vém sendo isolados de
diferentes espécies de plantas e a partir de diferentes 6rgdos como flores, folhas,
frutos, tubérculos, raizes, e especialmente sementes (Broekaert et al. 1997; Benko-
Iseppon et al. 2010; Nawrot et al. 2014; Goyal e Mattoo 2016).

2.4.1 Origem e Classificagcao

De forma geral os peptideos antimicrobianos sdo derivados de proteinas
precursoras nao funcionais (o termo n&o funcional é utilizado para aqueles que nao
tém atividade biologica conhecida). Contudo, novas evidéncias indicam que esses
peptideos seriam derivados de proteinas funcionais, diretamente traduzidos a partir
de pequenos quadros de leitura aberta (Open Reading Frames, ORFs), sem o
envolvimento de um precursor ou sendo, ainda, codificados por transcritos primarios
de micro RNAs. Estes novos tipos de peptideos aumentam a complexidade da
peptiddmica. Alguns AMPs sdo derivados de proteinas precursoras que necessitam
de processamento para produzir um peptideo funcional (Tavormina et al. 2015; Goyal
e Mattoo 2016).

Os peptideos séo classificados de acordo com sua origem, estrutura primaria
e secundaria, presenca de residuos de cisteinas (que se conectam em pares,
formando pontes dissulfeto conferindo alta estabilidade a esses peptideos) ou carga
liquida (Astafieva et al. 2013). Alguns possuem a-hélice, outros B-folha, ou ambas as
estruturas secundarias, a e 3. Na sua maioria sdo ricos em aminoacidos basicos,
fornecendo-lhes uma carga positiva (catidnicos) e pH fisiolégico. Em relagcdo a
quantidade de aminoacidos, variam de >20 até cerca de 100 aminoacidos (Stotz et al.
2013; van der Weerden e Anderson 2013; Nawrot et al. 2014; Goyal e Mattoo 2016).
Os peptideos também foram classificados com base na sua origem como proteinas
precursoras e/ou geradas pelo processamento pos-traducional em peptideos maduros
(Tavormina et al. 2015). As estruturas tridimensionais dos AMPs estdo representadas
categoricamente de acordo com o sistema prevalente na Figura 4.
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2.4.2 Defensinas

Desde o inicio de 1990, foram realizados muitos estudos com AMPs, catibnicos
de plantas ricos em cisteinas, hoje conhecidos como defensinas (Broekaert et al.
1995; Broekaert et al. 1997; Segura et al. 1998). As defensinas vegetais sdo um dos
tipos de AMPs mais estudados, foram primeiramente descritas nas sementes de trigo
(Triticum turgidum) e cevada (Hordeum vulgare) (Colilla et al. 1990; Mendez et al.
1990). A caracterizagao inicial dessas proteinas foi na familia proteica das tioninas
(Carrasco et al. 1981), devido as similaridades na massa molecular, na sequéncia de
aminoacidos e no numero de cisteinas. No entanto, estudos posteriores revelaram a
existéncia de diferengas no padrao das pontes dissulfeto, demonstrando que estas
duas familias de peptideos nao estédo relacionadas (Bruix et al. 1993). Depois de
comparar sua semelhanca estrutural e funcional com os AMPs previamente
caracterizados encontrados em insetos e mamiferos, esses peptideos foram
renomeados como defensinas vegetais (Terras 1995; Broekaert et al. 1995). Desde
entdo o numero de defensinas de plantas descritas tem aumentado rapidamente
(Bruix et al. 1993; Fant et al. 1998; Bloch et al. 1998; Almeida et al. 2002; Antcheva et
al. 2006; Lacerda et al. 2014; Goyal e Mattoo 2016).
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Figura 4 - Estrutura tridimensional das principais categorias e peptideos antimicrobianos. Fonte:
Adaptado de Goyal e Mattoo (2016).

As defensinas s&o pequenos peptideos com tamanho variando entre 45 e 54
aminoacidos, sendo geralmente catidbnicas, com uma assinatura conservada de
cisteinas, que podem formar trés a quatro pontes dissulfeto na sequéncia de Cys1-
Cys8, Cys2-Cys5, Cys3-Cys6 e Cys4-Cys7 (Figura 5) (Lay e Anderson 2005). No
entanto, algumas defensinas possuem estruturas diferenciadas. Por exempilo,
defensinas isoladas de flores de petunia (Petunia hybrida, PhD1 e PhD2) apresentam
em sua estrutura 10 residuos de cisteinas formando cinco pontes dissulfeto. A ponte
dissulfeto adicional, localizada apds a a-hélice e a primeira folha  n&do afeta a
estrutura tridimensional tipica da defensina. A quinta ponte dissulfeto parece reforcar
uma ligagdo de hidrogénio conservada e confere maior estabilidade termodinamica a
defensina (Lay 2003; Janssen et al. 2003).
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Figura 5 - Estrutura tridimensional de defensinas de plantas, invertebrados (insetos e moluscos) e
vertebrados (mamiferos). B — Sequéncia de aminoacidos de rabanete (Raphanus sativus), Rs-AFP1 e
2. Os tragos indicam residuos de aminoacidos idénticos. As linhas de conexao entre os residuos de
cisteina representam ligagdes dissulfeto e a espiral e as setas indicam a localizagdo da alfa-hélice e
das folhas beta, respectivamente. Fonte: Adaptado de Thomma et al. (2002).

Existe uma relagcdo entre a estrutura tridimensional global de defensinas
vegetais, defensinas de insetos e beta defensinas de mamiferos. Tais caracteristicas
sugerem que as defensinas sdo peptideos conservados nos eucariotos, originados
antes da divergéncia evolutiva de plantas e animais (Thomma et al. 2002).

A quantidade de residuos de cisteinas conservadas formando pontes
dissulfeto, principalmente proximo dos terminais N e C (Cys1-Cys8), conferem uma
extraordinaria estabilidade, pela conformacao de cadeia tripla de folhas 3 antiparalelas
e a estrutura de a-hélice CS-af (Figura 6) (Goyal e Mattoo 2016). A integridade das
pontes dissulfeto e da conformacdo estrutural € essencial para a atividade
antimicrobiana, embora a estabilidade da estrutura ndo esteja ligada diretamente com
a atividade (Sagaram et al. 2011; Lacerda et al. 2014). Com base em uma analise
mutacional, foi demonstrado que a defensina Rs-AFP2 possuia dois locais
importantes para a atividade antifungica contra o fungo Fusarium culmorum. O
primeiro envolvia as cadeias 2 e 33, formando uma ligagéo altamente hidrofébica. A
segunda foi composta pela ligagdo da cadeia 31 e a-hélice (De Samblanx et al. 1997).
Estas duas regibes sdo importantes para a atividade antifungica e podem constituir
dois locais que contatam um unico receptor predito. Alternativamente, a presenca de
dois locais poderia ser indicativa de duas caracteristicas distintas, necessarias para a
atividade antifungica de Rs-AFP2, tal como a ligagado de Rs-AFP2 ao seu receptor por
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um lado e a subsequente permeabilizagdo da membrana por outro lado (De Samblanx
et al. 1997; Schaaper et al. 2001).
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Figura 6 - Alinhamento da sequéncia de aminoacidos de diferentes defensinas de plantas. No
alinhamento destacado na cor verde mostram as cisteinas altamente conservadas, ja as linhas sélidas
na parte superior, mostram as ligagbes entre as cisteinas formando pontes dissulfeto. Os residuos de
glicina em amarelo se mostram igualmente conservada com a preferéncia de um aminoacido aromatico
em rosa que precede o primeiro residuo de glicina. As setas representam folhas betas, ja a espiral
representa a alfa-hélice. Fonte: Adaptado de Goyal e Mattoo (2016).

Em relagdo a sua origem e estrutura, as defensinas sao classificadas em dois
grupos a partir dos seus tipos de precursores. No primeiro e maior, a proteina
precursora € composta por uma sequéncia sinal de reticulo endoplasmatico que
direciona as proteinas para o espacgo extracelular (Figura 7A). Este fragmento muitas
vezes € acido e pode também desempenhar um papel na atividade supressora até a
maturacg&o, seguido de um dominio de defensina madura (Lay e Anderson 2005). Na
segunda, inclui defensinas produzidas como precursores mais longos, com pro-
dominio C-terminal (Figura 7B), mais comuns em solanaceas (Gu et al. 1992; Milligan
e Gasser 1995; Brandstadter et al. 1996; Lay 2003) e em tecidos de frutos (Aluru et
al. 1999). Esse pré-dominio pode contribuir para o amadurecimento da defensina,
agindo como uma chaperona intramolecular e/ou impedindo as interagdes deletérias
entre as defensinas e outras proteinas celulares ou membranas lipidicas,
neutralizando a atividade téxica durante a translocacdo através da via secretora
(Michaelson et al. 1992; Bohlmann e Broekaert 1994, Florack e Stiekema 1994; Lay e

Anderson 2005; Aerts et al. 2008; Carvalho e Gomes 2011; Santana 2012).
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Figura 7 - Duas classes de defensinas de plantas. (A) A maioria das defensinas vegetais possuem
uma sequéncia de peptideo sinal (RE) além do dominio maduro. (B) Em algumas solanaceas, isolaram-
se clones de cDNA que codificam defensinas vegetais com um pré-dominio C-terminal adicional apés
o dominio maduro. Fonte: Adaptado de Lay e Anderson (2005).

Inicialmente pensou-se que as defensinas s estariam presentes nas sementes
de angiospermas, onde a maioria delas foi isolada (Carvalho e Gomes 2011; Lacerda
et al. 2014), muitas delas caracterizadas em nivel molecular, bioquimico e estrutural
(Broekaert et al. 1995; De Samblanx et al. 1997; Thomma et al. 2002). Porém
descobriu-se que esses peptideos estdo aparentemente distribuidos em quase todos
0s orgaos das plantas, incluindo folhas (Terras 1995; Kragh et al. 1995; Komori et al.
1997; Segura et al. 1998; Lay 2003), vagens (Chiang e Hadwiger 1991), tubérculos
(Moreno et al. 1994), frutos (Meyer et al. 1996; Aluru et al. 1999; Wisniewski et al.
2003), raizes (Sharma e Lonneborg 1996), casca do tronco (Moreno et al. 1994;
Wisniewski et al. 2003) e tecidos florais (Gu et al. 1992; Moreno et al. 1994,
Karunanandaa et al. 1994; Milligan e Gasser 1995; Li e Gray 1999; Park et al. 2002;
Lay 2003). Além disso, as defensinas vegetais também estdo localizadas nas células
do xilema, do estdbmato, do parénquima e outras areas periféricas (Kragh et al. 1995;
Segura et al. 1998; Chen et al. 2002).

A presenca de defensinas nos diferentes tecidos € consistente com o papel
defensivo desses peptideos, uma vez que cada um desses tecidos pode compreender
o local do primeiro contato com um patégeno potencial (Carvalho e Gomes 2011).

Além da sua localizacdo, as defensinas podem ser classificadas de acordo com

a sua atividade biologica, seja contra bactérias, virus e fungos (Tabela 1). Podem
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ainda apresentar agdo imunomoduladora, auxiliar na cicatrizagao de feridas, além de
apresentar outras fungdes coadjuvantes. As defensinas podem auxiliar no controle de
infecgdes e inflamagbes, podendo apresentar sinais quimiotacticos para células
imunes, pela inducéo de secrecao de citoquinas e quimiocinas, bem como neutralizar
exotoxinas e endotoxinas (van der Weerden e Anderson 2013; Pachon-lbariez et al.
2017).



43

Tabela 1 - Defensinas e seu amplo espectro de atividades bioldgicas.

Atividade Biolégica Nome Referéncia
Antibacteriana MBD-3 Manko et al. 2017
N1 e N3 Yang et al. 2017
Chrysophsin-1 Tripathi et al. 2017
Anti-inflamatoria hBD2 Lietal. 2017
hBD3 Bedran et al. 2014
Antifungica JBTX Becker-Ritt et al. 2017
Ts1 Santussi et al. 2017
PAF112 e PAF118 Garrigues et al. 2017
Viral APOBEC3G Lafferty et al. 2017
HPIV3 Mathieu et al. 2017

Embora esses peptideos possam apresentar uma capacidade inibitéria do
crescimento microbiano, apenas algumas defensinas vegetais tém apresentado
atividade contra bactérias (Lacerda et al. 2014). A maioria das defensinas reportadas
na literatura apresenta atividade antifungica, sendo efetivas no combate de diversos
tipos de fungos patogénicos e fitopatogénicos e leveduras (Garrigues et al. 2017;
Santussi et al. 2017; Becker-Ritt et al. 2017). Esses peptideos de defesa sé&o
classificados como proteinas promiscuas, pois mostram inumeras atividades
biolégicas. Como exemplo, a familia de defensinas isoladas de Vigna unguiculata, nas
quais diferentes formas homdlogas podem atuar como inibidores antifungicos,
antibacterianos e enzimaticos (Franco, 2011).

Apesar da ocorréncia de muitos relatos na literatura sobre a atividade de
defensinas de plantas, poucas delas tiveram o seu mecanismo de acio elucidado
(Huang et al. 2012). Devido ao seu carater catidnico, sabe-se que essas moléculas
interagem especificamente com compostos de membrana de carga negativa do
patdogeno, como receptores lipidicos de bactérias, fosfolipidios e esfingolipidios de
membranas fungicas (Wilmes et al. 2011; Vriens et al. 2014).



44

2.4.3 Mecanismo de acao dos AMPs

Os AMPs, sejam de plantas ou de mamiferos, podem distinguir o hospedeiro
dos seus alvos microbianos. Estudos indicam que a disparidade estrutural das
membranas procarioticas e eucarioticas contribui para a seletividade do AMP (Zasloff
2002; Yeaman 2003; Yount e Yeaman 2013).

A parede celular protetora de um microrganismo é provavelmente o primeiro
ponto de contato com AMPs. A parede celular fungica € complexa, montada em muitas
camadas, sendo de até 80% de heteropolissacarideos, apresentando ainda a camada
mais interna composta de bicamadas lipidicas com proteinas de quitina e B-glucano.
Uma parede de células bacterianas Gram negativas contém membrana de bicamada
lipidica interna envolvida por uma fina camada de peptidoglicano, adicionalmente,
existe uma membrana externa composta por fosfolipidios e lipopolissacarideos, que
fornecem uma carga negativa a superficie da membrana. Em contrapartida, as
bactérias Gram-positivas contém apenas uma camada muito espessa de
peptidoglicano adjacente a membrana interna. O enriquecimento da camada de
peptidoglicano com polissacaridos acidos — tais como os acidos teicoico e lipoteicoico
— confere uma carga negativa a membrana. Por outro lado, a parede celular de plantas
possui caracteristicas distintas de celulose, hemicelulose, ligninas, havendo auséncia
de peptidoglicano, quitina e B-glucano. Em fosfolipidios de membrana de mamiferos,
a fosfatidilcolina e a fosfatidiletanolamina sao neutras (Goyal e Mattoo 2016).

Apesar das diferengas estruturais significativas em organismos procariéticos,
os AMPs sao conhecidos por estabelecer interagdo na membrana desses patdgenos.
A estrutura dos AMPs com regides hidrofobicas de carga positiva interage com as
cabecgas polares carregadas negativamente e o nucleo hidrofobico das membranas
microbianas. Uma carga positivamente elevada nos AMPs catiénicos faz com que haja
uma interagao eletrostatica, facilitando assim a sua ligagéo inicial as membranas com
carga negativa dos patogenos. Existem varios pardmetros estruturais que contribuem
para a toxicidade e especificidade do alvo, como estrutura, carga, hidrofobicidade e
anfipaticidade (Yeaman 2003).

Aligagao de um AMP a um patégeno nao é necessariamente realizada apenas
por interagdes eletrostaticas, mas também pelo reconhecimento de componentes
especificos da parede celular do microrganismo. Contudo, Dutta et al. (2018)

propuseram que os AMPs contém pelo menos uma regido amiloidogénica que poderia
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auxiliar na autoagregagao dos peptideos, apresentando uma possivel estrutura
oligomérica em forma de anel, desta forma potencializando seu mecanismo de agao.
Uma vez que o contato tenha sido feito através de uma interagao inicial e o AMP tenha
se ligado ao alvo, o efeito toxico sobre o patégeno pode entdo ser exercido de duas
formas gerais, por permeabilizagdo da membrana ou por comprometimento das

fungdes intracelulares (Thevissen et al. 2003; Goyal e Mattoo 2016).

2.4.3.1 Permeabilidade da membrana

A permeabilizagdo da membrana ocorre apds a interagcdo do AMP com o sitio
alvo do patégeno, resultando na dissipacdo do gradiente eletroquimico através da
membrana, fragmentacdo da membrana, vazamento de ions e outros conteudos
celulares e, em ultima analise, morte celular (Shai 2002). A concentragao limiar de um
AMP é necessaria para induzir a permeabilizacdo e o fendmeno € dependente do
tempo (Wimley 2010). Outras deformacdes estruturais da membrana ocorrem ao
longo do tempo. A permeabilidade da membrana pode ocorrer de diferentes maneiras
dependendo da interagcao pela estrutura de um AMP. Modelos foram propostos para
explicar o efeito dos AMPs nas membranas (Figura 8).
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Figura 8 - Modelos de permeabilizagao da membrana por peptideos antimicrobianos. (a) Ligagao inicial
do AMP na superficie da membrana. (b, ¢) Formagao de poros, podendo desestruturar a membrana.
(d) Modelo tapete. (e) Modelo detergente. Fonte: Adaptado de Goyal e Mattoo (2016).




46

2.4.3.2 Modelo barril

Neste modelo, as moléculas de AMP ligam-se a membrana alvo com um
acumulo de monémeros de peptideos realizando interagdo com a membrana e
diminuindo sua espessura. Quando a concentracéo critica de peptideos é atingida os
aglomerados de peptideos formam um poro transmembranar do tipo barril (Figura
8b). As regides hidrofébicas da a-hélice ou das folhas B de um AMP se alinham
paralelamente a parte da cadeia acila dos fosfolipideos da membrana e a face
hidrofilica forma a superficie interna do poro para a passagem de ions, agua, além de
componentes intracelulares (Bechinger 2004; Kozma et al. 2012; Batista 2015). O
tamanho dos poros pode variar dependendo do peptideo e do grau de agregagao. Um
estudo de caso com alameticina, um peptideo de 20 residuos produzido pelo fungo
Trichoderma viride, evidencia o mecanismo de agéo do tipo barril (Aidemark et al.
2010). Esse modelo &, entretanto, considerado de formagé&o rara durante a agéo de
peptideos, sendo o modelo toroidal (Figura 8c) o mais aceito (Yang et al. 2001; Batista
2015).

2.4.3.3 Modelo toroidal

O modelo toroidal € um mecanismo conjugado de formagdo de poros e de
ruptura da membrana. Sua principal diferenga para o modelo barril € a intercalacéo de
AMP na bicamada lipidica induz curvatura positiva das cabecas polares fosfolipidicas
perpendiculares ao plano da membrana. O peptideo proporciona uma alternativa mais
forte de interacdes hidrofobicas e hidrofilicas do que interagdes intramoleculares de
moléculas lipidicas (Shai 2002; Jenssen et al. 2006; Bocchinfuso et al. 2009). A
presenca do peptideo rompe as interagbes hidrofobicas de moléculas lipidicas e
favorecendo seu realinhamento para criar poros toroidais (Figura 8c). Em contraste
com o modelo barril, os grupos lipidicos nos poros toroidais s&o expostos ao lumen
de um poro. Em estudos com peptideos Magainina 2 e PGLa, observou-se que esses
AMPs se ligam preferencialmente a membranas carregadas negativamente e
aparentemente causam sua ruptura pela formacdo de poros transmembranares
toroidais. Os angulos de inclinagao calculados para Magainina 2 e PGLa estavam em
excelente concordancia com experiéncias recentes de RMN de estado solido (Pino-
Angeles et al. 2016).
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2.4.3.4 Modelo tapete

O modelo tapete € um mecanismo de acdo que nao forma poros. Nele os
peptideos se inserem no nucleo hidrofébico da membrana, porém se orientam em
paralelo a superficie da membrana, recobrindo-a como um tapete. Uma forte interacéo
eletrostatica entre os grupos fosfolipidicos de cabecga polar carregados negativamente
e o peptideo catidnico, realizam uma distor¢do na estrutura da membrana, permitindo
a chegada de peptideos adicionais (Figura 8d). A medida que o peptideo atinge o seu
limiar, a desintegragdo da membrana ou a lise celular € induzida (Shai 1999; He e
Lazaridis 2013). Nguyen et al. (2011) sugerem que esse mecanismo também possa
ser a primeira etapa do processo de peptideos que atuam formando poros. Este
modelo foi proposto pela primeira vez para explicar o efeito toxico de cecropin P1 da
hemolinfa de uma traga, o qual se alinha paralelamente a superficie da membrana.
Alguns exemplos de peptideos que realizam esse tipo de mecanismo s&o a
dermaseptina S (Strahilevitz et al. 1994; Shai 2002; Raja et al. 2013) e outros
analogos, como cecropinas (Gazit et al. 1995) caerina (Wong et al. 1997) e
mastoparan X (Whiles et al. 2001; Guo et al. 2011).

2.4.3.5 Modelo detergente

Esta é uma versdo estendida do modelo tapete na qual o peptideo interage
através de um mecanismo semelhante ao modelo do tapete, levando ao colapso
catastréfico da membrana. As moléculas peptidicas formam micelas com a membrana
fragmentada de forma semelhante a agado de um detergente (Figura 8e). A reparticao
abrangente da membrana permite que o citoplasma extravase, resultando na morte

celular (Bechinger e Lohner 2006; Goyal e Mattoo 2016).

2.4.3.6 Modelo Shai-Matsuzaki-Huang

Este modelo propde que a interacdo dos peptideos que aderem a face
extracelular da membrana plasmatica tenha a capacidade de tracionar a bicamada,
reduzindo a sua espessura, e permitindo a formacéo de poros transitorios (Figura 9).
Neste modelo, algumas moléculas de peptideos podem atravessar os poros,
alcangando a face interna da membrana e outros elementos intracelulares do
microrgansmo (Zasloff 2002).

Em geral, os peptideos que usam este mecanismo matam patégenos em

baixas concentragcdes, como é o caso do peptideo nisina, uma molécula anfipatica de
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14 aminoacidos produzida por Lactococos lactis, que opera em concentracdes
nanomolares. Além disso, algumas defensinas de plantas usam uma estratégia
similar, a exemplo de Dahlia merckii 1 (DmAMP1), uma defensina isolada da semente
de dalia (D. merckii) com atividade antifungica (Brotz et al. 1998; Thevissen et al.
2000).
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Figura 9 - O modelo do mecanismo de agdo Shai-Matsuzaki-Huang de um peptideo antimicrobiano.
Um peptideo alfa-hélice é representado. (A) Os peptideos se aderem pelo Modelo Tapete. (B) A area
de superficie da superficie externa se expande em relagao a interna, resultando em tensdo dentro da
bicamada (setas irregulares). (C) Transigao de fase e formagao de poros. (D) Transporte de lipidios e
peptideos para o interior do corpo. (E) Difusao de peptideos em alvos intracelulares (em alguns casos).
(F) Colapso da membrana em fragmentos e ruptura fisica da membrana da célula-alvo. Fonte:
Adaptado de Zasloff (2002).

2.4.3.7 Comprometimento das fungdes intracelulares

A permeabilizagdo da membrana é considerada um importante atributo da
atividade antimicrobiana. No entanto, evidéncias recentes sugerem que existam
outros mecanismos de ag¢ao dos AMPs, além da interrupcdo das fungdes da
membrana (Brogden 2005; Mufoz et al. 2013). Em alguns casos o grau de

permeabilizacdo de alguns peptideos ndo aparentou relacionado com a sua atividade,
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uma vez que em alguns testes o microrganismo sobreviveu durante um periodo de
tempo prolongado apoés a interrupgao da membrana. Num outro estudo, os fragmentos
ativos de um peptideo bovino (catelicidinas) Bac7 ndo permeabilizaram a membrana
de Escherichia coli, mas proporcionou uma redug¢ao de 2-5 log na contagem de células
viaveis (Gennaro e Zanetti 2000). Estudos in vitro demonstraram a capacidade que
um AMP tem de se associar a alvos intracelulares, tais como acidos nucléicos,
proteinas ou enzimas, 0 que sugere um mecanismo de agao que nao envolve apenas
as membranas.

Tem sido um consenso que o mecanismo de agao dos AMPs seja resultante
da combinacdo da permeabilizacdo da membrana e da inibicdo das funcgdes
intracelulares. Para facilitar a internalizacdo do peptideo no citoplasma, pode haver
uma alteracao transitoria ou permanente da estrutura da membrana, o que pode
aumentar o efeito letal de um AMP. Outras possibilidades como o transporte passivo
de peptideo (Henriques et al. 2006) e/ou um processo ativo dependente de energia
(Kim et al. 2001) sao significativos. Muitas defensinas antifungicas de plantas
interagem com esfingolipidios ou fosfolipidios de membrana fungica, posteriormente,
algumas delas s&o internalizadas e induzem morte celular, como por exemplo,
MtDef4, NaD1 e Psd1 (Kaewklom et al. 2016).

Os detalhes do mecanismo da agéo para algumas defensinas foram revistos
exaustivamente por Vriens et al. (2014) com foco nas defensinas RsAFP2, MsDef1,
MtDef4, NaD1 e Psd1. As observacdes apontam uma variedade de mecanismos pela
qual essas defensinas de plantas com atividade antifungica afetam a viabilidade das
células microbianas. Uma vez dentro da célula, um AMP pode atacar as organelas
celulares e afetar as suas fungdes. Diferentes AMPs podem interagir com diversos
alvos intracelulares interferindo em sua funcionalidade, assim como diferentes AMPs
podem também interagir no mesmo alvo (Goyal e Mattoo 2014).

Gragas a essa diversidade, os AMP possuem atividade antimicrobiana de
amplo espectro, de modo que a atividade antimicrobiana n&o se restringe a sua propria
populagao patogénica, mas também muito além do filo ou reino. Esta caracteristica
evidente a partir do seu mecanismo de acido, onde os AMPs atacam as paredes das
células microbianas, além de se ligar a dominios especificos. A atividade através de
uma gama de patdégenos de diversos reinos foi observada em AMPs isolados de

plantas que mostraram atividade antimicrobiana contra patégenos de mamiferos,
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incluindo humanos. Por outro lado, AMPs isoladas de insetos, artropodes, anfibios,
humanos, entre outros, apresentam toxicidade contra uma variedade de fitopatégenos
(Hammami et al. 2009). Além do mais, alguns AMPs podem ser modificados visando
a uma diminuigdo de sua citotoxicidade para as células hospedeiras mantendo sua
atividade antimicrobiana. Esta propriedade dos AMPs aumentou o alcance de sua
aplicacdo no manejo de doengas de seres humanos ou de outros mamiferos de
interesse comercial, bem como na defesa vegetal. Curiosamente, AMPs vegetais
mostraram resultados promissores no combate a células cancerosas humanas
(Marques et al. 2017).

2.4.4 AMPs como uma nova classe de agentes terapéuticos

O interesse recente em AMPs para aplicacdes terapéuticas desenvolveu-se em
parte devido a necessidade de novos antibidticos, uma vez que as bactérias passaram
a apresentar resisténcia as moléculas antibioticas tradicionais (Ahmad et al. 2013;
Yang et al. 2017). Presumivelmente, as bactérias foram expostas aos AMPs por
milhdes de anos e, com excegao de poucas especies (como, por exemplo, espécies
de Burkholderia), ndo foram relatadas resisténcias a todos os tipos de AMPs (Loutet
e Valvano 2011). Notavelmente, o desenvolvimento de resisténcia contra AMPs
ocorreu em um grau muito menor, pois ndo poderia haver um mecanismo geral de
resisténcia aos AMPs, sendo necessarios multiplos caminhos como, por exemplo,
ataque a multiplos alvos hidrofébicos e/ou polianionicos (Friedrich et al. 2001; Peschel
e Sahl 2006; Fjell et al. 2011). Desta forma, os AMPs surgiram como potenciais
candidatos na busca de novos agentes terapéuticos contra a resisténcia bacteriana
(Hancock e Sahl 2006; Vaara 2009; Ahmad e Laughlin 2010; Laughlin e Ahmad 2010;
Yeung et al. 2011; Liu et al. 2016; Lafferty et al. 2017).

Uma série de peptideos com atividade antimicrobiana segue em varios estagios
de analise edesenvolvimento, com possiveis aplicagdes clinicas incluindo atividade
anticancerigena, imunomoduladora, cicatrizag&do de feridas, como drogas carreadoras
de substancias, adjuvantes de vacinas, reguladores da defesa inata e agentes pro e
anti-inflamatodrios (Yeung et al. 2011). As aplicacbes gerais em desenvolvimento
incluem antibidticos topicos e antissépticos, atividade anti-inflamatoéria, infecgbes
hospitalares e respiratorias (Fjell et al. 2011).
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Os esforgcos atuais para desenvolver AMPs para aplicagdes terapéuticas
especificas incluem terapias para doengas da mucosa bucal (Okamura et al. 2011; Li
et al. 2017b), infecgbes por biofilmes (de la Fuente-Nufiez et al. 2016), septicemia
bacteriana (Brandenburg et al. 2011; Silva et al. 2015), terapia adjuvante antimalarica
(Achtman et al. 2012) e contra Staphylococcus aureus resistente a meticilina
(Fitzgerald-Hughes et al. 2012; Liu et al. 2016).

Desde o ano 2000 cerca de 22 novos antibioticos foram desenvolvidos e 49
compostos estavam em desenvolvimento clinico. Pelo menos 15 peptideos ou
peptideos miméticos para aplicagdes terapéuticas estdo em desenvolvimento ativo,
havendo uma predominancia de compostos derivados de produtos naturais presentes
nos ultimos estagios de testes sugerindo a possibilidade de que produtos naturais
como AMPs possam ter uma maior probabilidade de sucesso (Butler e Cooper 2011;
Fjell et al. 2011; Butler et al. 2013; Butler et al. 2017). Os possiveis pontos fracos do
uso de AMPs como candidatos a novos antibidticos incluem uma baixa atividade
devido a susceptibilidade das protedlises, citotoxicidade celular inespecifica, altos
custos de producéo, perda de atividade, potencial interferéncia na imunidade inata do
hospedeiro e interferéncia com a flora normal. Porém essas barreiras iniciais vém
sendo superadas com o desenvolvimento de peptideos sintéticos estaveis, mais
econdmicos e com potente e amplo espectro de acéo (Tan et al. 2017). Assim, ha
esperanca de que os AMPs gerem uma nova geragado de farmacos antimicrobianos
com uma ampla gama de aplicagdes topicas e sistémicas no tratamento de diversos
tipos de infec¢ao (Vaara 2009; da Rocha Pitta et al. 2010; Sun et al. 2016).

2.4.5 AMPs sintéticos

A sintese de peptideos percorreu um longo caminho, comegando com (Fischer
e Fourneau 1901) e o desenvolvimento de grupos protetores de carbamato por
Bergmann e Zervas (1932), seguido da sintese de oxitocina pelo vencedor do Prémio
Nobel (du Vigneaud et al. 1954) e pelo método de sintese de peptideo em fase soélida
(SPFS) revolucionario desenvolvido por (Merrifield 1963). Os avangos modernos no
campo dos peptideos sintéticos, como a automacéo total da montagem da sintese, a
otimizagdo continua das metodologias e a introdugdo de técnicas de ligagao para
expandir o escopo da sintese quimica total de proteinas, estdo contribuindo para uma

maior implementacéo e aceitagdo da sintese em fase sdélida para muitos laboratérios
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de pesquisa em todo o mundo. Este desenvolvimento levou a um campo prospero
com varios peptideos no mercado e centenas deles atualmente passando por testes
clinicos (Vlieghe et al. 2010; Kaspar e Reichert 2013). Em particular, os avangos
metodoldgicos nas ultimas quatro décadas foram cruciais para o crescimento e o
sucesso da pesquisa de peptideos (Muttenthaler et al. 2015).

O método de SPFS baseia-se no crescimento, residuo por residuo, da cadeia
peptidica presa covalentemente pelo seu aminoacido carboxiterminal a sitios reativos
existentes em um suporte solido (resina). A caracteristica insoluvel da resina
possibilita que todas as etapas da sintese sejam realizadas em um unico frasco de
reacao contendo uma placa porosa filtrante. Essa placa retém a resina desde o inicio
até o final da sintese, o que evita a troca do frasco de reacgao, simplificando o
manuseio e impedindo perdas de produto. O uso da resina insoluvel permite que a
eliminagdo de todos os reagentes, solventes e subprodutos das diversas etapas do
ciclo sintético seja feita por simples filtragdo em placa porosa. Esse procedimento faz
com que o metodo se torne simples e rapido, além de permitir o uso de grandes
quantidades de reagentes. Esse procedimento também garante reacbes mais
eficientes e quantitativas em todas as etapas do ciclo sintético. Somado a isto, como
as etapas sintéticas atualmente sdo padronizadas e repetitivas, € possivel a
automacao desse método de sintese peptidica (Muttenthaler et al. 2015; Bergmann et
al. 2017).

Devido a estes avangos metodoldgicos, pesquisas recentes com AMPs tém se
concentrando em métodos de SPFS, bem como em métodos de sintese “de novo” ou
por modificacdo de modelos naturais que possam ser otimizados visando a reducgao
do tamanho das sequéncias peptidicas, seja de forma empirica ou computacional.
Estes peptideos sinténticos para serem considerados potencial candidatos precisam
apresentar uma ampla atividade antimicrobiana, com também uma baixa hemdlise e
citotoxicidade (Xu et al. 2014; de la Fuente-Nufiez et al. 2016).

De um modo geral s&o usadas trés abordagens para a produgdo de AMPs
sintéticos. A primeira delas € o estudo fundamentado em modelos, onde sequéncias
de AMPs com atividade conhecida ou toxicidade reduzida sdo modificadas a partir das
sequéncias de aminoacidos, muitas vezes modificando um unico aminoacido no

peptideo para identificar aminoacidos e posi¢des que sao importantes para a atividade
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antimicrobiana, sendo que neste tipo de método o uso dos recursos computacionais
geralmente é limitado (Jiang et al. 2011; Fjell et al. 2011).

A segunda abordagem compreende estudos biofisicos, em contraste com o
método anterior baseado em modelo, em que os peptideos séo tratados como um
"texto" formado por "letras" de aminoacidos que possuem propriedades individuais
como valores de carga e hidrofobicidade (Matyus et al. 2007). Os estudos biofisicos
sdo motivados por modelagem e visam entender a atividade do AMP e as suas
variantes modificadas, examinando a estrutura dos peptideos em ambientes
hidrofébicos ou modelando peptideos em nivel atbmico. Exemplos desses tipos de
estudos incluem modelagem molecular fundamentada em perturbagbes de energia
livre, simulagdo de dindmica molecular, bem como calculos termodinédmicos das
interagcbes de peptideos com membranas (Matyus et al. 2007; Bolintineanu e
Kaznessis 2011; Fjell et al. 2011; Liang e Kelemen 2017).

A terceira abordagem é chamada de “estudo de rastreio virtual”, podendo ser
usado quando a sintese € demasiadamente cara e as técnicas biologicas, como a
‘phage display’, ndao podem ser aplicadas (Pande et al. 2010; Li et al. 2017a). Essa
abordagen tem a vantagem de ter apenas alguns pressupostos a priori, pois procura
imputar estruturas peptidicas com base em sequéncias primarias. Em contraste com
os estudos de simulagdo computacional, estudos de triagem virtual ndo tentam
necessariamente criar modelos com resultados imediatamente e facilmente
interpretaveis. Em vez disso, os métodos numéricos sdo utilizados para determinar as
propriedades quantificaveis dos peptideos (descritores), como a carga e a
hidrofobicidade a partir da estrutura primaria e caracteristicas fisico-quimicas dos
peptideos, os quais sdo usados para relacionar essas propriedades com atividades
biologicas (Engel 2006; Fjell et al. 2011).

Desta forma, a crescente disponibilidade e uso de estratégias inovadoras de
desenho de peptideo assistido por computador tem um potencial consideravel para
aumentar a descoberta de peptideos terapéuticos de nova geragao e de peptideos
miméticos como antimicrobianos ndo apenas para as bactérias alvo que se tornaram
resistentes aos antibidticos existentes, mas também contra protozoarios causadores
de doengas, helmintos, insetos e fungos de importancia médica e agropecuaria
(Sakata e Winzeler 2007; Fjell et al. 2011).
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2.5 BIOINFORMATICA: UMA FERRAMENTA IMPORTANTE NA BUSCA DE NOVOS
FARMACOS

O termo "bioinformatica" foi usado pela primeira vez em meados da década de
1980, a fim de descrever a aplicagao da ciéncia da informagéo e da tecnologia nas
ciéncias da vida. A definicdo era naquele tempo muito geral, abrangendo tudo, desde
a robodtica a inteligéncia artificial. Posteriormente, a bioinformatica passou a ser de
certa forma prosaicamente definida como o uso de computadores para recuperar,
processar, analisar e simular informag¢des bioldgicas. Segundo Ramsden (2015),
essas definigbes ndo conseguiam captar a centralidade da informagao bioldgica,
definindo a bioinformatica como a ciéncia e a forma pela qual a informagao € gerada,
transmitida, recebida, armazenada, processada e interpretada em sistemas biologicos
ou, mais sucintamente, a aplicagdo da ciéncia da informagé&o a biologia.

Devido ao carater interdisciplinar, a bioinformatica consiste em uma mistura de
habilidades e conhecimentos tais como matematica aplicada, estatistica, informatica,
quimica e bioquimica, para resolver problemas biolégicos. Fornece algoritmos, bancos
de dados, interfaces de usuario e ferramentas estatisticas. Além disso, a
bioinformatica torna possivel a realizacdo de analise de dados complexos, incluindo
genbmica, protedbmica, metaboldmica e todas as outras "6micas", compreendendo
geralmente um esforgo duradouro e desafiador (Fatumo et al. 2014; Emmert-Streib et
al. 2014).

Na era pds-genoma humano, a habilidade de gerar dados em escala genémica
de muitos componentes moleculares e celulares, permite obter insights sobre a
patogénese e mecanismos moleculares causais, pelo menos a principio. As
abordagens computacionais fornecem métodos automaticos, consistentes e robustos
para extrair informagdes de dados de alta dimensionalidade. Infelizmente, a transi¢ao
pratica de dados para informagédo e conhecimento revelou-se, em geral, um grande
obstaculo e, atualmente, ha esfor¢os para encontrar abordagens e métodos padrdes
para este problema (Emmert-Streib et al. 2015).

Com o advento da bioinformatica, ferramentas como técnicas de mineracao
fornecem um meio para resolver este problema, seja no auxilio nos processos de
recuperacao e de extracdo de informagdes. Neste contexto, a mineragao de textos é
muito importante, sendo atualmente utilizada para triar artigos para termos biolégicos,

incluindo nomes de moléculas, interagdes bioldgicas e moleculares. Ao adicionar
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significado ao texto, essas técnicas produzem uma analise mais estruturada do
conhecimento textual do que simples buscas de palavras, podendo fornecer
ferramentas poderosas para a producédo e analise de modelos de biologia de sistemas
(Ananiadou et al. 2006).

O desenvolvimento de terminologias e ontologias consistentes permite a
padronizacdo de informacdes na mineragcdo de textos, que pode ser usado para
modelar processos biologicos mais amplos e inspirar novos alvos e estratégias para
o desenvolvimento de novas drogas. A padronizagdo conceitual também facilita a
organizagcdo consistente de dados experimentais e permite a fusdo de diversos
recursos, aumentando o volume total de dados para analise e 0 numero de padrdes
descobertos dentro de uma amostra experimental. Essas terminologias, quando
organizadas, possibilitam a extragdo mais consistente de relagdes ou redes de
interagcdo (como a ativagdo de um gene por outro) em uma passagem posterior através
de textos. Com este tipo de representacdo de conhecimento estruturado, os
computadores podem simular o processo de raciocinio de cientistas humanos em
grande escala (Garten e Altman 2009; Yao et al. 2010).

Desta forma, a biologia esta se tornando uma ciéncia de dados, e os avangos
futuros dependerdo de fortes colaboragbes entre bidlogos experimentais e
computacionais. Aspectos da biologia computacional estado se integrando em todos os
niveis da medicina e dos cuidados direcionados a saude humana. Tanto os
profissionais médicos como o publico precisam estar bem informados e instruidos
sobre essas mudancgas, a fim de realizar o pleno potencial dessa nova fronteira na
medicina, sem medo dos avancgos tecnologicos (Fogg e Kovats 2015).

Este novo cenario de técnicas computacionais e experimentais favorece
pesquisas como a descoberta de novos agentes antimicrobianos, desde a extragao
de dados textuais, experimentais e clinicos, até a construcdo de modelos de redes
integradas de processos moleculares, bem como direcionada a analise experimental
destas moléculas. A modelagem molecular ou biologia estrutural envolve o dominio
mais estabelecido da biologia computacional, que pretende predizer e modelar
propriedades de alvos bioldgicos integrando a quimica, a biofisica, a cristalografia
experimental e a informatica. Tais abordagens, em conjunto com ferramentas
estabelecidas de quimica computacional, sdo capazes de modelar as propriedades e
derivacdes de farmacos e sua interagdo com alvos, propiciando a geragao de modelos
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moleculares que constituem a peca central da descoberta e do desenvolvimento
computacional de novos farmacos (Yao et al. 2010).

A bioinformatica tornou o uso de banco de dados uma ferramenta acessivel e
intuitiva para consultas que ajudam a impulsionar a descoberta de novos farmacos.
Na mesma linha, uma analise abrangente das bases de dados disponiveis, contendo
compostos regulares, deve ajudar a racionalizar o motivo pelo qual alguns compostos
s&o capazes de interagir ou ndo com determinadas proteinas (Labbé et al. 2016).

A identificagdo de agentes quimicos na descoberta direcionada a novos
farmacos envolve a coordenagao de sistemas quimicos, bioldgicos e sociais altamente
complexos e requer um alto investimento de capital (Oberholzer-Gee e Inamdar 2004).
O ciclo tipico de descoberta e desenvolvimento de farmacos, do conceito ao mercado,
leva aproximadamente 14 anos (Myers e Baker 2001), e o custo varia de 0,8 a 1 bilhdo
de dolares (Moses et al. 2005). Desta maneira, desenvolvimentos rapidos em quimica
combinatodria e tecnologias de rastreio de alto rendimento tém proporcionado um
ambiente para acelerar o processo de descoberta de farmacos, permitindo que
grandes bibliotecas de compostos sejam rastreadas e sintetizadas em curto espaco
de tempo (Lobanov 2004; Shekhar 2008).

Embora o investimento no desenvolvimento de novos medicamentos tenha
crescido significativamente nas ultimas décadas, a produgdo nao € positivamente
proporcional ao investimento, devido a baixa eficiéncia e alta taxa de falha na
descoberta de farmacos, além do tempo necessario para colocar um novo farmaco no
mercado, passando por todas as etapas de testes (Apic et al. 2005).

A concepc¢ao de farmacos assistidos por ferramentas computacionais € um dos
métodos mais eficazes para atingir estes objetivos (Ou-Yang et al. 2012). As
abordagens computacionais, se aplicadas com sabedoria, tém o potencial de reduzir
substancialmente o custo do desenvolvimento de farmacos em até 50% através da
ampliagdo do conjunto de alvos viaveis e da identificacdo de novas estratégias
terapéuticas e abordagens institucionais para a descoberta de farmacos (Tan et al.
2010; Yao et al. 2010).

Desenvolver modelos computacionais dindmicos em consonéncia com a
maquinaria celular humana sempre foi um sonho da biologia computacional. Tais
modelos poderiam explicar os resultados clinicos dos farmacos existentes e prever o

efeito de novas derivagdes. No entanto, os recentes avangos na integracdo de dados
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permitiram a construcdo de complexas redes baseadas em mineragcao de texto e
experimentos de alto rendimento (Liu et al. 2009). A maioria destas redes é estatica,
mas a medida que elas se tornam mais precisas e incorporam a temporalidade dos
processos biomoleculares, elas provavelmente possibilitardo a identificagdo e o
rastreamento sistematico de novas drogas alvos. Até mesmo as redes estaticas atuais
sugerem principios de designer e métricas que poderiam acelerar a descoberta de
drogas bem-sucedidas (Marrer e Dieterle 2007; Marrer e Dieterle 2008).

Devido ao aumento na disponibilidade de informagdes sobre macromoléculas
e pequenas moléculas bioldgicas, a aplicabilidade da descoberta computacional de
farmacos foi expandida em quase todas as fases do processo de descoberta e
desenvolvimento de farmacos, incluindo identificagdo, validagdo, descoberta e
otimizacdo de testes pré-clinicos. Ao longo das ultimas décadas, os métodos
computacionais aplicados a descoberta de farmacos foram melhorados, incluindo
docking molecular, modelagem e mapeamento de farmacoéforos, desenho de drogas
de novo, calculo de similaridade molecular e busca virtual baseada em sequéncias
(Ou-Yang et al. 2012).

Abordagens computacionais utilizadas na descoberta de novos farmacos
podem ser categorizadas com base na estrutura, ligante e na sequéncia ou tipo de
farmaco. Os métodos baseados na estrutura, como a docking molecular e o desenho
de drogas de novo, dependem do conhecimento da estrutura da macromolécula alvo.
Tal conhecimento € obtido principalmente a partir de estruturas cristalinas, dados de
ressonancia magnética nuclear e modelos de homologia. Na auséncia de estruturas
tridimensionais de potenciais alvos, as ferramentas baseadas no ligante (incluindo a
relagdo quantitativa estrutura-atividade, modelagem farmacofora, analise molecular
de campo e avaliagdo de similaridade bidimensional ou tridimensional), podem
fornecer evidéncias cruciais sobre a natureza das interagdes entre alvos de farmacos
e seus ligantes, o que permite o desenvolvimento de modelos preditivos que s&o
adequados para descoberta e otimizagdo de potenciais farmacos (Acharya et al.
2011).

Nos ultimos anos, para lidar com situacbes em que a estrutura-alvo e a
informacgéao do ligante estao indisponiveis, foram desenvolvidas abordagens baseadas

em sequéncias, as quais utilizam ferramentas de bioinformatica para analisar e
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comparar multiplas sequéncias para identificar alvos potenciais a partir do zero e
conduzir a descoberta de novos candidatos (Tang et al. 2006).

A andlise de sequéncias tem como objetivo comparar eficientemente as
sequéncias de nucleotideos e aminoacidos, permitindo aos pesquisadores imputar a
funcdo de um gene, considerando evidéncias de genes homologos, muitas vezes de
diferentes sistemas bioldgicos. A analise de sequéncias tornou-se agora uma parte
indispensavel da identificagdo do alvo na descoberta de farmacos numa fase inicial.
Atualmente, todos os meétodos individuais s&do incapazes de satisfazer as
necessidades praticas na descoberta e desenvolvimento de farmacos. Portanto,
estratégias combinatérias que empregam multiplas abordagens computacionais tém
sido frequentemente utilizadas com sucesso (Yao et al. 2010).

Embora seja evidente que os métodos computacionais tenham grande
potencial na descoberta de novos farmacos, sempre sera necessario acoplar as
técnicas computacionais com ensaios experimentais, a fim de obter melhores
resultados validando experimentalmente as predi¢gdes realizadas (Kubinyi 2003;
Kumar et al. 2006; Zhang 2011; Ou-Yang et al. 2012).
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Abstract

Even before the perception or the contact with pathogens, plants rely on guardian molecules
that may be expressed constitutively, in a tissue/stage specific manner or, still, induced after
pathogen expression. They are antimicrobial peptides (AMPs), small molecules, generally
cysteine-rich, capable of preventing the establishment of invading pathogens. These peptides
are usually expressed in gene families as defensins, snakins, LTPs, thionins, heveins, and
cyclotides (among others) with a vast tertiary structure variation. Plants present a much higher
number of AMP groups and isoforms than other groups of organisms, possibly due to gene
duplications or genomic redundancy, and their sessile habit. Therefore, plants represent a vast
resource of new AMP molecules. In order to organize and to facilitate access to information
about these peptides many specific and general databases were built, also providing tools for
peptide identification and characterization. The present review compiles information on AMP
structural features at genomic, transcriptomic and protein level. Since AMPs are often difficult
to recognize, based on simple BLAST alignments, a description of available database resources
and bioinformatic tools for their identification is provided. Finally, we highlight the still almost
unexplored biotechnological potential of plant AMPs in the generation of both transgenic plants
resistant to pathogens, and new drugs or bioactive compounds for the treatment of human and

animal diseases.

Keywords: Defensin, Lipid Transfer Protein, Hevein, Cyclotide, Snakin, Knotin, Macadamia

B-barrelins, Impatiens-Like, Puroindoline, Thaumatin.
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Introduction

Proteins and peptides are formed by small subunits composed of amino acids (aa),
forming a chain that can range from a few tens to thousands of aa residues. Peptides are
conventionally understood as having less than 50 aa [!]. Proteins, on the other hand, would be
any molecule presenting higher amino acid content, being widely studied in plants. It is well
known that the biochemical machinery necessary for the synthesis and metabolism of peptides
is present in every living organism. From this machinery, a wide diversity of peptides is
generated, justifying the growing interest in their study. As in animals, plant peptides are
prevalent in intercellular communication, performing as hormones and growth factors [2].

Plant peptides can be multifunctional, and have been classified into two main categories
(Supplementary Figure S1):

e Peptides with no bioactivity, primarily resulting from the degradation of proteins by
proteolytic enzymes, aiming at their recycling;

e Bioactive peptides (BP), which are encrypted in the structure of the parent proteins and are
released mainly by enzymatic processes.

The first group is innocuous regarding signaling, regulatory functions, and bioactivity.
So far, it has been known that some of them may play an important role in nitrogen mobilization
across cellular membranes [*]. The second group (BP) has a substantial impact on the plant cell
physiology, and some peptides can act in the plant growth regulation (through cell-to-cell
signaling), endurance against pests and pathogens by acting as toxins or elicitors, or even
detoxification of heavy metals by ion-sequestration.

Comprising BPs, additional subcategorizations have been proposed. Tavormina et al.
(2015) [*], based on the type of precursor, divided BPs into three groups (Supplementary
Figure S1):

e Derived from functional precursors: originated from a functional precursor protein;

e Derived from nonfunctional precursors: originated from a longer precursor that has no
known biological function (as a preprotein, proprotein, or preproprotein);

e Notderived from a precursor protein: some sORFs (small Open Read Frames; usually <100
codons) are considered to represent a potential new source of functional peptides (known
as ‘short peptides encoded by sORFs’);

A more intuitive classification of BPs was further proposed according to their

intracellular role by Farrokhi et al. (2008) [°] (Supplementary Figure S1):
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e Phytohormone peptides: the characteristic feature of these peptides is the regulation of
major plant physiological processes. They can be classified into those with signaling roles
in non-defense functions or those with signaling roles in plant defense. Concerning the first
group (Supplementary Figure S1), the peptide CLE25 (CLAVATA3/EMBRYO-
SURROUNDING REGION-RELATED 25) is one of the representatives. This peptide
transmits water-deficiency signals through vascular tissues in Arabidopsis thaliana,
affecting abscisic acid biosynthesis and stomatal control of transpiration in association with
BAM (BARELY ANY MERISTEM) receptors in leaves [*]. Another example is the PLS
(POLARIS) peptide that acts during early embryogenesis but later activates auxin
synthesis, also affecting the cytokines synthesis and the ethylene response [’]. Regarding
the second group, it includes peptides with signaling roles in plant defense, comprising at
least four subgroups, including SYST (SYSTEMIN) (Supplementary Figure S1). SYST
peptides were identified in Solanaceae members, like tomato and potato [®] (acting on the
signaling response to herbivory. SYST leads to the production of a plant protease inhibitor
that suppresses insect’s proteases [?]. Stratmann (2003) [!°] suggested that in plants SYSTs
act to stimulate the jasmonic acid signaling cascade within vascular tissues to induce a
systemic wound response.

e Defense peptides or antimicrobials peptides (AMPs): to be fitted into this class, a plant
peptide must fulfill some specific biochemical and genetic prerequisites. Regarding
biochemical feature, an in vitro antimicrobial activity is required. Concerning the genetic
condition, the gene encoding the peptide should be inducted in the presence of infectious
agents [!']. In practice, this last requirement is not ever fulfilled since some AMPs are
tissue-specific and are considered as part of the plant innate immunity, while other isoforms
of the same class appear induced after pathogen inoculation [!2].

Plant AMPs are the central focus of this review, comprising information on their
structural features (at genomic, gene and protein levels), resources and bioinformatics tools
available. Their biotechnological potential is also highlighted in the generation of both

transgenic plants resistant to pathogens, and new drugs or bioactive compounds.

Overall Features of Plant AMPs
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AMPs are ubiquitous host defense weapons against microbial pathogens. The overall
plant AMP characterization regards the following variables (Figure 1): electrical charge,
hydrophilicity, secondary and three-dimensional structures, and the abundance or spatial
pattern of cysteine residues ['2]. These features are primarily related to their defensive role(s)

as membrane-active antifungal, antibacterial or antiviral peptide(s).
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Figure 10 - Plant antimicrobial peptides features considering DNA sequence level, protein structure and
physicochemical properties.

Regarding the nucleotide sequence, plant AMPs are hypervariable (Figure 10). This
genetic variability provides diversity and the ability to recognize different targets. Regarding
their charges, AMPs can be classified as cationic or anionic (Figure 10). Most plant AMPs
have positive charges, which is a fundamental feature for the interaction with membrane lipid
head groups of pathogens [!3]. Concerning hydrophilicity, AMPs are generally amphipathic,
i.e., they exhibit molecular conformation with both hydrophilic and hydrophobic domains [!4].
With respect to its tridimensional structure, AMPs can be either linear or cyclic (Figure 10).
Some linear AMPs adopt an amphipathic a-helical conformation whereas non-a-helical linear
peptides generally show one or two predominant amino acids ['°]. In turn, cyclic AMPs,
including cysteine-containing peptides, can be divided into two subgroups, based on the
presence of single or multiple disulfide bonds. A usual feature of these peptides is a cationic
and amphipathic character, which accounts for their functioning as membrane- permeabilizing
agents [°].

Considering the secondary structures, AMPs may exhibit a-helices, -chains, -pleated
sheets and loops (Figure 10). Wang (2010) ['¢] classified plant AMPs into four families (a, B,
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af, and non-of3), based on the protein classification of Murzin et al. (1995) ['7], with some
modifications. AMPs of the ‘o’ family present a-helical structures ['®], whereas AMPs from the
‘B> family contains B-sheet structures usually stabilized by disulfide bonds [!*°]. Some plant
AMPs showing an o-hairpin motif formed by antiparallel a-helices are stabilized by two
disulfide bridges ['°]. Such AMPs present a higher resistance to enzymatic, chemical or thermal
degradation [?!]. AMPs from the ‘af’ family having ‘o’ and ‘B’ structures are also stabilized by
disulfide bridges. An example of AMP presenting ‘af’ structures are defensins, usually
composed of a cysteine-stabilized aff motif (CSaf), an a-helix and a triple-stranded antiparallel
B sheet stabilized mostly by four disulfide bonds [*?]. Finally, AMPs that do not belong to the
‘aP’ group exhibit no clearly defined ‘a’ or ‘B’ structures [!%].

Plant AMPs are also classified into families, considering protein sequence similarity,
cysteine motifs and distinctive patterns of disulfide bonds, which determine the folding of the
tertiary structure 2. Some of these AMP groups will be detailed in the next sections, with

comments on their functions and scientific data availability.

Classification and structural features of plant AMPs at gene and protein levels

Defensin

The first plant defensins were isolated from wheat [>*] and barley grains [*], initially
called y-hordothionins. Due to some similarities in cysteine content and molecular weight they
were classified as y-thionins. Later, the term ‘y-thionin’ was replaced by ‘defensin’ based on
the higher number of primary and tertiary structures of these proteins and also to their antifungal
activities more related to insect and mammalian defensins than to plant thionins [2°].

Plant defensins belong to a diverse protein superfamily called cis-defensin [*’] and
exhibit cationic charge, consisting of 45 to 54 aa with two to four disulfide bonds [>%2%]. Plant
defensins share similar tertiary structures and typically exhibit a triple-stranded antiparallel 3
sheet, enveloped by an o-helix and confined by intramolecular disulfide bonds [*] (Figure
11.A).

Defensins are known for their antimicrobial activity at low micromolar concentrations
against Gram-positive and -negative bacteria [*°], fungi [*'], parasitic viruses and protozoa [*?].
Additionally, they present inhibitory, insecticidal, and antiproliferative activity, acting as an

ion-channel blocker, being also associated with protein synthesis [*3].
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Figure 11 - Three-dimensional structure of plant antimicrobial peptide representatives. Yellow arrows
correspond to B-sheets; a-helices are represented in purple and disulfide bonds in red. (2.A) Defensin
NaD1 of Nicotiana alata (PDB ID: 1MR4). (2.B) Lipid Transfer Protein TaLTP1.1 isolated from wheat
(PDB ID: 1GH1). (2.C) Hevein of Hevea brasiliensis (PDB ID: 1HEV). (2.D) Knottin Ep-AMP1 of
Echinopsis pachanoi (PDB ID: 2MFS). (2.E) MiAMP1 peptide of Macadamia integrifolia (PDB ID:
1CO01). (2.F) Snakin-1 of Solanum tuberosum (PDB ID: 5E5Q). (2.G) Thaumatin from Thaumatococcus
daniellii (1RQW). (2.H) Zeamatin of Zea mays (1DUS5, chain A). (2.I). Osmotin of Nicotiana tabacum
(1PCV, chain A). (2.J) NP24-I Thaumatin-Like Protein (TLP) of Solanum lycopersicum (210W).

Lipid Transfer Protein (LTP)

Non-specific Lipid Transfer Proteins (nsLTPs) were first isolated from potato tubers [*4]
and are actually identified in diverse terrestrial plant species. They concern a large gene family,
are abundantly expressed in most tissues, but absent in most basal plant groups as chlorophyte
and charophyte green algae [*°]. They generally include an N-terminal signal peptide that directs
the protein to the apoplastic space [*¢]. Some LTPs have a C-terminal sequence that allows their
post-translational modification with a glycosylphosphatidylinositol molecule, facilitating the
integration of LTP on the extracellular side of the plasma membrane.

nsLTPs regard small proteins which were thus named because of their function of
transferring lipids between the different membranes carrying lipids (non-specifically, the list
includes phospholipids, fatty acids, their acylCoAs or sterols). They consist of approximately
100 aa and are relatively larger than other AMPs, such as defensins.

Depending on their sizes LTPs may be classified into two subfamilies: LTP1 and LTP2
with a relative molecular weight of 9 kDa and 7 kDa, respectively [*-3*]. The limited sequence
conservation turned this classification inadequate. Thus, a modified and expanded classification

system was proposed, producing five main types (LTP1, LTP2, LTPc, LTPd, and LTPg) and
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four additional types with a smaller number of members (LTPe, LTPf, LTPh, LTPj, and LTPk)
[*°]. The new classification system is not based on molecular size but rather on (i) the position
of a conserved intron; (ii) the identity of the amino acid sequence and (iii) the spacing between
the cysteine (Cys) residues (Supplementary Figure S2). Although this latter classification
system is the most recent, the conventional classification of types LTP1 and LTP2 has been
maintained by most working groups.

LTPs nomenclature has been confusing and without consistent guidelines or standards.
There are several examples where specific LTPs receive different names in separate articles.
The lack of a robust terminology sometimes made it quite difficult, extremely time-consuming
and sometimes frustrating to compare LTPs with different roles [*¢].

An additional nomenclature was also proposed by Salminen et al. (2016) [*°], naming
LTPs as follows: AtLTP1.3, OsLTP2.4, HvLTPc6, PpLTPd5 and TaLTPg7, with the first two
letters indicating the species of plants (e.g. At = Arabidopsis thaliana, Pp = Physcomitrella
patens), whereas LTP1, LTP2, LTPc indicate the type, while the last digit (here 3-7) regard the
specific number given to each gene or protein within a given LTP type. For the sake of clarity,
they recommend the inclusion of a point between the type specification and the gene number
in LTP1 and LTP2. For LTPc, LTPd, LTPg and other types of LTP defined with a letter; the
punctuation mark was not recommended. This latter classification system is currently
recommended since it comprises several features of LTPs and is more robust than previous
classification systems.

LTPs are small cysteine-rich proteins, having four to five helices in their tertiary
structure (Figure 11.B), which is stabilized by several hydrogen bonds. Such a folding gives
LTPs a hydrophobic cavity to bind the lipids through hydrophobic interactions. This structure
is stabilized by four disulfide bridges formed by eight conserved cysteines, similar to defensins,
although bound by cysteines in different positions. The disulfide bridges promote LTP folding
into a very compact structure, which is extremely stable at different temperatures and
denaturing agents [*°#?]. This folding provides a different specificity of lipid binding at the
LTP binding site, where the LTP2 structure is relatively more flexible and presents a lower lipid
specificity when compared to LTP1 [*].

The first three-dimensional structure of an LTP was established for TaLTP1.1 based on
2D and 3D data of 1H-NMR, purified from wheat (7riticum aestivum) seeds in aqueous

solution [*+%]. Currently, several three-dimensional structures of LTPs have been determined,
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either by NMR or X-ray crystallography, either in their free, unbound form or in a complex
with ligands.

Heveins

The heveins were first identified in 1960 in H. brasiliensis, but its sequence was
determined later, whereas a similarity was detected to the chitin-binding domain of an
agglutinin isolated from Urtica dioica (L.) [*¢] with eight cysteine residues forming a typical
Cys motif [*7].

The primary structure of the hevein consists of 29 to 45 aa, positively charged, with
abundant glycine (6) and cysteine (8-10) residues [**] and aromatic residues [>*>*°]. The chitin-
binding domain is a determinant component in the identification of hevein-like peptides whose
binding site is represented by the amino acid sequence SXFGY / SXYGY, where X regards any
amino acid [*7°°]. Most heveins have a coil-p1-B2-coil-B3 structure that occurs by variations
with the secondary structural motif in the presence of turns in two long coils in the B3 chain
[2°]. Antiparallel B chains form the central B sheet of the hevein motif with two long coils
stabilized by disulfide bonds (Figure 11.C).

Although the presence of chitin has not been identified in plants, there are chitin-like
structures present in proteins that exhibit strong affinity to this polysaccharide isolated from
different plant sources [*!]. The presence of three aromatic amino acids in the chitin-binding
domain favors chitin binding by providing stability to the hydrophobic group C-H and the =
electron system through van der Waals forces, as well as the hydrogen bonds between serine
and N-acetylglucosamine (GIcNAc) present in the chitin structure [*7#°]. This domain is
commonly found in chitinases of classes I to V, in addition to other plant antimicrobial proteins,
such as lectins and PR-4 (pathogenesis-related protein 4) members [3>3]. It may also occur in
other proteins that bind to polysaccharide chitin **, such as the antimicrobial AC-AMP1 and
AC-AMP?2 proteins of Amaranthus caudatus (Amaranthaceae) seeds which are homologous to
hevein but lack the C-terminal glycosylated region [*°]. Among the several classes of proteins
mentioned, the proteins with a high degree of similarity to hevein are classes I and IV of
chitinases [**].

Chitinases are known to play an essential role in plant defense against pathogens [>],
also inhibiting fungal growth in vitro [°7], especially when combined with B-1,3-glucanases [*%]
and interferes with the growth of hyphae, resulting in abnormal ramification, delay and swelling

in their stretching [**]. However, it has been shown that heveins have a higher inhibitory
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potential than chitinases and that their antifungal effect is not only related to the presence of
chitinases [*°]. Pn-AMP1 and Pn-AMP2 antimicrobial peptides with hevein domains have
potent antifungal activities against a broad spectrum of fungi, including those without chitin in
their cell walls [*°], evidencing the statement raised by Van Parijs et al. (1991) [*°]. The
described modes of action of chitinases usually result in degradation and disruption of the
fungal cell walls and plasma membranes due to the hydrolytic action of the enzyme, causing
the extravasation of plasma particles [!*%°]. Therefore, heveins have good antifungal activity,

and only a few are active against bacteria, most of them with low activity [>>¢!].
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Knottins (Cystine-knot peptides)

Knottins are part of the superfamily of cystine-rich peptides (CRPs), share the cystine-
knot motif and therefore resemble other families as defensins, heveins, and cyclotides [®?]. Their
structure was initially identified by crystallography of a carboxypeptidase isolated from potato,
showing the cystine-knot motif, 39 aa and six cysteine residues [%*]. They are also called
cystine-knot peptides, inhibitor cystine-knot peptides or even cystine-knot miniproteins
because their mature peptide presents less than 50 aa, forming three interconnected disulfide
bonds in the cystine-knot motif, characterizing a particular scaffold [**]. This conformation
confers thermal stability at high temperatures. For example, the Cystine Stabilized B-sheet
(CSB) motif derived from knottins presents stability at approximately 100°C with only two
disulfide bonds [%°]. The knottins may have linear or cyclic conformation, however, both exhibit
connectivity between the cysteines at positions 1-4C, 2-5C, 3-6C, forming a ring at the last
bridge [*] (Figure 11.D).

In addition, knottins have different functions, such as signaling molecules [*¢], response
against biotic and abiotic stresses [®7], root growth [%®], symbiotic interactions as well as
antimicrobial activity against bacteria [%°], fungi [7°], virus [7!], and insecticidal activity [7?],
among others. Knottins antimicrobial activity has been attributed to the action on the functional
components of the plasma membrane, leading to alterations of lipids, ion flux, and exposed
charge [*]. The accumulation of peptides on the surface of the membrane results in the

weakening of the pathogen membrane [74] resulting in transient and toroidal perforations [7*].

Macadamia (p-barrelins)

In the course of a large-scale survey to identify novel antimicrobial peptides from
Australian plants [7>7¢], an antimicrobial peptide with no sequence homology was purified. Its
cDNA was cloned from Macadamia integrifolia (Proteaceae) seeds, containing the complete
peptide coding region. The peptide was named MiAMPI1, being highly basic with an estimated
PI of 10 and a mass of 8 kDa.

MiAMP1 is 102 aa long, including a 26 aa signal peptide in the N-terminal region,
bound to a 76 aa mature region with six cysteine residues. Its three-dimensional structure was
determined using NMR spectroscopy [’¢] revealing a unique conformation amongst plant
AMPs, with eight beta-strands arranged in two Greek key motifs associated to form a Greek

key beta-barrel (Figure 11.E). Due to its particularities, MiIAMP1 was classified as a new
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structural family of plant AMPs, and the name B-barrelins was proposed for this class [7¢]. This
structural fold resembles a superfamily of proteins called y-crystallin-like characterized by the
precursors By-crystallin ["']. This family includes AMPs from other organisms, for example,
WmKT a toxin produced by the wild yeast species Williopsis mraki ['%].

MiAMPI1 exhibited in vitro antimicrobial activity against various phytopathogenic
fungi, oomycetes and gram-positive bacteria [’°] with a concentration range of 0.2 to 2 uM
generally required for a 50% growth inhibition (ICso). In addition, the transient expression of
MiAMPI in canola (Brassica napus) provided resistance against blackleg disease caused by
the fungus Leptosphaeria maculans [°], turning MiAMP1 potentially useful for genetic
engineering aiming at disease resistance in crop plants.

There are few scientific publications with Macadamia-like peptides, maybe because
they have been found only in primitive plant groups, being apparently absent or difficult to
recognize in derived angiosperms, including most studied model and crop plants. In fact,
peptides similar to MiAMP1 appear to play a role in the defense against pathogens in
gymnosperms [*°] including species of economic importance, thus deserving attention for their

biotechnological potential.

Impatiens

Four closely related AMPs (Ib-AMP1, Ib-AMP2, Ib-AMP3, and Ib-AMP4) were
isolated from seeds of Impatiens balsamina (Balsaminaceae) with antimicrobial activity to a
variety of fungi and bacteria, with low toxicity to human cells in culture. They consist of only
20 aa in length and are the smallest antimicrobial peptides isolated from plants to date. Ib-AMPs
are highly basic and contain four cysteine residues that form two disulfide bonds, with no
significant homology with AMPs available in public databases. Sequencing of cDNAs isolated
from I. balsamina revealed that all four peptides are encoded within a single transcript.
Concerning the predicted Ib-AMP precursor protein, it consists of a pre-peptide followed by
six mature peptide domains, each of them flanked by propeptide domains ranging from 16 to
35 aa in length (Supplementary Figure S3). This primary structure with repeated domains of
alternating basic peptides and acid propeptide domains was reported before in plants [3!].

Two-dimensional proton nuclear magnetic resonance (1H NMR) and circular dichroism
(CD) were performed in IbAMP1 by Patel et al. (1998) [#?] indicating that the peptide presents
a turn but shows no evidence of helical or sheet structure over the analyzed temperature and pH

range. NMR structural information was achieved in the form of proton-proton internuclear
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distances deduced from NOEs (Nuclear Overhauser Enhancement) and dihedral angle restraints
from spin-spin coupling constants that were used for distance geometry calculations.

Due to the difficulty in obtaining the correct disulfide bridges by chemical methods,
three separate calculations were performed: without disulfide bridges and with two bridge
formation alternatives. Calculations have shown that although the peptide is small, the cysteines
restrict part of it to adopt a well-defined chain conformation. From residue 6 to 20, the main
chain is well defined, whereas residues 1-5 in the N-terminal region present few restrictions
and appear to be more flexible [*2] .

Little is known about the mode of action of Impatiens-like AMPs. Lee et al. (1999) [*]
investigated the antifungal mechanism of Ib-AMP1, noting that when oxidized (bound by
disulfide bridges) there was a fourfold increase in antifungal activity against Aspergillus flavus
and Candida albicans as compared to reduced Ib-AMP1 (without disulfide bridges). Confocal
microscopy analyses have shown that Ib-AMP1 binds to the cell surface or penetrates cell
membranes, indicating an antifungal activity by inhibiting a distinct cellular process, rather than
ion channel or membrane pore formation. Modifications of these peptides have been carried
out, indicating that the synthetic variant of Ib-AMP1 is totally active against yeasts and fungi.
It has been proposed that the replacement of amino acid residues by arginine or tryptophan may
improve by more than twice the antifungal activity [**]. Another study involving AMP
modification generated a synthetic peptide without the disulfide bridges (i.e., a linear analog of
Ib-AMP1) which showed an antimicrobial specificity 3.7-4.8 times higher than the wild-type
Ib-AMP1 [*].

Puroindoline

Puroindolines (PINs) are small basic proteins that contain a single domain rich in
tryptophan. These proteins were isolated from the wheat endosperm, have molecular masses
around 13 kDa and a calculated isoelectric point higher than 10. At least two major isoforms
(called PIN-a, and PIN-b) are known, which are encoded by Pina-DI and Pinb-D1 genes,
respectively. These genes share 70.2% identical coding regions but exhibit only 53% identity
in the 3' untranslated region [*°].

Both PIN-a and PIN-b contain a structure with ten conserved cysteine residues and a
tertiary structure similar to LTPs, consisting of four a-helices separated by loops of varying

lengths, with the tertiary structure joined by five disulfide bonds, four of which identical to ns-

LTPs [*].
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The conformation of the two PIN isoforms was studied by infrared and Raman
spectroscopy. PIN-a and PIN-b have similar secondary structures comprising approximately
30% helices, 30% B-sheets and 40% non-ordered structures at pH 7. It has been proposed that
the folding of both PINs is highly dependent on the pH of the medium. The reduction of the
disulfide bridges results in a decrease of puroindolines solubility in water and to an increment
of the B-sheet content by about 15% at the expense of the a-helix content [*]. No high-
resolution structure for any of the PIN isoforms is available, bringing challenges to
understanding the function of their hydrophobic regions, with some evidence coming only from
homolog peptides [*¢].

PINs are proposed to be functional components of wheat grain hardness loci, control
core texture, besides antifungal activity [¥3-°!]. Although the biological function of PINs is
unknown, its involvement in lipid binding has been proposed. While LTPs bind to hydrophobic
molecules in a large cavity, PINs interact only with lipid aggregates, i.e., micelles or liposomes,
through a single stretch of tryptophan residues. This stretch of tryptophan residues is especially
significant in the main form, PIN-a (WRWWKWWK), while it is truncated in the smaller form,
PIN-b (WPTWWK) [**4].

Puroindolines form protein aggregates in the presence of membrane lipids, controlled
by their lipid structure. In the absence of lipids, these proteins may aggregate, but there is no
accurate information on the relationship between aggregation and interaction with lipids. The
antimicrobial activity of PINs is targeted to cell membranes. Charnet et al. (2003) [*°] indicated
that PIN is capable of forming ion channels in artificial and biological membranes that exhibit
some selectivity over monovalent cations. The stress and Ca** ions modulate the formation
and/or opening of channels. PINs may also be membranotoxins which may play a role in the

plant defense mechanism against microbial pathogens.

Snakin

Snakins are cysteine-rich peptides first identified in potato (Solanum tuberosum) [**°7].
Due to their sequence similarity to GASA (Gibberellic Acid Stimulated in Arabidopsis)
proteins, the snakins were classified as members of the snakin/GASA family [**]. The genes
that encode these peptides have: (i) a signal sequence of approximately 28 aa (ii) a variable
region, and (iii) a mature peptide of approximately 60 residues, with 12 highly conserved

cysteine residues. These cysteine residues maintain the three-dimensional structure of the



73

peptide through the disulfide bonds, besides providing stability to the molecule when the plant
is under stress [**°79%190] (Figure 11.F; Supplementary Figure S4).

Snakins may be expressed in different parts of the plant, like stem, leaves, flowers, seeds
and roots ['9171%4], both constitutive or induced by biotic or abiotic stresses. In vitro activity was
observed against a variety of fungi, bacteria and nematodes, acting as a destabilizer of the
plasma membrane [*%!051%], They were reported as important agents in biological processes
such as cell division, elongation, cell growth, flowering, embryogenesis, and signaling

pathways [107-110],

Cyclotide

The term cyclotide was created at the end of the past century to designate a family of
plant peptides with approximately 30 aa in size and a structural motif called cyclic cystine knot
(CCK) ['']. This motif is composed by a head-to-tail cyclization that is stabilized by a knotted
arrangement of disulfide bridges, with six conserved cysteines, connected as follows: C1-2, C3-
6, C4-5 [''2]. Cyclotides are generally divided into two subfamilies, Mobius, and Bracelets,
based on structural aspects. In addition to CCKs, two loops (between C1-2 and C4-5) have high
similarity between different subfamilies, while other two loops (between C2-3 and C3-4)
exhibit some conservation within the subfamilies ['!*!!4] (Supplementary Figure S5).

To date, several cyclotides were identified in eudicot families such as Rubiaceae ['!°],
Violaceae [!®], Fabaceae ['!"] and Solanaceae [!!*], in addition to some monocots of Poaceae
family ['!?]. In general, cyclotides may act in defense against a range of agents like insects,
helminths or mollusks, in addition, they can also act as ecbolic ['!°], antibacterial ['*°], anti-
HIV ["'] and anticancer ['?!']. All these characteristics added to the stability conferred by the
CCK motif turn these peptides into excellent candidates for drug development [!2%123].
Thaumatin-like protein (TLP)

Thaumatins or Thaumatin-like proteins (TLPs) belong to the PR-5 (Pathogen-related
protein) family and received this name due to its first isolation from the fruit of Thaumatococcus
daniellii (Maranthaceae) from West Africa [!2*]. TLPs are abundant in the plant kingdom, being
found in angiosperms, gymnosperms and bryophytes [!?*], being also identified in other
organisms, including fungi ['2°!2¢], insects ['?"], and nematodes ['%*].

TLPs are known for their antifungal activity, either by permeating fungal membranes
[12°] or by binding and hydrolyzing B-1,3-glucans ['*%!31]. In addition, they may act to inhibit

fungal enzymes, such as xylanases '*2, a-amylases or trypsin ['*3]. Besides, the expression of
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TLPs is regulated in response to some stress factors, such as drought ['**], injuries ['*°], freezing
[136], and infection by fungi ['*7-!%%], viruses and bacteria ['*].

As to the TLP structure, this protein presents characteristic thaumatin signature
(PS00316): G-x-[GF]-x-C-x-T-[GA]-D-C-x(1,2)-[QG]-x(2,3)-C [!4%141], Most of the TLPs
have molecular mass ranging from 21 to 26 kDa ['24], possessing 16 conserved cysteine residues
(Supplementary Figure S6) involved in the formation of eight disulfide bonds ['#?], which
help in the stability of the molecule, allowing a correct folding even under extreme conditions
of temperature and pH [!4}]. TLPs also contain a signal peptide at the N-terminal which is
responsible for targeting the mature protein to a particular secretory pathway [124].

The tertiary structure presents three distinct domains, which are conserved and form the
central cleft, responsible for the enzymatic activity of the protein, being located between
domains I and II ['*4]. This central cleft may be of an acidic, neutral or basic nature depending
on the binding of the different linkers / receptor. All TLPs from plants with antifungal activity
have an acidic cleft known as motif REDDD due to five highly conserved amino acid residues
(arginine, glutamic acid, and three aspartic acid; (Supplementary Figure S6), being very
relevant for specific receptor binding of antifungal activity [12%-145-146],

Crystallized structures were determined for some plant TLPs, such as thaumatin [!47];
(Figure 11.G), zeamatin ['*°] (Figure 11.H), tobacco PR-5d ['*°] and osmotin ['4¢] (Figure
11.1), the cherry allergen PruAv2 ['*¥] and banana allergen Ba-TLP ['**] (Figure 11.J), among
other TLPs.

Some TLPs are known as sTLPs (small TLPs) due to the deletion of peptides in one of
their domains, culminating in the absence of the typical central cleft. These sTLPs exhibit only
ten conserved cysteine residues, forming five disulfide bonds, resulting in a molecular weight
of approximately 16-17 kDa. They have been described in monocots, conifers, and fungi, so far
[124149.150] 'Other TLPs exhibit an extracellular TLP domain and an intracellular kinase domain,
being known as PR5K (PR5-like receptor kinases) ['°'] and are present in both monocots and

dicots. For example, Arabidopsis contains three PR5K genes while rice has only one [!24].
Bioinformatic approaches on plant AMPs
Databases

With the rapid growth in the number of available sequences, it is almost unfeasible to

handle such amount of data manually. Thus, AMP sequences (as well as their biological
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information) have been deposited in large general databases, such as UniProt and TTEMBL,
which contain sequences of multiple origins [!5%!53]. In this sense, the construction of databases
that deal directly with AMPs was an important step to organize the data.

During the past decade, several databases were built to support the deposition,
consultation, and mining of AMPs. Thus, these databases can be classified into two groups:
general and specific [!**]. The specific databases can be divided into two subgroups: those
containing only one specific group (defensins or cyclotides) and those containing data from a
supergroup of peptides (plant, animal or cyclic peptides) (Supplementary Table 1). In general,
both types of databases share some characteristics such as the way that the data are available or
the access to tools to analyze AMPs.

The Collection of Antimicrobial Peptides (CAMPr3) is a database that comprises
experimentally validated peptides, sequences experimentally deduced and still those with patent
data, besides putative data based on similarity [!°>1°7]. The current version includes structures
and signatures specific to families of prokaryotic and eukaryotic AMPs [!*7]. The platform also
includes some tools for AMP prediction.

The antimicrobial peptide database (APD) [!3%15°] collects mature AMPs from natural
sources, ranging from protozoa to bacteria, archaea, fungi, plants, and animals, including
humans. AMPs encoded by genes that undergo post-translational modifications are also part of
the scope, besides some peptides synthesized by multienzyme systems. APD provides
interactive interfaces for peptide research, prediction, and design, statistical data for a specific
group, or for all peptides available in the database.

The LAMP (Database Linking Antimicrobial Peptides) comprises natural and synthetic
AMPs, which can be separated into three groups: experimentally validated, predicted, and
patented. Their data were primarily collected from the scientific literature, from UniProt and
from other databases related to AMPs ['%].

DBAASP [!¢!] contains information about AMPs from different origins (synthetic or
non-synthetic) and complexity levels (monomers and dimers) that were retrieved from PubMed
using keywords: antimicrobial, antibacterial, antifungal, antiviral, antitumor, anticancer and
antiparasitic peptides. This database is manually curated and provides information about
peptides that have specific targets validated experimentally. This database also includes
information on chemical structure, post-translational modifications, modifications in the N/C

terminal amino acids, antimicrobial activities, cell target and experimental conditions in which
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a given activity was observed, besides information about the hemolytic and cytotoxic activities
of the peptides ['°'].

Due to the diversity of AMPs and the need to accommodate the most representative
subclasses, several databases were established focusing on specific types, sources or features.
There are several ways to classify AMPs, and they can range from biological sources such as
bacterial AMPs (bacteriocins), plants, animals, etc.; biological activity: antibacterial, antiviral,
antifungal and insecticide, and based on molecular properties, such as the pattern of covalent
bonds, 3D structure and molecular targets [16>16%].

The ‘Defensins Knowledgebase’ is a database with manual curation and focused
exclusively on defensins. This database contains information about sequence, structure, and
activity, with a web-based interface providing access to information and enabling text-based
search. In addition, the site presents information on patents, grants, laboratories, researchers,
clinical studies and commercial entities [!6+163].

The CyBase is a database dedicated to the study of sequences and three-dimensional
structures of cyclized proteins and their synthetic variants, including tools for the analysis of
mass spectral fingerprints of cyclic peptides, also assisting in the discovery of new circular
proteins ['%6].

Finally, the PhytAMP is a database designed solely dedicated to plant AMPs based on
information collected from the UniProt database and the scientific literature through PubMed
[167].

Biological databanks (DB) are organized collections of data of diverse nature that can
be retrieved using different inputs. The management of this information is done through various
software and hardware, whose retrieval and organization is performed as quickly and efficiently
as possible ['%®]. Considering biological data, information can be classified into: (i) primary
(sequences), (ii) secondary (structure, expression, metabolic pathways, types of drugs, among
others) and (iii) specialized, e.g., containing information on a species or class of protein ['*°].
Within this third group some references to AMPs can be mentioned, such as CAMPrg3 ['°°] and
APD ['*?] that compile sequence data and structure retrieved from diverse sources, and also the
Defensin knowledgebase ['%4] and the Cybase ['¢] which are dedicated to specific classes of

peptides (defensins and cyclotides respectively), in addition to PhytAMP ['®7], a specific

database of plant antimicrobial peptides.

Retrieving and annotating sequences from databases
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The first step to infer the function of a given sequence (annotation) is to retrieve it in
databases. For this purpose, two methodologies have been used mostly: local alignments,
especially by using BLAST ['7°] and FASTA ['7!], but also by searching for specific patterns
with Regular Expression (REGEX) or Hidden Markov Model (HMM) [!54]. Since most of the
information is available in the databases as sequences, to align them is the best way to compare.
Thus the local alignment is the most commonly used approach whereas the BLAST is the
primary tool for doing so [!"?]. This tool splits the sequence into small pieces (words),
comparing it with the database. However, this approach has a significant limitation. Small
motifs may not be significantly aligned since they comprise small portions of the sequences
that can be smaller than 20% of the total size [>*!34].

In order to reduce the effects of local alignment limitations, other strategies based on
the search for specific patterns were introduced, such as REGEX [!73] and HMM [!'74]. Regular
expression (REGEX) is a precise way of describing a pattern in a string where each REGEX
position must be set; although ambiguous characters (or wildcards) can also be used. For
example, if we want to find a match for both amino acid sequences CAIESSK and WAIESK,
we can use the following expression: [CW]AIES{1,2}K, this expression would find a sequence
starting with the letter "C" or "W", followed by an "A", an "I" and an "E", one or two "S" and
ending with a "K". By the other hand, for HMM, there is a statistic profile inserted in the model,
which is calculated from a sequence alignment and a score that is determined site-to-site, with

conserved and variable positions defined a priori ['°*!75].

Predicting antimicrobial activity

The design of new AMPs led to the development of methods for the discovery of new
peptides, thus allowing new experiments to be done by researchers. In this way, the new
challenge lies in the construction of new prediction models capable of discovering peptides
with desired activities.

The APD databank has established a prediction interface based on some parameters
defined by the entire set of peptides available in this database. These values are calculated from
natural AMPs to consider features as length, net charge, hydrophobicity, amino acid
composition, etc. If we take as an example the net load, the AMPs deposited in the APD range
from -12 to +30. This is the first parameter incorporated into the prediction algorithm. However,
most AMPs have a net load ranging from -5 to +10, which then becomes the alternative

prediction condition. Therefore, the same method is applied to the remaining parameters. The
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prediction in APD is performed in three main steps. First, the sequence parameters will be
calculated and compared. If defined as an AMP, the peptide can then be classified into three
groups: (i) rich in given amino acids, (ii) stabilized by disulfide and (iii) linear bridges. Finally,
sequence alignments will be conducted to find five peptides of greater similarity [!°%176:177],
The advent of machine learning (ML) methods has promoted the field of drug discovery.
In ML inferences, both, a positive and a negative dataset, are usually required to train the
predictive models. The positive data, in this case, regard preferably experimentally validated
AMPs that can be collected in databases, whereas negative data are randomly selected protein
sequences that do not have AMP characteristics ['*7!17%]. ML methods based on support vector
machine (SVM), random forest (RF) and neural networks (NN) have been the most widely
used. SVM is a specific type of supervised method of machine learning, aiming to classify data
points by maximizing the margin between classes in a high-dimensional space. RF is a non-
parametric tree-based approach that combines the ideas of adaptive neighbors with bagging for
efficient adaptive data inference. NN is an information processing paradigm inspired by how a
biological nerve system process information. It is composed of highly interconnected

processing elements (neurons or nodes) working together to solve specific problems [!79-181].

Evaluating Proteomic Data

Regarding the use of AMPs in peptide therapeutics, as an alternative to antibacterial and
antimicrobial treatment, new efficient and specific antimicrobials are demanded. As described
previously in this review, AMPs are naturally occurring across all classes of life, presenting
high active potential as therapeutic agents against various kinds of bacteria ['®?]. The
identification of novel AMPs in databases is primarily dependent on knowing about specific
AMPs together with a sufficient sequence similarity ['*°]. However, orthologs may be divergent
in terms of sequence, mainly because they are under strong positive selection for variation in
many taxa [!%%], leading to remarkably lower similarity, even in closely related species. In this
scenario, where alignment tools present limited use, one strategy to identify AMPs is related to
proteomic approaches.

Proteins and peptides are biomolecules responsible for various biochemical events in
living organisms, from formation and composition to regulation and functioning. The search
for the understanding of the expression, function, and regulation of the proteins encoded by an
organism initiated the so-called ‘Proteomic Era’. The term "proteome" was first used by Marc

Wilkins in 1994 ['#°] and represents the set of proteins encoded by the genome of a biological
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system (cell, tissue, organ, biological fluid or organism) at a specific time under certain
conditions ['*°]. Protein extraction, purification, and identification methods have significantly
advanced our capacity to elucidate many biological questions using proteomic approaches
[186187] The wide diversity of proteomic analysis methods makes the choice of the correct
methodology dependent mainly on the type of material and compounds that will be analyzed.
Thus, proteomic analysis plays an important role in the discovery of new proteins and peptides,
as well as providing several other tools to understand the mechanisms involved in the
connection between proteins and its functions ['3%].

Two main tools are used to isolate proteins: (1) the two-dimensional electrophoresis (2-
DE) associated with mass spectrometry (MS), and (2) liquid chromatography associated with
MS, each one with its limitations ['3%-1°°]. Obtaining native proteins is a challenge in proteomics,
due to high protein complexity in samples, like the occurrence of post-translational
modifications. Alternative strategies applied to extraction, purification, biochemical and
functional analyses of these molecules have been proposed, favoring access to structural and
functional information of hard-to-reach proteins and peptides [°!].

Based in 2D gel, Al Akeel et al. (2017) ['°?] evaluated 14 spots obtained from seeds of
Foeniculum vulgare (Apiaceae) aiming at proteomic analyses and isolation of small peptides.
Extracted proteins were subjected to 3 kDa dialysis, and separation was carried out by DEAE-
ion exchange chromatography while further proteins were identified by 2D gel electrophoresis.
One of its spots showed the highest antibacterial activity against Pseudomonas aeruginosa,
pointing to promising antibacterial effects, but requiring further proteomic research to
authenticate the role of the anticipated proteins.

For AMPs, 2-DE is challenging, due to the low concentration of the peptide molecules,
their small sizes and their ionic features (strongly cationic). The low number of available
specific databases turns their identification through limited proteolysis techniques and MALDI-
MS difficult. In addition, the partial hydrophobicity characteristics and surface charges
facilitate peptide molecular associations, making analysis difficult by any known proteomic
approaches ['°]. Additionally, peptides are most often cleaved from larger precursors by
various releasing or processing enzymes ['*3].

However, profiles generated sometimes do not represent integral proteome, since this
technique has limitations to detect proteins present in low concentration, with values of extreme
molecular masses, pls and hydrophobic proteins, including those of membranes [°4]. Due to

these limitations, multidimensional liquid chromatography (MDLC-HPLC) has been
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successfully employed as an alternative to two-dimensional gels. Techniques and equipment
for the newly developed separation and detection of proteins and peptides, such as nano-HPLC
and multidimensional HPLC, have allowed the proteomics improvement ['*°].

Molecular mass values obtained are used in computational searches in which they are
compared with in silico digestion results of proteins in databases, using specific in silico
approaches, usually by the action of trypsin as a proteolytic agent, generating a set of unique
peptides whose masses are determined by mass spectrometry ['°%1°7]. These methodologies are
widely adopted for large-scale identification of peptide from MS/MS spectra [!**]. Theoretical
spectra are generated using fragmentation patterns known for specific series of amino acids.
The first two widely used search engines in database searching were SEQUEST [!*°] and
MASCOT [Matrix Science, Boston, MA (www.- matrixscience.com)] [*°°]. They rank peptide
matches based on a cross-correlation to match the hypothetical spectra to the experimental one.

MASCOT is widely used for proteomics analysis, including AMP identification in many
organisms or to evaluate the antibacterial efficacy of new antimicrobial peptides. After
evaluating new AMP against multidrug-resistant (MDR) Salmonella enterica, Tsai et al. (2016)
[2°] used two-dimensional gel electrophoresis and liquid chromatography-electrospray
ionization-quadrupole- time-of-flight tandem mass spectrometry to determine the protein
profiles. The protein identification was performed using the MASCOT with trypsin used as the
cutting enzyme, whereas NCBI nr protein was set as a reference database. The methodology
used in this study indicated that the novel AMP might serve as a potential candidate for
antimicrobial drug development against MDR strains, confirming the usability of MASCOT.

Similarly, Umadevi et al. (2018) [2°2] described the AMP signature profile of black
pepper (Piper nigrum L.) and their expression upon Phytophthora infection using label-free
quantitative proteomics strategy. For protein/peptide identification, MS/MS data were searched
against the APD database ['°°] using an in-house MASCOT server, established full tryptic
peptides with a maximum of three missed cleavage sites and carbamidomethyl on cysteine,
besides an oxidized methionine included as variable modifications. The APD database was used
for AMP signature identification ['*°], together with PhytAMP [!67] and CAMPg; [>**]. To
enrich the characterization parameters, isoelectric point, aliphatic index and grand average of
hydropathy were also used [>**] (GRAVY) (using ProtParam tool) besides the net charge from
PhytAMP database. Based on label-free proteomics strategy, they established for the first time
the black pepper proteomics associated with the innate immunity against Phytophthora,

evidencing de usability of proteomics data for AMP characterization in any taxa, including
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plant AMPs, aiming the exploitation of these peptides as next-generation molecules against
pathogens [2%2].

Other search tools are using database searching algorithms, such as X!ITANDEM [2%],
OMSSA [2°6], ProbID [*7], RADARS [?%%], etc. The search engines are based on database
search but use different scoring schemes to determine the top hit for a peptide match. More
general information on database search engines, their algorithms and scoring schemes was
reviewed by Nesvizhskii et al. (2007) [2*°]. Despite its efficient ability to identify peptides, the
method presents several drawbacks, like false positive identifications because overly noisy
spectra and lower quality peptides score related to short peptides. So, the identification is
strongly influenced by the amount of protein in the sample, the degree of post-translational
modification, the quality of automatic searches and the presence of the protein in the databases
[219211]  In this scenario, the knowledge about the genome from a specific organism has
importance to allow the identification of the exact pattern of a given peptide. If an organism
has not been sequenced, it is not searchable using these methods ['**198].

More recently a free interactive web software platform, MixProTool, was developed,
aiming to process multigroup proteomics data sets. This tool is compiled in R (www.r-
project.org), providing integrated data analysis workflow for quality control assessment,
statistics, gene ontology enrichment, and other facilities. The MixProTool is compatible with
identification and quantification results from other programs, such as MaxQuant and
MASCOT, where results may be visualized as vector graphs and tables for further analysis, in
contrast to existing softwares, such as GiaPronto [>'?]. According to the authors, the web tool
can be conveniently operated, even by users without bioinformatics training, and it is beneficial

for mining the most relevant features among different samples ['¢].

AMP modeling and simulation in molecular dynamics

The central tenet of structural biology is that structure determines function. For proteins,
it is often said the “function follows form” and “form defines function”. Therefore, to
understand protein function in detail at the molecular level it is mandatory to know its tertiary
structure [>!*]. Experimental techniques for determining structures, such as X-ray
crystallography, NMR, electron paramagnetic resonance and electron microscopy, require
significant effort and investments [2!4].

All methods mentioned have their limitations, and the gap between the number of

known proteins and the number of known structures is still substantial. Thus, there is a need for
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computational framework methods to predict protein structures based on the knowledge of the
sequence [2!%]. In addition, in recent years there has been impressive progress in the
development of algorithms for protein folding that may aid in the prediction of protein
structures from amino acid sequence information [2'°].

Historically, the prediction of a protein structure has been classified into three
categories: comparative modeling, threading and ab initio. The first two approaches construct
protein models by aligning the query sequences with already solved model structures. If the
models are absent in the Protein Data Bank, the models must be constructed from scratch, i.e.,
by ab initio modeling, considered the most challenging way to predict protein structures.

In the case of comparative modeling methods, when inserting a target sequence, the
programs identify evolutionarily related models of solved structures based on their sequence or
profile comparison, thus constructing structure models supported by these previously resolved
models [*!¢]. This approach consists of four main steps: (i) fold assignment, which identifies
similarity between the target and the structure of the solved model, (ii) alignment of the target
sequence to the model, (iii) generation of a model based on alignment with the chosen template
and (iv) analysis of errors considering the generated model [2!7].

There are several servers and computer models that automate the comparative modeling
process, with SWISS-MODEL and MODELLER figuring as the most used [2!%21?]. Although
automation makes comparative modeling accessible to experts and beginners, some
adjustments are still needed in most cases to maximize model accuracy, especially in the case
of more complex proteins [2!?]. Therefore, some caution must be taken regarding the generated
models, taking into account the resolution and quality of the model used, as well as homology
between the model and the protein of interest.

Threading modeling methods are based on the observation that known protein structures
appear to comprise a limited set of stable folds, allowing the identification of similarities among
elements in evolutionarily distant or unrelated proteins. The most used servers based on this
approach are MUSTER [??°], SPARKS-X [*?!], RaptorX [2!¢], ProSa-II [**?] and most notably
the I-TASSER [?*?*]. In some cases, the incorporation of structural information to combine the
sequence used in the search with possible models allows the detection of similarity in the fold,
even in the absence of an explicit evolutionary relation.

The prediction of structures from known protein models is, at first sight, a more
straightforward task than the prediction of protein structures from available sequences.

Therefore, when no solved model is available, another approach is recommended, namely the
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ab initio modeling. This method is intended to predict the structure only from the sequence
information, without any direct assistance from previously known structures. The ab initio
modeling aims to predict the best model, based on the minimum energy for a potential energy
function by sampling the potential energy surface using various searchable information [2242%].
Such approaches turn it challenging to produce high-resolution modeling, essential for
determining the native protein folding and its biochemical interpretation. On the other hand,
later resolved structures and comparisons with previously predicted proteins point to a higher
successful modeling generated by ab initio methods than those generated by pure energy
minimization methods, classical or even pure methods [213].

Among the most used servers and programs for ab initio modeling, we highlight the
ROSETTA [?!*], and TOUCHSTONE II [?**]. The accuracy of the models calculated by many
of these methods is evaluated by CAMEO (Continuous Automated Model Evaluation) [>*°] and
by CASP (Critical Assessment of protein Structure Prediction) experiment [2!°]. Probably the
first reasonably accurate ab initio model was built in CASP4. Since then, sustained progress
was achieved in ab initio prediction, but mainly for small proteins (120 residues or less). In
CASP11, for the first time, a novel 256-residue protein with a sequence identity with known

structures lower than 5% was constructed with high precision for sequences of this size [*?7].

Molecular Dynamics Simulation

Molecular dynamics (MD) is a computational simulation technique that predicts the
changes in the positions and velocities of the constituent atoms of a system under a given time
and condition. This calculation is done through a classical approximation of empirical
parameters, called “force field” [*?!]. If, on the one hand, this approximation makes the
dynamics of a system containing thousands of atoms numerically accessible, it obviously limits
the nature of the processes that can be observed during the simulations. No quantum effect is
visualized in a molecular dynamics simulation, just as no chemical bond is broken, no
interactions occur between orbitals, resonance, polarization or charge transfer effects [>2°].
However, the molecules go beyond a static system. Thus, MD is a computational technique that
can be used for predicting or refining structures, dynamics of molecular complexes, drug
development and action of molecular biological systems [**°]. MD simulation is widely used
for protein research, aiming to extract information about the physical properties of individual
proteins. The results of such simulations are then compared with experimental results. Since

these experiments are generally carried out in solvents, it is necessary to simulate molecular
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systems of protein in water. These simulations have a variety of applications, such as
determining the folding of a structure to a native structure and analyzing the dynamic stability
of this structure [>3!].

The use of MD to simulate protein folding processes is one of the most challenging
applications and should be relatively long (in the order of microseconds to milliseconds) to
allow observing a single fold event. In addition, the force field used must correctly describe the
relative energies of a wide variety of shapes, including unfolding and poorly folded shapes that
may occur during the simulation [*?°]. The considerable application potential led to the
implementation of MD simulation in many software packages, including GROMACS [#3%234],
AMBER [?¥], NAMD [?*¢], CHARMM [**7], LAMMPS [***] and Desmond [**°]. In addition to
the above mentioned, there are other types of simulation available, such as the Monte Carlo
Method, Stochastic Dynamics and Brownian Dynamics [>34].

In the last decades, molecular dynamics simulation has become a standard tool in
theoretical studies of large biomolecular systems, including DNA or proteins, in environments
with near realistic solvents. Historically the computational complexity of this type of
computation has been extremely high, and much research has focused on algorithms to achieve

unique simulations that are as long or as large as possible [#32].

Pathogen interaction studies and molecular docking

Currently, the control of bacterial pathogens is a great challenge, due to the high
microbial resistance to antibiotic treatment. Most market available antimicrobial drugs act
under the synthesis of DNA, RNA and proteins, disruption of the membrane, and inhibition of
pathogen-specific metabolic pathways [2**-2%2]. Despite different strategies, bacteria became
adapted to these drug targets and developed mechanisms to overcome available drugs. Among
the main mechanisms of resistance to antibacterial agents, we can mention antibiotic
inactivation, target modification, resistance and plasmid efflux [243-24°]. The acquisition of these
mechanisms has led to a worsening of clinical conditions, and new alternative methods have
emerged to improve antibiotics efficacy [**¢]. In this context, plant-derived AMPs have great
potential for combating pathogens [**"], especially because plants have unique AMP classes,
not present in other organisms ['2]. The differences of repertoire and composition in an amino
acid of plant AMPs reveal structural and functional alterations of their protein families [>#%] that

allow a new perspective since they have a broad-spectrum antimicrobial target. Although AMPs
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have not yet obtained authorization for clinical use in humans, they are a promising future
alternative [>#].

As a perspective for this field, systems biology stands out because it is capable of
correlating omics data and promoting studies of plant-pathogen interaction. The construction
of plant-pathogen interaction network includes the reconstruction of metabolic pathways of
these organisms, identification of the degree of pathogenicity, besides expression of genes and
proteins from both, plant and pathogen. The networks can be classified into five types: (i)
regulatory, (i1) metabolic, (iii) protein-protein interaction, (iv) signaling and regulatory and (v)
signaling, regulatory and metabolic [°°]. Each of these networks can be plotted according to
computational approaches.

Also, further studies are required to contemplate the construction of evolutionary in
silico models and the characterization of these molecular targets in vitro [*°'"?°?]. Studies of
protein-protein interactions to understand the regulatory process are essential [?°*] and new
computational methods are necessary for this purpose with more optimized algorithms, also to
remove the false positives detected nowadays in most softwares. Thus, in-depth studies on the
orientation of molecules and their linkages to the formation of a stable complex are of great

importance for understanding plant-pathogen studies and also to develop new drugs [**4].

Molecular docking

The understanding of the regulatory principles by which protein receptors recognize,
interact and associate with molecular substrates or inhibitors is of paramount importance to
generate new therapeutic strategies [>>°]. In modern drug discovery, docking plays an important
role in predicting the orientation of the binder when it is attached to a protein receptor or
enzyme, using forms and electrostatic interactions, van der Walls, Colombic and hydrogen bond
as parameters to quantify or predict a given interaction [2°%237], Protein-protein interactions are
essential for cellular and immune function and, in many cases, due to the absence of an
experimentally determined structure of the complex, these interactions must be modeled to
obtain an understanding about their molecular basis [*°%].

Drug research based on structure is a powerful technique for the rapid identification of
small molecules against the three-dimensional structure of available macromolecular targets,
usually by X-ray crystallography, NMR structures or homology models. Due to abundant
information on protein sequences and structures, the structural information on specific proteins

and their interactions have become very important for current pharmacological research [25%-290],
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Even in the absence of knowledge about the binding site and limited backbone
movements, a variety of algorithms have been developed for docking over the past two decades.
Although the ZDOCK [%%], the rDOCK [?¢!] and the HEX [*?] have provided results with high
coupling precision, the complexes provided are not very useful for designing inhibitors for
protein interfaces due to constraints on rigid body docking [**7]. In this context, more flexible
approaches have been developed which generally examine very limited conformations
compared to rigid body methods. These docking methods predict that binding is more likely to
occur in broad surface regions and then defines the sites in complex structures of high affinity
[263].

The best example is the HADDOCK software [2%°], which has been successful in solving
a large number of precise models for protein-protein complexes. A good example of its use is
the study of the complex formed between plectasin, a member of the innate immune system,
and a precursor lipid of bacterial cell wall II. The study identified the residues involved in the
binding site between the two proteins, providing valuable information for planning new
antibiotics [2%4].

However, the absolute energies associated with intermolecular interaction are not
estimated with satisfactory accuracy by the current algorithms. Some significant issues as
solvent effects, entropic effects, and receptor flexibility still need to be addressed. However,
some methods such as MOE-Dock [%6°], GOLD [?%¢], Glide [%¢7], FlexX [**°] and Surflex [>¢%],
which deal with lateral chain flexibility, have proven to be effective and adequate in most cases.
Realistic interactions between small molecules and receptors still depend on experimental wet-
lab validation [2°7-269].

Despite the current difficulties, there is a growing interest in the mechanisms and
prediction of small molecules such as peptides, since they bind to proteins in a highly selective
and conserved manner, being promising as new medicinal and biological agents [>’°]. While
both ‘small molecule docking methods’ and ‘custom protocols’ can be used, short peptides are
difficult targets because of their high torsional flexibility [**°]. Protein-peptide docking is
generally more challenging than those related to other small molecules, and a variety of
methods have been applied so far. However, few of these approaches have been published in a
way that can be reproduced with ease [2°%271:272], Although it is difficult to use peptide docking,
a recent focus of basic and pharmacological research has used computational tools with

modified peptides to predict the selective disruption of protein-protein interactions. These
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studies are based on the involvement of some critical amino acid residues that contribute most
to the binding affinity of a given interaction, also called hot-spots [>73-274].

Despite the number of existing docking programs, the algorithms need to be improved.
However, approaches are being developed to improve all issues related to punctuation, protein
flexibility, interaction with plain water, among other issues [?’°]. In this context, the CAPRI
(Critical Assessment of Predicted Interactions) is a community that provides a quality
assessment of different docking approaches. It started in 2001 and since then has aided the
development and improvement of the methodologies applied for docking [27°].

An evaluation was carried out for CAPRI in 2016 resulting in an improvement in the
integration of different modeling tools with docking procedures, as well as the use of more
sophisticated evolutionary information to classify models. However, adequate modeling of
conformational flexibility in interacting proteins remains an essential demand with a crucial
need for improvement [?°]. Different docking programs are currently available, and new

alternatives continue to appear. Some of these alternatives will disappear, just as others will

become the top choices among field users.

Plant biotechnology involving AMPs

Several works reporting the overexpression of AMPs in transgenic plants have been
published in the last decades mainly involving plant defensins (Table 1), but also regarding
other plant AMPs (Table 2). The first transgenic plant expressing a defensin was generated by
Gao et al. (2000) [?"7] producing a transgenic potato carrying the alfalfa alfAFP defensin. The
transformed plants did not exhibit phenotypic differences while the level of infection by
Verticillium dahliae fungus was reduced by six-fold when compared to untransformed controls.
In addition, the results of greenhouse experiments were consistent with the field analyzes,
highlighting the in vivo activity of defensin.

Another experiment carried out by Kanzaki et al. (2002) [?78] generated transgenic rice
plants expressing a defensin isolated from Eutrema japonicum (Brassicaceae) and observed that
the transformed plants presented quite variable levels of resistance to the fungus Magnaporthe
grisea when compared to the controls. The authors suggested that this variation could be related
to events of gene silencing or to post-transcriptional changes.

Furthermore, Chen et al. (2006) [>7°] transformed tomato plants with three vector
constructs using: (1) the al/fAFP gene encoding an alfalfa defensin, (2) the GLU gene encoding
a tobacco defensin, and (3) both genes alfAFP + GLU. Interestingly the levels of resistance to
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Ralstonia solanacearum were similar in transgenic plants carrying a single defensin gene,
regardless of the type. However, transgenic plants carrying both genes exhibited a more
pronounced resistance, evidencing the synergistic effect of their coexpression.

Anuradha et al. (2008) [?*°] transformed tobacco and peanut plants with the mustard
defensin gene BjD, generating individuals with high levels of resistance to fungal infections
(Phytophthora parasitica, Fusarium moniliforme, Pheaoisariopsis personata, and Cercospora
arachidicola). In another assay, Abdallah et al. (2010) [**!] evaluated transgenic tomato plants
expressing the Msdefl (Medicago sativa defensin) gene. High levels of resistance to F.
oxysporum were observed. In the inoculation bioassays, 70% of the transgenic plants showed
no fusarium wilt symptoms while 7% were asymptomatic.

The first transgenic cotton cv. Coker was generated by Gaspar et al. (2014) [2%2], using
class II defensin. Greenhouse tests and field bioassays confirmed the resistance level increase
to V. dahliae and F. oxysporum in three times when compared to untransformed plants. In
addition, the productivity of plants constitutively expressing defensins was similar to that of
untransformed plants in the absence of the pathogen. This fact is possibly related to the storage
of defensin in the vacuole, which promotes lower phytotoxicity.

Transgenic rice plants expressing the defensin gene NmDef02 (from Nicotiana
megalosiphon) acquired resistance to the fungus Sarocladium oryzae [*%*]. This same defensin
gene was tested in transgenic tobacco and potato plants that acquired resistance to P. infestans,
P. parasitica var. nicotianae, Alternaria solani, F. oxysporum and V. dahlia. Interestingly, the
antifungal activity raised no toxic effects for host plants, highlighting the efficacy of defensin
in conferring resistance to different pathogens [>%4].

Thao et al. (2017) [?*°] transformed tobacco plants with a defensin gene from Vigna
radiata (VrDEF1; Fabaceae) related to inhibition of weevil alpha-amylase. After an alpha-
amylase enzymatic assay with total seed proteins of transgenic and control plants, a reduction
of 18% in enzyme activity was observed, demonstrating the potential of defensin as a candidate
for biotechnological purposes related to insect resistance or tolerance. Overexpression of
defensin J1-1 (from pepper) in transgenic tobacco was carried out using two constructs: (i) the
constitutive 35S promoter and (ii) root-specific promoter pPRP3. The resistance to P. parasitica
var. nicotianae was similar for both promoters tested. In addition, overexpression of exogenous
J1-1 promoted increased expression of endogenous PR2 and PR10 genes, evidencing its

potential in altering signaling pathways and increasing resistance to phytopathogens [2].
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Biotechnological approaches related to plant transformation with genes encoding other
AMPs (such as snakins, LTPs, alpha-thionin, and heveins) are still poorly represented in the
literature when compared to the use of defensin genes. The only exception involves thaumatins,
which are extensively characterized and have been researched since the late 1990s (Table 1).

Regarding snakins, Almasia et al. (2008) [?*’] developed a transgenic potato
overexpressing snakin-1, which promoted increased resistance to fungal infection by
Rhizoctonia solani, achieving survival rates of 75% in transgenic plants versus 17% in wild
plants. In addition, the transformed plants were tested for resistance to Erwinia carotovora
resulting in a reduction of 88% of the symptoms. Balaji and Smart (2012) [**] used a snakin-2
gene to generate cisgenic tomato plants. Transformed plants infected with the bacterium
Clavibacter michiganensis ssp. michiganensis presented a delay in the emergence of the disease
symptoms, lesion size, and reduction of colonizing bacteria.

Scientific reports related to transformation with LTPs are still scarce. The study by
Patkar and Chattoo (2006) [**°] is worth mentioning. The authors used the Ace-AMP]I, an ns-
LTP gene from onion to generate transgenic rice plants with a constitutive maize ubiquitin (UbI)
promoter or by the pathogen-induced Phenylalanine Ammonia-lyase (PAL). The bioassays
involved blast fungus (Magnaporthe grisea), sheath blight fungus (R. solani) and leaf blight
bacterium (Xanthomonas oryzae). A significant reduction in the lesion size caused by the three
phytopathogens was observed, as well as a delay in the appearance of the symptoms. However,
no transgenic lineage acquired total resistance to any of the pathogens, even considering the
different promoters used.

Concerning alpha-thionines, the first record of a transformed plant was carried out by
Carmona et al. (1993) [>°°] that overexpressed alpha-thionines (derived from barley and wheat)
in tobacco. Transgenic plants bearing the barley gene increased resistance to Pseudomonas
syringae pv. syringae and presented a drastic reduction in the lesion area. In contrast, when
wheat alpha-thionin was used, no difference in transformed plants was observed relative to
controls, possibly due to the low level of gene expression in transgenic tobacco plants.
Transgenic rice transformed with an oat alpha-thionin (Asthil) was resistant against
Burkholderia plantarii and B. glumae, with transformed plants showing similar growth to
healthy controls [*°'].

The alpha-thionin 7hi2./ was used for transformation of tomato and resistance
evaluation of symptoms after inoculation with F. oxysporum and R. solanacearum [***]. Some

transformed plants submitted to infection by F. oxysporum were as resistant as the resistant
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wild strain. In turn, the plants infected with R. solanacearum showed higher resistance than the
untransformed ones. However, the tomato strain naturally resistant to R. solanacearum
presented lower symptoms severity when compared to the transformed ones.

Muramoto et al. (2012) [>**] developed a transgenic sweet potato overexpressing barley
alpha-hordothionin and found increased resistance to the fungus Ceratocystis fimbriata in
leaves and roots.

The use of hevein in plant transformation was reported by Koo et al. (2002) [>*4] that
generated transgenic tobacco plants overexpressing the gene Pn-AMP-h2 from Pharbitis nil
(Convolvulaceae). Transgenic plants showed increased resistance to fungus P. parasitica,
presenting a reduction in the symptoms and severity of the disease.

Later, the in vivo activity of the hevein SmAMPI gene from Stellaria media
(Caryophyllaceae) was evaluated in transgenic tobacco and in Arabidopsis, both inoculated
with the fungus Bipolaris sorokiniana [**°]. The untransformed plants presented smaller size
and lower number of flowers when compared to the transgenic lines that grew similarly to the
inoculated wild-type. In an additional trial, the authors evaluated the survival rate of
transformed tobacco after inoculation with the fungus Thielaviopsis basicola and found that
one of the transgenic lines had superior survival (89%) than the wild-type (48%). In contrast,
another transformed strain showed high susceptibility to the pathogen, with a survival rate of
only 15% compared to 48% in the control.

The first record of genetic transformation using thaumatin was performed by Datta et
al. (1999) [*°°] who developed transgenic rice by overexpressing an endogenous thaumatin. In
a bioassay for sheath blight (R. solani) a reduction in the area and number of lesions caused by
the phytopathogen was observed in the transformed plants. In the same year, [*°7] verified that
transgenic wheat plants overexpressing a rice thaumatin (#/p) showed retardation and decreased
symptoms of fusarium ear blight caused by F. graminearum. However, Anand et al. (2003) [>%]
reported opposite results in a field bioassay, with transformed individuals showing more intense
symptoms than infected wild plants. In the following year, Velazhahan and Muthukrishnan
(2004) [**°] demonstrated that transgenic tobacco plants carrying Tlp inoculated with the fungus
Alternaria alternata showed a similar number of lesions to the wild type, even though the
number of necrotic lesions was significantly lower in the transformed plants.

Recently, He et al. (2017) [*%] isolated and overexpressed a thaumatin from Vitis
amurensis (VaTLP) in V. vinifera aiming resistance to Downy mildew caused by Plasmopara

viticola, reporting a reduction of the lesion area and in the number of spores in leaves infected
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with the pathogen. Histological analyses also confirmed disease resistance, demonstrating
inhibition and malformation in the development of hyphae in leaf tissues of transgenic plants.

Aghazadeh et al. (2017) [*°!] developed transgenic canola overexpressing a rice
thaumatin (Ostlp) and found that the diameter of the lesions caused by S. sclerotiorum was
reduced by half when compared to the wild plant. Os#/p was also used in the transformation of
cassava (Manihot esculenta, Euphorbiaceae) infected with Colletotrichum gloeosporioides.
The transformed plants had a delay in the onset of symptoms, as well as a reduction in the lesion
diameter by more than 50% compared to controls [3%2].

Gaspar et al. (2014) [**?] mentioned more than 100 publications reporting the expression
of genes with antifungal properties in transgenic plants. However, few reports present validated
greenhouse data on field bioassays. This fact must be related to the complexity of reproducing
laboratory results in the field or to the difficulty of meeting the regulatory requirements
necessary for this type of experiment in most countries. To date, no transgenic plant with
antimicrobial peptide was introduced commercially, probably due to bureaucratic procedures
for GMOs (Genetically Modified Organisms) testing or the cost of resistance to yield.

Zeller et al. (2013) [**] comment that in 88 studies related to transgenic plants with
resistance to pathogens, about half of the resistant plants had lower productivity than their
respective controls. The authors evidenced these data in a study addressing resistance to
pathogenic fungi in genetically modified wheat, in which four transformants carrying resistance
genes to powdery mildew Blumeria graminis were evaluated. It was verified that even in the
presence of the pathogen, three transformants did not differ in the agronomic performance in
relation to the untransformed plants of the same cultivar. The single accession that had higher
resistance showed better agronomic performance only when the infection levels were extremely
high. However, under natural conditions, it is known that infection levels generally vary yearly
according to environmental factors.

It is worth noting that even considering the reported difficulties it is expected that in the
near future biotech agricultural products based on AMPs will be essential for increasing
agricultural production, accelerating the transition between biotechnological research and field

bioproducts [>%4].
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Name Origin Transformed in vivo activity Reference
plants
. . Insecticide against nymphs and adult females of the brown 305
BrDI Brassica rapa Rice spittlebug (Nilaparvata lugens) ]
AlFAFP Antifungal action against Verticillium dahliae (potato), Fusarium
Medicago sativa Potato and tomato oxysporum (tomate) and antibacterial against Ralstonia [277:279; 2817
(MsDef1)
solanacearum (tomato)
Rice, tabacco, Antifungal action against Magnaporthe grisea (rice), Botrytis
eggplant, tomato, . . ) 1
Wasabi Phalaenopsis cinerea (tabacco and tomato), Alternaria solgm (eggplant anq
: Wasabia japonica . . tomato), Alternaria leaf spot and Fusarium wilt (Melon ‘Egusi’), [278: 306-310]
defensin melon ‘Egusi ] . -
. Fusarium oxysporum and Erysiphe lycopersici (tomato) and
(Colocynthis . . . T .
i antibacterial against Erwinia carotovora (Phalaenopsis)
citrullus)
Antifungal action against Phytophthora parasitica and Fusarium
BjD Brassica japonica  Tabacco and peanut moniliforme (tabacco), Phaeosariopsis personata and [280]
Cercospora arachidicola (peanut)
NaD1 Nicotiana alata Cotton Antifungal action against F usarium oxysporum and Verticillium %2)
dahliae
Sm-AMP- Stellaria media Banana Antifungal action against Fusarium oxysporum f. sp. cubense (1]
D1 (Foc)
Antifungal action against Alternaria longipes (tabacco), F.
Rs-AFP2 Raphanus sativus Tabaccoe,a\;}llteat and graminearum and Rhizoctonia cerealis (Wheat), Phaeoisariopsis [?12314]
P personata (peanut)
BSD1 Brassica campestris Tabacco Antifungal action against Phytophthora parasitica

[315]

Table 2 continued...
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Name Origin Transformed in vivo activity Reference
plants
PhDefl Petunia hybrida Banana Antifungal action against Fbéaggm oxysporum f. sp. cubense (161
PhDef? Petunia hybrida Banana Antifungal action against Fbéaggm oxysporum f. sp. cubense 7]
DDR30 Pisum sativum Canola Antifungal action against Leptosphaeria maculans [*3]
DmAMPI Dahlia merckii Papaya and rice Antifungal action against Phytopﬁthora p‘almlvor'a (papaya), [18:319]
Magnaporthe oryzae and Rhizoctonia solani (rice)
Capsicum Antifungal action against Colletotrichum gloeosporioides 286: 320
J-1 annuum Pepper and tobacco (Antracnose) in pepper and Phytophthora parasitica in tabacco [ ]
Medicago Arabidopsis Antifungal action against Hyaloperonospora arabidopsidis 151
MtDef4.2 : : : ]
truncatula thaliana Noco?2 and Fusarium graminearum
Nicoti Rice. potato and Antifungal action against P. parasitica var. nicotianae € P.
NmDef02 feottand b hyoscyami f.sp. tabacina (tabaco), A. solani and P. infestans [283-284]
megalosiphon tabacco i .
(potato), Sarocladium oryzae (rice)
VrDEF1 Vigna radiata Tabacco

Inhibitor insecticide of caruncho a-amylase

[285]
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Table 3 - Plant Snakins, LTPs, a-Thionins, Heveins and Thaumatins used for transformation of various plant species, with their donator species, transformed plants and reported

in vivo activities.

Transformed

Name Origin plants in vivo activity Reference
Snakin-1 Sol Antifungal action against Rhizoctonia solani (potato),
otantm Potato and Wheat  Blumeria graminis (wheat) and Antibacterial against Erwinia [287:353]
(SN-1) chacoense
carotovora (potato)
Snakin-2 Solanum ) ) . . . . 288
(SN-2) Iycopersicum Tomato Antibacterial against Clavibacter michiganensis [
Ace-AMPI1 . . Antifungal action against Magnaporthe grisea, Rhizoctonia 289
(ns-LTP) Allium cepa Rice solani and antibacterial against Xanthomonas oryzae ]
a-Thionin Cevada Tabacco Antibacterial against Pseudomonas syringae 29
Antibacterial against Burkholderia plantarii and
a-Thionin Aveia Rice & , P >N
B. glumae (rice)
o~Thionin ‘ . Arabidopsis and Antifungal action against Rals.tonla sola{aacearum (tomato) o
. Arabidopsis and Antifungal action against Fusarium oxysporum [77%°]
(Thi2.1) tomato . ;
(arabidopsis and tomato)
a-Hordo
Thionin ( a- Cevada Sweet potato Antifungal action against Ceratocystis fimbriata [>]
HT)
Pr(lil‘tl\\]ili)r;?z Pharbitis nil Tabacco Antifungal action against Phytophthora parasitica [24]
SmAMP1 . : Tabacco and Antifungal action against Bipolaris sorokiniana (arabidopsis) 295
(Hevein) Stellaria media Arabidopsis and Thielaviopsis basicola (tabacco) ]

Table 3, continued
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Antifungal action against Rhizoctonia solani (rice), Fusarium

Rice, Wheat .
. ’ ’ ] heat), Alt Iternata (taba . 907+ 299: 301 302:
Thaumatin Arroz Tabacco, Banana gramineartim (wWheat), Alternaria a erh: (tab C.CO)’ [296 297: 299; 301; 302; 3237
Fusarium oxysporum (banana), Sclerotinia sclerotiorum
and Cassava . .
(canola), Colletotrichum gloeosporioides (cassava)
Thaumatococcus Antifungal action against Pythium aphanidermatum and
Thaumatin daniellii Tabacco Rhizoctonia solani and increased tolerance to water and saline [**4]
stress
VaTLP . . . . . i
(Thaumatin) Vitis amurensis Grape Antifungal action against Plasmopara viticola [399]
. Antifungal action against Scleretonia sclerotiorum and
ObTLP1 Ocimum . . ung ' . 325
) o Arabidopsis Botrytis cinerea and increased tolerance to water and saline [*~]
(Thaumatin) basilicum stress
CsTLP . . Antifungal action against Macrophomina phaseolina and
Camellia sinensis Potato g & P P [329]

(Thaumatin)

Phytophthora infestans
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Plant AMPs in the development of new drugs and bioactive compounds

Plants play an essential role in animal and human survival as a source of food and
oxygen, besides their use as therapeutic agents presenting action against diverse human
pathologies. There is a rich and unexplored ethnobotanical diversity especially in tropical
regions, with numerous plants traditionally used by human populations [327-328].

Some historical examples include Cinchona pubescens quinidine for the treatment of
cardioarrhythmia and vinblastine of Catharanthus roseus for the treatment of various cancer
types from a drug derived from a symbiotic organism associated with the plant (Craik et al.
2018). Another example is the paclitaxel (Taxol) a drug used to treat breast cancer, is derived
from symbiotic fungi and the gymnosperm tree Taxos brevifolia [*°].

Many new drugs discovered come from bioactive molecules that are responsible or
participate in the therapeutic action of medicinal plants, as is the case of AMPs, which stand
out for being active against a wide range of pathogenic microorganisms that attack plants and
animals [**!]. Also called peptidic antibiotics, AMPs present a new generation of biocidal agents
for plant protection, as well as for the treatment of microbial diseases in humans and animals
[*%2]. Different applications have been reported on the action of these peptides, demonstrating
broad-spectrum activity, such as (i) action against cancer cells [*¥3-34], (ii) production and
accumulation of immune cells, (iii) wound healing and (iv) angiogenesis stimulation [333336].

In general, the AMPs exhibit low cytotoxicity to mammalian cells and have a particular
mode of action [*7]. However, the interaction of these proteins with pathogens has not yet been
fully unveiled. The proposed modes of action for AMPs involve the interaction of peptides with
microbial membranes and the formation of pores leading to one or more processes including
micellization, depolarization of membranes, leakage of cytoplasmic material, internalization of

biocidal peptides or damage to intracellular macromolecules [*3%33]

. The action also depends
on the peptide structural conformation (a-helices, B-sheets, disordered loops) and their
interaction with the microbial membrane through hydrophobic or electrostatic forces [**7].

As mentioned before, with the advent of bioinformatics, a number of tools and databases
have provided relevant information on natural and synthetic AMPs and are useful to screen and
predict functional activities, helping to drive the process of discovery and design of AMPs with
therapeutic potential or antimicrobial properties [**7]. Laverty et al. (2011) [**°] estimate that

more than 1700 natural AMPs were identified and that thousands of derivatives and analogs

were designed or generated synthetically using these molecules as a model.
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Over the years, modern medicine has been dealing with incidences of antimicrobial
resistance, and the current and inadequate use of antibiotics are essential factors to generate the
great crisis of drug resistance, considered worldwide as a public health problem recognized by
the World Health Organization (WHO) and the United Nations [**!, **?] that launched a
campaign to encourage and prioritize research for the development of new drugs in the fight
against resistant bacteria.

In this scenario plant AMPs figure as promising candidates, offering a broad spectrum
of activity against the most diverse microorganisms, as well as presenting low or no side effects
[343-345],

Limitations to the large-scale commercial production of peptide-derived drugs include
the lack of suitable production platforms in terms of yield, cost, and product purity. Techniques
such as heterologous expression and solid phase chemical synthesis are the most used.
Therefore, the interest in producing large-scale AMPs using plants has increased significantly
during the last decade [**6347]. Biotechnological advances in the last decade allowed the use of
plant bioreactors as attractive platforms for the large-scale production of peptides, proteins, and

drugs [348—351].

Concluding remarks and perspectives

As emphasized in this review, plant antimicrobial peptides (AMPs) show greater
diversity and abundance, when compared to other kingdoms. It can be speculated that plants
shelter yet undescribed AMP classes, given their huge abundance and isoform diversity.

The genomic and peptidic structure of AMPs can be variable, with few key residues
conserved, what turns their identification, classification and comparison challenging even in
the omics age. Nevertheless, advances in the generation of new bioinformatics tools and
specialized databases have led to new and more efficient approaches for both the identification
of primary sequences and molecular modeling, besides the analysis of the stability of generated
models.

Plants transformed with AMPs generally have greater resistance to pathogens, with an
emphasis on fungi, generally not affecting productivity, although a low number of field assays
are available. Despite this, no transgenic or cisgenic (transformed with a gene from the same

species) plants expressing AMPs have been commercially launched, possibly due to logistic
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difficulties or the lack of interest of large biotech companies that are also generally suppliers of
pesticides.

The most significant potential has been recognized in the production of next-generation
antibiotics due to the bactericidal and fungicidal action of AMPs with low toxicity to mammals.
In this particular, the greatest limitation has been the large-scale production of AMPs by
heterologous expression systems (which generally use bacteria and yeasts), since the growth of
these organisms is affected by AMPs, requiring immobilization techniques and posterior
purification. Their potential as new drugs has been recognized not only individually, but as an

adjuvant, in synergism with traditional antibiotic treatment.
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Abbreviation list

2-DE
2D

3D
AMP
aa

APD
At
BAM
BLAST
BP
CAMP
CAPRI
CASP
CCK
CD
cDNA
CLE25
CRPs
CSB
CSap
Cys

DB
DBAASP
GASA
GlcNAc
GMOs
HMM
HPLC
ICso
LAMP
LTP
MALDI-MS
MD
MDR
MIC
ML
MS
NCBI
NMR

NOEs

Two-dimensional electrophoresis
Two-dimensional

Three-dimensional

Antimicrobial peptides

Amino acids

Antimicrobial Peptide Database

Arabidopsis thaliana

Barely any meristem

Basic local alignment search tool

Bioactive peptides

Collection of Antimicrobial Peptides

Critical assessment of predicted interactions
Critical assessment of protein structure prediction
Cyclic cystine knot

Circular dichroism

Complementary DNA
Clavata3/embryo-surrounding region-related 25
Cysteine-rich peptides

Cystine stabilized -sheet

Cysteine-stabilized off motif

Cysteine

Databanks

Database of Antimicrobial Activity and Structure of Peptides
Gibberellic acid stimulated in Arabidopsis
N-acetylglucosamine

Genetically modified organisms

Hidden Markov Model

High-performance liquid chromatography

The half maximal Inhibitory Concentration
Database linking antimicrobial peptides

Lipid transfer protein

Mass spectrometry, matrix-assisted laser desorption/ionization
Molecular dynamics

Multidrug-resistant

Minimal inhibitory concentration

Machine learning

Mass spectrometry

National Center for Biotechnology Information
Nuclear magnetic resonance

Neural networks

Nuclear overhauser enhancement
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NR Non-redundant

nsLTPs Non-specific lipid transfer proteins

OMSSA Open mass spectrometry search algorithm

PDB Protein data bank

pl Isoelectric point

PINs Puroindolines

PLS Polaris

PR-4 Pathogenesis-related protein 4

PR-5 Pathogenesis-related protein 5

PR5K PR5-like receptor kinases

REGEX Regular expression

RF Random forest

sORFs Small open read frames

sTLPs Small TLPs

SVM Support vector machine

SYST Systemin

TLPs Thaumatin-like proteins

Ubl Ubiquitin

WHO World Health Organization
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Abstract

Molecules with various medicinal properties have been identified in plants, including
defense proteins with potential biotechnological and medicinal uses. The tissues of
Manihot esculenta Crantz — popularly known as cassava — also exhibit various
medicinal properties, including anti-inflammatory and antimicrobial activities. This work
meant to prospect and analyze antimicrobial peptides of the defensin family in M.
esculenta. Defensin sequences were obtained from databases and used as probes to
find candidate sequences in the M. esculenta genome, allowing the identification of
eight candidate sequences. However, three of these sequences lacked the conserved
gamma-thionin domain. The remaining five sequences were characterized, including
conserved domain (CD) annotation, predicted disulfide bonds, secondary structure
and antimicrobial activity. The characterized sequences were amplified from the
genomic DNA and also submitted to comparative modeling. All 3D structures had
antiparallel B-sheet and an a-helix. Furthermore, all the modeled structures presented
amphipathic residues distributed throughout the structure with a predominance of
cationic surface charge. Moreover, an analysis of the expression of leave cassava
defensins with real-time quantitative PCR (RT-qPCR) after inoculation with the fungus
Lasiodiplodia theobromae. Expression analysis showed that defensins Def-Me1 and
Def-Me4 maintained their expression level, indicating their role in the constitutive
defense mechanism. In turn, defensins Def-Me2 and Def-Me3 were down-regulated in
the leaves, suggesting distinct roles or tissue specificity. These results show that
although defensins are present in infections against pathogens, they may act as
preformed defense or, still, have tissue or pathogen specificities.

Keywords: Antimicrobial peptides, M. esculenta, bioinformatics, RT-qPCR.
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Introduction

Cassava (Manihot esculenta Crantz), a plant of the family Euphorbiaceae
originating in the Amazon [1], is one of the world's major crops whose roots provide
basic food for more than 800 million people, especially in countries with a humid
tropical climate [2—4]. It is particularly important for the sustainable livelihoods of
resource-poor farmers in many parts of Africa, Asia, and South America due to its
tolerance to depleted soils, to drought and their ease of cultivation. The variety of
processed food types that are made of cassava biomass (including roots and leaves)
also justify rapid expansion of its cultivation around the world [5,6].

Besides its economic importance, M. esculenta leaves have been used in folk
medicine, with identified antifungal properties [7]. Indeed, such molecules represent
many millions of years of plant-pathogen coevolution, favoring the development of
molecules as secondary metabolites as well as antimicrobial peptides (AMPs), also
known as host defense peptides (HDPs) [8].

Peptides fulfill a myriad of functions including plant growth, development, and
stress responses. They act as critical components of cell-to-cell communication,
interfere with signaling and response pathways, or exhibit antimicrobial activity.
Unexpectedly, both the diversity and the number of plant peptides have been largely
underestimated [9,10]. AMPs are distinguished by their general basic nature and small
size (up to 100 amino acid residues). Most plant AMPs present an "amphipathic
design", with a conformation in which hydrophobic and cationic amino acids are
grouped into distinct segments of the peptide [11]. They are classified into families
based on their sequence similarity, cysteine motifs that determine their disulfide bond
and folding patterns of the tertiary structure. These characteristics are well represented
by two plant AMP families, thionins and plant defensins [11]. Plant defensins are small
cationic peptides with a highly conserved three-dimensional structure. They have been
studied extensively in the last decades, and several biological activities have been
attributed to plant defensins, whereas their antimicrobial activity is the most reported
[12].

As in animals, the expression of such peptides in plants is constitutive or
induced and can often be tissue-specific. In addition, their sequences are
hypervariable, sharing a conserved skeleton that provides the capacity to recognize
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different targets by varying the residues sequence while preserving the cysteines
[11,13].

Plants are widely used in traditional medicine, and various plant AMPs have
been described as potential alternatives to conventional antibiotics [14]. In this
scenario of possibilities, this work meant to prospect and analyze M. esculenta
genomic defensins, inferring on their diversity, predicted structure, function, and
expression in leave tissue. The identified peptides may serve a basis for further studies
aimed at their biotechnological use.

Materials and methods
Sequence selection and characterization

Firstly, defensin seed-sequences were obtained from the PhytAMP database
(Supplementary Table 1-1) [15] and used as a query in the search for new defensins
in the genome of M. esculenta available in GenBank. For this purpose, a program
based on Hidden Markov Model (HMM) was used to recognize defensis patterns taken
from the PhytAmp database. An e-value threshold from 1.5.e?3to 8.6 (Supplementary
Table 1-2) was used as cutoff, so that no sequence could be discarded without a
previous characterization. Queries regarded full-length defensin cDNA sequences with
previously described antimicrobial activity. Signal peptides were identified with the
SignalP tool [16], while conserved domains were detected using the CD-Search tool
[17]. Disulfide bond prediction was carried out with the aid of the DISULFIND tool [18].

Plant material, genomic DNA extraction, and PCR amplification

Cassava sprouts (M. esculenta variety Santo Estevao) were kindly provided by
Ph.D. Antonio Félix da Costa of the Instituto Agronédmico de Pernambuco. The plants
were cultivated in the greenhouse until leaf biomass was sufficient for genomic DNA
extraction (ca. 400 - 800 mg), which was based on the procedure of Weising et al.
2005 [19] (with modifications described by Benko-Iseppon et al. 2003 [20]).

Primers were designed for all characterized sequences which contained at least
the conserved gamma-thionin domain (Table 4). For the primer design, the
Primer3Plus tool [21] was used, with the following parameters: size between 18-24 bp,
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the difference between the denaturation temperatures of the primer pairs was not
greater than 5 °C, melting temperature around 60 °C, guanine and cytosine content
(GC Content) between 40% and 60%, avoiding long repetitions of the same

nucleotides, besides avoiding self-complementary primers.

Table 4 - Forward and reverse primers for defensin amplification in the genomic DNA of Manihot
esculenta.

Name Primers Expected size

Me1 5TGGACGGTTCTCGACTTCTGGTTC3’ 1265
3ITCCGCCTATTCTCGGCTGTTCTCY

Me2 5CGGTCAGGGAACAAGCATTATTAGC? 868
ITGTGTGTTGGACGATGTCTCACGS’

Me3  5CGAGTGATAACAGCACCAGAGAGTGCS 1491
ITGGGTTCCATCTGTCAAACCAATCYS’

Mos  5CGGTCAGGGAACAAGCATTATTAGCS 9262
ITGTGTGTTGGACGATGTCTCACGS’

Me5 5 ATCCCAGCACCCAGCACTGAACS 1479

3'GCGCAGATGAAAGAACGGAGAACY

PCR reaction was carried out in Eppendorf tube containing: 2 yL Buffer (10x)
with (NH4)2S04, 0.2 yL dNTPs (10 mM), 0.6 uL MgCl2 (50 mM), 0.6 pL of each primer
(forward and reverse) (5 mM), 14.9 yL H20, 0.1 pl of Tag Polymerase (5 U/uL) and 1
pl of DNA (20 ng/uL) of the material to be amplified, totalizing a volume of 20 yL for
each reaction. Genomic DNA was amplified in an automated thermal cycler (Techne)
according to the following program: initial denaturation at 94 °C for 5 minutes, followed
by 35 cycles of: denaturation (1 minute at 94 °C), primer annealing (1 minute at 58 °C
or 60 °C) and primer extension (1 minute at 72 °C), followed by a final extension at 72
°C for 10 min. PCR products were visualized on 1% agarose gel.

DNA sequencing of the PCR products was performed using a Sanger
sequencer with the BigDye Terminator Cycle Sequencing Ready Reaction Kit v. 2.0
(Applied Biosystems). DNA sequences were detected and analyzed on an automated
ABI Prism 3100 automated analyzer (Applied Biosystems).

Sequence analysis
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The sequences were submitted to Bioedit7.1 [22] and CodonCode Aligner
(CodonCode Co., USA) for removal of low-quality ends and generation of contigs.
Obtained contigs and singlets were annotated via BlastN against the NCBI non-
redundant database. After the annotation, the sequences with similarity to defensins
(e-value between 2,78.e'* a 4,58.e°) were translated into their respective peptide
sequences via ORF finder [23] and submitted to a new annotation via BLASTp,
followed by three-dimensional modeling.

Comparative modeling

For 3D modeling purposes, LOMETS server [24] was used in order to find the
best template for the construction of the comparative models, where the defensins with
the highest sequence identity were selected. Using Modeller 9.20 [25] a hundred
models were constructed, and the final model was chosen according to the discrete
optimized protein energy (DOPE) score that accesses the energy of the model and
indicates the most probable structure. Finally, for validation of the models ProSa Il [26]
and PROCHECK [27] were used to analyze the dubbing quality and stereochemistry

of the models.

RNA extraction and cDNA synthesis

Two separate groups of plants were used for this experiment, the control, and
the test group. For the control group, three different individuals had one of their leaves
stimulated exclusively with mechanical stress (light friction using a gauze). For the test
group, three plants were submitted to the same mechanical stress followed by
inoculation with the fungus Lasiodiplodia theobromae. This is a promiscuous
phytopathogenic fungus that has been reported to infect plants of the Euphorbiaceae
family such as Hevea brasiliensis [28]. The inoculum site was isolated in a humid
microenvironment to prevent inoculated leave from falling and to protect from other
environmental stresses. After 48 hours after inoculation, the plant material was
removed and the leave tissued each individual (of both, control and test group) was
stored at -80 °C.
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The total RNA was extracted using approximately 200 mg of leaf tissue and an
association of the CTAB-Acetate protocol [29] and the SV Total RNA Isolation System
Kit (Promega), followed by a DNAse treatment. The samples were quantified using the
NanoDrop 2000c spectrophotometer (ThermoFisher Scientific) and Qubit® fluorimeter
(Life Technologies). RNA integrity was checked on 1% agarose gel (80 V, 120 A for
40 min) stained with Blue-green Loading Dye (LGC Biotechnology). Total RNA (1 pg)
was converted to cDNA using the GoScript™ Reverse Transcription System
(Promega) and Oligo (dT) primers, following the manufacturer's instructions, and was
resuspended in a final volume of 60 pL. The cDNA synthesis included incubation in
thermocycler (Techne) at 70 °C for 5 minutes (initial denaturation), 25 °C for 5 minutes
(annealing) and 42 °C for 60 minutes (extension), followed by 70 °C for 15 minutes
(inactivation of the enzyme). The samples were stored in a freezer at -20 °C until RT-
gPCR reactions.

Quantitative Reverse Transcription PCR (RT-qPCR)

Expression validation by RT-gPCR was performed according to the MIQE (The
Minimum Information for Publication of Quantitative RealTime PCR Experiments)
guidelines [30] in order to increase the transparency and reliability of the obtained
results. The RT-qPCR reactions were performed on CFX96 Touch Real-Time (BioRad)
equipment using SYBR Green detection system. In all reactions, biological and
technical triplicates were used, as well as a negative control (NTC) for each primer.
The amplification efficiency values (E = 10-1 / slope), correlation coefficient (R),
interception (y) and slope were calculated by the standard curve method using serial
dilutions (1, 101, 102, 103 and 10*). The reaction mixture comprised 1 ul of cDNA, 5
ML of Go-Taq SYBR Green qPCR Master Mix 2x (Promega), 3.4 pL ultrapure water
and 0.6 pL of each primer (5 pM) in an end volume of 10 yL. The reactions were
subjected to an initial denaturation step of 95 °C for 2 min followed by 40 cycles at
95 °C for 15 sec and 60 °C for 60 sec using 96 well plates. Dissociation curves were
analyzed at 65-95 °C for 10 min. For the relative expression analyzes, three reference
genes were used to normalize the results. The relative gene expression levels were
evaluated with the REST tool (version 2.0.13) that relies on the AACq method [31],
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which is based on pairwise comparisons using randomization and bootstrapping
techniques - Pairwise Fixed Reallocation Randomization Test [32].

In silico expression

To evaluate the presence of expressed defensins on M. esculenta, we
conducted a de novo assembly for six experimental paired-end RNA-Seq data
(Mlumina HiSeq 2500) available on SRA (https://www.ncbi.nlm.nih.gov/sra) database
[33]. The experiments included transcripts obtained from roots colonized by
Rhizophagus irregularis (SRR7447848, SRR7447849 and SRR7447850) and leaves
(SRR6748426, SRR6748427 and SRR6748428), totalizing 207,662,384 reads to be
assembled. The sequencing quality was assessed using FASTQC (0.11.8). Data was
filtered using Trimmomatic v0.30, including removal of adaptor sequences, truncated
sequence reads, and reads with pair end quality < 30. All reads were combined to
assemble a transcriptome for cassava using Trinity [34], aiming to reconstruct
transcript sequences in a manner that reflects the original molecules. The assembly
quality was evaluated by N50 parameter.

The screening of coding genes for defensins in M. esculenta assembled
transcriptome was based on probabilistic models based on the Hidden Markov Model
[35], through the HMMER toolkit, an inference that allows greater efficiency in
homologues identification [36]. The defensin HMM profiles used on our search were
available on CAMP database (Collection of Anti-Microbial Peptides;
www.camp.bicnirrh.res.in/), all results under the cut-off were analyzed (< ). To
enlarge the number of putative defensins identified in our transcriptome a second step
was conducted, using the putative defensin identified as a ‘seed sequence’ in a
BLASTn [37] against assembled transcriptome (cut-off of e0). The sequences
retrieved after first BLASTn interaction were used to a second round of search, to
maximize the number of identified sequences. Then the sequences obtained were

characterized in the same method as described above.

Results

Sequence selection and characterization



133

Search using 55 seed sequences against the M. esculenta genome allowed the
identification of eight candidate defensin sequences, five of them with similarities
ranging from 65.9 - 84.8%, while the remaining three sequences had similarities from
7.5 to 23.5%. Of the eight cassava defensin candidates, three (XP_021622697.1;
XP_021611651.1; XP_021607184.1) lacked a conserved domain, being thus removed
from the further analyzes. The remaining five sequences showed similarity throughout
the characterization of candidate sequences with the same pattern in relation to the
amount of disulfide bridges (four), in the location of the cysteine (Cys1 - Cys8, Cys2 -
Cys5, Cys3 - Cys6, Cys4 - Cys7) in the secondary structure with an a-helix and three
B-sheets, in addition to presenting a single expected gamma-thionin domain (Figure
12).
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Figure 12 - Alignment of the conserved domain region of five defensin candidates of M. esculenta defensins. Dotted lines above the alignment represent the
four predicted disulfide bonds. Conserved amino acids are highlighted. Below is the representation of the secondary structure with the yellow arrows representing
R-ribbons and in red/yellow the a-helix. Abbreviation: Cys: cysteine
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All five defensin candidates exhibited predicted in silico antimicrobial activity
based on the independent evaluation using four algorithms (SVM, RFC, ANN, and
DAC) as shown in Table 5.

Table 5 - Antimicrobial screening of the M. esculenta defensin sequences, with the prediction of four
different algorithms.

Number ID *SVM *RFC *ANN *DAC
1 XP_021600759.1 0.979 0.8065 AMP* 0.995
2 XP_021603468.1 0.972 0.958 AMP* 1.000
3 XP_021600758.1 0.929 0.767 AMP* 0.997
4 XP_021614393.1 0.973 0.884 AMP* 0.999
S XP_021619048.1 0.986 0.981 AMP* 1.000
6 XP_021622697.1 0.806 0.5375 AMP* 0.918
7 XP_021611651.1 0.015 0.184 AMP* 0.000
8 XP_021607184.1 0.098 0.112 NAMP* 0.120

*Support Vector Machine (SVM), Random Forest Classifier (RFC), Artificial Neural
Network (ANN), Discriminant Analysis Classifier (DAC). AMP: Antimicrobial Peptide.
NAMP: No Antimicrobial Peptide.

Support Vector Machine is a specific type of supervised method of machine
learning, aiming to classify data points by maximizing the margin between classes in
a high-dimensional space. Random Forest is a non-parametric tree-based approach
that combines the ideas of adaptive neighbors with bagging for efficient adaptive data
inference. Neural Network is an information processing paradigm inspired by how a
biological nerve system process information. It is composed of highly interconnected
processing elements (neurons or nodes) working together to solve specific problems.
Discriminant Analysis finds a set of prediction equations based on independent
variables that are used to classify individuals into groups. [38—40]. After analysis with
the four algorithms, the five candidate sequences obtained values compatible with
antimicrobial peptide, where sequence number 5 obtained the best values in all the
algorithms when compared to the other four sequences (1-4).
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Amplification and analysis of sequences

Of the primers designed and tested (Table 5), only Me5 did not amplify even
using different annealing temperatures (Def-Me4). After sequence clustering Me2 and
Me4 sequences aligned as a single contig (Def-Me1), whereas Me1 (Def-Me2) and
Me3 (Def-Me3) remained as singlets. All three remaining sequences had their
conserved domain, disulfide bonds and secondary structure analyzed (Figure 2-2), as
well as prediction of antimicrobial activity (Table 6).

6 —— Cys 7
O3 SR N —— Cys6 !
Cys2 oo i R Lys 5 b
1
Cys 1,— ----------- -l ------ %----E -------- :r ---------- i—-}-----CVS 8

Def_ Mel/1-46 1—VCFA R GF GRCLVDAQCA.VC DGFIGGEC F KICFCS
Def_Me2/1-47 GVCVRK CAAICQ GGHC CFC K C
Def_Me3/1-47 GLC.IA CAMV CRIN GF GGKIC CFC

Conservation

Consensus

RVCES+SH+F+G+C++++NCA+VCR+EGF+GG+CRG+RRRCFCTR+C

= 7 @ e H —————— m— =

Figure 13 - Alignment of defensins amplified from the genome of M. esculenta. The dotted lines above
the alignment represent disulfide bonds. Most conserved amino acids sequences of the gamma-thionin
domain are highlighted in color. Yellow/brown bars (below the alignment) shows the degree of
conservation ranging from 1 to 10 (represented by *). Letters at the bottom of the figure regard amino
acid consensus/conservation. The + sign means that no amino acid predominated in that position. The
secondary structure is represented at the base of the figure, where yellow arrows represent 3-sheets
and the a-helix is highlighted in red/yellow. Abbreviation: Cys: cysteine

Table 6 - Prediction of antimicrobial activity of M. esculenta genomic sequences using four algorithms.

Number ID *SVM *RFC *ANN *DAC
1 Def-Me1 0.964 0.838 AMP 1.000
2 Def-Me2 0.979 0.8065 AMP 0.995
3 Def-Me3 0.929 0.767 AMP 0.997

*Support Vector Machine (SVM), Random Forest Classifier (RFC), Artificial Neural Network (ANN),
Discriminant Analysis Classifier (DAC). AMP: Antimicrobial Peptide.
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Results predict antimicrobial activity for all three cassava genomic sequences,

with Def-Me1 presenting higher prediction values in relation to Def-Me2 and Def-Me3.

Comparative modeling

Sequence modeling was based on resolved structures available in the Protein
Data Bank (PDB) using the program Modeller 9.15 (Figure 14). For Def-Me1 the best
selected template was a Triticum aestivum defensin (PDB code 1GPS), sharing 47.8%
of identity. However, Def-Me2 and Def-Me3 were most similar to Medicago truncatula
defensin (PDB code 2LR3), sharing sharing 68% and 74.5% of identity respectively.
After stereochemical analysis of the amino acids, it was possible to observe that 90%
of the amino acids were in the favorable positions for all models (Figure 14). The Z-
score indicated that all the models were within the score range typically found for

defensins of similar size.
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Figure 14 - Three-dimensional models of Def-Me1, Def-Me2, and Def-Me3. A, B and C show the
structural alignment of the three M. esculenta defensin models with RMSD of 1.53 nm realized in VMD
(Visual Molecular Dynamics). (A) The color closer to blue means that the regions are more structurally
similar, whereas the color closer to the red means the regions are structurally more distinct. (B) In blue
regions where amino acids are identical, in blank amino acids with physicochemical similarity and in red
regions with different amino acids. (C) Def-Me1 blue, Def-Me2 red and Def-Me3 yellow. In D, E and F
the representation of the aminoacid surface charge of Def-Me1, Def-Me2, and Def-Me3 respectively.
Blue represents positively charged residues, red negative charge, white apolar and green neutral polar.

Expression analysis in RT-qPCR

All primer pairs designed (Table 7) for the target sequences (Def-Me1, Def-
Me2, Def-Me3 and Def-Me4) and reference genes (EF1a, UBQ and VATP16) amplified
the cDNA samples used (Figure S2-1), with a single peak in the melting curve (Figure
S2-2), confirming their specificity, as well as negative controls (no template control,
NTC) without amplification (Figure 15). However, the EF1a gene still showed a small
dimer formation in the NTC and had, therefore, the primer concentration reduced. The

mean Cqgs (Quantification cycle) ranged from 26.07 for the Def-Me2 gene (most
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expressed) to 32.99 for the Def-Me4 gene (less expressed) (Table 7; Figure S2-1).
Efficiencies ranged from 90.3% to 107.8%, with correlation coefficients between 0.954
and 1,000 and slope from -3,147 to -3,580 (Table 7, Figure S2-3). All results obtained
are in accordance with the considerations of the MIQE Guidelines.

In the relative expression analyzes Def-Me2 and Def-Me3 genes were down-
regulated 0.723 and 0.280 fold relative to their uninoculated controls, respectively
(Figure 15). Def-Me1 and Def-Me4 genes no altered expression was observed

considering the stress applied (Figure 15).
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Figure 15 - Relative expression of defensin genes in M. esculenta leaves infected by the fungus L.
theobromae, normalized with reference genes EF1a (U 1Q elongation factor), UBQ (Ubiquitin) and
VATP16 (V-type proton ATPase). The relative expression values were calculated by the REST software
(v.2.0.13) [32]. (A) Def-Me1 and Def-Me2. (B) Def-Me3 and Def-Me4.
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Genes Primers (forward/reverse) Accession Tm Amplicon Média E (%) R? Slope Y
(°C) (bp) Cq intercept
Target genes
Def-Me1 GCTTGTAGTTGGGCAGCAGGAG (F) XP_021600759.1 83.0 113 3311 926 0989 -3512 22970
TTTCCACAGCATCTCTCCATAGCC (R)
Def-Me2 TGCTGCCCATTGAAGCTAGGG (F) XP_021603468.1 79.5 143 26.07 943 0.995 -3466 19.664
GAAACAGCGGCGACGGAATC (R)
Def-Me3 CCATCGGTTCAAGGGCGTATG (F) XP_021600758.1 80.5 80 2396 90.3 1.000 -3.580 21.580
AGTGTCCTCCTTGGAAGCCTTCTG (R)
Def-Me4 GGTGCTGCCCATTGAAGCTAGG (F) XP_021619048.1 83.5 145 3299 107.8 0.991 -3.147 28.587
GAAACAGCGGCGACGGAATC (R)
Reference genes
EF1a GGTCATTGGTCATGTCGACTCTG (F) XM _021751760.1 81.5 146 2722 104.7 0.985 -3.213 23,177
GCACCCAGGCATACTTGAATGACC (R)
UBQ CCAAGGAACTTCAGATTGCTG (F) XM_ 0217437391 785 93 26.03 105.6 0.983 -3.195 23.350
GTCATCACCATCATCCATTCC (R)
VATP16 CTTCTCCTGTATGGGAGCTG (F) XM_021745527.1 80.5 113 30.22 106.9 0954 -3.166 28.267

CCATAACAACTGGTACAATCGAC (R)

Tm: melting temperature (°C); Cq: Quantification cycle; E: Efficiency of the primers; R?: Correlation coefficient. Def-Me1; Def-Me2; Def-Me3; Def-Me4; VATP16:

V-type proton ATPase; EF1a: Elongation factor 1a; UBQ: Ubiquitin.
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In silico expression.

From the raw reads obtained on SRA database (207,662,384), after the removal
of adapters, we obtained 198,256,884 clean reads, representing 95,47% of the reads
sequenced. The analyzed assembled transcripts presented N50 equal to 1883 bp and
average GC content of 39.04%. After assembly of the transcriptome, 228,363
transcripts were obtained, associated to a total of 151,872 unigenes.

The HMMER search using defensin HMM profiles from CAMP, returned one
candidate sequence (Me DN129826 cO g1 i1) from the assembled cassava
transcriptome. This sequence, together with other cassava defensins previously
isolated in this work, were used as seeds in a BLASTn against the assembled
transcriptome. Three defensin candidates (Me_DN106656_c0_g1_i1,Me DN251 _c1_g1 i1
and Me_DN5718 c0_g1_i1) were retrieved after this step. The second BLAST interaction
HMMER search returned just one defensin candidate (Me_DN56765 cO_g1_i1) (Figure
16).

Def Mel/1-49 1- ‘c FARR.GF GRELVDAQCABVERSIBCF I IGCEC
Me_DN106656/1-50 1 GMC:TRH CAAICQ GFHAGHC
XP_021600758.1/1-50 1 CMCTRH CAA I CQ GFHAGHC
Me_DN5718/1-50 1 GVC:VRK CAA I CQ GFHGGHC
Def Me2/1-50 1 GVCVRKSNCAAICQTEGFHGGHC
XP_021603468.1/1-50 1 GVCVVRK CAAICQ GFHGGHC
Me_DN251/1-50 1 GICLSD CAIVCK GFTGGDC
XP_021600759.1/1-50 1 KF GVCLSDTNCASVCKTEGFTGGDC
Me_DN129826/1-50 1 HERGVCT | AHNCA | VCRN GFSGGKC
XP_021619048.1/1-50 1 HFRIGVCT I AHNCA I VCR chchc
Def Me3/1-50 1 HFRGLCT I AHNCAMVCR GFSGGKC
XP_021614393.1/1-50 1 HFRGLCT I AHNCAMVCR GFSGGKC

Conservation

Quality

Consensus

RVCESOSHRFKGVCTRASNCAAVC+T EGFHGGHCRGLRRRCFCTRHC

Figure 16 - Alignment of all the defensins found in the M. esculenta transcriptome (cultivar BRA337,
CM®6438-14 and Xinxuan), in the genome of M. esculenta V6 (cultivar AM560-2) and with the amplified
and sequenced M. esculenta (cultivars Santo Estevéo).
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Discussion

Selection and characterization

The diversity of AMPs discovered in plants is so marked that it is difficult to
categorize these peptides, except based on their structural features [11]. This diversity
becomes more striking when it is observed that many AMP genes are specific to
particular plant species or families [11,41-44]. Among these peptides, the defensins
stand out as being small (45 to 54 amino acids) 5-7 kDa molecular weight proteins,
generally cationic, rich in cysteine residues that generally form between four and five
disulfide bridges with a highly conserved three-dimensional structure, usually having
three antiparallel B-strands and one a-helix [11,12]. Indeed, all candidate defensin
mature peptides) of M. esculenta ranged from 46 to 47 amino acids with a molecular
weight ranging from 5.1 to 5.4 kDa. In addition, all sequences showed conserved y-
thionin domain, characteristic of plant defensins. With respect to the cysteine residues,
all sequences showed a conserved pattern of eight cysteines forming four disulfide
bonds. This binding specificity allows these AMPs to act more directly against particular
groups of pathogens.

Defensins act as potent antifungal peptides interacting with specific
sphingolipids present in the fungal cell membrane [11,45-48]. In addition, their small
size and the high number of disulfide bonds found in plant AMPs allow defensins to
fold into a compact size with important structural stability. Moreover, the secondary
structure prediction for all M. esculenta candidate defensins predicted three (3-sheets
and one a-helix, consistent with the alignment of different plant defensins performed
by Rogozhin et al. 2018 [49], showing that their tertiary structure is highly conserved
even considering different plant species.

Amplification of genomic sequences

Selective pressure through plant-pathogen interactions throughout evolution
provided plant AMPs with a vast repertoire of amino acid sequences through non-
synonymous mutations, generating new interactions and different mechanisms of

action [50]. In fact, the three amplified sequences (Def-Me1, 2 and 3) had a similarity



143

higher than 66%, although taking into account the physicochemical similarity of the
amino acids, this similarity can reach more than 70%. In addition, differences between
the amino acid sequences generated different values in the predicted antimicrobial
characterization (Table 7). Therefore, the amplification of these genomic M. esculenta
defensins was essential in order to check possible mutations that these sequences
acquired since the material collected in this work (variety Santo Estevao) could present
genomic differences when compared to the species with the genome available in
Genbank (variety AM560-2).

Comparative modeling

Defensins have been studied extensively in the last decades due to their
broad spectrum against pathogens and various mechanisms of action [12]. Due to their
potential, many defensins had their tertiary structure resolved and are currently
available in the Protein Data Bank (PDB), where some 177 structures are deposited
from diverse organisms (2018-11-08). For plant defensins (y-thionin) the number of
resolved structures is much lower compared to the available number of models of
mammal defensins (a and B). In the absence of experimentally determined structures,
the models of protein structures available in the databases are often valuable in
generating testable hypotheses, and are generally used for comparative modeling.
This type of comparison relies on structural information of related proteins to guide the
modeling procedure, useful to produce reliable models of structures with similar
domains [51]. As there is no experimentally resolved M. esculenta defensin deposited
in structural databases such as PDB, it was necessary to use similar structures to
perform comparative modeling (T. aestivum and M. truncatula). The three models
generated for M. esculenta defensins presented structural similarity with an RMSD of
1.53 nm, as expected since the structure is three to ten times more conserved than the
amino acid sequence [52]. In addition, in the alignment of the three structures (Figure
15) it is possible to observe that regions devoid of organized structure are regions of
greaters alignments deviations, what reinforces the theory that 3-sheets are much less
likely to achieve this due to a higher free-energy barrier separating the folded and
unfolded state [52]. In addition to its conserved tertiary structure, defensins exhibit a
cationic surface charge that provides an electrostatic bond to the negative membrane
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charge of the pathogens. Therefore, the amphipathic distribution of the amino acid
residues directly interferes with their mechanism of action, giving these peptides an
antimicrobial activity against a broad spectrum of pathogens [10]. Despite the structural
similarity, the amino acid differences between them can increase or decrease based
on Grand average of hydropathicity (GRAVY), as in the case of Def-Me1, having a
GRAVY of -0.115, Def-Me2 with -0.555, and Def-Me3 with -0.340. The increase
of GRAVY value indicates higher hydrophobicity.

Expression analysis in RT-qPCR

Plant defensins, in general, work at the level of innate non-specific immunity
against varied pathogens and are not related to the specific effector triggered immunity
involving R-Avr protein interactions. Despite the several literature reports on defensin
antifungal activity, some appear to exhibit tissue-specific expression, as in the case of
Def-Me1 and Def-Me4 that maintained the same expression levels in leaf, after
inoculation with the pathogen. In contrast to these defensins, Def-Me2 and Def-Me3
were down-regulated, suggesting association to other pathogen or distinct tissue-
specificity. This situation was reported in the literature, as in the case of the defensins
of Nicotiana alata (NaD1) and Petunia hybrida (PhD1 and PhD2) that exhibited high
expression levels in flowers (during early developmental stages), but lower expression
in seeds [53]. Similarly, defensins identified in Picea abies (SPI1) [54] and Picea glauca
(PgD5) [55] were reported to be expressed exclusively in roots. An in silico evaluation
of the sugarcane transcriptome [56] uncovered that from 17 expressed defensins, 12
exhibited tissue or stage specificity, being mostly represented in reproductive tissues.

Tesfaye et al. (2013) [57] designed a microarray experiment containing a probe
set for 317 and 684 defensins of Arabidopsis thaliana and Medicago truncatula,
respectively, to catalog their expression in various plant organs at different stages of
development in inflorescences (representing a pool of floral development stages, with
the most mature at anthesis) and during symbiotic and pathogenic associations. The
analysis provided evidence for the transcription of 71% and 90% of the defensins
identified in Arabidopsis and Medicago, respectively, including many of the annotated
genes that had no expression information. Some defensins were significantly up-
regulated in Arabidopsis leaves inoculated with Alternaria brassicicola or
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Pseudomonas syringae. Among these, the authors reported that some were
dependent on the signaling of jasmonic acid or were associated with specific types of
immune responses. The authors also noted that there were notable differences in the
expression patterns of the defensin genes of Arabidopsis and Medicago, since most
Arabidopsis defensins were expressed in inflorescences, while only a few exhibited
increased expression in roots. In contrast, Medicago defensins were more prominently
expressed in nitrogen-fixing root nodules. Thus, marked differences in the temporal
and spatial expression of defensin suggest distinct signaling pathways and distinct
roles for these proteins in different species and plant tissues.

In silico expression

Using the HMMERS3 pattern recognition software package it was possible to find
and characterize cassava defensin transcripts. When aligned and compared the four
defensins found in the M. esculenta transcriptome (variety BRA337) showed similarity
with the five defensins found in M. esculenta V6 genome (variety AM560-2), as well as
with the three defensins amplified and sequenced (from the Brazilian variety Santo
Estevéo), as shown in Figure 16. The alignment exhibits a conservation concerning
the eight cysteines characteristic of defensins [8], as well as the GXCX3-9C motif, a
region considered responsible for antifungal activity [58]. Although similar, some
defensins presented mutated regions (Figure 16), possibly due to the peptide-
pathogen coevolution, considered a evolutionary force to the arising of different

defensin isoforms (including different sizes and amino acids composition) [50].

Conclusions and perspectives

Three new complete defensins were identified and isolated from cassava
genome sequences, all of them with predicted antimicrobial activity. All sequences
exhibited eight conserved cysteines as reported in other studies, whereas Def-Me1
presented a differentiated primary structure. However, the secondary structure of Def-
Me1 was not altered, presenting three 3-sheet and one a-helix. Despite their structural
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uniformity, each of identified defensin had peculiarities, mainly in regions of turn,
known to present greater standard deviation between the structures.

Regarding their expression, the defensins tested presented constitutive or
down-regulated expression after fungal inoculation, reinforcing their role in the
preformed plant defense system, but also indicating tissue or stage specificity, as
reported for other defensins in the literature. We intend to test their possible association
to bacterial infection, in order to confirm a possible pathogen specificity.

Indeed, the broad spectrum of defensin activities, dynamic ability to evolve and
broad mechanisms of action are characteristics that turn these peptides into promising
weapons for plant defense and also significant candidates for agricultural and
pharmaceutical purposes.
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Abstract

Antimicrobial peptides (AMPs) are present in the innate immune system of multicellular
organisms and often show broad-spectrum activity against several pathogens, including
multiresistant strains. Therefore, AMPs are considered candidates for the development of new
antibiotics either alone or in combination with traditional antibiotics. In this context, a new
defensin was identified and selected in cassava (M. esculenta) genome, which was modified
following a set of rules that favored the choice of PDef-Mel, being a twenty-amino acid
amphipathic sequence with a -sheets structure in hairpin. Its activity was tested against yeasts
and bacteria, including resistant strains, with best results against Staphylococcus aureus (16
ug.ml), Acinetobacter baumanii (64 ng.ml') and Candida parapsilosis (64 pg.ml?'). In
addition, hemolytic activity assays as well as cell viability with rat macrophages were
performed indicating low citotoxicity. While requiring further testing, PDef-Mel showed

potential to be used as a future broad-spectrum antimicrobial pharmaceutical compound.

Keywords: Antimicrobial peptides, Manihot esculenta, Staphylococcus aureus, Acinetobacter

baumanii .
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Introduction

The ability of bacteria to develop resistance to antibiotics has been reported after the
discovery of penicillin in 1928. Initially, the arsenal of new antibiotics was sufficient to
overcome the resistance observed, and antibiotics were often taken for granted. However, as
the development of new antibiotics has declined, the frequency of bacterial resistance continues
to increase throughout the world mainly due to the excessive consumption and indiscriminate
use of antibiotics, in addition to the continuous evolution and dissemination of elements of
mobile genetic resistance (Banin, Hughes, and Kuipers 2017; Collier and O’Neill 2018).

In recent years, several reports have highlighted the urgent and critical situation of
antimicrobial resistance (AMR) and in 2014 the World Health Organization (WHO)
acknowledged that AMR is a global public health challenge and if untreated, it is estimated that
the annual number of deaths from antibiotic-resistant bacteria can reach 10 million by 2050,
surpassing that of cancer by 1.2 million (O’Neill 2016; O’Brien-Simpson et al. 2018). In this
scenario, antimicrobial peptides (AMPs) are considered as the next generation of molecules for
the development of therapeutic strategies to combat AMR. These AMPs are small cationic
molecules that exhibit antimicrobial activity against a wide range of bacteria, fungi, and viruses.
For an AMP to be considered as a therapeutic option, it should have not only potent antibacterial
properties but also low hemolytic and cytotoxic activities (Maturana et al. 2017).

The efficiency of AMPs is attributed to their ability to break down the cell membranes
of microorganisms, in some cases causing pore formation, leading to microbial death (Cadwell
et al. 2017). Binding of cationic AMPs to a bacterial membrane is driven by electrostatic
contacts between the positively charged amino acids and the negatively charged cell surface,
followed by hydrophobic interactions between the amphipathic domains of the peptide and the
membrane phospholipids (Goering et al. 2018). These AMPs, present in several living beings,
including plants, in this way a wide variety of sequences and combinations of amino acids can
be found (Hancock and Sahl 2006; Benko-Iseppon et al. 2010).

These peptides have potent antimicrobial activity with a broad spectrum of roles and are
also capable of mediating adaptive immune responses in a combined response to multiresistant
bacteria (Yeaman and Yount 2003). The AMPs are generally small (<10 kDa), characterized
by their cationic charge and structural rigidity. They are grouped according to their secondary
structure, (o-helical, B-sheet or extended peptides) conferring distinct physicochemical
properties and biological mechanisms of action. Approximately eukaryotic 3,014 AMPs have
been reported (http://aps.unmc.edu/AP/main.php) with antibacterial activity (Wang, Li, and
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Wang 2016). Approximately 90% of them were determined to adopt a-helix structure. This
category has been extensively explored and reviewed elsewhere (Edwards et al. 2016; Roncevié¢
et al. 2018).

AMPs that adopt a B-sheet hairpin structure are less well known, representatives of this
class of AMPs are among the most active antimicrobial molecules, due to their broad spectrum
of action and resistance to internal environmental factors. Despite the relatively small number
of known AMP-B-hairpin, their biological functions are very diverse. These peptides share a
number of essential structural and functional characteristics, suitable to the development of new
antibiotics based on their structure, specifically: small size (up to 25 amino acid residues), net
positive charge and amphiphilic properties sufficient for the manifestation of membranotropic
activity against a wide spectrum of bacterial targets, and a compact structure stabilized by
disulfide bonds, providing greater proteolytic resistance (Panteleev et al. 2015; Panteleev et al.
2017). In this context, the natural compounds based on AMP B-hairpin may become the most
promising drug candidates.

The present work identified a new defensin of cassava (M. esculenta), which was
identified and modified to maintain the antimicrobial activity and to facilitate its synthesis. The
results regarding its structure, antimicrobial activity and cytotoxicity are reported in the present

work.

Materials and methods

Peptide design and synthesis

PDef-Mel was designed based on the mature peptide of an M. esculenta defensin
sequence (ID: Def Mel, Santos-Silva et al., in prep). Some criteria were established for the
design of PDef-Mel as: (i) maximal size of 20 amino acids; (ii) cationic surface charge; (iv)
cysteine residues to form disulfide bonds; and (v) values above the cut-off point for the four
algorithms analyzed in the prediction of antimicrobial activity with the ‘Predict Antimicrobial
Peptides’ tool (available in CAMPr3) (Panteleev et al. 2015; Panteleev et al. 2017). These
approaches reduced the number of candidates, and one of them (PDef-Mel) was chosen to be
synthesized (Santos-Silva et al., in prep).

The peptide was obtained from NovoPro Bioscience Inc. (Shanghai, China). The purity
of the peptide (>95 %) and was confirmed by RP-HPLC and mass spectrometry.

Chromatographic separation was achieved on a reversed-phase Phenomenex Gemini-NX
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column (C18, 5 um, 110 A, 4.6 mm x 250 mm) using a 25—50% acetonitrile/0.1% TFA gradient
in 25 min at a 1 mL/min flow rate (see in supplementary material S1). Stock and test solutions

were prepared by accurately dissolving aliquots of the peptide in distilled water.

Peptide modeling

The candidate models for PDef-Mel were generated using the ROSETTA algorithm
(Rohl et al. 2004). then the models were clustered according to their energy, and the final model
was chosen from the models with the lowest energy (Figure 17). Mutations were induced with
ROSETTA algorithm to form different combinations of disulfide bridges between the four
cysteines present in the sequence (Table 8). Finally, PROCHECK (Laskowski et al. 1993) was
used for the stereochemical analysis of the model, using the Ramachandran graph, observing

the position of the amino acids in the most favorable regions.

Table 8 - Models for PDef-Mel with different possibilities for the formation of disulfide bonds between the
cysteine residues.

Model Disulfide bonds*
1 CYSI-CYS2 and CYS3-CYS4
2 CYSI-CYS4 and CYS2-CYS3
3 CYSI-CYS3 and CYS2-CYS4

*CYS: Cysteine

Molecular dynamics

Simulations were conducted with the GROMACS 5.0.7 package. The proteins were
placed in the center of a cubic box of dimensions 4 x 4 x 4 nm and solvated using SPC water
model (Berendsen et al. 1981). The system included solvation in NaCl solution in physiological
concentration (0.15M) replacing 46 solute molecules by 20 NA and 26 CL ions, with minimized
energy. The temperature was maintained at 300 K in NpT ensemble with solute atoms constraint
in the initial position. The LINCS method (Hess et al. 1997) was used to constrain bonds
involving hydrogen atoms. Integration was carried out by the leapfrog algorithm (Hockney
1970) using a 2-fs integration time step. The systems were initially energy optimized using
50,000 steps of the steepest descent algorithm. All atomistic simulations were performed for
800 ns using the GROMOS 53A6 (Oostenbrink et al. 2004) force fields and periodic boundary
conditions in the X, y and z directions using the NpT ensemble. Then, the molecular dynamics

was performed unrestrained at constant pressure and temperature of 1 atm and 300 K.
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Circular dichroism spectroscopy (CD)

CD spectra were obtained on a J-715 spectropolarimeter (Jasco, Tokyo, Japan) and
regard the accumulation of three scans. They were measured using 2-mm path length quartz
cells and 20 pM peptides in (a) water solution, (b) sodium dodecyl sulfate micelles (10 mM
SDS in SPB) and (c) 50% TFE in SPB. The % helix content was determined as [0]*%%/[0]%,
where [0]*2? is the measured molar per residue ellipticity at 222 nm under any given condition
and [0]a is the molar ellipticity for a perfectly formed a helix of the same length, estimated as

described by Chen, Yang, and Chau (1974).

Antimicrobial activity

The Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) against PDef-Mel were determined by broth microdilution method
following the recommendations of the Institute of Clinical and Laboratory Standards (CLSI,
2015) with modifications. For this, the PDef-Mel in Cation-adjusted Miiller-Hinton broth (CA-
MHB) (Sigma) was added to the plate under serial dilution (50 pL). Briefly, bacterial cells were
cultured in Miiller Hinton (Himedia) with 1 mL of CA-MHB overnight at 37 °C and were
determined by the dissolved oxygen density (ODs25nn 0f 0.08-0.13 AU) corresponding to 0.5 of
the scale of McFarland (1-5 x 108 CFU.mL™"). The solution was diluted (1:1000) in CA-MHB
and inoculated into the wells of the microdilution plate (50 pL) so that the final concentration
of bacterial cell density was approximately 1-5 x 10° CFU.mL"!. The MIC was determined as
the lowest peptide concentration that inhibited bacterial growth after incubation at 37 °C for 18
to 20 h. The uninoculated CA-MHB medium was used as the negative control and cultures
without peptide addition served as positive control. For MBC, the plating of 10 puL of each well
that showed no visible growth in Miiller-Hinton plate and incubated for 24 h at 37 °C was
performed, and MBC was considered the concentration in which it did not present bacterial
growth. The bacterial strains used in the experiment were provided in the microbiology
laboratory of the Aggeu Magalhaes Institute (Fiocruz / Pernambuco). PDef-Mel was tested
against Gram-positive Strains Staphylococcus aureus ATCC 25923 and resistant S. aureus
MRSA04673 and Gram-negative Pseudomonas aeruginosa ATCC 27853, P. aeruginosa
resistant Pa 39, Klebsiella pneumoniae ATCC 13883 and K. pneumoniae resistant to
Carbapenemase L016, Acinetobacter baumannii ATCC 19606 and A. baumannii resistant Acb
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45, respectively. The experiments were performed in duplicates at different time intervals
(CLSI, 2015).

The antifungal MIC was performed following the CLSI guidelines M27-A3 (2008).
The PDef-Mel was diluted in distilled water. The commercial antifungal Fluconazol® and the
Candida parapsilosis strain ATCC 22019 as control standard yeast were used as a reference.
Yeasts were grown on Sabouraud Agar Dextrose (SDA; Difco) and incubated for 48 h at 37 °C.
For the yeasts, two serial dilutions from 1:100 and 1:20 were performed to obtain the final
inoculum containing 1.0 to 5.0 x 105 CFU.mL"!. This solution was inoculated throughout the
96 well plate containing standard culture medium RPMI 1640, buffered at pH 7.0 with 0.1 M
morpholinopropanesulfonic acid (MOPS), to obtain the final concentration of 512 pg.mL! for
each yeast tested. The yeasts were incubated at 37 °C and visualized 24 and 48h later. The fungi
used in the experiment came from the microclinic located in the Medical Mycology Department
of the Federal University of Pernambuco, including Candida albicans 4986, Candida
parapsilosis 4970 and Cryptococcus neoformans 5980 resistant to multiple drugs, regarding
strains of clinical origin. The MICs corresponded to the lower drug concentrations that showed

growth inhibition compared to untreated fungi.

Hemolytic activity

The hemolytic activity of PDef-Mel was measured by the amount of hemoglobin
released by lysis of human erythrocytes. Human cells were suspended in 2% saline (NaCl
0.85 % + CaClz) and incubated in 96 well plates with different concentrations of PDef-Mel
(512 to 32 pg.mL"). Plates were incubated for a period of 3 hours at 37 °C under constant
stirring and centrifuged at 3500 rpm for 4 min at 4 °C. The absorbance of the supernatant was
measured at 540 nm to establish the percentage of hemolysis. As a positive control of cell lysis,
1 % Triton X-100 (Sigma-Aldrich, USA) and saline (0.85 % NaCl + 10mM CaCl,) were used
as the negative control. The experiments were performed in quadruplicate, with repetition at

different time intervals.

Cytotoxic activity [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide - MTT]

The cytotoxic activity of PDef-Mel was evaluated from the cells of the peritoneal
exudate of mice (CEUA/IAM number 119/2017), provided by the microbiology laboratory of
the Aggeu Magalhaes Institute (Fiocruz-PE). For this, the cells were seeded in 96 well plates

containing RPMI medium (Roswell Park Memorial Institute), without phenol red,
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supplemented with 10% Fetal Bovine Serum (FBS) and incubated for 24 h at 37 °Cina 5 %
atmosphere of CO». Five serial dilutions of PDef-Mel were carried out starting from 1024
ug.mL!. The cultured cells were also used in the absence of the compounds, but maintained
under the same conditions, as 100 % cell viability control. After 24 h the medium was removed,
and the cells were treated in the presence of the different concentrations of PDef-Mel and
incubated at 37 °C with 5 % COs for 24 h. After the incubation period, the effect of PDef-Mel
was determined by measuring the mitochondrial dehydrogenase activity, adding 10 pL per well
of MTT (3- (5,4-dimethyl-tizol-2-I) -2-5-tretracil) and incubating at 37 °C for 3 hours. Then,
the formazan crystals were solubilized in DMSO, and the absorbance was determined in a
spectrophotometer at 540 nm. The concentration capable of killing 50 % of the cells (CCso) was
calculated by linear regression. Wells containing medium and MTT were used as reaction
control. Each concentration of PDef-Mel, as well as the control without the compound, were

evaluated in quadruplicate in two independent experiments.

Results

Peptide design
PDef-Mel is a synthetic short peptide with twenty amino acids that was derived from a
cassava defensin (M. esculenta) sequence called Def-Mel. However, PDef-Mel maintained

60% identity with Def-Mel.

Sequence shortening and peptide synthesis

The M. esculenta defensin sequence available on GenBank (ID XP_021600759.1) was
amplified, sequenced, characterized with the Gamma-thionin domain and modified from 46 to
20 amino acids, preserving about 60% identity to the original sequence (Figure 18). This new
sequence possesses four cysteine residues that were intentionally maintained with the intention
of favoring the formation of disulfide bonds (Figure 18). This modification in the original
sequence followed a defined set of rules based on observed characteristics of a set of natural
peptides, as well as on the in silico prediction of antimicrobial activity. Prediction values of

antimicrobial activity before and after modification can be seen in Table 8.
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CYs1

Figure 17. Three-dimensional structure of PDf-Mel showing the four cysteine (CYS) residues. The antiparallel
arrows in yellow represent both B-sheets structure.
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Figure 18 - Alignment of the Def-Mel sequence with PDef-Mel, showing the selected region. The highlighted
amino acids represent sequence conservation. In the bottom, the consensus amino acid sequence is presented.

Table 9 - In silico evaluation of antimicrobial activity using the four algorithms of the ‘Predict Antimicrobial
Peptides’ tool available in CAMPrs.

Algorithm
Sequences
*SVM *RFC *ANN *DAC
Def-Mel 0.964 0.838 AMP 1.000
PDef-Mel 0.912 0.985 AMP 1.000

* Support Vector Machine (SVM), Random Forest Classifier (RFC), Artificial Neural Network
(ANN), Discriminant Analysis Classifier (DAC).

Support Vector Machine is a specific type of supervised method of machine learning,
aiming to classify data points by maximizing the margin between classes in a high-dimensional
space. Randon Forest is a non-parametric tree-based approach that combines the ideas of

adaptive neighbors with bagging for efficient adaptive data inference. Neural Network is an
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information processing paradigm inspired by how a biological nerve system process
information. It is composed of highly interconnected processing elements (neurons or nodes)
working together to solve specific problems. Discriminant Analysis finds a set of prediction
equations based on independent variables that are used to classify individuals into groups. (Lin
and Jeon 2006; Karasuyama and Takeuchi 2010; Ding et al. 2013).

The synthesized PDef-Mel had a molecular weight of 2.28 kDa and a purity level
greater than 95%. Through mass spectrometry, it was possible to observe that the peptide
formed two disulfide bonds. Chromatography showed the presence of a single peak in the 214

nm region.

Peptide modeling

After the synthesis, it was possible to observe that PDef-Mel had formed two
disulfide bonds, as predicted in its design. As there was no resolution data of the peptide
structure, it was necessary to construct ab initio models with different combinations of disulfide
bonds that could represent this peptide (Table 9). The models were generated by the ROSETTA

algorithm and the consensus model found was a B-sheets hairpin structure (Figure 19).
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Figure 19 - Three-dimensional structures ab initio of PDf-Mel showing the four cysteine residues (CYS) and the
different combinations of disulfide bonds (B-D, in red). The antiparallel arrows in yellow represent the B-sheets
structure. In A- Model without bonds; B- Model-1; C- Model-2; D- Model-3.

Molecular dynamics

All three models with different combinations of disulfide bridges were submitted with
the same conditions in molecular dynamics simulation in order to observe the possible
modifications that the models could suffer and to infer which one of these models would be
more likely to represent PDef-Mel. Therefore, some parameters were evaluated as root mean
square deviation (RMSD), root mean square fluctuation (RMSF) and secondary peptide
structure by DSSP graph (Figure 20).
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Figure 20 - Graphs associated to the molecular dynamics of the three models tested, with Model-1 represented in
black, Model-2 in red and Model-3 in green (see Fig. 2.3). In A- the RMSD of the time models of 800 ns. In B- a
clustering analysis of the consensus forms that models may have acquired during molecular dynamics; In C- the
RMSF of the models represented by the fluctuation of amino acids by time. In D- a secondary structure analysis
that each model maintained over time in molecular dynamics simulation.

Analyzing the graphs, it is possible to observe that the three models have left the
original conformation. Model-1 exhibited the smallest variation in the clustering analysis
(Figure 21). When observing the amino acids fluctuation, it was verified that the positions that
suffered more changes were located in loop regions, being the Model-2 the one with more
flexible amino acids. Regarding the secondary structure, it was observed that the Model-2

presented the least preserved B-ribbons during the simulation.
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Figure 21 - On the right side, the three-dimensional structure of the models after cluster analysis, in blue the
cationic surface charge of each model. On the left side, the graph of the secondary structure, in red the conservation
of the B-sheets in relation to the simulation time in nanoseconds (ns).

Further to the observations on the structure, an analysis was made concerning the
energies involved in the system (Table 10). Observing the energies of the models generated,
the models 1 and 3 obtained very similar energies, being considered the potential

representatives.

Table 10 - Energies regarding the simulations of the three models in molecular dynamics.

Energy (kJ/mol)
Model
Potential Coulomb VdW
1 773 +£26  -957 +£20 -407 £5
2 -560+21  -759+£18 -407 £8

3 -751+14  -958+ 10 -406 + 6
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Circular dichroism

The effect of environment on the structure of PDef-Mel was determined by CD
spectroscopy, as shown in Figure 22. As expected, spectra are consistent with a typical shape
of a random coil in water, but in the presence of TFE (a solvent that enhances formation of H-
bonds) or SDS micelles (an elementary model for lipid membranes), they show a partial
transition to another conformation. The absence of peaks in the negative bands at 208 and 222
nm with the positive band at 192 or 198 nm, implies the absence of a-helix formation. However,
based on the CD positive band at 195 nm and negative at approximately 230 nm (for TFE in
water), this would correspond to a beta-sheet structure, suggesting that maybe the peptides fold

to a beta-hairpin.
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Figure 22 - CD spectra of PDef-Mel. The spectra were taken for a 20 uM solution in the following conditions:
(==) black: water; (==) blue: 10 mM SDS (micelles); (=) red: 50% TFE in water. Spectra are the mean of three
scans and subject to smoothing.
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Antimicrobial activity

The results of the antimicrobial tests of PDef-Mel against bacteria and fungi are
presented in Table 11. In general, PDef-Mel showed activity against all tested pathogens,
presenting lower concentrations for S. aureus (single Gram-positive test) with 16 ug.mL"! for
the ATCC strain (25923) and 256 pg.mL™! for methicillin-resistant S. aureus (MRSA04673).
Considering Gram-negative strains, PDef-Mel showed better results against A. baumannii with
MIC of 64 ug.mL"!, whereas for K. pneumoniae (ATCC 13883) and P. aeruginosa (Pa_39) the
MIC was 128 ug.mL"! for both.

However, at the minimum bactericidal concentration (MBC), PDef-Mel presented 64
ug.mL! for S. aureus ATCC (25923), whereas for S. aureus resistant strain (MRSA04673) it
had MBC of >1024 pg.mL! and similar results for K. pneumoniae resistant (L016) and A.
baumannii ATCC (19606).

The antifungal activity of PDef-Mel showed better results against Candida
parapsilosis and Cryptococcus neoformans at the concentration of 64 pg.mL"! for both yeasts,

whereas for Candida albicans the active concentration was 128 pg.mL"!.

Table 11 - Antimicrobial activity of PDef-Mel against different pathogens tested, considering Minimal Inhibitory
Concentration (MIC) and Minimal Bactericidal Concentration (MBC) for each tested strain.

Result (ug.mL")
Strains Microorganism
MIC MBC
ATCC 25923 Staphylococcus aureus 16 64
Resistant MRSA04673 S. aureus 256 >1024
ATCC 27853 Pseudomonas aeruginosa 256 256
Resistant Pa_39 P. aeruginosa 128 512
ATCC 13883 Klebsiella pneumoniae 128 512
Carbapenemase LO16 K. pneumoniae 1024 >1024
ATCC 19606 Acinetobacter baumannii 64 1024
Resistant Acb 45 A. baumannii 128 512
4986 Candida albicans 128 -
4970 C. parapsilosis 64 -

5980 Cryptococcus neoformans 64 -
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Cell viability assay (MTT) and hemolytic activity

By analyzing the cell viability of PDef-Mel using rat macrophage cells, it was
observed that concentrations lower than 256 pg.ml! presented similar results as the negative
control. Thus, the cytotoxic activity of PDef-Mel was CCso 248.45, with cell viability below

50%, which decreases as the concentration of this peptide increases (Figure 23).
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Figure 23 - Cell viability plot of rat macrophages in contact with PDef-Mel using the MTT method.

Furthermore, no hemolytic activity was observed for PDef-Melcompared to the

negative control using human erythrocyte cells (Figure 24).
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Figure 24 - Hemolytic activity plot of PDef-Mel using human erythrocyte cells at different concentrations.

Discussion

Peptide design and structure

The rules imposed for the design of the peptide decreased the number of candidates
for the M. esculenta defensin sequence. The amphipathic distribution of amino acids in the
peptide seems to have been the criterion that more limited the possible conformations. This rule
was applied with greater severity due to the knowledge already reported in the literature
(Panteleev et al. 2015; Panteleev et al. 2017) that this type of conformation favors the biological
activity of the peptide while maintaining its selectivity in its mechanism of action (Blondelle
and Houghten 1992; Roncevi¢ et al. 2018).

When analyzing the secondary structure of the selected peptide (Figure 25), it was
possible to observe the formation of two antiparallel 3-sheet in the hairpin. This conformation
was probably favored by the interactions of the hydrophobic and hydrophilic amino acid
alternations. This structure is possibly stabilized by the intramolecular hydrogen bonds between
the B-sheet of the peptide, as well as the turn structure that connects the two B-sheet and favors
the hydrophobic amino acid interactions.

Although the PDef-Mel sequence had > 60% similarity to the B-sheet region of its
derivative sequence, the modifications were essential to maintain their singularities without
losing the conservation of their structure. Thus, the amino acid residue sequence of the peptide
must be strategically positioned so that the side-chain scheduling of oppositely charged amino
acids is achieved during packaging of the peptide (Rodriguez et al. 2016).

The CD result (50% TFE in water) for PDef-Mel corroborates with the predicted in
silico structure. This technique is widely reported in the literature as a rapid, non-destructive
and quantitative technique. Moreover, thanks to the high sensitivity to the arrangement of the
chromophores and to the eventual supramolecular organization, CD spectroscopy is used to
monitor specific structural signatures in different complex arrangements, such as peptides
(Betush, Urban, and Nilsson 2018). However, even if it is rich and very sensitive, the
information incorporated in the CD spectra is, in some cases, difficult to relate directly to the

three-dimensional model of the structure (Gattuso et al. 2017).
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Molecular dynamics simulation analyzes indicated that out of the three models
generated for PDef-Mel, Model-1 exhibited better overall results. Considering the results, the
study of computational models for proteins still faces a series of challenges that make it difficult
to obtain more concise and robust models. The choice of a model among the three ones here
generated was based on parameters that presented similarities in some aspects, making difficult
the unequivocal choice of the best candidate. However, such aspects are crucial for the
understanding of each model limitations and for defining which interpretations and conclusions

can be supported.

Antimicrobial activity

Cationic AMPs, including defensins, are peptides that have mostly the mechanism of
action that targets the bacterial membrane through electrostatic interactions, thus facilitating
pathogens death through the perturbation of their membrane, causing the formation of pores
and leakage of the intracellular content (Schmidt et al. 2011; Cadwell et al. 2017). The major
structural component of the cell membrane of most bacteria is peptidoglycan which, together
with lipoteichoic acid and other polysaccharides, makes it highly polar, giving Gram-positive
bacteria a thick, negatively charged hydrophilic surface. The Gram-negative bacteria in addition
to the peptidoglycan membrane have the outer membrane which is also hydrophilic,
corresponding to a second lipid bilayer located above the peptidoglycan, containing
phospholipids, lipoproteins, proteins, and lipopolysaccharides, which also impart hydrophobic
and negatively charged cell surface of these bacteria (Goering et al. 2018). These structural
components in the bacteria cell membrane can help to explain the in vitro activity of PDef-Mel
that presented higher antimicrobial activity against S. aureus, corroborating with the works of
Siebert et al. (2018), which tested sixteen peptides derivatives of mycophenolic acid against
Gram-positive and Gram-negative bacteria with higher activity against S. aureus. Although
three other compounds gave better results for K. pneumoniae, PDef-Mel obtained better
antimicrobial results for 4. baumannii, compared to all sixteen compounds.

In recent years, a growing number of studies have taken the path of modifying the
amino acid sequences of native/original peptides in order to develop a more potent antifungal
activity. Several strategies designed to alter properties related to antifungal activity have been
employed in the construction of these new peptides, such as modification of peptide length, net
charge, and hydrophobicity (Fernandes and Carter 2017). In addition to its antimicrobial

activity against bacteria, PDef-Mel was tested against different yeast strains where its



168

antimicrobial capacity varied between 64 and 128 pug.ml !, a result in consonance with the work

of Durnas et al. (2016) and the review by Fernandes and Carter (2017).

Cell viability assay (MTT) and hemolytic activity

For an AMP to be considered as a therapeutic option, it should have not only potent
antibacterial or antifungal properties but also low hemolytic and cytotoxic activities (Maturana
et al. 2017). Generally, this is measured by the ability of AMPs to lyse red blood cells from
mammals (Oddo and Hansen 2017). B-Hairpin antimicrobial peptides are generally
amphipathic, binding to the membrane of several pathogens, but most members of this class
also have a high and adverse cytotoxicity that prevents their pharmacological application as
antimicrobial candidates (Edwards et al. 2016). In this context, the hemolysis assay has
demonstrated that PDef-Mel presents a low ability to lyse red blood cells. Even at the highest
concentration tested (1024 pg.ml '), this peptide showed no significant hemolytic activity when
compared to the negative control. These findings would allow them to be used as active
molecules or substances in antimicrobial therapy as a possible medical treatment in humans.

The high hemolytic activity of some peptides prevents their therapeutic use,
evidencing the need for improvements in the peptide design processes in order to minimize this
effect. Although the results with erythrocyte cells were promising, future tests of the cellular
viability of PDef-Mel should be carried out, including more complex cells than rat
macrophages, where this peptide showed CCso = 248.45. Thus, it is necessary to test the peptide
against several cells with different levels of structural complexities in order to evaluate the

cytotoxic capacity, especially concerning the active concentration of the peptide.

Conclusions

The analysis of the relationship between the peptide structure and its antimicrobial
activity confirmed the effect of the charge and the hydrophobicity on the studied biological
activity. Other physicochemical descriptors used in this study, such as length and presence of
cysteine residues forming disulfide bonds, have helped to form some secondary structures (e.g.,
B-sheet in hairpin) showing good correlations for the design of this peptide. Therefore, taking
into account the broad spectrum of antimicrobial activities and the low hemolytic activity of
PDef-Mel, this peptide can be considered as a candidate molecule for new designs of
pharmaceutical substances. Finally, this work opens a new possibility to study plant modified

peptides with potential antimicrobial activity for biotechnological use.
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6. DISCUSSAO GERAL

O crescente problema da resisténcia dos patdogenos aos medicamentos
tradicionais e as dificuldades de produzir novos medicamentos geraram um desafio
para a medicina moderna, demandando moléculas alternativas que possam driblar
este problema. Por este motivo, pesquisas vém sendo desenvolvidas na busca por
novas moléculas antimicrobianas que tenham um amplo espectro de atividade. Neste
cenario, compostos antimicrobianos derivados de plantas vém sendo prospectados
para combater diversas doengas provocadas por bactérias, fungos, protozoarios e
virus, frequentemente com poucos efeitos colaterais, como revisado no Capitulo .
Com esta motivagdo, vem sendo feita uma vasta mineragdo nos bancos de dados
publicos por sequéncias de peptideos antimicrobianos de plantas, com énfase para
aqueles do tipo gama defensinas (pipeline descrito no Capitulo |). Defensinas
previamente descritas e validadas foram utilizadas como sondas para a busca de
homologos em espécies da familia Euphorbiaceae, a qual vem sendo estudada pela
importancia etnobotanica e capacidade de suas espécies de produzir moléculas
bioativas.

Foram encontradas 12 sequéncias de defensinas candidatas entre os trés
genomas pesquisado (Mamona, Macaxeira e Pinhdo manso).

Ainda que diferentes métodos de mineragdo tenham sido utilizados como o
BLAST, HMM (Hidden Markov Model) e Regex (Regular expression, dados nao
mostrados) a diferenga entre os resultados dos meétodos utilizados ndo foram
significativas (Capitulo II).

Dos 12 primers desenhados seis amplificaram, sendo que nenhum dos primers
de J. curcas amplificou nas diferentes temperaturas testadas.

As sequéncias de M. esculenta (Def-Me1, Def-Me2 e Def-Me3) apresentaram
baixa conservagado dos aminoacidos, com excec¢ao das cisteinas.

A modelgem das sequéncias de M. esculenta mostraram que apesar da
presséao seletiva da interagao peptideo-patdgeno resulte em mutagdes n&o sinbnimas,
estas ndo provocaram mudangas significativas nas estruturas analisadas. A analise
do desvio da raiz quadra média (RMSD) indicou que todos os modelos eram similares,

apesar de suas singularidades.
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Def-Me1 e Def-Me2 foram modificados visando manter ou até melhorar a
porcdo antimicrobiana da sequéncia, sendo Def-Me1 a melhor sequéncia para a
sintese, sendo chamado de PDef-Me1.

PDef-Me1, um peptideo curto sintético desenhado baseado com o auxilio de
ferramentas de bioinformatica, a partir de uma sequéncia de M. esculenta apresentou
atividade antimicrobiana contra todos os patdégenos testados (Capitulo l1), incluindo
leveduras do género Candida e contra bactérias Gram-positivas e Gram-negativas,
incluindo linhagens resistentes a antibidticos tradicionais.

Desta forma PDef-Me1 surge como um potencial candidato para o
desenvolvimento de um futuro composto farmacéutico com atividade antimicrobiana
de amplo espectro. Sua atividade se da por sua sequéncia anfipatica com uma
estrutura R-fitas em grampo. Embora ja relatado na literatura por possuir atividade
antimicrobiana, este tipo de estrutura tem um grande problema com a seletividade de
membrana, geralmente possuindo atividade hemolitica. Apesar disso, PDef-Me1 nao
exibiu atividade hemolitica detectavel comparativamente ao controle negativo, mesmo
na maior concentragao testada, reforcando seu potencial terapéutico (Capitulo IlI).

Considerando-se os dados promissores, uma patente foi depositada (Pedido
de Patente de Invencgao, n°. INPI BR 1020190015187 em Janeiro/2019). Embora mais
testes sejam necessarios, com énfase para estudos in vivo, PDef-Me1 apresenta-se
como um agente microbiano com potencial para ser usado contra diversos tipos de

patogenos.
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7. CONCLUSOES

e Até entdo ndo se sabia o numero de defensinas no genoma de Manihot
esculenta, neste estudo foram descobertas oito sequéncias no genoma,
contudo apenas trés dessas defensinas estavam completas, sendo
amplificadas, sequenciadas e modeladas.

e Uma das defensinas sequenciadas (Def-Me1) mostrou-se diversos
aminoacidos exclusivos em comparacao a sequéncia mais similar identificada
in silico.

e As trés defensinas amplificadas possuiam dominio conservado gama-tionina e
peptideo maduro cujo tamanho variou entre 46 e 47 aminoacidos,
apresentando o motivo conservado GXCX3-9C, formando quatro pontes
dissulfeto.

e As modelagens tridimensionais das defensinas de M. esculenta indicaram
semelhangas estruturais, com diferencas nas regides de volta, além de se
apresentarem com uma distribuigao de residuos anfipaticos diferentes ao longo
da carga superficial.

e A andlise da expressdo de defensinas de M. esculenta indica expressao
moderada em folhas a qual se manteve ou decresceu apds inoculagdo com o
fungo promircuo Lasiodiplodia theobromae. Considera-se a possibilidade de
que se tratem de defensinas tecido ou estagio-especificas, 0 que demanda
futuras analyses de validagao.

e Com base em uma das defensinas amplificadas de M. esculenta (Def-Me1) um
peptideo curto sintético (PDef-Me1) foi desenhado com o auxilio de técnicas e
ferramentas de bioinformatica. O peptideo sintético apresentou atividade
antimicrobiana contra leveduras do género Candida, bem como contra
bactérias Gram-positivas e Gram-negativas, incluindo linhagens resistentes a
antibioticos tradicionais.

e O peptideo sintético PDef-Me1 apresenta uma sequéncia anfipatica com uma
estrutura B-fitas em grampo observada tanto por técnica de modelagem ab

initio como pelo dicroismo circular.
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e Apesar desse tipo de estrutura ser relatado na literatura como uma estrutura
com pouca seletividade de membrana, PDef-Me1 n&o exibiu atividade
hemolitica detectavel comparativamente ao controle negativo, mesmo na maior
concentracao testada, reforcando seu potencial terapéutico.

e Embora mais testes in vitro e in vivo sejam necessarios, PDef-Me1 apresenta-
se como um agente microbiano com potencial para ser usado contra diversos

tipos de patdégenos.
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ANEXO B
SUPLEMENTARES
Supplementary Figures
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Figure S1-1. Classification system and some biological processes of Plant bioactive peptides (BP). According to
Tavormina et al. (2015) [*], considering the BP precursors, classified them into: (i) derived from functional
precursors or (ii) nonfunctional precursors, and (iii) not derived from a precursor protein (top of the figure) or
according to. Farrokhi et al.[*] (center of the figure) based on functional groups, being classified into antimicrobial
peptides or peptide phytohormones (with signaling in defense or non-defense mechanisms).
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Figure S1-2. Alignment of plant LTP1 sequences isolated from onion, arabidopsis, strawberry and barley.
Cysteine residues are highlighted in red in the alignment. Below the alignment, the secondary structure prediction
generated by JalView. Bars in yellow/brown show sequence conservation. Amino acid consensus sequence is
shown at the bottom of the figure.
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Figure S1-3. General gene structure and alignment of Ib (Impatiens balsamina) peptide sequences based on Tailor
et al.[*!]. (A) Structure of the predicted translation product of 333 amino acids with the individual 20 amino acid
domains representing the mature Ib-AMP peptides (in gray), with the Ib-AMPs indicated above the dashed line.
The regions of the propeptide are in black, the predetermined region of the pre-peptide (signal peptide) is textured
at the beginning of the sequence, and the number of amino acids comprising each of those regions is indicated.
(B) Alignment of the predicted translation amino acid sequence of each mature domain. In blue the conserved
amino acid residues among Ib-AMPs. The yellow bars show conservation generally between the sequences and
below the consensus sequence.
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Figure S1-4. Comparative alignment of three Snakins of Solanum tuberosum (Snakin-1 and -2) and Capsicum
annuum (Casn), evidencing the GASA domain with the conserved motif of twelve cysteines (in yellow). The
yellow bars in the show conservation between the sequences and below the consensus sequence is presented.
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Figure S1-5. Alignment of cyclotides of Viola odorata (Violaceae), Oldenlandia affinis (Rubiaceae) and Clitoria
ternatea (Fabaceae) evidencing the conserved motif of eight cysteines (in yellow). The yellow bars in the bottom
show conservation between the sequences and below the consensus sequence is presented.
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Figure S1-6. Alignment of TLP (thaumatin-like protein) amino-acid sequences of six different species (Malus
domestica, Prunus avium, Thaumatococcus daniellii, Zea mays, Nicotiana tabacum, and Solanum lycopersicum).
Sequence comparison was carried out with Clustal Omega software with standard parameters. Colored bars show
conserved residues and motifs. Pink diamonds indicate cysteine residues that form eight disulfide bonds; Yellow
triangles indicate the position of the REDDD motif and yellow bars in the base show the level of conservation for

each position.

Table Supplementary
Table 1. General and specific antimicrobial peptide databases with their corresponding Uniform Resource
Locator (URL).

Database Type Url

CAMP General http://www.camp.bicnirrh.res.in/

APD General http://aps.unmc.edu/AP/main.php

LAMP General http://biotechlab.fudan.edu.cn/database/lamp
DBAASP General https://dbaasp.org/

DEFENSIN Specific http://defensins.bii.a-star.edu.sg/
KNOWLEDGEBASE

CYBASE Specific http://www.cybase.org.au/

PHYTAMP Specific http://phytamp.hammamilab.org/
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