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RESUMO

CHERENE, Milena Bellei, D.Sc., Universidade Estadual do Norte Fluminense Darcy
Ribeiro, julho de 2023. Caracterizacdo bioquimica e atividades bioldgicas de
peptideos antimicrobianos de folhas de Capsicum annuum cv. Carioquinha.

Orientadora: Valdirene Moreira Gomes.

Os peptideos antimicrobianos de plantas sdo uma ferramenta promissora para 0
desenvolvimento de novos farmacos, terapias e meétodos de controle de pragas e
patdgenos devido a sua toxicidade seletiva, seu amplo espectro de atividades e
caracteristicas que dificultam o desenvolvimento de resisténcia microbiana. A cultivar
Carioquinha de Capsicum annuum foi desenvolvida pelo Programa de Melhoramento
Genético da UENF com o intuito de ter maior resisténcia a fitopatdgenos. Varios
peptideos antimicrobianos obtidos de plantas do género Capsicum ja foram caracterizados
e suas atividades bioldgicas elucidadas. Neste sentido, esta tese apresenta um capitulo
dedicado a descrever a purificacdo e caracterizacdo bioquimica de trés destes peptideos
obtidos de folhas de C. annuum cv. Carioquinha, bem como suas atividades contra
leveduras do género Candida, seus possiveis mecanismos de acdo e toxicidade para
eritrécitos. Os peptideos sdo um inibidor de protease, uma defensina-simile e, um
peptideo transportador de lipideos do tipo 2 (LTP2), denominados CaCPin-Il, CaCDef-
like e CaCLTP2, respectivamente. O segundo capitulo descreve a obtencdo de uma fracao
enriquecida de CaCPin-Il e a atividade desta fracdo e do extrato de folhas de C. annuum
sobre o desenvolvimento de larvas do inseto praga Callosobruchus maculatus. O terceiro
e ultimo capitulo avalia a toxicidade dos trés peptideos para o possivel desenvolvimento
de novos farmacos e terapias, utilizando testes in vitro com células de mamiferos e testes
in vivo com o modelo invertebrado Galleria mellonella. Brevemente, os resultados
indicam que os peptideos causam diminuicdo da viabilidade celular e alteracdes
morfolGgicas e nas membranas de leveduras do género Candida. O extrato de folhas e
CaCPin-I1 possuem capacidade de inibir importantes enzimas envolvidas no metabolismo
de fungos e insetos, e interferem no desenvolvimento de C. maculatus. Os peptideos,
exceto CaCPin-Il, ndo sdo citotdxicos e ndo causam morte em G. mellonella. Conclui-se
que CaCPin-Il, CaCDef-like e CaCLTP2 possuem potencial para o desenvolvimento de

novos produtos biotecnologicos.

Palavras chave: Peptideos antimicrobianos; Capsicum annuum; bioprospecgéo.



ABSTRACT

CHERENE, Milena Bellei, D.Sc., Universidade Estadual do Norte Fluminense Darcy
Ribeiro, July, 2023. Biochemical characterization and biological activities of
antimicrobial peptides from leaves of Capsicum annuum cv. Carioquinha. Advisor:

Valdirene Moreira Gomes.

Plant antimicrobial peptides are a promising tool for the development of new drugs,
therapies and methods to control pests and pathogens due to their selective toxicity, their
broad spectrum of activities and characteristics that hinder the development of microbial
resistance. Capsicum annuum cv. Carioquinha was developed by the Programa de
Melhoramento Genético from UENF in order to have greater resistance to
phytopathogens. Several antimicrobial peptides obtained from Capsicum genus plants
have already been characterized and their biological activities elucidated. In this sense,
this thesis presents a chapter dedicated to describing the purification and biochemical
characterization of three of these peptides obtained from leaves of C. annuum cv.
Carioquinha, as well as its activities against yeasts of the genus Candida, its possible
mechanisms of action and toxicity to erythrocytes. The peptides are a protease inhibitor,
a defensin-like and a lipid transporter peptide type 2 (LTP2), called CaCPin-Il, CaCDef-
like and CaCLTP2, respectively. The second chapter describes the obtainment of an
enriched fraction of CaCPin-Il and the activity of this fraction and of the C. annuum leaf
extract on the development of larvae of the pest insect Callosobruchus maculatus. The
third and final chapter evaluates the toxicity of the three peptides for the possible
development of new drugs and therapies, using in vitro tests with mammalian cells and
in vivo tests with the Galleria mellonella invertebrate model. Briefly, the results indicate
that the peptides cause decreased cell viability and morphological and membrane changes
in yeasts of the genus Candida. The leaf extract and CaCPin-11 were able to inhibit
important enzymes involved in the metabolism of fungi and insects, and interfere with
the development of C. maculatus. The peptides, except CaCPin-Il, are not cytotoxic and
do not kill G. mellonella. We concluded that CaCPin-11, CaCDef-like and CaCLTP2 have
potential for the development of new biotechnological products.

Keywords: Antimicrobial peptides; Capsicum annuum; bioprospecting.
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1.1 - Introducéo

A utilizacdo de elementos da natureza e seus compostos bioativos para o combate
doencas e pragas e para defensa contra predadores é tdo antiga quanto a propria
humanidade, e as plantas constituem uma fonte abundante de tais compostos. Atualmente
a biodiversidade vegetal conta tanto com espeécies e variedades de ocorréncia natural,
como também com novas cultivares criadas ao longo dos anos pelo melhoramento
genético. O Brasil é o pais com a maior biodiversidade do mundo, e uma das plantas
nativas muito utilizada pelos povos originarios com fins medicinais e ritualisticos sao as
pimentas do género Capsicum (INSTITUTO SOCIOAMBIENTAL, 2016; MARINHO,
2014). Este género é originario das Ameéricas e conta com 38 espécies catalogadas
(CARRIZO GARCIA et al.,, 2016). Apds a expansdo maritima e colonizagdo das
Ameéricas estas pimentas se espalharam pelo mundo e hoje possuem importancia ndo s
cultural como econdmica (SILVAR; ROCHA; BARATA, 2022; TRIPODI et al., 2021).
A pesquisa com pimentas do género Capsicum iniciou-se na UENF em 1998, quando
criou-se um banco de germoplasma a partir da coleta de frutos em mercados e feiras do
estado do Rio de Janeiro, e hoje conta com varios acessos bem caracterizados e também
com algumas cultivares desenvolvidas e protegidas. A cultivar Carioquinha é uma das
linhagens de C. annuum desenvolvida pelo Programa de Melhoramento Genético de
Capsicum da UENF (Figura 1).

Capsicum annuum cv. Carioquinha

. . as " . Resistente a antracnose,
Pimentdo Hércules (Agroceres, Pimenta-Capsicum annuum )
1998) Chapingo- México mancha bacteriana e
J, l PepYMV virus
I UENF 1421 UENF 1381

A [ F,-Samy Pimenta,2012. | B ¢ i
Ls !
L6

Figura 1. Genealogia do Programa de Melhoramento de Capsicum da UENF para obtencéo

de linhagens recombinantes resistentes a mancha bacteriana. Folhas sem sintomas de mancha
bacteriana (A); forma e coloracdo de frutos (B) de C. annuum var. annuum cv. Carioquinha.
Campos dos Goytacazes, UENF, 2015. (Adaptado de Pimenta, S., 2015).
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Esta cultivar é proveniente do cruzamento entre os acessos UENF 1421 (Pimentao
Hércules — Agroceres, 1998) e UENF 1381 (Pimenta Chapingo — México), e é resistente
a mancha bacteriana causada por Xanthomonas euvesicatoria, um fitopatégeno bastante
comum que afeta pimentas (BENTO et al., 2017; PIMENTA et al., 2016).

Véarios compostos bioativos encontrados em pimentas do género Capsicum ja
foram isolados e caracterizados, dentre eles os peptideos antimicrobianos, do inglés
Antimicrobial Peptides (AMPs) (AFROZ et al., 2020; OLIVEIRA et al., 2022). Os AMPs
sdo componentes da defesa inata de todos organismos vivos, sendo expressos de forma
constitutiva, quando faz parte do programa de desenvolvimento normal do organismo, ou
induzidos, quando se trata da defesa do organismo a algum fator de estresse. Essa
moléculas sdo codificadas por genes, ou seja, sdo sintetizados nos ribossomos nas
conformac@es linear ou ciclica, e sdo compostos de L-aminoacidos em sua cadeia
polipeptidica (CARVALHO; GOMES, 2012). Essa caracteristica difere os AMPs de
outros peptideos com atividade antimicrobiana, como gramicidinas, bacitracinas e
polimixinas, que sao sintetizados dentro das células por grandes complexos enzimaticos
e possuem em sua cadeia polipeptidica aminoacidos nao protéicos com diversos tipos de
modificagdes (MARAHIEL; ESSEN, 2009; SIEBER; MARAHIEL, 2005). AMPs
apresentam variedade quanto a sequéncia, estrutura e conformacao, geralmente possuindo
12 a 100 residuos de aminoacidos. Sdo ricos em residuos de cisteina, o que favorece na
formacdo de pontes dissulfeto que promove a estabilidade, resisténcia a degradacdes
decorrentes a temperatura, alteracdo de pH e a¢des proteoliticas (MOOKHERJEE et al.,
2020). O mecanismo de acdo dos AMPs esta interligado a varios fatores, como sua
sequéncia de aminoacidos, sendo suas caracteristicas catidnicas e anfifilicas
determinantes na especificidade antimicrobiana. Portanto, apresentam baixa ou henhuma
toxicidade para células de mamiferos. Estudos tém demonstrado que em geral 0s
peptideos interagem com a membrana celular, através de rupturas ou permeabilizacéo,
mas também reagem com os elementos intracelulares, efetuam a inibi¢do da sintese de
DNA/RNA e de proteinas, controlando ou interrompendo o crescimento de
microrganismos (AHMED; HAMMAMI, 2019; CAMPOS et al., 2018).

A Figura 2 ilustra os principais mecanismos de a¢do dos AMPs tomando uma
célula bacteriana como modelo. Os modelos de interagdo com a membrana descrevem o
comportamento dos AMPs cationicos, que interagem com as moléculas eletricamente

carregadas da superficie das células-alvo sem a necessidade de receptores especificos;
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sdo eles: 0 modelo de aduela de barril, o poro toroidal, 0 modelo de carpete e 0 modelo
agregado (WEI; ZHANG, 2022).

Membrane action mode
0% o
@
: 50 © -HA‘/,: A“,.Axll , ¢ . ”n
5 ¥ 1

: :
K RAR LA ‘,‘»,‘-{ 7 Sy e
AR 0y

Barrel stave Toroidal pore Carpet Aggregate

(1) Membrane destruction

AN Adhere to membrane i~ ¢

(3) Promote the release I

of hydrolases to destroy Hydolases
cell wall structure (4) Inhibitenzymes

responsible for cell

/%f\ﬂﬂﬂn — M—l Enzyme wall synthesis

Folded protein <— :::::‘d" <— RNA +— D i
(2) Inhibit DNA, RNA and protein synthesis .

or protein folding

Intracellular action mode

Figura 2. Mecanismos de a¢cdo de AMPs antibacterianos. Os mecanismos incluem o modo de
acdo nas membranas e 0 modo de acdo intracelular. No modo de acdo na membrana, 0s AMPs
geralmente iniciam sua agdo aderindo-se a superficie da membrana celular via interacdes
eletrostaticas e hidrofdbicas, seguida da formagdo de poros transmembrana, que aumenta a
permeabilidade celular e geralmente leva a morte da célula. Para os AMPs cati6nicos, quatro
principais modelos estdo estabelecidos para descrever a formagéo de poros na membrana (1): as
aduelas de barril, o poro toroidal, 0 modelo carpete e 0 modelo de agregados. No modelo de agdo
intracelular, os AMPs alcancam o citoplasma e interfere em alvos intracelulares e no
metabolismo, ou seja, inibem a sintese de DNA, RNA e proteinas (2), promovem a liberacéo de
liases que destroem estruturas celulares (3) e inibindo a acdo de enzimas responsaveis pela sintese
da parede celular (4). (Adaptado de Wei e Zhang, 2022).

Apds a interacdo com os lipideos aniénicos das membranas, 0s AMPs em solucéo
aquosa assuem uma conformacdo em a-hélice anfifilica que promove a interagdo com a
membrana. AMPs ricos em estruturas em folhas- geralmente ndo passam por estas
mudangas conformacionais, pois as folhas-3 séo estabilizadas por pontes dissulfeto (LEE;
N. HALL; AGUILAR, 2015). O modelo de aduela em barril descreve a interagdo de
AMPs paralelamente ao plano da membrana, que depois movem-se para um plano
perpendicular a membrana e formam um poro de interior hidrofilico (KUMAR et al.,
2018; LEE; N. HALL; AGUILAR, 2015). No modelo de poro toroidal, os AMPs inserem-
se verticalmente na membrana e interagem com os lipideos para formar um poro com
formato de anel. No modelo de carpete os AMPs ndo formam poros e ndo interagem com

componentes hidrofobicos da membrana, mas recobrem a superficie externa da
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membrana formando clusters que lembram um carpete, 0 que culmina no colapso da
membrana formado varias estruturas micelares. No modelo de agregados, 0s AMPs se
ligam a superficie celular e quando atingem uma determinada concentracdo
reposicionam-se e formam canais de vazamento de ions e dgua. Este modelo também
explica a transferéncia de AMPs catidnicos para o citoplasma para atura em alvos
intracelulares. Alguns AMPs podem assim alcancar o interior da célula sem causar
ruptura direta da membrana, e levar a morte celular por inibir a sintese de DNA, RNA e
proteinas, promovendo a liberacdo de enzimas liticas ou inibindo enzimas envolvidas no
metabolismo (WEI; ZHANG, 2022).

1.2 - Peptideos antimicrobianos de plantas

Existem vérias classes estruturais de AMPs envolvidas na defesa das plantas. O
primeiro AMP de planta foi uma tionina isolada do trigo e desde entdo, centenas de outros
AMPs foram isolados de outras espécies vegetais. AMPs de plantas podem ser
classificados de acordo com suas estruturas tipicas ricas em cisteina, representados
principalmente pelos grupos dos ciclotideos, defensinas, tioninas, proteinas
transportadora de lipidios (LTPs), snakinas, heveinas-simile e knottinas-simile (OJEDA,;
CARDOSO; FRANCO, 2019; ZASLOFF, 2019). Ha também outras classes de AMPs,
com estruturas atipicas contendo poucos ou nenhum residuo de cisteina, como por
exemplo, o caso das hairpinias e de peptideos ricos em glicina (DE SOUZA CANDIDO
et al., 2014; LI et al., 2021). Devido a natureza dos AMPs isolados de folhas de C.
annuum neste trabalho, vamos abordar alguns aspectos bioquimicos e bioatividades do

grupo das defensinas, das LTPs e dos inibidores de protease tipo Pin-11.

As defensinas de plantas sdo peptideos basicos, contendo de 45 a 54 residuos de
aminoéacidos, com 4 pontes dissulfeto e massa molecular de pelo menos 5 kDa (VAN
LOON; REP; PIETERSE, 2006). Desde o isolamento da primeira defensina de planta do
endosperma de trigo em 1990, vérias outras ja foram descritas em varios tecidos de
dicotileddneas e monocotileddneas (PARISI et al., 2019). O peptideo maduro consiste
em 5 segmentos de loops ndo conservados, ligando a-hélices e folhas-p e gerando
estruturas mais complexas, e a assinatura molecular das defensinas é a presenga do y-core
motif (GXCX3-9C). Diferencas nas sequéncias dos loops conferem diferentes fungdes as
defensinas (SHER KHAN et al., 2019; VAN DER WEERDEN; ANDERSON, 2013). As
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caracteristicas anfifilicas das defensinas permitem que elas interajam com lipidios de
membrana especificos, porém, algumas defensinas requerem internalizagdo nas celulas
para exercerem suas fungdes. Estes peptideos alcangam o citoplasma de diferente formas,
incluindo endocitose dependente de energia, sistema de transporte de poliamina e
transporte passivo (LUO et al., 2021). Ja foram descritas diversas atividades bioldgicas
relacionadas as defensinas, como atividade antibacteriana, antiflngica, inseticida, e
antitumoral e inibidora de proteases e a-amilases (CAMPOS et al., 2018; KOVALEVA
et al., 2020) Defensinas sdo candidatos atrativos para o desenvolvimento de novas
terapias antimicrobianas e antitumorais devido a sua alta seletividade e baixa inducédo de

mecanismos de resisténcia de células tumorais e agentes infecciosos (HEIN et al., 2022).

As LTPs sdo uma classe de peptideos catidnicos, estruturalmente compactos,
abundantes e soltveis (SALMINEN; BLOMQVIST; EDQVIST, 2016), isolados pela
primeira vez de tubérculos de batata. E uma classe de AMP presente somente em vegetais,
no entanto, ndo esta presente na maioria dos vegetais inferiores. A funcao primarias das
LTPs é a transferéncia de lipideos (FINKINA et al., 2016). Devido a sua baixa
especificidade para substratos lipidicos, as LTPs de plantas sdo também chamadas de
proteinas transportados de lipidios ndo-especifica (nsLTP). Sua estrutura possui 4 pontes
dissulfeto bem conservadas, 4 a 5 a-hélices dobradas para formar uma estrutura ajustada
e resistente a desnaturacdo. Um motif de 8 cisteinas (C-Xn-C-Xn-CC-Xn-CXC-Xn-C-
Xn-C) esta presente em todas as LTPs. Baseado no seu padrdo de cisteinas e na sequéncia
de aminoacidos, as LTPs sdo subdivididas em classes, sendo as LTPs tipo 1 e LTPs tipo
2 as mais estudadas. Os peptideos do grupo das LTP1 possuem massa molecular de cerca
de 10kDa, enquanto os que pertencem ao grupo das LTP2 possuem massa de cerca de 7
kDa (EDQVIST et al., 2018). Cavidades hidrofdbicas sdo formadas para facilitar a
ligacdo e o transporte de lipidios (BERECZ et al., 2010). A cavidade hidrofdbica é
extremamente flexivel, podendo acomodar varios tipos de lipideos, e possuem a forma de
um tunel nas LTP1s e a forma conica nas LTP2s (MELNIKOVA et al., 2023). Foi
proposto que as LTPs podem interagir com os lipideos de membrana, translocando-os
para o meio extracelular, levando a permeabilizagdo de membranas e apoptose (FINKINA
et al., 2016). LTPs possuem uma variedade de atividades biol6gicas, tendo tanto um
papel fisiolégico importante na defesa de plantas, mas também possuem aplicacbes
terapéuticas devido a suas atividades antitumoral e antimicrobiana, com baixa toxicidade
para celulas de mamiferos (FINKINA et al., 2016; REGENTE et al., 2005). Estes
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peptideos possuem ainda aplicacdes biotecnoldgicas, no desenvolvimento de sistemas de
drug-delivering, na industria de alimentos, no desenvolvimento de cultivares resistentes
a estresses bidticos e abidticos e no diagndstico e tratamento de doencas alérgicas
(MELNIKOVA et al., 2023).

A familia dos inibidores de protease (Pls, do inglés Proteinase-Inhibitors)
possuem uma subclasse de inibidores de serino-proteases, muito comuns em plantas da
familia Solanaceae. Estes inibidores podem ser do tipo I, com 8kDa (Pin | — potato type
I inhibitor) ou do tipo Il, com 5 kDa (Pin Il — potato type Il inhibitor) (CHRISTELLER;
LAING, 2005; DUNSE et al., 2010; PAYNE et al., 2020). Um inibidor do tipo Pin-II
possui multiplos dominios inibitorios de repeticdo (IRDs) unidos por 5 a 6 regiGes ligantes
(linkers), que sdo liberados ap6s processamento proteolitico do Pin-Il parental (Figura
3A). No género Capsicum a quantidade de IRDs é 5, mas em outros géneros pode variar
de 2 a 5. Cada IRD possui de 50 a 55 residuos de aminoacidos e ¢ estabilizada por pontes
dissulfeto e uma regido denominada RCL (do inglés reactive center loop), que é o sitio
de interacdo primaria com a serino protease alvo. A regido ligante divide o IRD em cadeia
pesada e cadeia leve, estando o RCL localizado nesta Gltima cadeia. Os IRDs sao
classificados de acordo com sua regido ligante em tipo 1, cuja sequéncia € DPNRP; tipo
2, cuja sequéncia é EEKKN; e tipo 3, que ndo tem regido ligante (Figura 3B). Estas
regides especificas (linker, IRD e RCL) variam em nimero e sequéncia de aminoacidos
entre os diferentes inibidores tipo Pin-11 (YADAV; SAIKHEDKAR; GIRI, 2021).

A B
Processing of Pin-ll type Pls
Pin-Il type PI
Type-1 (DPRNP) H-L type
I l I -l. I H DPRNP L l
! Linker RCL RCL
Egﬁe C RCL Type-2 (EEKKN) L-H type
Proteolytic processing | L 1 EEKKN H
RCL
NE
1 . Type-3 (no linker) HeL type
[ | H L 1

Inhibitory repeat domains (IRD)

Figura 3. Estrutura dos inibidores de protease tipo Pin-11 e seus dominios inibitérios de
repeticdo (IRDs). (A) Modelo esquematico mostrando o processamento dos inibidores de
protease tipo Pin-1l em IRDs e (B) estrutura e classificagdo dos tipos de IRDs baseada na
sequéncia das regibes ligantes: Cadeia pesada (H), Cadeia leve (L) e as diferentes regibes ligantes
estdo codificadas por cores (Adaptado de Yadav, Saikhedkar e Giri, 2021).
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As proteases sdo enzimas que regulam a homeostase proteica, estando envolvidas
na regulacdo de varios processos celulares, tais como expressao génica, diferenciacéo,
defesa imunoldgica, migragdo e morte celular, portanto inibidores de proteases possuem
potencial para o desenvolvimento de farmacos e outros insumos. Inibidores tipo Pin-II
sd80 uma estratégia promissora como arcabouco para a engenharia de proteinas. Estes
peptideos podem ser usados como estratégia para o controle de insetos praga, como
Helicoverpa armigera (DUNSE et al., 2010) e como agentes antimicrobianos e
antifungicos (BARTOVA; BARTA; JAROSOVA, 2019). Potamina-l é um inibidor tipo
Pin-11 que inibe quimiotripsina, tripsina e papaina, e possui atividades antimicrobianas,

incluindo Candida albicans e Rhizoctonia solani (KIM et al., 2005).

1.3 - Os AMPs como moléculas promissoras no combate a microrganismos
resistentes

A descoberta da penicilina por Alexander Fleming e a criacdo de pesticidas para
aumentar a produtividade agricola nas lavouras trouxe mais qualidade de vida para a
humanidade. Ap6s muitos anos, o amplo uso de tais produtos gerou a selecdo de
microrganismos resistentes, fazendo com que muitos antimicrobianos ndo sejam mais
efetivos (WANG, 2015). Com isso, a ciéncia hoje trava uma batalha contra o
aparecimento de cepas de microrganismos com multipla resisténcia aos antimicrobianos
tradicionais. Segundo dados do CDC as infecgOes causadas por microrganismos
resistentes matam anualmente 700 mil pessoas no mundo. Estima-se que até 2050 o
namero de mortes por microrganismos resistentes chegue a 10 milhdes ao ano e que o
custo destas infeccdes cheguem a 1 trilhdo de ddlares (NGUYEN-VIET et al., 2017;
O’NEILL, 2016). O CDC em 2019 criou uma lista para enfrentamento de patégenos
resistentes, criando uma lista classificando patégenos resistentes de acordo com o nivel
de ameaca que eles representam para a satde publica. O grupo “ameagas urgentes”
refere-se aos patdgenos cuja ameaca requerem acles urgentes e agressivas, que inclui a
Candida auris e algumas bactérias resistentes aos antibidticos. O grupo “ameagas sérias”
refere-se a patdgenos cuja ameaca a satde publica requer a¢Ges rapidas e duradouras, que
e classificou como sérias as infeccOes por espécies do género Candida resistentes a
farmacos, e algmas bactérias como MRSA (Staphylococcus aureus resistente a
meticilina) e o bacilo da tuberculose resistente. O grupo “ameagcas relativas” refere-se aos

patdgenos que requerem monitoramento cuidadoso e ag¢des preventivas (CDC, 2019).
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Os fungos patogénicos, apesar de muitas vezes ignorados, representam uma
ameaca a salde publica, a seguranca alimentar e a biodiversidade (FISHER et al., 2012).
Segundo dados da GAFFI - Global Action Fund for Fungal Infection - mais de 300
milhGes de pessoas sofrem de doencas graves causadas por fungos, e a mortalidade anual
chega a 1.6 milhdes. Dentro desta perspectiva, em 2022 a Organizacdo Mundial de Saude
(WHO) criou uma lista de patégenos fungicos prioritarios para nortear as pesquisas e
acOes de saude publica, uma vez que a populagdo susceptivel a tais infeccbes, como por
exemplo pessoas imunucomprometidas e com comorbidades, vem aumentando nos
ultimos anos. Esta lista possui dezenove espécies que representam grave ameaca a saude
publica, divididas em trés categoria: ameaca critica, alta e média. As leveduras do género
Candida destacam-se por terem representantes nas trés categorias: C. auris e C. albicans
(critica); C. parapsilosis e C.tropicalis (alta); e C. krusei (média) (WHO, 2022). As
espécies de Candida sp causam desde infec¢Ges cutaneomucosas até infecgdes sistémicas.
Um em cada quatro pacientes internados com candidemia v&o a 6bito. Cerca de 7% das
candidemias sdo resistentes aos antimicrobianos disponiveis. A principal espécie
causadora de candidemia é a C. albicans, porém com baixos niveos de resisténcia. No
entanto, outras espécies ndo-albicans, incluindo C. glabrata e C. parapsilosis, séo
frequentemente resistentes e mais letais. Além disso, espécies altamente resistentes como
C. auris tém causado muitos problemas (CDC, 2013, 2019).

Estima-se que quase 4 milhdes de pessoas no Brasil tenham infec¢bes fungicas a
cada ano. Destas, 2,8 milhdes sdo infeccdes causadas por Candida sp e 1 milhdo por
Aspergillus sp. Segundo estudo do Conselho Federal de Medicina, cerca de 14,5% das
infeccBes em pacientes internados em UTIs sdo causadas por fungos, e este percentual
tende a aumentar (CFM, 2015). No Brasil, segundo dados da ANVISA de 2018, as
infeccdes por Candida spp sé@o a quarta maior causa de internacdes em UTI por Infeccdo
Primaria de Corrente Sanguinea (IPCS) associada a uso de Cateter Venoso Central
(CVC), estando o Staphylococcus coagulase negativa em primeiro lugar (ANVISA,
2018). Os principais antifungicos atualmente usados na terapéutica médica de humanos e
animais possuem muitos efeitos toxicos colaterais e ndo podem ser usados a longo prazo,
principalmente em infec¢bes sistémicas. Os principais antifungicos disponiveis no
mercado e aprovados pelas agéncias reguladoras pertencem trés classes principais:
triazois, polieneos (representados pela anfotericina B) e equinocandinas. Muitas espécies

do género Candida adquiriram resisténcia a estes antifungicos usados como primeira e
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segunda opcdo terapéutica, como o fluconazol e capsofungina (BEN-AMI;
KONTOYIANNIS, 2021; TAVEIRA et al., 2022). O uso indiscriminado de azéis como
farmacos e pesticidas € um fator que leva ao aparecimento de resisténcia em fungos,
incluindo espécies do género Candida (BASTOS et al., 2019; BRILHANTE et al., 2019).

As propriedade catibnicas e anfifilicas da maioria dos AMPs o0s torna seletivos
para as superficies eletricamente carregadas de microrganismos e células tumorais. Além
da acdo direta nas membranas das células-alvo, os AMPs podem atuar na modulagéo da
imunidade do hospedeiro ajudando na resposta imune (Figura 4), o que torna estas
moléculas uma alternativa promissora para o desenvolvimento de novas terapias. Os
AMPs induzem a resposta imune do hospedeiro para combater parasitas e células
tumorais modulando tanto a resposta humoral como a resposta celular. As defensinas séo

0 grupo de AMPs com papel de destaque na imunorregulacdo (WEI; ZHANG, 2022).
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Figura 4. AMPs na modualgdo da resposta imune do hospedeiro. A bioatividade dos AMPs
inclui regulacdo imunoldgica e acbes de amplo espectro ou inespecificas contra bactérias, virus,
parasitas ou células cancerigenas (Wei e Zhang, 2022).

Embora os AMPs sejam uma alternativa interessante para o desenvolvimento de
farmacos, poucas pesquisas com este objetivo avancam para a fase pré-clinica de testes
com animais. A instabilidade fisica e quimica dos peptideos, a meia-vida curta, a
degradacdo proteolitica e as caracteristicas farmacocinéticas e farmacodindmicas dos
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AMPs sdo os principais obstaculos para sua aplicacao clinica. Porém, uma solucdo € o
encapsulamento destas moléculas para aumentar sua estabilidade em sistemas vivos
(CARDOSO et al., 2020; CHEN; LU, 2020). Mais de 3000 AMPs j& foram identificados,
mas poucos avancam para a fase de testes clinicos. Alguns poucos peptideos
antimicrobianos de sintese enzimatica, como as gramicidinas e polimixinas, possuem
aprovacdo pela agéncia reguladora U.S. Food and Drug Administration (FDA), e a
maioria deles é utilizada para uso topico em infec¢bes bacterianas e fungicas da pele
(GRECO et al., 2020; KOO; SEO, 2019). A toxicidade para celulas de mamiferos é o
principal gargalo para a aprovacdo de peptideos bioativos (GUPTA et al., 2015).
Encontrar o equilibrio entre a bioatividade do AMP e a seguranca para o paciente é o
principal desafio para o desenvolvimento de farmacos. No entanto, AMPs de origem
natural podem servir de arcabouco para o desenvolvimento de farmacos com toxicidade
reduzida, mantendo ou aumentando suas bioatividades. Para isso, peptideos sintéticos
podem ser desenhados para ter maior toxicidade seletiva, através do ajuste de sua
composi¢cdo de aminoécidos e estrutura da cadeia peptidica, ou AMPs podem ser
conjugados com outras moléculas, tais como biopolimeros, nanoparticulas magnéticas,
lipossomas e outros compostos para a criacdo de sistemas de drug-delivery (WEI,
ZHANG, 2022).

1.4 - Os AMPs e outros inibidores de proteaese como alternativa no controle de
insetos pragas

Além da problematica causada pelo uso irracional de antimicrobianos como
farmacos, o uso de antimicrobianos e pesticidas em toda cadeia produtiva de alimentos é
necessario, pois torna possivel aumentar a produtividade agropecuéria para satisfazer a
demanda criada pelo crescimento populacional (SAATH; FACHINELLO, 2018). Tais
insumos deixam residuos nos alimentos, na agua, no ambiente, que também acabam por
contribuir para o aparecimento de microrganismos multirresistentes (BASTOS et al.,
2019; BRILHANTE et al., 2019; O'NEILL, 2016). A pesquisa biotecnologica nos dias
atuais deve ser pensada dentro do conceito de Satde Unica pois a saude humana é
interdependente de todas as outras espécies e do meio ambiente (MACKENZIE; JEGGO,
2019) exigindo a criacdo de novas substancias de interesse biotecnoldgico para uso na
agropecuaria que proporcionem o desenvolvimento sustentavel e impactos positivos na

economia mundial e do Brasil.
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O Brasil é 0 segundo pais em exportacdo de alimentos segundo dados da FAO de
2020. O agronegaocio é responsavel por grande parte da economia do pais, representando
21% do PIB e por metade das exportagdes no ano de 2019 segundo dados publicado no
G1 em marcgo deste ano (TOOGE, RIKARDY, 2020). Para exportar alimentos, 0s
mesmos devem obedecer a uma série de normas sanitarias internacionais, que
estabelecem a qualidade microbiologica, a presenca de pesticidas, micotoxinas e outros
parametros (SCUSSEL; BEBER; DE SOUZA KOERICH, 2016). Por isso, é importante
investir em tecnologias que aumentem a produtividade mas mantenha o padrdo que é
exigido pelos paises compradores. Ainda segundo a FAO, o Brasil é o quarto maior
produtor de alimentos, mas também é um dos que mais desperdica. Uma parte do
desperdicio ocorre pos-colheita, onde produtos agricolas podem ser deteriorados por
microrganismos e insetos. Fungos e oomicetos destroem um terco das colheitas mundiais
anualmente, o que daria para alimentar 600 milhGes de pessoas (FISHER et al., 2012).
No Brasil, as perdas anuais causadas por insetos em gréos armazenados chegam a 10%
(LORINI, 2015). E preciso buscar substancias que aumentem a durabilidade dos

alimentos, garantindo a seguranca alimentar do consumidor do campo até a mesa.

Os grdos sdo uma importante fonte nutricional devido ao fato de armazenarem
nutrientes (POUTANEN et al., 2021). Dentre os grdos usados na alimentagdo, as
leguminosas representam uma importante fonte de proteinas em locais onde a proteina
animal ndo é acessivel para toda a populacdo (FAO, 2016). O feijdo de corda (Vigna
unguiculata) é uma fonte de proteinas relevante para paises em desenvolvimento
(ABEBE; ALEMAYEHU, 2022) e o Callosobruchus maculatus (Coleoptera:
Chrysomelidae: Bruchinae) € a principal peste que afeta V. unguiculata no periodo pos-
colheita (CARDOSO et al., 2017), podendo afetar também outras espécies do género
Vigna e outras espécies de leguminosas, como soja (Glicine max) e ervilhas (Lens
culinaris) (TUDA et al., 2014). A Figura 5 mostra a morfologia de um macho e uma
fémea de C. maculatus. A infestacdo pelo inseto é dificil de controlar devido & grande
guantidade de ovos colocados pelas fémeas e ao seu curto ciclo de vida (BECK;
BLUMER, 2011). O inseto bruquideo C. maculatus foi 0 modelo de estudo deste trabalho
para avaliar a atividade inseticida de extrato de folhas de C. annuum e correlaciona-la

com um AMP inibidor de protease presente neste extrato.
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Figura 5. Vista dorsal de um macho e uma fémea de Callosobruchus maculatus. Fotos do
macho e da fémea estdo na mesma escala. Os quadrados medem 1mm. (Adapatado de Beck e
Blumer, 2011).

Muitos compostos de origem vegetal com atividade inseticida e repelente ja foram
descritos na literatura. Dentre eles destacam-se os metabdlitos secundarios, como
piretrinas, rotenonas, azadiractina e 6leos essenciais, e 0s compostos de natureza proteéica,
como AMPs do grupo dos ciclotideos, defensinas e inibidores de protease, além de
compostos com maior massa molecular, como vicilinas e lectinas (VELASQUES et al.,
2017). Dentre os AMPs, os ciclotideos merecem destaque devido ao fato de ja haver no
mercado um inseticida denominado “Sero X” desenvolvido na Australia ¢ formulado a
partir de extrato de Clitoria ternatea contendo estes peptideos, que é usado como
biopesticida no combate da larva do lepidoptero Helicoverpa armigera, a principal praga
de lavouras de algoddo (GROVER et al., 2021). Esta familia compreende peptideos com
28 - 37 residuos de aminoacidos ligados em uma estrutura ciclica cabeca-cauda, contendo
trés ligacdes dissulfeto que conferem um arranjo estrutural caracteristico denominado de
no de cistina ciclico (Cyclic Cystine Knot — CCK) (CRAIK et al., 2012). Os mecanismos
de acdo dos compostos protéicos no intestino médio dos insetos estdo representados na
Figura 6.

As defensinas possuem atividade inibidora de amilases e reduzem a
biodisponibilidade de aclcares para o desenvolvimento do inseto, assim como 0s
inibidores de protease reduzem a biodisponibilidade de aminoacidos provenientes das
proteinas da dieta. Ciclotideos, vicilinas, lectinas e subunidades da albumina atuam
diretamente na membrana peritrofica do intestino médio do inseto, interferindo na
absorcéo de nutrientes (VELASQUES et al., 2017). Também ja foi descrita uma lectina
isolada de peconha de aranha que atravessa a parede do intestino medio do inseto

chegando a hemolinfa e exercendo sua atividade inseticida (FITCHES et al., 2004).
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Devido a um dos peptideos isolados neste trabalho ser um inibidor de protease tipo Pin-

I1, vamos abordar com mais detalhes a atividade inseticida dos inibidores de protease.
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Figura 6. Mecanismos de a¢ao de moléculas inseticidas de natureza proteica. Os mecanismos
de acdo de compostos proteicos no intestino médio de insetos principalmente como antinutrientes,
interferindo na absorcédo de nutrientes. Sua natureza constitutiva os torna uma classe interessante
de compostos de defesa a serem expressos por engenharia genética (Adaptado de Velasques et
al., 2017).

Os inibidores de protease (PIs) sdo um grupo promissor para a criagdo de novas
cultivares através da expressao heterologa, e varios estudos com plantas transgénicas ja
foram feitos para aumentar a resisténcia de plantacdes aos insetos e fitopatdgenos
resistentes aos pesticidas disponiveis no mercado (VELASQUES et al., 2017). Estes
inibidores estdo presentes em todos os tubérculos e sementes de leguminosas, mas
também sdo expressos em varios outros oOrgdos de plantas de diferentes grupos
taxonémicos (MOSOLOV; VALUEVA, 2005). Pls possuem papel importante na defesa
de plantas contra insetos herbivoros, pois inibem suas enzimas do trato digestorio
reduzindo a biodisponibilidade de amino&cidos para seu crescimento e desenvolvimento.
A massa molecular dos Pls varia de 3 a 25 kDa e seu mecanismo de ag¢do envolve a
formacdo de um complexo estavel com a protease alvo bloqueando seu sitio ativo.
Antigamente eram classificados de acordo com o tipo de protease que inibiam (serino,

cisteino, metaloproteases e aspartato proteases), no entanto, alguns PIs podem inibir mais
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de uma classe de protease (HABIB; FAZILI, 2007; RAWLINGS; TOLLE; BARRETT,
2004). Atualmente a classificacdo proposta por Rawlings et al. 2004, agrupa os Pls em
pelo mesmo 16 familias baseado na sua similaridade de sequéncia, e disponiveis em um
banco de dados de Pls de plantas (LEO et al., 2002; VELASQUES et al., 2017). Os
inibidores de proteases tipo Pin-11 sdo encontrados principalmente em plantas da familia
Solanaceae, tendo varios deles isolados de plantas do género Capsicum. Estes peptideos
possuem atividade inseticida em larvas de Helicoverpa armigera (MISHRA et al., 2010,
2012).

1.5 - Plantas do género Capsicum como fonte para obtencdo de AMPs

O género Capsicum pertence a familia Solanaceae. Esse género se destaca pela
sua importancia comercial e econémica, sendo amplamente utilizado no setor alimenticio,
ornamental e medicinal. Engloba as plantas popularmente conhecidas como pimentas e
pimentdes (MOSCONE et al., 2007). A pimenta € descrita como um alimento funcional
devido as suas propriedades bioldgicas que favorecem a prevencdo e até mesmo o
tratamento de doencas como diabetes, cancer, problemas cardiovasculares, sendo também
utilizada como matéria-prima na formulacdo de remédios caseiros que aliviam dores
musculares, reumatismo, desordens gastrointestinais e na prevencao de arteriosclerose
(ALVAREZ-PARRILLA et al., 2011).

No Brasil as pimentas sdo cultivadas principalmente nos estados de Minas Gerais,
Bahia e Goias. O género Capsicum origina-se de zonas tropicais e Umidas da América
Central e do Sul. Das espécies do Capsicum, trés sao muito propagadas e tem frutos com
muita pungéncia, o C. annuum, C. frutescens e o C. chinense. A pungéncia do fruto
Capsicum é devida a um grupo de compostos chamados capsaicindides que estdo
presentes em diferentes quantidades nas variedades de pimentas (AL OTHMAN et al.,
2011).

Nos dltimos 20 anos um grande nimero de AMPs de plantas foram isolados e
caracterizados (LI et al., 2021; SANTOS-SILVA et al., 2020), incluindo aqueles isolados
de plantas do género Capsicum (AFROZ et al., 2020; OLIVEIRA et al., 2022). J& foram
isolados e caracterizados varios AMPs de Capsicum sp, como: defensinas (ANAY A-
LOPEZ et al., 2006; GEBARA et al., 2020; MARACAHIPES et al., 2019); proteinas
transportadoras de lipideos (LTPs) (DIZ et al., 2006); inibidores de proteases (DA SILVA
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PEREIRA et al., 2018; DIZ et al., 2006; RIBEIRO et al., 2007); AMPs tionina-simile
(TAVEIRA et al., 2014); y-tionina (DIAZ-MURILLO et al., 2016); e heveina-simile
(GAMES et al., 2016). Os mecanismos de acao e atividades bioldgicas destes peptideos
de Capsicum tém sido elucidados apresentando efeito similar a apoptose em fungos
(RIBEIRO et al., 2007) com inducdo de especies reativas de oxigénio e nitrogénio,
permeabilizacdo de membranas de microrganismos (SILVA et al., 2017; TAVEIRA et
al., 2014, 2018). Além disso, AMPs de Capsicum sp tém sido expressos em sistemas
heter6logos para obtengdo de plantas com maior resisténcia a pragas e fitopatdgenos
(MOGUEL-SALAZAR et al., 2011).

As defensinas isoladas e caracterizadas de plantas do género Capsicum geralmente
estdo envolvidas na defesa contra fitopatdgenos, principalmente fungos (ANAYA-
LOPEZ et al., 2006). Defensinas de Capsicum sp. possuem atividade contra fungos
filamentosos, como Fusarium oxysporum, Botrytis cinerea (MEYER et al., 1996) e
Colletotrichum gloeosporioides (MARACAHIPES et al., 2019), mas também ja foi
descrita atividade contra leveduras do género Candida e contra Mycobacterium
tuberculosis (AGUIEIRAS et al., 2021; GEBARA et al., 2020). Atividades antifingicas
também j& foram descritas para LTPs isoladas de Capsicum sp., como por exemplo,
contra as leveduras C. albicans, Saccharomyces cerevisiae e S. pombe (DIZ et al., 2006),
e fungos filamentosos C. lindemunthuianum e F. oxysporum (CRUZ et al., 2010). Até o
momento ndo foram descritas atividades antimicrobianas de inibidores de protease tipo
Pin-11 isolados de plantas do género Capsicum, sendo descritas somente atividades

inseticidas para esta classe de AMP.

A Figura 7 resume os diferentes peptideos antimicrobianos e os genes dos
peptideos antimicrobianos ja identificados em plantas do género Capsicum até o ano de
2022 (OLIVEIRA et al., 2022).
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Gene name  Peptide Number of Molecular Family Plant Species Antimicrobial activity in vitro ~ Reference
name amino acid  mass organ
residues
PepThi = - - Thionin-like Fruits, C. grunwm  not determined Ohetal.
Leaves, (1993)
Stems,
and
Roots
CATHIONI - - - Thionin Leave C. annunm not determined Lee et al.
(2000a)
- CaThi - ~6kDa Thionin Fruit C. annuum  F solani Taveira et
C. parapsilosis al. (2014
C. pelliculosa 2016; 2007)
C. buinensis
C. mogii
8. cerevisiae
C. albicans
C. tropicalis
E. coli
E aeruginosa
Ji N 48 ~5kDa Defensin Fruit C. armmunm F. oxysporum Meyer et al.
B. cinerea (1996)
ji-Tandji-2 - - - Defensin - C. annunm not determined Meyer et
al. (1996);
Houlné et
al. (1998);
Oh et al.
(1999)
CADEF} - - - Defensin Stem, C aniurrt not determined Do et al.
Root, (2004}
and
Fruit of
unripe
peppers
CDefl CDefl 47 52 kDa Defensin Fruit C annurm not determined Maarof ct
al. {2011)
- IIFF7Ca - ~3 kDa Defensin Fruit C annurm C. glocosporieides Maraca-
hipes et al.
(2019a)
- Cadefl -4 5kDa Defensin Fruit C. annunmt - C. glovosporioides Maraca-
hipes ct al,
(2019}
CanThiol CanThiol G T,22kDa  Defensin Flowers  C. guaunm not determined Mikte et al.
CanThio?  CanThio2 72 836 kDa (2019}
CentThio3 CanThic3 63 7,13 kDa
CanThiod CanThiod &l 9,32 kDa
CanThio3 CanThia3 59 6,73 kDa
CenThiod CanThio6 539 6,70 kDa
CanThio? CanThio? 59 6,73 kDa
CanThiod CanThicoR 59 6,81 kDa
- CaDeF2.1 40 5kDa Defensin Fruit C.oamnren C. brinensis Gebara et
. CaDeF22 40 ~6 kDa C. tropicalis al, (2020}
C. parapsilosis
M tubercalosis
- CeDef3 - ~f,5kDa Defensin Fruit C. chinense  C. afbicans Apguiciras ct
C. hulnensis al. (2021}
C. tropicalis
CALTPT - - - LTP Leaves, C awmmnm not determined Jung et al.
CALTPH - . . Stalks, (2003)
CALTPI - - - Fruit
CelTP CcLTP-27 136 13.5kDa LTP Fruit C. chinense  not determined Liu et al.
CeLTP+27 145 14.3 kDa (2006)
- F1 - ~10kDa LTP Seed C. annuwim . albicans Diz et al.
5. cerevisiae (2006)
8. pombe
- CMI - 9 kDa LTP Seed C. annuem F. oxysporum Cruzetal.
C. lindemunthianm (2010)

S. cerevisiae

P. membranifaciens
C. tropicalis

C. albicans
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Gene name  Peptide Number of Molecular Family Plant Species Antimicrobial activity in vitro  Reference

name amino acid mass organ
residues
Ca-LTR, - OkDa LTP Seed Commnenm C findemnnthionume Dz et al.
O, tropicinlis {2011}
CalfF2 CaMF2 O oaikla  LTP Anther O evemeem ol determined Chen et al,
{20000
PSI-1.1 55 H,05 kD Pl Seed O envpieierer 0o determined Anccheva et
al. [199h)
PLPIg - GkDa Pl Leaves O o not determined Moura and
Revan (2001
P51-12 52 - Pl Seed O v nod determined Antcheva et
al. (2001}
Capal - -12kDa Pl Leaves O ol nod dedermined Tamhane et
- CapAZ - ~12kDa al. (2005}
CanPl-7 CanPl-7 - 25 kDa P - O evniererd 0ot determined Mishra et al.
CeaP-15 CanPI-13 - fikDa {20H3)
- PEF2 -A - SkDa Pl Seed O eflnense O albicans Dias e1 al.
P memibwanifoclens {2013)
5. cevevislae
C. wrepiealls
K. maralannus
PEF2-B - B85 kDa Pl Seed O eftinense  nod determined
PEF3 - SkDu Pl Seed C. chinense  nod determined
HyPep - 6 kDu Pl Sewd O aivnnm 8 covevision Bard et al.
Hybrid O, albicans {2015)
(Ikedu X C. tropicaliz
LIEMF K. marxianns
1381)
CaTl - 6 kDa Pl Seed Commnerom 8, covevisioe Ribein e
. tropicilis al. (2012
C, albicans Silva et al,
K. marxianns {201 7a, by
. glocosporioides
C. findemuithiannn
F ocysperaum
Ha - G kDa Vieilin-like -« C. 8. cerevisioe Bard et al.
baccatwm  C, alfbicans {20143
O trapicilis
K. orarxionms
Ca=Alb - - 2S5 albuman Seed O ewneeremd K, wraraionms Fibyeiro et
C, treapicinlis al. (2012)
C llicans
8 cerevisiae
HEY-CAMN a0 4258 kDa  Hevein-like Leaves O weewnm Clavileeter sichiganensiv ssp, Games etal,

rJrJ':'h.;gr.lrmr.ﬂ'.T {20116
Reaturouricr sodanacearig

Figura 7. Peptideos antimicrobianos e genes de peptideos antimicrobianos identificados no
género Capsicum (Adaptado de Oliveira et al., 2022).

O conhecimento das propriedades dos AMPs facilita seu isolamento, classificacéo,
além da criacdo de AMPs , que permite aos pesquisadores desenvolverem novos produtos
com potencial agronémico e farmacoldgico, que causem menos impacto ao meio
ambiente e a saude dos usuarios (CAMPOS et al., 2018; PORTO et al., 2018). Os AMPs
constituem uma estratégia com muitas vantagens para o desenvolvimento de novos
antimicrobianos: possuem um amplo espectro de atividade, baixa capacidade de induzir
resisténcia, podem agir em sinergia com antimicrobianos tradicionais e podem modular a
resposta imune e neutralizar endotoxinas (BOTO; DE LA LASTRA; GONZALEZ, 2018;
MISHRA et al.,, 2017). A pesquisa de novas alternativas ao combate de pragas e

patdgenos, como o uso de AMPs isolados de plantas, colabora em atender varios objetivos
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dispostos na Agenda 2030 da ONU para o Desenvolvimento Sustentavel (ONU, 2015),
como por exemplo o objetivo 2 (Acabar com a fome, alcancar a seguranca alimentar e
melhoria da nutricdo e promover a agricultura sustentavel) e o objetivo 3 (Assegurar uma
vida saudavel e promover o bem-estar para todos, em todas as idades).

Conhecer e preservar a flora e os conhecimentos etnofarmacoldgicos de nosso
pais, como é o caso do uso das plantas do género Capsicum, é importante para a criagdo
de novos produtos biotecnoldgicos e para a conservacdo da biodiversidade, ajudando a
conter doengas infecciosas e pragas. Esta tese teve como objetivo isolar e caracterizar
peptideos antimicrobianos de folhas da cultivar Carioquinha de C. annuum var. annuum
e avaliar suas atividades antifungicas e inseticidas e sua toxicidade in silico, in vitro e in
vivo para animais. A tese estd organizada em trés capitulos referentes a artigos cientificos
produzidos durante o doutorado. Cada capitulo possui uma introducdo, resultados e
discussao, além de descrever os métodos utilizados. No final da tese sdo apresentadas as

principais conclusdes do trabalho.
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Objetivo Geral

Isolar e caracterizar peptideos antimicrobianos de folhas da cultivar Carioquinha
de C. annuum var. annuum e avaliar suas atividades antifingicas e inseticidas e sua

toxicidade in silico, in vitro e in vivo para animais.

Objetivos Especificos

Purificar e caracterizar bioquimicamente peptideos antimicrobianos de folhas de

C. annuum:;

Avaliar o efeito antifingico dos peptideos caracterizados e 0s possiveis

mecanismos de acdo destes em leveduras do género Candida;
Obter a fracdo contendo inibidor de protease no extrato de folhas de C. annuum;

Comparar o efeito da fragdo contendo o inibidor de protease com o do extrato total

de folhas de C. annuum no desenvolvimento do inseto C. maculatus;

Avaliar a citotoxicidade in vitro dos peptideos contra células de mamiferos e seus

possiveis mecanismo de acdo nestas células;

Avaliar a toxicidade in vivo dos peptideos usando larvas de Galleria mellonella

como modelo de estudo.
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Structural and biochemical characterization of three
antimicrobial peptides from Capsicum annuum L. var. annuum

leaves for anti-Candida use
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Resumo

O surgimento de microrganismos resistentes reduziu a eficacia dos antimicrobianos
atualmente disponiveis, necessitando o desenvolvimento de novas estratégias. Peptideos
antimicrobianos de plantas, do inglés Antimicrobial Peptides (AMPs), sdo candidatos
promissores para o desenvolvimento de novos medicamentos. Neste estudo, objetivamos
isolar, caracterizar e avaliar as atividades antimicrobianas de AMPs isolados de Capsicum
annuum. O potencial antifangico foi testado contra espécies de Candida. Trés AMPs de
folhas de C. annuum foram isolados e caracterizados: um inibidor de protease, uma
proteina defensina-simile e uma proteina transportadora de lipideos, respectivamente
denominados CaCPin-Il, CaCDef-like e CaCLTP2. Todos os trés peptideos tinham
massa molecular entre 3,5 e 6,5 kDa e causaram alteragdes morfoldgicas e fisiologicas
em quatro diferentes espécies do género Candida, como formacdo de pseudohifas,
aumento de volume e aglutinagéo celular, inibi¢do do crescimento, reducgéo da viabilidade
celular, estresse oxidativo, permeabilizacdo de membrana, e ativacdo da metacaspase.
Com excecdo da CaCPin-Il, os peptideos apresentaram baixa ou nenhuma atividade
hemolitica nas concentracdes utilizadas nos ensaios de levedura. CaCPin-Il inibiu a
atividade da a-amilase. Juntos, esses resultados sugerem que esses peptideos tém
potencial como agentes antimicrobianos contra espécies do género Candida e podem

servir como arcaboucos para o desenvolvimento de peptideos sintéticos para esse fim.

Palavras chave: antifungicos; peptideos bioativos; género Candida; Capsicum annuum

Highlights

. antimicrobial resistance has increased the fungal infections incidence

. antimicrobial peptides (AMPs) can be used for the development of new drugs

. AMPs were isolated from Capsicum annum extract with a single step methodology

. C. annuum AMPs with antifungal potential were isolated and characterized
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Abstract

The emergence of resistant microorganisms has reduced the effectiveness of currently available antimicrobials, necessitating
the development of new strategies. Plant antimicrobial peptides (AMPs) are promising candidates for novel drug development.
In this study, we aimed to isolate, characterize, and evaluate the antimicrobial activities of AMPs isolated from Capsicum
annuum. The antifungal potential was tested against Candida species. Three AMPs from C. annuum leaves were isolated
and characterized: a protease inhibitor, a defensin-like protein, and a lipid transporter protein, respectively named CaCPin-II,
CaCDef-like, and CaCLTP2. All three peptides had a molecular mass between 3.5 and 6.5 kDa and caused morphological and
physiological changes in four different species of the genus Candida, such as pseudohyphae formation, cell swelling and agglu-
tination, growth inhibition, reduced cell viability, oxidative stress, membrane permeabilization, and metacaspase activation.
Except for CaCPin-II, the peptides showed low or no hemolytic activity at the concentrations used in the yeast assays. CaCPin-
I inhibited a-amylase activity. Together, these results suggest that these peptides have the potential as antimicrobial agents
against species of the genus Candida and can serve as scaffolds for the development of synthetic peptides for this purpose.

Keywords Antifungal - Bioactive peptides - Candida genus - Capsicum annuum

Introduction exposure to a stress factor. AMPs contain 12—-100 amino
acid residues and vary in their conformation and sequence
Antimicrobial peptides (AMPs) play a role in the defense ~ [1, 2]. Many structural classes of AMPs are involved in
and can be expressed constitutively as part of the organ-  plant defense, mainly represented by groups of defensins,

ism’s normal developmental program or induced upon  thionins, lipid transport proteins (LTPs), and circular
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peptides (i.e., cyclotides) [3, 4]. Structural diversity is the
most striking feature of plant AMPs; however, they share
some common characteristics such as a relatively low
molecular weight (less than 10 kDa) and a variable number
of cysteine residues that form disulfide bonds and contrib-
ute to the stabilization of the tertiary structure. Different
structural classes of AMPs have compact structures and
are resistant to chemical and proteolytic degradation. They
also have amphipathic properties, with both a positively
charged hydrophilic region capable of interacting with ani-
onic residues and a hydrophobic region that interacts with
lipids [5, 6]. In general, AMPs have broad inhibitory activ-
ity against the growth and development of other organisms
such as filamentous fungi, yeasts, bacteria, viruses, proto-
zoa, and insects [1]. AMPs can disrupt and permeabilize
membranes by interacting with cell membrane components
and/or intracellular targets, inhibiting DNA/RNA and pro-
tein synthesis, and controlling or interrupting the growth
of microorganisms [7, 8].

The indiscriminate use of antimicrobials has resulted
in the emergence of microorganisms that are resistant to
conventional drugs. Although often overlooked, patho-
genic fungi pose a threat to public health, biodiversity,
and food safety [9]. More than 300 million people suf-
fer from serious fungal diseases with an estimated annual
mortality of 1.6 million [10]. Almost 4 million people in
Brazil are expected to have fungal infections each year.
Of this total, 2.8 million are infections caused by Candida
sp. and 1 million by Aspergillus sp., which mainly affect
immunocompromised individuals [11]. Candida sp. can
cause mucosal, cutaneous, and systemic infections, and
resistant Candida infections are classified as serious by
the Center for Disease Control and Prevention (CDC) [12].
Approximately 7% of candidemia cases are resistant to
available antimicrobials, and the lethality in hospitalized
patients is estimated at 25%. Candida albicans is the most
prevalent species in candidemia, although it has low resist-
ance levels. Conversely, other species, such as Candida
glabrata and Candida parapsilosis are often resistant and
lethal [12, 13].

Because AMPs have diverse mechanisms of action,
broad-spectrum activity, and biochemical characteristics
that hinder the evolution of resistance, the development
of new drugs derived from them is a promising strategy
[14, 15]. Additionally, AMPs have the advantage of low
or no toxicity to animal cells [16, 17]. In recent years,
the genus Capsicum has been regarded as an important
source of molecules that stand out as possible candidates
to overcome microbial resistance to conventional drugs
[18]. Several Capsicum AMPs have been isolated and
characterized, including defensins [19-21], lipid trans-
port proteins (LTPs) [22], proteinase inhibitors [22-24],
thionin-like peptides [25], y-thionins [26], and hevein-like

@ Springer

peptides [27]. The mechanisms of action of the AMPs iso-
lated from Capsicum have not been completely elucidated;
however, they have been shown to trigger events that acti-
vate programmed cell death [28], including morphological
changes, increased membrane permeabilization, produc-
tion of reactive oxygen species (ROS), and dissipation of
mitochondrial potential [24, 25, 29]. In previous work, our
research group purified and characterized several AMPs
isolated from C. annuum. Here, we isolated, characterized,
and evaluated the antifungal activity and mechanisms of
action of three AMPs isolated from C. annuum leaves.

Materials and Methods
Biological Material

Seeds of Capsicum annuum L. var. annuum (cv. Cari-
oquinha) were provided by the Laboratério de Melhora-
mento Genético Vegetal, Centro de Ciéncias e Tecnologias
Agropecuarias, Universidade Estadual do Norte Flumin-
ense Darcy Ribeiro, (UENF), Campos dos Goytacazes, Rio
de Janeiro, Brazil. Seeding was carried out in polyestirene
foam of 72 cells with commercial substrate and kept in a
growth chamber with a controlled temperature of 28 °C
and a photoperiod of 12 h. When the seedlings exceeded
10 cm in height, they were transplanted into 5 L pots and
transferred to the greenhouse. At 60 days, the leaves were
cut close to the petiole and used for peptide extraction.

The yeasts Candida tropicalis (CE017), Candida albi-
cans (CE022), and Candida parapsilosis (CE002) were
provided from Departamento de Biologia, Universidade
Federal do Ceard, Fortaleza, Brazil. The yeast Candida
buinensis (3982) was provided from Micoteca URM from
Universidade Federal de Pernambuco, Recife, Pernam-
buco, Brazil. Candida yeasts were kept on Sabouraud 2%
glucose agar (Merck) at the Laboratério de Fisiologia e
Bioquimica de Microrganismos, from Centro de Biocién-
cia e Biotecnologia, UENF, Campos dos Goytacazes, Rio
de Janeiro, Brazil.

Extraction, Purification, and Biochemical
Characterization of Peptides

C. annuum leaves (10 g) were macerated and extracted with
30 mL of 60% methanol (v/v) at room temperature over a
period of 24 h. The extract was filtered to remove debris and
partitioned with dichloromethane (1:1, v/v) at room tem-
perature for a period of 24 h and the aqueous phase were
separated and concentrated by lyophilization.

The leaves extract (0.1 g) was dissolved in 10 mL of 20%
acetonitrile, filtered with 0.22 um pore size Millex® syringe
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filter and injected onto a high-performance liquid chroma-
tography (HPLC) VP-ODS (250x 4.6 mmi.d.) Cq reverse-
phase column (Shim-pack, Shimadzu) with a Cg guard col-
umn (Pelliguard, Sigma). The column was equilibrated with
10 mL of solution A (0.1% trifluoroacetic acid (TFA)), and
eluted with 100% solution A for the first 2 min followed by
a gradient of solution B (90% acetonitrile containing 0.1%
TFA). The concentration of solution B was maintained at 0%
for 2 min; increased to 10% from 2 to 10 min; to 50% from
10 to 102 min and maintained at 50% for 1 min. Then, the
concentration of solution B was reduced to 0% and was kept
at 0% until the end of the run at 110 min. The chromatogra-
phy was developed at a flow rate of 0.5 mL min~"' at a tem-
perature of 37 °C. The presence of proteins was determined
by online absorbance measurement at 220 and 280 nm.
Proteins quantifications were done by the bicinchoninic
acid (BCA) method described by Smith et al. [30], with
modifications, using ovalbumin as the protein standard.
SDS-tricine-gel electrophoresis was performed according
to the method described by Schagger and von Jagow [31].
Amino acid sequence analysis was done using time of flight
mass spectrometry (MALDI-TOF) on peptides isolated from
HPLC fractions Py, P,, and P,. The fractions were subjected to
SDS-tricine-gel electrophoresis and the single band from each
fraction was excised from the gel, digested with trypsin, and
subjected to a mass spectrometry evaluation. Tryptic peptide
fragments were analyzed by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF
MS). The instrument used was Orbitrap Q Exactive Plus
(Thermo Scientific). Sequence similarity searches were per-
formed using BLASTp and the nonredundant protein data-
base (nr) [32] for P, and P,, while P, was analyzed using the
PINIR (Pin-II type PIs Information Resources) database [33].
Selected sequences were aligned with Clustal W [34].
Circular dichroism (CD) spectra of the three peptides were
acquired in a J-815 CD spectropolarimeter (Jasco, Japan) at
25 °C in the 190-260 nm wavelength range, with a bandwidth
of 0.50 nm and a scan speed of 50 nm/min, using a 0.1 cm
quartz cell. Further, 200400 pg mL™" peptide solutions were
prepared in ultra-pure water. The final spectra for each peptide
were the average of ten consecutive scans per sample after sub-
traction of buffer baselines. Results were expressed as mean
residue ellipticity ([0]yrw) (degxcm?xdmol™), as follows:

0,55 X MRW

MRW =
10xdxc

(1)

where O, is the observed ellipticity in degrees, MRW is
the mean residue weight, d is the cell path length, and c is
the peptide concentration.

The peptide fragments were searched against the nonredun-
dant protein sequence database using BLASTp [32], revealing
XP_016579689.1 and KAF3615994.1 as best hits (defensin and

non-specific LTP 2, respectively) and the sequence P56615 (Uni-
Prot ID) with 100% similarity with C. annuum protease inhibi-
tor. These sequences were searched against the AlphaFold DB
[35] using the EBI Protein Similarity Search tool (https://www.
ebi.ac.uk/Tools/sss/fasta/). The AlphaFold model of the best
orthologs (Q9FFPS for defensin and AOAOROFHGO for nsLTP2)
and P56615 (for protease inhibitor) were used as templates for
homology modeling with Phyre2 [36] using one-to-one threading
mode. Modeling of the 35 amino acid residue fragment RLCT-
NCCAGRKGCNY YSADGTFICEGESDPNNPKA found in the
mass spectrometry analysis of peptide P, (CaCPin-II) was done
with Phyre2.

In Silico Prediction of Cell-Penetrating Potential

For increased confidence, we used three independent
machine learning-based approaches that use random forest
classifiers to predict the cell-penetrating potential of pep-
tides: SkipCPP-Pred [37], MLCPP [38], and CellPPD-Mod
[39]. Results obtained from SkipCPP-Pred analyses have
confidence scores ranging between 0 and 1 (1 is the maxi-
mum confidence). MLCPP probability scores is the prob-
ability of permeabilizing membranes, which ranges from 0
to 1 (1 is the greatest ability to permeabilize). Additionally,
we performed a BLAST search for similar cell-penetrating
peptides in the CPPsite 2.0 database [40] using P56615,
XP_016579689.1 and KAF3615994.1 as queries. Predic-
tions of cell-penetrating potential of the defensin were per-
formed under three scenarios: mature peptide sequence,
y-core, and y-core plus two upstream and downstream resi-
dues, based on antimicrobial activity evidence from a previ-
ous work [41].

Effect of Peptides on Yeast Growth

An inoculum from each Candida stock was transferred to
Petri dishes containing Sabouraud agar and incubated at
30 °C for 24 h. After this period, the yeast cells were trans-
ferred to a liquid culture medium Sabouraud dextrose broth
(10 mL). Yeast cells were count in a Neubauer chamber
(Optik Labor) for further calculation of appropriate dilutions.
A yeast growth inhibition quantitative assay was performed
following the method described by Broekaert et al. [42], with
some modifications. Yeast cells (1 X 10* cells mL") were
treated with peptides at increasing concentrations from 1.56
to 200 ug mL~" diluted in 100 uL of Sabouraud dextrose
broth. The assay was performed on cell culture microplates
(96 wells; Nunc) at 30 °C for 48 h. Absorbance measurement
at 620 nm (EZ Read 400, Biochrom) were taken at zero hour
and at every 8 h for the following 48 h. Yeast growth controls
without addition of peptides were also determined. Assays
were performed in triplicate.
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Yeast Cell Viability Assay

To evaluate whether the inhibition of yeast growth was
caused by the fungistatic or fungicidal effect of the peptides,
the control cells (without peptide treatment) and treated cells
(with 200 ug mL~"! peptide treatment for 24 h) were washed
and diluted 1000-fold. An aliquot of yeast cells were quan-
tified in a Neubauer chamber and an aliquot with 10> cells
mL~" was spread with a Drigalski spatula on the surface of
a Petri dish containing Sabouraud agar and grown at 30 °C
for 48 h. After this period, the colony-forming units were
quantified and Petri dishes were photographed. The assays
were performed in triplicate, and the results are presented
assuming that the control represents 100% cell viability.

Cell Death Monitoring Assays and Plasma
Membrane Permeabilization

Cell death monitoring was done by propidium iodide (PI)
staining and the plasma membrane permeabilization of cells
was measured by Sytox green uptake, according to the meth-
odology described by Deere et al. [43] and by Thevissen
et al. [44], respectively. Yeasts cells were incubated with
peptides (200 ug mL™") for 24 h. After this time, a 100 pL
aliquot of each yeast cell suspension was incubated with
0.5 ug mL~! of PI and 0.2 pM of Sytox green in 1.5 mL
microcentrifuge tubes for 10 min at 25 °C. Cells were
analyzed by DIC optical microscope (Axiovison 4, Zeiss)
equipped with a fluorescent filter set for detection of the
PI (excitation wavelength, 561 nm, emission wavelength
630 nm) and for detection of fluorescein (excitation wave-
length, 450490 nm, emission wavelength 500 nm). Nega-
tive controls (untreated yeast cells) were also done to deter-
mine the baseline level of membrane permeability and cell
death. Cell counts were performed using the ImageJ soft-
ware tool [45]. The results represent triplicate experiments.

Increase of Intracellular ROS Detection

To determine whether the mechanism of action of pep-
tides involves cell oxidative stress, the fluorescent probe
2,7-dichlorofluorescein diacetate (H,DCFDA) was used
to measure intracellular reactive oxygen species (ROS)
according to the protocol described by Mello et al. [46].
Yeast cells were incubated with peptides (200 pg mL™")
for 24 h and after this time, 100 pL of yeast cell suspen-
sion was incubated with 50 pM of H,DCFDA in micro-
centrifuge tubes of 1.5 mL for 30 min at 25 °C. Yeast cells
were visualized by DIC optical microscope (Axiovison 4,
Zeiss) equipped with a fluorescent filter set for detection
of the fluorescein (excitation wavelength 450-490 nm,
emission wavelength 500 nm). Cell counts were performed
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using the ImageJ software tool [45]. The experiments were
performed in triplicate.

Metacaspase Activity Detection

Metacaspase activity detection was performed using the Cas-
pACE FITC-VAD-FMK marker (Promega) as described by
the manufacturer. Yeast cells were incubated with peptides
(200 pg mL~") for 24 h and after this incubation, an aliquot
of 100 pL of yeast cell suspension was incubated for 20 min
at 30 °C with 0.5 pL of probe solution (supplied by the kit)
containing 50 pM of the FITC-VAD-FMK marker. Cells
were analyzed by DIC using an optical microscope equipped
with a fluorescence filter to detect fluorescein (excitation
wavelength 450490 nm, emission wavelength 500 nm). Cell
counts were performed using the ImageJ software tool [45].
The experiments were performed in triplicate.

Enzymes Inhibition Assays

The enzymatic activity assay for Tenebrio molitor a-amylase
and human salivary o-amylase (EC 3.2.1.1) was performed
as previously described by Bernfeld [47]. Activity assay
for porcine pancreatic a-amylase was done with the same
method, but using PBS buffer. Peptides at increasing con-
centrations were incubated with 10 U of a-amylase, and
each enzyme mixture was equilibrated in a water bath for
15 min at 37 °C. After that, 25 pL of 1% starch solution
(Sigma-Aldrich Co.) were added, and the samples were
incubated in a water bath at 37 °C for 30 min. The samples
were removed from the water bath and mixed with 400 pL
of 3.5 dinitrosalicylic acid (DNS). Each sample was boiled
for 5 min and, after cooling, mixed with 400 pL of water.
Substrate hydrolysis was determined by absorbance reading
at 540 nm (Chameleon V, Hidex). EDTA (5 mM) was used
as a negative control. All inhibition assays were performed
in triplicate and the results were shown in activity relative
to the positive control (100% activity).

Trypsin and chymotrypsin inhibitory activities were
quantified by measuring the hydrolytic activity of porcine
trypsin and bovine chymotrypsin toward the substrates
BapNa (N-benzoyl-Dl-arginyl-p-nitroanilide) and BatNa
(N-benzoyl-L-tirosil-p-nitroanilide) respectively. Inhibitory
activity was determined by incubating peptides at increasing
concentrations from 25 to 300 g mL~" with enzymes and
their respective substrates in 50 mM Tris—HCI buffer (pH
8.0) at 37 °C in a final volume of 200 pL. A control sample
without peptides was included in each assay. The reaction
was stopped with 100 pL of 30% (v/v) acetic acid. Substrate
hydrolysis was quantified by measuring the absorbance of
p-nitroaniline at 405 nm [48]. All inhibition assays were
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performed in triplicate and the results were shown in activity
relative to the positive control (100% activity).

Papain inhibitory activity was performed according
to Michaud et al. [49] with modifications, using azoca-
sein as substrate. Azocasein 1% was prepared as solution
in citrate—phosphate buffer (100 mM sodium citrate pH
5.6; 100 mM sodium phosphate, 0.1% triton X-100, and
1.5 mM DTT). CaCPin-II at increasing concentrations
from 30 to 240 ug mL~! were incubated with papain (Fluka)
10 pg mL~" and azocasein solution to a final volume of
120 puL. Samples were incubated at 37 °C for 1 h. The reac-
tion was stopped with 300 pL of 10% trichloroacetic acid
(TCA). Samples were centrifuged at 2000 X g for 5 min.
To the supernatant were added 300 pL of NaOH 1 M. The
absorbances were measured at 440 nm. All inhibition assays
were performed in triplicate and the results were shown in
activity relative to the positive control (100% activity).

Hemolytic Activity

Peptides hemolytic activity was measured using defibrinated
sheep red blood cells (sSRBC) according to the methodol-
ogy described by Oren and Shai [50] with modifications.
Fresh defibrinated sRBC with EDTA were washed with
saline solution (0.15 M NaCl) by centrifugation for 10 min
at 2400x g and resuspended in saline solution (final erythro-
cyte concentration, 1% v/v). The peptides dilutions were pre-
pared in microtubes containing saline solution. Then, pep-
tides at concentrations of 400, 200, and 100 ug mL~! (50 uL)
were incubated with sSRBC suspension (50 pL) at 37 °C for
1 h. After this incubation time, the samples were centrifuged
at 2400 g for 10 min, and the supernatant was transferred
to a well in a 96-well microplate. Free hemoglobin content
was measured by absorbance at 405 nm. Positive hemolysis
control (C*) was performed using a solution containing 1%
Triton X-100 and a negative hemolysis control (C™) was
performed using erythrocytes in saline. Hemolytic activity
percentual was calculated assuming that the positive control
represents 100% hemolysis according to the formula: % of
hemolytic activity = 100 X (peptide sgs105s — C~ Apsa05)/(CT
ABs405—C  ABs40s)- The 50% cytotoxic concentration (CCs)
was defined as the concentration of peptide (ug mL™")
that caused 50% hemolysis and was estimated by nonlin-
ear regression of a log (inhibitor) vs. normalized response
equation to the experimental data. The results shown are
average values obtained in three experiments, performed in
triplicate. Dose-response curves were constructed.

Statistical Analysis
Statistical analysis was carried out with GraphPad Prism

software (version 8.0 for Windows) and one-way analysis
of variance (ANOVA); p <0.05 was considered statistically

significant. The half maximal inhibitory concentration
(ICs,) values were calculated by nonlinear regression of
a log (inhibitor) vs. normalized response equation to the
experimental data.

Results

Purification and Characterization of Peptides
from C. annuum Leaves

Extracts from C. annuum leaves were separated into three
fractions using reversed-phase chromatography: peak 0 (P,),
peak 1 (P)), and peak 2 (P,) (Fig. 1). On gel electrophore-
sis, the three fractions presented a single band each with a
molecular mass between 3.5 and 6.5 kDa (Fig. 1 insert).
The 35 amino acid residues of the band obtained from
fraction P, (Fig. 2A), termed CaCPin-II (RLCTNCCA-
GRKGCNYYSADGTFICEGESDPNNPKA), were com-
pared with a specific Pin-II type protease inhibitor database
and revealed 100% similarity with the primary structure
of some inhibitory repeated domains (IRDs), such as IRD
100, IRD 118, IRD 84, and IRD 85, all of them from C.
annuum. The 29 amino acid residues of the band obtained
from fraction P, (Fig. 2B), termed CaCDef-like (VPTT-
PFLCTNDPQCK—-VNYEDGHCFDILSK), were com-
pared with the protein database and revealed 85, 85, 85, and
82% similarity with the primary structure of plant AMPs
stress-induced peptide from C. annuum (ID: AHI85724.1),
flower specific defensin-like peptide from C. annuum (ID:
XP_016579689.1), defensin-like hypothetic protein from
C. annuum (ID: KAF3614338.1), and defensin-like hypo-
thetic protein from C. chinense (ID: PHT96586.1), respec-
tively. The sequence of 33 amino acid residues of the band
from fraction P, (Fig. 2C) were named CaCLTP2 (GQQS-
CLCGYM—KQYVNSPNARKVVGQCGVSVPNC), and
revealed 87, 82, 82, and 55% similarity with the primary
structure of plant AMPs belonging to the non-specific lipid
transfer proteins type 2 class (nsLTP2) peptides from C. ann-
uum (ID: KAF3615994.1), C. annuum (ID: KAF3615995.1),
C. baccatum (ID: PHT56658.1), and C. chinense (ID:
PHUO06864.1), respectively. Homology modeling of CaCPin-
II, CaCDef-like, and CaCLTP2 protein tertiary structures
is shown in Fig. 3A-C. Homology modeling of CaCPin-II
structure showed that it was composed only of a B-sheet with
four antiparallel strands. CaCDef-like protein had a compact
globular structure consisting of an a-helix and a 3-sheet com-
posed of three antiparallel strands, in a faBp configuration.
The spatial structure of CaCLTP2 included three a-helices
and a region containing single helical coils. The first and
second helices were arranged parallel to each other, and the
third helix was formed at an angle of 90° with respect to the
second helix. Red regions represent signal peptides. Circular
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Fig. 1 Fractionation of C. annuun extract. Chromatogram of the
extract of C. annuum leaves in reversed-phase C ¢ column. The col-
umn was equilibrated and eluted with 0.1% trifluoroacetic acid (TFA)
(solution A) and eluted using a gradient of 90% acetonitrile in 0.1%
(solution B). The flow used was 0.5 mL min~". (Insert) Fractionation

dichroism spectroscopy of the CaCDef-like and CaCLTP2
peptides (Fig. 3E) revealed a random coil structure compat-
ible with the structure predicted by homology modeling
(Fig. 3B, C). However, circular dichroism spectroscopy of
the CaCPin-II peptide revealed a secondary structure pat-
tern different from that of the 3-sheet-rich structure predicted
by homology modeling (Fig. 3A). Therefore, we performed
structural modeling of one of the 35 amino acid residue frag-
ments identified in CaCPin-II (Fig. 3D). This fragment was
modeled with 99.9% confidence using the single highest-
scoring template. In the structure predicted for this fragment,
a disordered conformation predominated, also containing a
f-sheet and an a-helix, which is consistent with the circular
dichroism results.

Antifungal Activity of the Peptides Against
Candida Species

To analyze the effect of peptides on the growth of yeasts

C. albicans, C. buinensis, C. tropicalis, and C. parapsi-
losis, we used CaCPin-1II, CaCDef-like, and CaCLTP2
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in a SDS-tricine-gel of peptides enriched fractions obtained by the
fractionation of the extract of C. annuum leaves (cv. Carioquinha) by
reversed-phase C,g column in HPLC. Py Peak 0 (CaCPin-II). P; Peak
1 (CaCDef-like). P, Peak 2 (CaCLTP2). M Molecular mass (kDa)
markers: 26.6, 17.0, 14.2, 6.5 and 3.2 kDa

at increasing concentrations from 1.56 to 200 pg mL™!
(Fig. 4). CaCPin-II inhibited C. albicans growth at all
concentrations, reaching 39% inhibition at the concen-
tration of 200 pug mL~". However, no significant differ-
ence was observed between 25 and 200 ug mL~! (i.e.,
inhibition was not dose-dependent). C. buinensis growth
showed 37 and 70% inhibition at concentrations of 100
and 200 pg mL~", respectively, and the ICs, value for C.
buinensis was 54.2 ug mL~!. CaCPin-II had no significant
effect on the growth of C. tropicalis or C. parapsilosis at
any of the concentrations tested. CaCDef-like peptide also
inhibited the growth of C. albicans at all tested concentra-
tions, with no dose-dependent effect, reaching 44% inhibi-
tion at 50 ug mL ™", although there was no significant dif-
ference between 200 and 3.12 ug mL™". The growth of C.
buinensis and C. tropicalis was not significantly affected
by CaCDef-like at the concentrations tested, while that of
C. parapsilosis was inhibited by only 10% at 50 ug mL~".
CaCLTP2 peptide also inhibited the growth of C. albicans
at all tested concentrations with no dose-dependent effect,
reaching 45% inhibition at 200 pg mL~!, and there was
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A Pep“de 1 10 20 30 40 50 60 1(%) P(%)
CaCPin-11 iRLCTNCCAGRKGCN‘IYSADGTFICEGES DPNNP,
IRD-100 C. annuum (1) (e NI 100 100
IRD-118 C. annuum (2) 100 100
IRD-84 C. annuum (3) CPRNC| 100 100
IRD-85 C. annuum (4) D 100 100
B Pcptlde 1 10 20 30 40 50 60 I(n/n) P(%)
CaCDef-like ~ ====== VPTTPFLCTNDPQCK-~~~- VNYEDGHCFDILSK—-===============—=—— =~
Stress ind C. annuum (1) KVPTTPFLCTNDPQCKTLCSKVNYEDGHCFDILSK MNRCVQDAKTLAAELIEEEFLE 85 85
Def-like C. annuum (2) KVPTTPFLCTNDPQCKTLCSKVNYEDGHCFDILNK M “VQDAKTLAAELLEEEFVK 85 85
Def-like hip C. annuum (3) "CKVPTTPFLCTNDPQCKALCSKVNYEDIGHCFDILSK MNRCVQDAKTLAAELLEEEFLE 85 85
Def-like h C. chinense (4) KVPTTPFLCTNDPQCKTLCSKVNYEDGHCEDILSK MNRCVQDAKTLAAELLEEEFLE 82 85
C Peptide 1 10 20 20 40 50 60 1(%) P(%)
CaCLTP2 KQYVNS PNARKVVGQCGVSVPNC
ns-LTP2 C. annuum (1) AVTCNPSQLSPCLGAL MKQYVNS PNARKVVGQCGVSVENC 87 86
ns-LTP2 C. annuum (2) TCSASQLSPCLGAL ;SAPSQDCC GQOSCLCGYMKDPNMKQYVNS PNARKVVGQCGVTLENC 82 86
ns-LTP2 C. baccatum (3) TCNASQLSPCLGALRSGSAPSQDCC GQOSCLCGYMKDPNM CGVTLENC 82 86
ns-LTP2 C. chinense (4) CSVTELSSCAGAI EQKPCLCGY LONPNLRQYVNSPNARRVASTCGVPTPRC 55 65

Fig.2 A Alignment of the 35 amino acid residues obtained from the
peptide of the P, fraction with the following peptide sequences simi-
lar to the inhibitory repeated domains (IRDs) from Pin-II type pro-
tease inhibitor. Heavy chain amino acids residues are color-coded
in blue, linker region (DPNNP) is color-coded in green, light chain
amino acids residues are color-coded in yellow with the reactive
center loop (RCL) highlighted in red. B Alignment of the 29 amino
acid residues obtained from the peptide of the P, fraction with the
following peptide sequences similar to the defensins-like. The green
highlighted region represents the y-core motif (GXCX3-9C). C. ann-
uum stress induced protein (1) (ID: AHI85724.1). C. annuum flower
specific defensin-like, predicted protein (2) (ID: XP_016579689.1).
C. annuum defensin-like, hypothetic protein FXO038_35740 (3)
(ID: KAF3614338.1). C. chinense defensin-like, hypothetic protein
BC332_34488 (4) (ID: PHT96586.1). C Alignment of the 33 amino
acid residues obtained from the peptide of the P, fraction with the

no significant difference in inhibition between 200 and
3.12 ug mL~". CaCLTP2 at the concentrations tested did
not significantly affect C. tropicalis and C. parapsilosis
growth and inhibited only 18% of the C. buinensis growth.
The viability assay (Fig. 5) demonstrated that the spe-
cies most susceptible to CaCPin-1I were C. albicans and C.
buinensis, with viability losses of 38.3 and 96.6%, respec-
tively. C. albicans, C. buinensi, and C. parapsilosis were
susceptible to CaCDef-like, with approximately 37% via-
bility loss, and the species most susceptible to CaCLTP2
were C. albicans and C. buinensis, with viability losses of
49.6 and 66.2%, respectively. These data suggest that the
inhibitory effect of the peptides is fungistatic but CaCPin-
IT (200 ug mL™") is lethal to 96.6% of C. buinensis yeasts.

following peptide sequences similar to the ns-LTP2. The cysteines
highlighted in red represent the 8-cysteine motif found in LTP2.
Residues highlighted in blue are those highly conserved in LTP2. C.
annuum ns-LTP2 (1) (ID: KAF3615994.1). C. annuum ns-LTP2 (2)
(ID: KAF3615995.1). C. baccatum ns-LTP2 (3) (ID: PHT56658.1).
C. chinense ns-LTP2 (4) (ID: PHU06864.1). 1% indicates the per-
centage of identical residues and amino acids highlighted in under-
line (including Cys residues). P% indicates the percentage of positive
amino acid residues (with the same physicochemical characteristics)
highlighted by italicized. 1% and P% were made based on the amino
acids of the tryptic fragments obtained in mass spectrometry. Spaces
(-) have been introduced for better alignment. The numbers above
the sequence indicate the size of the peptides in amino acid residues.
The sequences shown were obtained from Blast-p (b/c) and from
Pin-II type PIs Information Resources (PINIR) (a), and aligned using
Clustal Omega

Toxic Effects of Peptides Against Yeasts

The antifungal effects of the peptides were characterized
with respect to their mechanism of action. For this purpose,
fluorescent probes were used (Table 1). Because the effects
of the peptides on the different Candida species were simi-
lar, microscopic photos of C. buinensis are presented in
Fig. 6, and those of C. albicans, C. tropicalis, and C. par-
apsilosis are presented in Supplementary Information.

C. albicans, C. buinensis, C. tropicalis, and C. parapsi-
losis were used to test membrane permeabilization using a
SYTOX Green probe after 24 h in the presence of the peptides
(200 ug mL™"). CaCPin-Il and CaCDef-like proteins induced
membrane permeabilization. CaCLTP2 was not significantly
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Fig.3 Tertiary and secondary structures of peptides. Homology
modeling of protein tertiary structures of CaCPin-II (A), CaCDef-
like (B), and CaCLTP2 (C) from C. annuum leaves. These sequences
were searched against the AlphaFold DB (Jumper et al. 35) using
the EBI Protein Similarity Search tool (https:/www.ebi.ac.uk/Tools/
sss/fasta/). The AlphaFold model of sequence P56615 (Pin-II) and
of the best orthologs (Q9FFP8 for defensin and AOAOROFHGO for

effective in permeabilizing the membranes of the tested
yeasts. This assay showed that CaCPin-II and CaCDef-like
peptides could compromise the structure of the plasma mem-
brane, as shown in Fig. 6A for C. buinensis, possibly causing
the membrane to be permeable enough for the probe to enter
the cells; however, this effect was not observed in C. albicans
and C. parapsilosis cells (Supplementary Information).

We also observed using DIC microscopy that in the pres-
ence of peptides, yeast growth displayed morphological
changes that were not observed in the controls, such as cell
agglomeration, increased cell volume, vacuole formation, dif-
ficulty in bud liberation, and the emergence of pseudohyphae.

The effect of peptides on the induction of ROS production in
different species of Candida resulted in labeling with the probes
of C. buinensis grown in the presence of CaCPin-II (10.6%
of cells) (Fig. 6B) and C. tropicalis cells grown in the pres-
ence of CaCPin-1I and CaCDef-like (30.0 and 44.6% of cells
respectively) (Table 1). Positive labeling was also observed for
C. parapsilosis, but it was less intense. These results indicated
increased ROS production in these yeasts. The same effect was
not observed in C. albicans treated with the same peptides.
CaCLTP2 induced less intense ROS production in C. parapsi-
losis and C. albicans than the other tested peptides.
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nsLTP2) were used as templates for homology modeling with Phyre2
(Kelley et al. 36) using one-to-one threading mode. D Modeling
of one of the 35 amino acid residue fragments of CaCPin-II. E Sec-
ondary structure of CaCPin-II (red line), CaCDef-like (green line),
and CaCLTP2 (blue line). Circular dichroism (CD) spectra of 200-
400 pg mL™" peptide solutions prepared in ultra-pure water

The rate of yeast cell death was determined using a
propidium iodide assay with 200 ug mL~! peptides. The
cells labeled with the SYTOX probe was the same labeled
with propidium iodide, as shown for C. buinensis in Fig. 6.
CaCPin-II caused 20 and 25% cell death in C. buinen-
sis and C. tropicalis respectively, whereas CaCDef-like
and CaCLTP2 only caused 20% cell death in C. tropica-
lis (Table 1). To determine if apoptosis-like programmed
cell death (PCD) was the cause of cell death, we performed
metacaspase activity detection (Fig. 6C). CaCPin-II induced
metacaspase activity in approximately 9 and 16% of C. buin-
ensis and C. tropicalis cells, respectively, while CaCDef-like
and CaCLTP2 respectively induced metacaspase activity in
19 and 12% of C. tropicalis cells (Table 1). Collectively,
these results suggest that apoptosis-like PCD might be
involved in cell death in these cases.

Effects of Peptides on a-Amylase
and Protease Activities

To elucidate the toxic effects of the peptides against yeasts,
we investigated their capacity to inhibit hydrolases. CaCPin-
II inhibited 7. molitor a-amylase (Fig. 7A), human salivary
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