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“Science, my lad, is made up of mistakes, but they
are mistakes which it is useful to make, because
they lead little by little to the truth.”

Jules Verne, A Journey to the Center of the Earth
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RESUMO

Escherichia coli consiste em uma bactéria altamente versatil capaz de adquirir fatores de
viruléncia especificos, resultando em patotipos que podem causar uma gama de doencas
infecciosas, como infeccbes no trato urinario, gastroenterite, sepse entre outras.
Consequentemente, hd uma necessidade de identificar novos farmacos antimicrobianos
considerando o desenvolvimento de resisténcia bacteriana a um amplo espectro de
antibiodticos. Os mastoparanos sao em sua maioria peptideos catibnicos com propriedades
farmacologicas multifuncionais. Mastoparans-R1 e R4 foram projetados computacionalmente
com base no mastoparano-L nativo de vespas e tém potencial terapéutico aprimorado para o
controle de infec¢des bacterianas. Aqui avaliamos se esses peptideos mantém sua atividade
contra cepas de E. coli em uma faixa de concentracéo fisiologica de sal. Descobrimos que os
mastoparanos-R1 e R4 preservaram sua atividade nas condic@es testadas, incluindo atividades
antibacterianas em concentra¢Ges salinas fisiologicas. A estrutura secundaria geral dos
peptideos foi investigada usando espectroscopia de dicroismo circular em uma variedade de
solventes. Ndo foram observadas alteraces significativas na estrutura secundaria (arranjo
aleatério em solugcbes aquosas e o-hélice em ambientes hidrofébicos e aniénicos). As
estruturas tridimensionais de mastoparano-R1 e R4 foram elucidadas por espectroscopia de
ressonancia magnética nuclear, revelando segmentos a-helicoidais anfipaticos para Leu3-
Ile13 (mastoparano-R1) e Leu3-llel4 (mastoparano-R4). Possiveis mecanismos de associacao
de membrana para mastoparano-R1 e R4 foram investigados por ressonancia plasmoénica de
superficie e estudos de extravasamento de carboxifluorosceina com bicamadas lipidicas e
vesiculas sintéticas de POPC e POPC/POPG (4:1). Mastoparano-L teve a maior afinidade
para ambos o0s sistemas de membrana, enquanto os dois analogos tiveram associacdo mais
fraca, porém com maior seletividade em lisar membranas anibnicas. Esses achados também
corroboram com simulagdes de dindAmica molecular, onde os peptideos mastoparano-R1 e R4
tém maiores intera¢cfes com membranas miméticas bacterianas em comparagdo com modelo
de membranas de mamiferos. Apesar de apresentarem algumas diferencas em seus perfis
funcional e estrutural, o andlogo de mastoparano-R1 se destacou pela sua melhor atividade
contra o isolado clinico, maior potencial bacteriostatico, bactericida (2 - 2 uM), seletividade
para lise de vesicula anidnica em concentra¢do ~3x menor do que vesicula zwiterinica. Este
estudo reforca o potencial do mastoparano-R1 como candidato a farmaco, bem como modelo
para estudo e desenvolvimento de peptideos antimicrobianos mais seletivos.

Palavras-chave: mastoparanos, peptideo antimicrobiano, biologia estrutural.



ABSTRACT

Escherichia coli consists of a highly versatile bacterium capable of acquiring specific
virulence factors, resulting in pathotypes that can cause a range of infectious diseases, such
as urinary tract infections, gastroenteritis, and sepsis, among others. Consequently, there is a
need to identify new antimicrobial drugs considering the development of bacterial resistance
to a broad antibiotics spectrum. Mastoparans are cationic peptides with multifunctional
pharmacological properties. Mastoparans-R1 and R4 were computationally designed based
on native mastoparan-L from wasps and have improved therapeutic potential for bacterial
infection control. Here we evaluated whether these peptides maintain their activity against
Escherichia coli strains under a range of salt concentrations. We found that mastoparans-R1
and R4 preserved their activity under the conditions tested, including having antibacterial
activities at physiological salt concentrations. The overall peptide structures were
investigated by using circular dichroism spectroscopy in a range of solvents. Nonsignificant
modifications in the secondary structure were observed (random coil in aqueous solutions
and a-helix in hydrophobic and anionic environments). The three-dimensional structures of
mastoparan-R1 and R4 were elucidated through nuclear magnetic resonance spectroscopy,
revealing amphipathic a-helical segments for Leu3-1lel3 (mastoparan-R1) and Leu3-llel4
(mastoparan-R4). Possible membrane-association mechanisms for mastoparan-R1 and R4
were investigated through surface plasmon resonance and leakage studies of
carboxyfluorescein with lipid bilayers and synthetic vesicles of POPC and POPC/POPG
(4:1). Mastoparan-L had the highest affinity for both membrane systems, whereas the two
analogs had the weaker association, but improved selectivity for lysing anionic membranes.
This finding was also supported by molecular dynamics simulations, in which mastoparan-R1
and R4 were found to have greater interactions with bacteria-like membranes compared to
model mammalian membranes. Despite having a few differences in their functional and
structural profiles, the mastoparan-R1 analog stood out for the better activity against the
clinical isolate, greater bacteriostatic, bactericidal potential (2 - 2 uM), selectivity for
anionic vesicle lysis at ~3x lower concentration than zwitterionic vesicle. This study
reinforces the potential of mastoparan-R1 as a drug candidate, as well as a model for the
study and development of more selective antimicrobial peptides.

Keywords: mastoparan; antimicrobial peptide; structural biology.
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1. INTRODUCAO
1.1 InfecgOes bacterianas multirresistentes

As infeccOes bacterianas e persistentes estdo entre as maiores ameacas para a saude
humana, impactando diretamente para altos niveis de morbidade e mortalidade (Fisher et al.,
2017). Segundo dados da Organizacdo Mundial da Saide OMS, (WHO, 2001) pacientes com
infecgBes causadas por bactérias resistentes possuem um maior risco de desfechos clinicos
inefetivos e falecimento. Somado a isso, estima-se que 13 milhGes de mortes possam ser
atribuidas a eventos de infeccdes bacterianas até o ano de 2050 (WHO, 2017). Alguns fatores
podem ser levados em conta para o favorecimento, surgimento e o ressurgimento de doencas
infecciosas, como por exemplo, a adaptacdo e a mudanga microbiana, susceptibilidade
humana a infeccdo, mudancas nos ecossistemas, desigualdade social, globalizacdo e 0 uso
indiscriminado de antibi6ticos (Morens et al., 2004; Karmali, 2018). Além desses fatores,
diante da pandemia causada pela COVID-19, foi registrado um aumento de relatos de
bactérias patogénicas relacionadas ao uso excessivo de antibioticos, enfatizando a necessidade
de pesquisas nessa area (Akram et al., 2023).

O uso indiscriminado de antibidticos pode causar impacto na pressao seletiva de
cepas bacterianas patogénicas. Dentro deste contexto, a OMS descreveu uma lista prioritaria
de bactérias resistentes a antibioticos afim de se priorizar o desenvolvimento de novos e
eficazes tratamentos (WHO, 2017). O grupo ESKAPE de bactérias patogénicas, que inclui
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa e Enterobacter spp., sdo conhecidos por sua capacidade
de serem resistentes a tratamentos com antibiGticos e estdo associados a incidéncia de
infeccbes multirresistentes em ambientes hospitalares (Oliveira et al., 2020). Além disso,
patdgenos do grupo ESKAPE tendem a ser associados ao maior risco de mortalidade,
resultando em aumento dos custos de satde (Founou et al., 2017).

Nesta lista, organismos pertencentes a familia das Enterobacteriaceaes foram
considerados patogenos de nivel critico, pois possuem um alto nivel de morbidade e
mortalidade (WHO, 2017). A familia das Enterobacteriaceaes constitui uma das mais
abundantes, incluindo uma ampla variedade de bactérias Gram-negativas, as quais fazem
parte da microbiota nativa dos seres humanos e animais. Entretanto, esta familia tambeém
apresenta uma gama de bactérias patogénicas, incluindo espécies dos géneros Salmonella,
Proteus, Shigella e Escherichia (Huang et al., 2006). Dentre estas, Escherichia coli

caracteriza-se por um bacilo Gram-negativo, anaerobio facultativo que pode ser imoével ou
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movel, com flagelos peritriquios, podendo colonizar o intestino de vertebrados e
invertebrados e faz parte da microbiota normal de humanos desde as primeiras horas de
nascimento (Kaper et al., 2004). Além disso, considera-se E. coli uma bactéria altamente
versatil e, evolutivamente, varias estirpes adquiriram fatores de viruléncia especificos,
gerando patotipos capazes de se adaptar a novos nichos e de causar um amplo espectro de
doencgas (Kaper et al., 2004). Estes patotipos podem causar desde infec¢es extra intestinais,
no trato urindrio, meningite e sepse (Nataro and Kaper, 1998; Okeke and Nataro, 2001;
Huang et al., 2006). Embora ndo esteja diretamente reconhecida dentro do grupo ESKAPE,
patotipos de E. coli multirresistentes costumam ser identificadas como uma das principais
causas de infeccbes agravantes, tanto na comunidade quanto nos servicos de salde,
considerando assim, esse patdgeno como uma preocupacao critica de satde publica (Oliveira
et al., 2020).

Bactérias podem ser altamente eficientes na sintese e compartilhamento de genes
levando ao desenvolvimento e propagacdo de mecanismos de resisténcia aos antibidticos
(Peleg and Hooper, 2010). Dessa forma, a resisténcia bacteriana pode ocorrer naturalmente,
mas também pode ser adquirida através da transferéncia de genes de resisténcia entre as
préprias bactérias ou de outras fontes (Oliveira et al., 2020). Mecanismos de resisténcia
resultaram no desenvolvimento simultdneo de bactérias resistentes a vérias classes de
antibidticos, sendo assim, essas cepas ficaram conhecidas também como “superbactérias”
(Alanis, 2005). Estes microrganismos podem ser intrinsecamente resistentes a determinados
antibiéticos, podendo também adquirir resisténcia atraves de mutacGes em seus genes
cromossdmicos e por transferéncia horizontal de genes (Blair et al., 2015).

A resisténcia intrinseca de uma bactéria a um antibiético especifico pode ser
explicada pela sua capacidade de resistir a acdo deste farmaco como resultado de
caracteristicas estruturais ou funcionais inerentes, como por exemplo, a auséncia de um alvo
susceptivel de um antibiotico especifico (Blair et al., 2015). Estudos levaram a identificacdo
de diversos genes responsaveis pela resisténcia intrinseca a diferentes classes de antibioticos,
incluindo B-lactamicos, fluoroquinolonas (FQ) e aminoglicosideos (Nikaido, 2009; Blair et
al., 2015). Estudos com bactérias Gram-negativas tém mostrado mecanismos que visam a
forma como os medicamentos sdo transportados, incluindo a atividade seletiva de porinas,
bloqueio de penetracéo de drogas e bombas de efluxo (Nikaido, 2009; Llarrull et al., 2010).

Mecanismos como o de permeabilizacdo de membrana acontecem onde possa haver

a reducdo da permeabilidade da membrana externa e limitar a entrada de antibidtico na célula

12



bacteriana (Figura 1). Isto pode ser possivel pela regulacdo negativa da porinas ou pela
substituicdo de porinas por canais mais seletivos (Fernandez and Hancock, 2012). A
regulacdo de efluxo acontece onde as bombas de efluxo bacterianas transportam ativamente
diversos antibidticos para fora da célula e podem ser os principais contribuintes para a
resisténcia intrinseca de bactérias (Fernandez and Hancock, 2012). Podemos citar também as
alteracbes em alvos dos antibidticos por mutacdo, onde as alteragdes na estrutura alvo
impedem a ligacdo eficiente do antibidtico (Figura 1), porém ainda permitindo o alvo de
realizar a sua funcdo (Wright, 2011).

A resisténcia adquirida pode ocorrer por meio de mutacdes pontuais ou através da
aquisicdo de outro material genético (Hollenbeck and Rice, 2012). O tipo mais frequente de
resisténcia adquirida pode ser transmitido horizontalmente através da conjugacdo de
plasmideos (Figura 1) (Alanis, 2005) ou através do movimento de transposons (Hollenbeck
and Rice, 2012). Um exemplo de resisténcia mutacional consiste no desenvolvimento de
resisténcia a rifamicina (RIF). A RIF bloqueia a transcricdo bacteriana por inibigdo da
polimerase de acido ribonucleico (RNA) dependente do acido desoxirribonucleico (DNA)
(Munita and Arias, 2016). Essas mutacfes resultam na diminui¢do da afinidade do farmaco
por seu alvo, o qual geralmente poupa a atividade catalitica da polimerase, permitindo a
transcricdo (Floss and Yu, 2005). Hooper e colaboradores (2002) mostraram outro exemplo
bem caracterizado de resisténcia mutacional envolvendo fluoroquinolonas. O mecanismo de
resisténcia FQ ocorre através do desenvolvimento de mutacdes cromossémicas nos genes que
codificam as subunidades de enzimas ligadas ao DNA, as quais alteram a replicacdo do DNA
(DNA-girase e topoisomerase). O nivel de resisténcia adquirido por alteracbes em
desenvolvimento em uma das enzimas dependera da poténcia com a qual o agente
antimicrobiano inibe ou inativa o alvo (Hooper, 2002). Além disso, foi relatada a existéncia
de regiGes multirresistentes compostas por elementos maéveis, como integrons e transposons,
0S quais uma vez combinados, podem contribuir ativamente para a resisténcia bacteriana
(Osborn and Boltner, 2002; Wellington et al., 2013).
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Figura 1. Mecanismos de acdo antimicrobiana associados ao desenvolvimento de resisténcia
em bactérias. Dentre os diversos mecanismos pelos quais as bactérias podem se tornar
resistentes aos antibiodticos ilustramos a producdo de enzimas alternativas ou inativagdo
anzimatica (ex: B-lactamases, aminoglicosideo fosfotransferase ou modificases), bombas de
efluxo que podem causar a expulsdo de antibidticos, modificacdo da permeabilidade da
membrana celular, alteracdo da via metabdlica e a alteracdo do alvo, bem como a
transferéncia horizontal de genes com o compartilhamento de plasmideos. Figura criada com
o0 auxilio da ferramenta BioRender.

Além destes mecanismos citados, uma das formas das bactérias tornarem-se
resistentes tanto fisica quanto quimicamente pode ser através da formacdo de biofilmes
(O'Toole et al., 2000). A susceptibilidade a antibidticos pode ser apresentada por células
imersas em biofilme podendo ser considerada multifatorial e pode variar dependendo da
espécie e composicdo genética do(s) organismo(s), do tipo de agente antimicrobiano, do
estagio de desenvolvimento do biofilme além das condigdes ambientais (Hall and Mah, 2017).
Estudos indicam que os mecanismos de resisténcia podem estar ligados a viruléncia das cepas
e mecanismos de adaptacao para sobreviver sob condic¢des de estresse (Martinez and Baquero,
2002). Em casos de exposicdo constante, por exemplo, a agentes antimicrobianos, limitacéo
de nutrientes e alteracdo de temperatura, cepas bacterianas podem vir a se desenvolver e
formar comunidades multicelulares aderentes a superficies bidticas e/ou abioticas,

denominadas biofilmes (Costerton et al., 1999; de la Fuente-Nufiez et al., 2013).
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Biofilmes podem ser definidos como um consorcio estruturado uni ou
polimicrobiano, possuindo uma matriz extracelular de polissacarideo(s), proteinas e DNA (de
la Fuente-Nurfiez et al., 2013). O desenvolvimento de biofilmes inicia-se a partir de células
bacterianas planctonicas (livre-nadantes) que se aderem as superficies formando col6nias que,
com o tempo, passam a secretar uma matriz extracelular e, assim, criam uma barreira fisica
(Kostakioti et al., 2013) (Figura 2). Outro mecanismo utilizado pelas bactérias para
desencadear a formacdo de biofilmes, bem como mediar sua maturacdo, denomina-se quorum
sensing, sendo este definido como a regulacdo da expressdo génica em resposta as flutuacoes
da densidade populacional celular (Miller and Bassler, 2001). Uma vez desenvolvido o
biofilme, células maduras dentro dessa populacdo podem se dispersar, sendo uma fase
essencial para o fechamento do ciclo dos biofilmes, permitindo que as células se espalhem e
colonizem novas superficies (Figura 2) (O'Toole et al., 2000; Miller and Bassler, 2001; de la
Fuente-Nufez et al., 2013).

colonizagao de novas superficies

células esporos
planctonicas
matriz esporulagao
extracelular celular
A o .
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a!‘es‘a”o cresc!mento ma!uraqa"‘o allspersa"o

séssil
supressao de fatores de quorun sensing indugdo de matriz extracelular indugao de fatores de dissociagao

motilidade e inducgao de
fatores de adesao

2

Figura 2. Representacdo esquematica do desenvolvimento de biofilmes bacterianos
destacando os estagios de adesdo, crescimento séssil, maturacdo e dispersdo. Figura criada

com o auxilio da ferramenta BioRender.

Alguns autores afirmam que as infec¢Oes hospitalares podem ser, em sua maioria,

causadas por biofilmes bacterianos (Costerton et al., 1999; Weiss and McMichael, 2004;
15



Romling and Balsalobre, 2012), representando 65 % a 80 % das infecgdes bacterianas em
humanos (de la Fuente-Nufiez et al., 2013). A formac&o de biofilmes caracteriza-se, portanto,
como um processo de desenvolvimento orientado ambientalmente que aumenta a resisténcia
ao estresse exdgeno, permitindo a sobrevivéncia de microrganismos em condicGes
desfavoraveis (de la Fuente-NGfiez et al., 2013). Devido a selecdo de microrganismos
resistentes a antibioticos, aliado a decrescente taxa de descoberta/desenvolvimento destes,
pesquisadores vem buscando o desenvolvimento de novos compostos bioativos eficazes no
combate a estes microrganismos (Gallo et al., 2002; de la Fuente-Nufez et al., 2013; Cardoso
et al., 2016). Dentro deste cenério, peptideos antimicrobianos (PAMs) tém sido considerados
como uma alternativa aos tratamentos antibacterianos convencionais (Marr et al., 2006; Lai
and Gallo, 2009; Kumar et al., 2018).

1.3 Peptideos de Defesa do Hospedeiro (PDH)

Peptideos de defesa do hospedeiro (PDH), constituem um grupo diversificado de
moléculas que podem ser produzidos como parte do sistema de defesa (sistema imune inato)
do hospedeiro e desempenham um papel importante durante um processo de infeccdo (Zasloff
et al., 1988; Hancock and Diamond, 2000). Os PDH podem ser produzidos por uma variedade
de células do corpo, incluindo células epiteliais, neutréfilos e macréfagos, e sdo encontradas
em uma variedade de tecidos, incluindo pele, membranas mucosas e trato gastrointestinal,
dessa forma, agem como uma primeira linha de defesa contra patdgenos invasores,
interrompendo a integridade de suas membranas celulares (Hancock and Diamond, 2000;
Yeung et al., 2011)

Além de suas propriedades antimicrobianas, também podem desempenhar vérias
outras fungdes no corpo. Eles podem modular a resposta imune recrutando e ativando células
imunes, e demonstraram ter propriedades anti-inflamatérias e cicatrizantes (Hancock and
Sahl, 2006). Os PDH podem estar associados no papel na regulacdo da microbiota, a
comunidade de microrganismos que vivem no corpo, matando ou inibindo seletivamente o
crescimento de bactérias nocivas enquanto promovem o crescimento de bactérias benéficas
(Teng et al., 2023). Essas moléculas receberam atencdo nos ultimos anos devido ao seu
potencial como uma nova classe de antibidticos. Com o surgimento de bactérias resistentes a
antibidticos, hd uma necessidade urgente de novos agentes antimicrobianos, e os PDH
oferecem um caminho promissor para o desenvolvimento de medicamentos. No entanto,

também existem desafios no uso de PDH como farmacos, incluindo sua suscetibilidade a
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degradacdo por proteases e seu potencial toxicidade em altas concentragcdes (Yeung et al.,
2011; Haney et al., 2019).

De forma geral, essas moléculas podem ser um componente importante do sistema
imunoldgico inato e desempenham um papel vital na defesa do hospedeiro contra patdgenos.
Mais pesquisas sobre a estrutura e funcdo dos PDH podem levar ao desenvolvimento de novas
terapias para uma variedade de doencas infecciosas, dessa forma, dentro do grupo dos PDH
surge como alternativa a classe dos peptideos antimicrobianos (PAMs) (Teng et al., 2023).
Esta classe de moléculas bioativas pode ser produzida por diversos tecidos e tipos celulares
em uma variedade de espécies, incluindo plantas, animais invertebrados, vertebrados, fungos
e bactérias (Brogden, 2005). Essas moléculas sdo responsaveis por possuir reconhecimento
molecular, assim como por diversas atividades bioldgicas, incluindo sua atuacdo como
neurotransmissores, hormonios, toxinas e antibidticos (Izadpanah and Gallo, 2005; Magana et
al., 2020).

1.2 Peptideos antimicrobianos (PAMSs)

PAMs consistem em moléculas relativamente pequenas (<10 kDa), catidnicas e
anfipaticas (organizacdo de uma face hidrofébica e outra hidrofilica) (Brogden, 2005), sendo
em sua maioria constituidas de 6 a 50 residuos de aminoacidos e possuindo carga liquida
positiva (Scott et al., 1999; Hancock and Patrzykat, 2002; Bradshaw, 2003). A presenca de
residuos como arginina, lisina e histidina influenciam diretamente no carater catiénico dos
PAMs (Hancock and Scott, 2000). Alguns estudos mostram que a carga liquida destes
peptideos esta relacionada as suas atividades antimicrobiana, hemolitica e citotoxica (Lorin et
al., 2005). Além disso, os perfis estruturais e propriedades fisico-quimicas desempenham
papéis importantes na determinacdo da atividade antibacteriana, toxicidade e
biodisponibilidade (Magana et al., 2020).

Baseados em suas caracteristicas fisico-quimicas, peptideos catidnicos podem
possuir diversas conformacOes estruturais (Dennison et al., 2005). Pesquisadores vém
relatando que os PAMSs podem ser agrupados com base em quatro classes principais: a-hélice
(Figura 3a), folha-p (Figura 3b), peptideos lineares ou em coil (Figura 3c), incluindo a mistura
de a-hélice e folha-p (Figura 3d) (Giuliani et al., 2007). Entretanto, existe uma gama de
estruturas que estes peptideos podem adotar, como por exemplo, estruturas em loop e
peptideos estendidos, estruturas em grampos (f-hairpin) (Blanco et al., 1994; Hancock and

Lehrer, 1998), peptideos ciclicos (Joo, 2012), além de peptideos com composices de
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aminoacidos Unicos (Epand and Vogel, 1999), bem como peptideos L- e D-enantibmeros,
diasteroisomeros e retro-inversos (Petsko, 1992; Cardoso et al., 2018). Estruturas helicoidais
dependem de fatores como a disposicao dos residuos de aminoacidos ao longo da sequéncia, a
cadeia lateral destes residuos, sua carga (positiva ou negativa), isomeria dos residuos (L- ou
D-aminoécidos) e o ambiente em que estdo inseridos (Papo and Shai, 2003). J& as estruturas
em folha-p podem se organizar nos sentidos paralelo e antiparalelo. Para isto geralmente os
peptideos se formam a partir de cadeias polipeptidicas determinadas, geralmente, pela
presenca de residuos de cisteina responsaveis pela formacéo de ligacoes dissulfeto, conferindo

maior estabilidade estrutural ao peptideo (Broekaert et al., 1997; Braff and Gallo, 2006).

Figura 3. Estruturas tridimensionais de peptideos antimicrobianos. Em (a) conformagdo de a-
hélice, magainina-2 (PDB 2MAG); (b) conformacdo em folha-B, tachyplesina-1 (PDB
1WO1); (c) estrutura estendida ou coil, indolicidina (PDB 1G89); (d) mistura de a-hélice e
folha-p, defensina-A de inseto (PDB 1ICA). LigacGes dissulfeto destacadas em sticks

amarelo, atomos de nitrogénio em azul e atomos de oxigénio em vermelho.
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As propriedades fisico-quimicas dos peptideos antimicrobianos estdo relacionadas
com seus efeitos antibacterianos, tais como constituintes de aminoéacidos, comprimento dos
peptideos, presenca de residuos com carga positiva, composicao lipidica, caracteristica de
hidrofobicidade, carga liquida da molécula e a helicidade da estrutura espacial estrutura
(Carratald et al., 2020; Koehbach & Craik, 2019). Os constituintes ou 0 arranjo da cadeia
lateral afetaram fortemente a potente atividade antimicrobiana e a especificidade para o alvo
microbiano de PAMs (Li et al.,, 2014). Com base em seu conteddo e proporcdo de
aminoacidos, essas moléculas podem ser ainda categorizadas como peptideos ricos em
determinados residuos de aminoécidos, como por exemplo, alanina (Cardoso et al., 2016),
prolina (Otvos, 2002), e arginina (Chan, 2006). Estudos também revelam que alteracGes nas
porcdes N- e C-terminais também podem conferir maiores estabilidades estruturais para esses
peptideos (Alvares et al., 2018; Zhu et al., 2021).

PAMs adotam diferentes conformagdes, tornando-os atraentes como moléculas
multifuncionais que interagem com diferentes partes do microrganismo alvo. Essa capacidade
de adaptacdo a diferentes ambientes (flexibilidade estrutural) pode ajudar os PAMs a superar
os diversos mecanismos de defesa que os microrganismos utilizam para evadir os agentes
antimicrobianos (Koehbach and Craik, 2019; Park et al., 2022). A flexibilidade dessas
moléculas pode ser considerada um fator importante para sua atividade antimicrobiana e pode
ajudar a explicar seu amplo espectro de acdo e capacidade de superar 0s mecanismos de
defesa dos microrganismos (Benfield and Henriques, 2020). No entanto, vale ressaltar que
essa caracteristica também pode desencadear efeitos indesejados, incluindo altas taxas de
citotoxicidade, hemolise, baixa biodisponibilidade, degradacdo proteolitica, instabilidade
plasmaética, bem como sensibilidade ao sal, uma vez que interagem eletrostaticamente com as
membranas microbianas (Gan et al., 2021). Portanto, o desenho de PAMS precisa considerar
outros parametros além da flexibilidade, incluindo distribuicdo de carga, momento
hidrofobico e hidrofobicidade (Cardoso et al., 2020).

As propriedades biofisicas dos peptideos também podem estar intimamente
relacionadas com sua atividade antimicrobiana. Com alvo de paredes celulares bacterianas
carregadas negativamente, a alta carga liquida positiva e a anfipaticidade podem explicar a
alta afinidade por membranas (Gan et al., 2021). Para a maioria dos PAMs, a alta afinidade
por membranas microbianas contribui para a natureza anfipatica geral, o que demonstrou que
a interagdo da membrana ndo era exclusiva dos peptideos a-helicoidais (Y.-H. Huang et al.,

2009; jarva, 2018). Outros fatores como o pH, temperatura e a concentracdo de sal também
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afetam fortemente a eficicia dos PAMs em erradicar bactérias (Hale and Hancock, 2007,
Benfield and Henriques, 2020). Em ambiente de pH ligeiramente &cido, a atividade
antimicrobiana pode promover a protonacdo de certos aminoacidos é promovido, como
histidina, acido aspartico ou acido glutdmico (Salas-Ambrosio, 2020). A carga liquida de
PAMs cationicos pode favorecer sua ligacdo com superficies bacterianas carregadas
negativamente, entretanto, em ambiente com maiores concentracdes de sal podem interferir
no equilibrio dos gradientes ibnicos e dificultando o vazamento do conteddo celular
(Mohanram and Bhattacharjya, 2016; Park et al., 2022). De forma geral, além das
caracteristicas fisico-quimicas, o ambiente em que estdo inseridos podem alterar os diversos

mecanismos de a¢ao associados.

1.3 Mecanismos de a¢ao

O equilibrio anfifilico mostra-se importante para os PAMs, influenciando tanto a
atividade antibacteriana quanto sua seletividade. A conformacdo anfifilica pode ser benéfica
para a segregacdo da cadeia lateral catiénica hidrofilica e hidrofébica (Chen et al., 2007).
Estudos indicam que a interacdo de PAMs com membranas tende a se dividir em duas classes
de mecanismos: (i) disrupcdo de membranas e (ii) alvos intracelulares (Powers and Hancock,
2003; Lee and Lee, 2015). Ainda que ndo exista um consenso universal relacionado aos
mecanismos de acdo dessas moléculas, os modelos de permeabilizacdo de membrana tém sido
propostos no meio académico e aceitos com base em diversas investigacdes (Nguyen et al.,
2011). Interacdes peptideo-membrana tornam-se de fundamental importancia na compreenséao
dos mecanismos de acdo destas moléculas, uma vez que os PAMs possuem como
caracteristica sua capacidade de interagir com membranas bacterianas (Hancock and Rozek,
2002). Este mecanismo molecular e a via de permeabilizacdo de membranas podem variar de
acordo com o peptideo. Além disso, alteragdes na sequéncia de aminodcidos, composicao
lipidica da membrana e concentracdo de peptideo também podem interferir no mecanismo de
acao (Shai, 2002).

Durante a permeabilizacdo de membranas pode-se observar a liberacdo de ions e
metabdlitos intracelulares, interrupcdo de processos respiratorios, despolarizacdo da
membrana e, por fim, a morte celular (Pelegrini et al., 2011). Estas interacbes podem ser
realizadas de diversas formas, onde na maioria das vezes apresentam-se descritas como
formagéo de poros, sendo divididos em poro toroidal, modelo barril e modelo carpete (ou

tapete) e modelo detergente (Figura 3a) (Nguyen et al., 2011). A formacdo de poros
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geralmente pode ser coordenada pelos grupos lipidicos com a parte polar e os feixes da hélice
que se orientam de forma vertical no interior da membrana. O modelo toroidal, por exemplo,
constitui poros toroidais nas bicamadas lipidicas, agregando-se as camadas de forma
intercalada. J& no modelo barril as hélices peptidicas formam um feixe na membrana com um
[umen central, muito semelhante a um barril composto de peptideos helicoidais. O mecanismo
de formagdo em carpete refere-se a desorganizagdo da membrana por acdo colaborativa dos
peptideos, onde os PAMs se ligam a superficie de forma paralela ao grupamento fosfato,
causando uma disrupcdo mais severa da bicamada lipidica. Semelhante a este modelo, o
modelo detergente pode acarretar interacbes desfavoraveis a superficie da membrana,
produzindo um efeito que eventualmente desintegra a membrana, formando micelas e
colapsando a bicamada (Yang et al., 2001; Reddy et al., 2004; Brogden, 2005).

Sabe-se que regides hidrofilicas (podendo ser carregadas positivamente) facilitam a
interacdo dos peptideos com as superficies microbianas carregadas negativamente e grupos da
bicamada de fosfolipidios que levam a penetracdo da membrana celular (Shai, 2002). Sendo
assim podemos mencionar ainda que, além dos mecanismos de acdo envolvendo membranas
celulares, PAMSs podem exibir acdo intracelular (Figura 2b) (Cardoso et al., 2019), incluindo a
inibicdo da replicacdo e transcricdo de DNA (Figura 2c), inibi¢do de sintese de RNA (Figura
2d) e inibicdo da funcdo ribossomal da sintese de proteinas (Figura 2e) (Mayor and Pagano,
2007). Os PAMs podem ainda inativar proteinas chaperonas, necessarias para o dobramento
adequado de proteinas essenciais para o microrganismo alvo (Figura 2f) (Hale and Hancock,
2007). Além disso, peptideos também podem causar a inibicdo da respiracdo celular e inducéo
da formacdo de espécies de oxigénio reativas (ROS) (Figura 2g), podendo causar dano a
integridade da membrana da célula mitocondrial, causando efluxo de ATP e NADH (Figura
20) (Hale and Hancock, 2007; Lee and Lee, 2015).

PAMs também podem causar modificagdes no sitio de enzimas, como por exemplo,
enzimas de inativacdo de aminoglicosideos, impedindo a acdo enzimatica e ocasionando a
perturbacdo de alvos intracelulares (Kumar et al., 2018), bem como podendo modular
diferentes cascatas do sistema imunoldgico (imunomoduladores) (Brogden, 2005; Jenssen et
al., 2006). Diante desta promiscuidade funcional e diversidade estrutural (Franco, 2011),
podemos observar a razdo pela qual PAMs tém se tornado tdo atraentes como futuras

moléculas terapéuticas.
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Figura 2. Mecanismos de acdo de PAMSs. (a) Mecanismos de acdo em membranas,
destacando a formacdo de poro toroidal, modelo carpete, modelo detergente e modelo barril.
(b) Mecanismos de agdo intracelular propostos para os PAMs em células bacterianas,
podendo atuar: (c) na inibi¢do da transcricéo e replicacdo do DNA, (d) no bloqueio da sintese
de RNA, (e) na inibicdo das funcbes ribossomais e sintese proteica, (f) no bloqueio de
proteinas chaperonas necessarias para dobramento adequado de proteinas e (g) inibicdo da
respiracdo celular e inducéo da formacao de ROS e dano a integridade da membrana da célula
mitocondrial e efluxo de ATP e NADH e (h) na modificagdo do sitio de enzimas. Figura

criada com o auxilio da ferramenta BioRender.
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1.4 Selecéo e optimizagao de PAMs

Diversas estratégias de desenho para desenvolver PAMs podem ser empregadas
visando a optimizacao, seletividade e mecanismo de acdo. A otimizacdo de PAMs pode ser
uma etapa critica em seu desenho (Blondelle and Lohner, 2010). Isso envolve modificar a
sequéncia e, consequentemente, estrutura do peptideo para aumentar sua atividade
antimicrobiana, minimizando sua toxicidade frente as células hospedeiras (Porto et al.,
2018b). Diferentes técnicas de otimizacdo, como substituicbes de aminoacidos, podem ser
usadas para aumentar a atividade de peptideos que demonstram algum tipo de bioatividade ja
relatada (Souza et al., 2015). Projetar peptideos com especificidade para patdgenos-alvo
também podem ser alcancados por meio do uso de diferentes estratégias, como a selecdo de
peptideos com base em sua atividade contra cepas bacterianas especificas ou o uso de
métodos combinatdrios para criar bibliotecas de peptideos com diversas sequéncias (Holland
and Goldberg, 1989; Blondelle and Lohner, 2010; Dong et al., 2014).

Diversos algoritmos vém sendo utilizados para predizer a estrutura e funcdo de
peptideos (Morgenstern et al., 2006). Para isso, ferramentas computacionais vém sendo
desenvolvidas seguindo duas principais estratégias, a de métodos empiricos e a de
aprendizado de maquina (machine learning) (Porto et al., 2012). Algoritmos baseados em
métodos empiricos podem ser qualitativos, e funcionam baseados na probabilidade de uma
sequéncia de entrada (input) comparada com sequéncias de PAMs conhecidos em bases de
dados para prever uma possivel funcdo (Wang et al., 2008). Os algoritmos de aprendizado de
maquina podem ser baseados em inteligéncia artificial, buscando reconhecimento de padrdes
(Kotsiantis et al., 2007). Outro foco em especial tem sido dado ao modelo quantitativo de
relacdo estrutura-ativa (QSAR) que utiliza descritores fisico-quimicos para prever a atividade
bioldgica de peptideos a partir da sequéncia primaria de aminoacidos (Mitchell, 2014; Neves
et al.,, 2018). De forma geral, estes algoritmos sdo fundamentados em um conjunto de
informacdes conhecidas que podem prever a informacdo de saida com base na informacéao de
entrada (Davies and Shamu, 2014). Dentre as diversas estratégias que podem ser aplicadas
diversas técnicas ou abordagens computacionais.

Uma das técnicas computacionais que pode ser aplicada consiste em abordagens
estocasticas, as quais visam a otimizacdo de peptideos através de processos aleatorios para
realizar alteragbes. Outra abordagem se da através de algoritmos evolutivos que geram
sucessivas geracfes de mutacbes e delecBes na sequéncia buscando aprimorar as

caracteristicas que Ihe conferem a atividade (Hiss et al., 2010; Kliger, 2010). Os algoritmos
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evolutivos sdo chamados assim, pois sua otimizacdo geralmente tende a ser inspirada na
natureza, como uma estratégia de evolucao propriamente dita (Holland and Goldberg, 1989).
Geralmente, estes métodos compartilham o conceito de variagdo e selecdo in silico, onde, de
forma geral, através de um conjunto de informacbes (genes ou sequéncias, por exemplo),
busca pontualmente por um “individuo” mais apto. Dessa forma, através da variacdo podem
produzir descendentes (homologos) com carateres melhorados ou que favoregcam uma agédo
especifica (Hiss et al., 2010).

PAMs podem ser considerados moléculas promissoras para aplicacbes de cunho
terapéutico, visto que possuem especificidade, atividade bioldgica e toxicidade. Contudo, na
maioria dos casos, diversos parametros devem ser levados em consideracdo para sua
otimizacdo e, embora ndo seja abrangente, uma variedade de métodos para a geracdo de novos
candidatos a PAMs podem ser descritas, com énfase em tecnologias computacionais
(Blondelle and Lohner, 2010; Monte et al., 2012). Bibliotecas peptidicas possuem uma alta
diversidade e tornaram-se instrumentos para a investigacdo e compreensdo de sistemas
bioldgicos em nivel proteico. Estratégias de transcriptdmica e protedmica, por exemplo,
permitem que cada vez mais bancos de dados sejam preenchidos com diversas moléculas de
potencial biolégico (Monte et al., 2012). Neste contexto, algoritmos podem ser utilizados em
bancos de dados visando a busca de novas moléculas bioativas (Holland and Goldberg, 1989;
Porto et al., 2018a).

O desenvolvimento de PAMs como substancias terapéuticas requer o cumprimento de
certas caracteristicas (Fjell et al., 2012). Em suma, os métodos de redesenho tém sido
utilizados para melhor compreensdo estrutural e funcional de sequéncias através das
propriedades fisico-quimicas envolvidas nestes processos de otimizacdo. Associados aos
métodos citados acima outras metodologias tém sido aplicadas como ferramentas de predicéo
da atividade antimicrobiana a partir das sequéncias dos peptideos gerados, como por exemplo,
0 Collection of Antimicrobial Peptides (CAMPRr3) (Waghu et al., 2015). Este banco de dados
permite que seus usuarios prevejam o potencial que uma sequéncia possui para ser um PAM,
através de quatro algoritmos, sendo eles maquina de vetores de suporte (SVM), conhecida
como um robusto algoritmo utilizado como ferramenta de inteligéncia artificial (Schneider
and Wrede, 1998); random forest (RF) composto por um grupo gerado aleatoriamente de
arvores (Scornet et al., 2015); analise discriminante (AD) que descreve uma distribuicdo de

probabilidade ao longo de um ndmero potencialmente infinito de sequéncias (Eddy, 1998;
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Chiang et al., 2004); e rede neural artificial (ANN) que pode emular a aprendizagem humana,
raciocinio e tomada de decisdo (Davies and Shamu, 2014).

Embora a capacidade antimicrobiana seja uma caracteristica importante no
desenvolvimento de terapéuticas baseadas em peptideos, a auséncia de toxicidade
significativa é uma caracteristica tdo importante quanto uma boa atividade antimicrobiana
(Irazazabal et al., 2016; dos Santos Cabrera et al., 2019). Nesse sentido, a identificacdo das
propriedades fisico-quimicas que impulsionam as atividades biolégicas dos PAMs é uma
ferramenta importante no planejamento racional para a otimizacao desses peptideos (Torres et
al., 2019). Assim, a modulacdo de parametros fisico-quimicos, como carga, anfipaticidade,
hidrofobicidade, momento hidrofébico e propensdo helicoidal, que em uma correlagdo
complexa influenciam os processos que direcionam a interacdo peptideo-membrana, tem
permitido, em alguns casos, a melhoria de peptideos mais seletivos (Dong et al., 2014; Porto
et al., 2018b; Park et al., 2022).

1.5 Mastoparanos

Diante da diversidade de PAMs considerados uma alternativa aos tratamentos
antibacterianos convencionais os venenos de artrépodes representam uma fonte em potencial
para a prospec¢do de moléculas biologicamente ativas (Marr et al., 2006; Lai and Gallo,
2009). O veneno de vespas contém inmeras substancias bioativas com potenciais aplicacdes
fisioldgicas, farmacoldgicas e terapéuticas (Monteiro et al., 2009). O veneno das vespas pode
variar em sua composicdo entre espécies, sendo que a maioria dos componentes do veneno da
vespa sdo geralmente categorizados como proteinas de alto peso molecular, moléculas
bioativas e peptideos de baixo peso molecular (Monteiro et al., 2009; Dongol et al., 2014; dos
Santos Cabrera et al., 2019). Esses peptideos incluem mastoparanos, que podem ser
diferenciados, de acordo com suas subfamilias, Vespinae e Polistinae (Dongol et al., 2014).
Entre os peptideos curtos derivados de veneno descritos até o momento, mastoparanos
encontram-se bem caracterizados (Hirai et al., 1979; Moreno and Giralt, 2015).

Podemos citar os mastoparanos como exemplo de peptideos multifuncionais. Em sua
maioria, 0s mastoparanos caracterizam-se como peptideos catidnicos, anfipaticos, geralmente
organizados em a-hélice (ambiente dependente), sendo constituidos de 10 a 14 residuos de
aminoacidos (Nakajima et al., 1986; de Santana et al., 2022). Os mastoparanos possuem
diversos mecanismos de ac¢do, 0s quais podem estar diretamente relacionados ao tipo celular

com o qual interagem. Quando ligados a mastocitos, estes peptideos causam degranulagéo,
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secrecdo de histamina e, consequentemente, vasodilatacdo (Konno et al., 2000; Ho et al.,
2001). Em células do sistema imunoldgico colaboram na cascata de sinais, recrutando mais
células para o local de inflamagédo, como por exemplo, inducéo do processo de quimiotaxia de
neutrofilos e células T auxiliares (Argiolas and Pisano, 1984; Hancock and Diamond, 2000).
Os mastoparanos podem ainda causar a ativacdo de fosfolipases A2, as quais aumentam
lesBes teciduais e edemas (Argiolas and Pisano, 1984). Em células sanguineas ha relatos de
gue mastoparanos possuem atividade hemolitica e citotdxica (Hirai et al., 1979; Tosteson et
al., 1985; Higashijima et al., 1988; Konno et al., 2001). Outra atividade importante dessa
classe de PAMs parece estar ligada a transducdo de sinal via proteina G (Higashijima et al.,
1988; Jones and Howl, 2006).

Ademais, membros dessa classe de peptideos podem ser eficazes no combate a
fungos, cepas bacterianas, incluindo atividades bacteriostaticas e bactericidas e acdo
antibiofilme (Konno et al., 2006; de Souza et al., 2011; Lin et al., 2011; Vila-Farres et al.,
2012; de Azevedo et al., 2015; das Neves et al., 2019). Ainda que exista uma variedade de
mastoparanos isolados de diversas espécies de vespas, podemos contar também com o0s
mastoparanos modificados, tornando esta familia de peptideos atrativos para buscas de novas
funcdes. Com base nisso, um numero crescente de investigacdes tem se dedicado a melhorar
ndo sé a seletividade celular de mastoparanos como também suas atividades bioldgicas (Silva
et al., 2017; Alvares et al., 2018). Além disso, ao otimizar o potencial antimicrobiano e
imunomodulador de peptideos semelhantes ao mastoparano, efeitos hemoliticos e citotoxicos
podem ser reduzidos em células de mamiferos, tornando esses peptideos atraentes para fins
clinicos (de Lacorte Singulani et al., 2019; Oshiro et al., 2019).

Um modelo linguistico foi usado como base para o desenvolvimento de uma nova
ferramenta de bioinformatica, denominada algoritmo Joker, que executa a insercdo de padrdes
na sequéncia modelo para gerar PAMs otimizados (Porto et al., 2018a). Dessa forma, Oshiro e
colaboradores. (2019) utilizaram dois peptideos bioinspirados em mastoparano-L (Hirai et al.,
1979), denominados mastoparano-R1 e mastoparano-R4, obtidos através do algoritmo Joker
(Figura 5), com o objetivo de potencializar e estender suas atividades antimicrobianas, bem
como reduzir seus efeitos toxicos para as células de mamiferos quando comparados ao
peptideo progenitor. Anteriormente, os peptideos R1 e R4 foram capazes de inibir as cepas de
E. coli (ATCC 25922, BL21, KPC+), cepas de Staphylococcus aureus (ATCC12600, MRSA)
e Pseudomonas aeruginosa (PAOL e PA14). Além disso, estes peptideos foram capazes de

erradicar os biofilmes pré-formados de P. aeruginosa (PAOL1). Em adicdo, os peptideos de
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estudo foram ainda avaliados em relacdo a seu potencial hemolitico perante eritrocitos
humanos, onde foi observado que, a 100 uM, mastoparano-L induziu mais de 45% de
hemolise, enquanto R1 e R4 causaram menos de 10% (Oshiro et al., 2019). Com esses
resultados em mente, no presente estudo, mastoparano-R1 e R4 foram avaliados em
concentragOes salinas fisioldgicas, buscando entender como propriedades fisico-quimicas e
estruturas poderiam afetar sua afinidade por membranas bacterianas e atividade

antibacteriana.

variantes de
mastoparano-L

-~

“K[ILV] [AL]x[RKD] [ILV]xxKI” N Wt n
U algoritmo Joker J \,}(5’\)

<R -
~ mastoparano-L P ) ‘Q’i

"

Peptideos Sequéncias carga liquida
mastoparano-L INLKALAALAKKTIL +3
mastoparano-R1 K I LK RLAAKIKKTITL +6
mastoparano-R2 I K LLARIALEKTIKTIL +4
mastoparano-R3 I NK I A LRI LAKTITIL +3
[I°R8]* INLKILARLAKKIL +4
mastoparano-R4 I NL KK LAARIKKKTI +6

Figura 4. Variantes de mastoparano-L obtidos por desenho auxiliado por computador. Quatro
variantes de mastoparano foram geradas usando o algoritmo Joker de acordo com o padrdo o-
helicoidal "K [ILV] [AL] x [RKD] [ILV] xxKI" e usando a sequéncia mastoparano-L como
modelo. Os residuos destacados em vermelho correspondem aos residuos modificados nas
variantes R1 a R4 em comparacdo com mastoparano-L. *A sequéncia projetada
(INLKILARLAKKIL) apresentou correspondéncia completa com um mastoparano
previamente descrito ([I°R®]) (Irazazabal et al., 2016), portanto, ndo foi utilizado. Figura
adaptada de (Oshiro et al., 2019).
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2. JUSTIFICATIVA

Ao longo dos anos o uso indiscriminado de antibidticos tem facilitado com que
microrganismos desenvolvam respostas de resisténcia a antibioticos tornando-os, assim,
patégenos considerados multirresistentes. As bactérias podem ser eficientes na sintese e no
compartilhamento de genes envolvidos no desenvolvimento de mecanismos de resisténcia a
antibidticos, levando a resultados negativos na clinica. Essa ineficiéncia pode estar
relacionada a resisténcia intrinseca de uma bactéria a um antibiotico especifico, o que pode
ser explicado por sua capacidade de resistir a acdo desse farmaco como resultado de
caracteristicas estruturais ou funcionais inerentes. Portanto, a disseminacdo dos fatores de
resisténcia aos antibiodticos, juntamente com o uso indevido desses medicamentos, tornou o
desenho de medicamentos um amplo campo de pesquisa. Neste ambito, os PAMs surgem
como uma alternativa em resposta a esses patdégenos, uma vez que sdo conhecidos por fazer
parte do sistema imune inato de diversos organismos, atuando como primeira linha de defesa
do hospedeiro. PAMs derivados de toxina de vespas s&o denominados, em sua maioria,
mastoparanos. Mastoparanos sdo peptideos de vespa de ocorréncia natural que possuem
potencial farmacéutico devido as suas propriedades multifuncionais, além disso estes
peptideos possuem diversos mecanismos de acao, porém passiveis de causar danos celulares,
incluindo toxicidade contra células de mamiferos e hemolise de eritrocitos humanos. Dois
peptideos derivados do mastoparano-L, denominados mastoparano-R1 e mastoparano-R4,
foram projetados por um algoritmo computacional denominado Joker, com o objetivo de
potencializar a atividade antimicrobiana, bem como reduzir os efeitos toxicos em células de
mamifero. Mastoparano-R1 e R4 tiveram atividade antimicrobiana contra varias cepas, com
os resultados notaveis obtidos contra cepas de E. coli (ATCC 25922, BL21) e K. pneumoniae
carbapenemase gene positivo (KPC+). Os peptideos foram avaliados quanto ao potencial
hemolitico contra eritrocitos humanos e, a 100 uM, o mastoparano-L induziu mais de 45% de
hemolise, enquanto R1 e R4 causaram menos de 10% de hemolise. Dada a importancia desses
achados, o presente estudo visou investigar o impacto das atividades antimicrobianas de R1 e
R4 ao longo do tempo e em concentracdes fisiologicas de sal. Alem disso, buscamos obter
informagBes sobre a relacdo entre suas propriedades fisico-quimicas, caracteristicas
estruturais e sua afinidade por membranas zwiteriénica e anionica influenciando, assim, na

sua seletividade celular.
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3. OBJETIVO
3.1 Objetivo geral
Avaliar a atividade antibacteriana dos peptideos mastoparano-R1 e R4 em
concentracgdes salinas fisioldgicas, buscando entender como as propriedades fisico-quimicas e

estruturais podem afetar sua afinidade por membranas bacterianas.

3.1 Objetivos especificos

a. Sintetizar e purificar os peptideos mastoparano-L, mastoparano-R1 e mastoparano-R4;

b. Avaliar o crescimento das cepas em meio caldo com 0 mM NaCl e 150 mM NaCl e
estabelecer a padronizacgdo de unidades formadoras de col6nias (UFC.mL™) para cada
cepa em suas respectivas condicoes;

C. Determinar a cinética da concentracdo inibitéria minima (CIM) dos peptideos
mastoparano-L, R1 e R4 perante cepa susceptivel e resistente de E. coli ao longo do
tempo e determinar a concentragdo bactericida minima (CBM) dos peptideos frente
essas cepas;

d. Realizar a caracterizacdo da estrutura secundaria dos peptideos em diferentes
ambientes miméticos através de Dicroismo Circular (DC);

e. Realizar a caracterizacdo da estrutura tridimensional dos peptideos R1 e R4 em SDS
através de Ressonancia Magnética Nuclear (RMN);

f. Avaliar o potencial dos peptideos se ligarem e romperem vesiculas unilamelares
simulando diferentes constituicbes de membranas, bem como observar a interacao
peptideo-membrana avaliando o grau de associacdo, dissociacdo e afinidade dos
peptideos por membranas miméticas;

g. Avaliar o comportamento das estruturas de R1 e R4 nas mesmas constituicGes de

membrana através de dindmica molecular.
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4. ARTIGO DE PESQUISA

Artigo 1, submetido na revista FEBS Journal:

Decifrando a estrutura e 0 mecanismo de acao dos peptideos mastoparanos projetados
por computador.

Resumo: Os mastoparanos sdo peptideos catibnicos com propriedades farmacoldgicas
multifuncionais. Mastoparanos-R1 e R4 foram projetados computacionalmente com base no
mastoparan-L nativo de vespas e tém potencial terapéutico aprimorado para o controle de
infeccdes bacterianas. Aqui avaliamos se esses peptideos mantém sua atividade contra cepas
de E. coli em uma concentracao fisioldgica de sal. Descobrimos que os mastoparanos-R1 e R4
preservaram sua atividade nas condigdes testadas, incluindo atividades antibacterianas em
concentracdes salinas fisiologicas. A estrutura geral dos peptideos foi investigada usando
espectroscopia de dicroismo circular em uma variedade de solventes. Ndo foram observadas
alteracOes significativas na estrutura secundaria (enrolamento aleatorio em solugdes aquosas e
a-hélice em ambientes hidrofébicos e anidnicos). As estruturas tridimensionais de
mastoparano-R1 e R4 foram elucidadas por espectroscopia de ressonancia magnética nuclear,
revelando segmentos a-helicoidais anfipaticos para Leu3-1lel3 (mastoparano-R1) e Leu3-
llel4 (mastoparano-R4). Possiveis mecanismos de associacdo de membrana para
mastoparano-R1 e R4 foram investigados por ressonancia plasmonica de superficie e estudos
de vazamento com bicamadas lipidicas sintéticas POPC e POPC/POPG (4:1). Mastoparano-L
teve a maior afinidade para ambos os sistemas de membrana, enquanto os dois analogos
tiveram associacdo mais fraca, mas melhoraram a seletividade para lisar membranas
anidnicas. Essa descoberta também foi apoiada por simulacbes de dindmica molecular, nas
quais se descobriu que mastoparano-R1 e R4 tém maiores interagdes com membranas
semelhantes a bactérias em comparacdo com modelo de membranas de mamiferos. Apesar de
apresentarem algumas diferencas em seus perfis funcional e estrutural, o analogo de
mastoparano-R1 se destacou com melhor atividade, maior potencial bacteriostatico e
seletividade para lise de membranas anibnicas. Este estudo reforca o potencial do

mastoparano-R1 como candidato a medicamento.
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ABSTRACT

Mastoparans are cationic peptides with multifunctional pharmacological properties.
Mastoparans-R1 and R4 were computationally designed based on native mastoparan-L from
wasps and have improved therapeutic potential for the control of bacterial infections. Here we
evaluated whether these peptides maintain their activity against Escherichia coli strains under
a range of salt concentrations. We found that mastoparans-R1 and R4 preserved their activity
under the conditions tested, including having antibacterial activities at physiological salt
concentrations. The overall structure of the peptides was investigated using circular dichroism
spectroscopy in a range of solvents. No significant changes in secondary structure were
observed (random coil in aqueous solutions and o-helix in hydrophobic and anionic
environments). The three-dimensional structures of mastoparan-R1 and R4 were elucidated
through nuclear magnetic resonance spectroscopy, revealing amphipathic o-helical segments
for Leu3-lle13 (mastoparan-R1) and Leu3-llel4 (mastoparan-R4). Possible membrane-
association mechanisms for mastoparan-R1 and R4 were investigated through surface plasmon
resonance and leakage studies with synthetic POPC and POPC/POPG (4:1) lipid bilayers.
Mastoparan-L. had the highest affinity for both membrane systems, whereas the two analogs
had weaker association, but improved selectivity for lysing anionic membranes. This finding
was also supported by molecular dynamics simulations, in which mastoparan-R1 and R4 were
found to have greater interactions with bacteria-like membranes compared to model
mammalian membranes. Despite having a few differences in their functional and structural
profiles, the mastoparan-R1 analog stood out with the highest activity, greater bacteriostatic
potential, and selectivity for lysing anionic membranes. This study reinforces the potential of
mastoparan-R1 as a drug candidate.

Keywords: mastoparan; antimicrobial peptide; structural biology.
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INTRODUCTION

Diverse natural host defense peptides, including antimicrobial peptides (AMPs), are
found in humans, animals, and plants, and most act against pathogens through interactions with
their surfaces, including cell walls and plasma membranes [1, 2]. Naturally occurring AMPs
have a broad range of sizes, stabilities, antibacterial potential, and toxicities towards
mammalian cells [2]. Peptides, especially linear peptides, are generally highly flexible,
allowing them to adapt to different environments and to interact with a wide range of molecular
targets. For example, AMP secondary structures can change after membrane association [3].
They are considered promising candidates for neutralizing resistant pathogens because of their
variety of mechanisms of action (e.g., membrane-associated mechanisms or interaction with
intracellular targets) [4-7]. Their ability to adapt to different environments (structural
flexibility) can help AMPs to overcome the various defense mechanisms that microorganisms
use to evade antimicrobial agents [5, 8]. Additionally, AMPs have a high degree of sequence
variability and there are many different possible amino acid sequences with antimicrobial
potential [2, 4, 9].

‘While the flexibility of AMPs is an important factor for their antimicrobial activity and
explains their broad spectrum of action and ability to overcome microorganisms’ defense
mechanisms [3], it can also trigger undesired effects, including cytotoxicity, hemolysis, low
bioavailability, proteolytic degradation, plasma instability, as well as their sensitivity to salt,
since they interact electrostatically with microbial membranes [6]. Therefore, AMP design must
consider other parameters apart from flexibility, including charge distribution, hydrophobic
moment, and hydrophobicity [10].

Mastoparans are naturally occurring wasp peptides that have pharmaceutical potential

due to their multifunctional properties [11, 12]. Two peptides derived from mastoparan-L,
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named mastoparan-R1 and mastoparan-R4, were computer-designed in a previous study, with
the aim of enhancing and extending antimicrobial activity, as well as reducing toxic effects on
mammalian cells [13]. Mastoparan-R1 and R4 have antimicrobial activity against several
strains, especially Escherichia coli (ATCC 25922, and BL21), and Klebsiella pneumoniae
carbapenemase gene positive (KPC+). The peptides were evaluated for hemolytic potential
against human erythrocytes, and at 100 uM mastoparan-L induced more than 45% of hemolysis,
whereas R1 and R4 caused less than 10 % hemolysis [13]. With these results in mind, in the
present study mastoparan-R1 and R4 were evaluated at physiological saline concentrations,
seeking to understand how physicochemical properties and structures could affect their affinity

for bacterial membranes and antibacterial activity.

RESULTS AND DISCUSSION
Peptide synthesis and target bacteria

Studies were conducted on synthetic samples of mastoparan-L, R1 and R4 with purity
> 95 %. MALDI-ToF analyses confirmed ions with m/z of 1479.89 Da, 1636.14 Daand 1636.39
Da, corresponding to mastoparan-L, R1 and R4, respectively (Figure S1). Antimicrobial assays
were conducted with two E. coli strains. Growth curves showed that the addition of sodium
chloride (NaCl 150 mM) to the MHB growth medium did not interfere with the growth pattern
of the E. coli ATCC 25922 and E. coli clinical isolate LACEN 9921447 strains (Figure S2). We
obtained colony forming unit (CFU mL-!) values from 5.5 x 10'! to 6.8 x 10'! CFU mL"! in the
presence and absence of salt, suggesting that the different ionic strengths did not significantly

interfere with bacterial cell viability (Figure S2).

Antimicrobial kinetic activities for mastoparan-L, R1 and R4
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The sensitivity of AMPs to salt is considered one of the major limitations in
antimicrobial development as it is important to develop AMPs that maintain their antimicrobial
activity at physiological salt concentration. In the present work, the minimal inhibitory
concentration (MIC) values are expressed as a function of time (kinetics) in which the peptides
can, or cannot, inhibit bacterial growth (bacteriostatic), thus preventing their proliferation and
multiplication over the incubation time. Moreover, the bactericidal potential for each peptide
was also evaluated as their ability to compromise the bacterial cell viability (minimal
bactericidal concentration, MBC). For the susceptible E. coli ATCC 25922 strain we observed
that mastoparan-L had MIC and MBC values of 16 uM in the absence of salt. By contrast, the
activity of this peptide is abolished (up to 32 uM) in NaCl-supplemented medium, over 24 h of
incubation. For mastoparan-R1 in the absence of salt, the lowest MIC value (2 uM) was
recorded, whereas 4 nM was the necessary concentration to inhibit bacterial growth in salt
conditions. Mastoparan-R4 showed bactericidal activity at § uM in the absence of salt but when
evaluated in NaCl-supplemented medium, lost its inhibitory activity after 3 h, impairing its
inhibitory and bactericidal potential (Figure 1.a-b). In summary, mastoparan-R1 showed the
best performance in terms of MIC and MBC, both in the presence and the absence of 150 mM
NaCl (Figure 1.a-d).

For the clinical isolate E. coli LACEN 9921447, mastoparan-L did not show
bacteriostatic (MIC) or bactericidal (MBC) activity, even at the highest concentration tested (32
pM). However, mastoparan-R1 inhibited bacterial growth at 8 M (MIC), and eradicated E. coli
bacterial cells at 16 uM (MBC). For this same strain, but in the presence of salt, mastoparan-
R1 showed improved antibacterial activity (MIC =2 uM), thus supporting our data against E.
coli ATCC, in which mastoparan-R1 showed the best performance under all conditions tested.

For mastoparan-R4, similar behavior was observed at higher concentrations in the absence of
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salt, with MIC and MBC values of 16 pM and 32 pM, respectively. With the addition of salt,
the peptide showed improvement in the inhibitory and bactericidal activity (8 uM) (Figure 1.c-
d). We conclude that mastoparan-R1 was the only peptide that preserved or improved its
antibacterial activities against both E. coli strains in the absence and presence of 150 mM NaCl.

Characteristics such as helicity, hydrophobicity and hydrophobic moment can affect the
salt-tolerance and antimicrobial activity of a-helical AMPs [14, 15]. Park and co-workers [14]
tested different peptides with RLLR repeats, suggesting that structural instability may interfere
with electrostatic interactions and, therefore, could be responsible for salt sensitivity in AMPs.
A more recent study found that replacing lysine residues with other cationic residues could
enhance antimicrobial activity under various salt concentrations, suggesting that the charge
distribution along the peptide backbone may be relevant for salt sensitivity [16, 17].

In our previous study, we discussed whether lysine residues distributed along
mastoparan sequences could boost their antimicrobial activity [13]. Interestingly, in the present
study, mastoparan-R1 was the most potent and stable peptide in salt-supplemented medium
(Figure 1). This may be explained by the positively charged amino acid residues distributed
along this peptide structure, which follow the pattern K-2-KR-3-K-1-KK-2 (mastoparan-R1 full
sequence: KILKRLAAKIKKIL-NH»), where the numbers indicate the spaces between the Lys
and Arg residues. This pattern for mastoparan-R1 shows a wide distribution of positive charge
throughout the peptide sequence (four sections of lysine and arginine residues). The same does
not apply for mastoparan-L (3-K-6-KK-2 — two sections; mastoparan-L full sequence:
INLKALAALAKKIL-NH>) and R4 (3-KK-3-R-1-KKK-1 —three sections; mastoparan-R4 full
sequence: INLKKLAARIKKKI-NH:z), which may explain the low performance of these two

peptides compared to mastoparan-R1.
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Apart from different ionic strengths, one of the major challenges in working with
mastoparan-like peptides is their hemolytic and cytotoxic effects on mammalian cells. Thus,
here the hemolytic activities were evaluated against mice erythrocytes at a maximum
concentration of 128 pM. Mastoparan-L. showed a higher hemolytic effect (21.6 %) than its
analogs, which were not hemolytic at the same concentration (Figure S3). Associating these
data with those previously published, we can infer that mastoparan-L consists of a non-specific
cytolytic peptide, whereas mastoparan-R1 and mastoparan-R4 have better selectivity for
microbial cells [13]. Some studies claim that peptides with greater hydrophobicity can cause
lysis of neutral zwitterionic membranes, thus explaining more pronounced hemolytic effects
[18, 19]. Previously, the physicochemical properties obtained through the HeliQuest server [20]
showed the parent peptide mastoparan-L has a higher rate of hydrophobicity (57.6 %) and a
lower hydrophobic moment (0.398) compared to its analogs mastoparan-R1 (36.9 %
hydrophobicity; 0.775 hydrophobic moment) and R4 (20.4 % hydrophobicity; 0.472
hydrophobic moment). Characteristics such as high amphipathicity may favor the interaction
of the peptide with cell membranes. Therefore, these characteristics are intrinsically involved

in the cytolytic character of mastoparan-L [13, 21, 22].

Structural Analysis

CD spectroscopy was used to characterize the overall structure of the parental peptide,
mastoparan-L, and its analogs in water, 10 mM KH2POg4 (pH 7.4) buffer, 50 % TFE and 75 -
100 mM SDS, at 25 °C. In general, the peptides had CD signatures characteristic of random
coiled structures in water and buffer. Only mastoparan-L revealed a slight a-helix profile in 10
mM KH2POys (pH 7.4) In hydrophobic (50 % TFE) and anionic environments (75 and 100 mM

SDS), all the peptides showed strong o-helical signatures (Figure 2), the helical contents in
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SDS-containing solutions presented only slightly changes, ranging from 69 — 73 % for

mastoparan-L, 36 — 45 % for mastoparan-R1, and 52 — 47 % for mastoparan-R4. (Table S2).

Helical structure and amphipathicity of AMPs influence their antimicrobial activity
and contribute to a membrane-active mechanism [11, 14]. However, the importance of
structural stability of a-helical AMPs still needs to be clarified. For instance, some studies
report that the ability of a peptide to adopt a well-defined amphipathic a-helix could be strongly
correlated with its antimicrobial activity [16, 23]. Bearing this in mind, further structural
experiments (e.g., nuclear magnetic resonance (NMR) and molecular dynamics (MD)) were
carried out in the present work to examine this hypothesis.

The structures of mastoparan-R1 and R4 were elucidated through NMR spectroscopy in
75 mM SDS-dzs. 'H resonance assignments were obtained by analysis of TOCSY and NOESY
spectra, as reported by Wuthrich [24]. The structural statistics for low-energy structures are
summarized in Table 1. The 'H-'"H NOESY spectra revealed a total of 200 distance restraints
for mastoparan-R1. The 200 (mastoparan-R1) or 166 (mastoparan-R4) distance restraints and
22 dihedral angles restraints predicted by the DANGLE algorithm in CcpNMR Analysis
program were employed as data input in the ARIA protocol. We performed the structural
calculation for 200 structures for each iteration, it0 until it8, starting with an extended structure
until the MDS A protocol for energy minimization and to determine the secondary conformation
of the peptide. The 10 lowest structures of the last iteration (it8) were refined in water, resulting
in 10 structures used for the structure ensemble of mastoparan-R1 and R4.

Secondary structure was predicted by phi (¢) and psi (y) angles obtained using the
DANGLE algorithm, by means of the experimental chemical shift of 'Hy, 'Hy, 13Cy and BCg.
Other relevant NMR data are summarised in Figure S4.a, including NOE connections. For
mastoparan-R1, medium sequential NOE connectivities (Ho-HN and HN-HN) were observed

8
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for almost the entire peptide sequence, except for He-HN i, i+1 for residues Ile2, Leu3, Tle13
and Leul4, and sequential HN-HN NOE:s for residues Lysl, Ile10, Ile13 and Leul4. Sequential
NOE connectivity (Hg-HN i, i+1) was observed only between residues Lys4Hp-ArgSH and
Leu6Hp-Ala7H. Short distance (HN-HN i, i+2; Ho-HN i, i+3; and He-Hp 7, i43) and medium
distance (Ho-HN i, i+4) NOEs characteristic of a-helix were observed for mastoparan-R1, as
shown in Figure S4.a. Short distances (HN-HN j, i+2) were observed between residues Ala7H-
Lys9H, Ala8H-Tle 10H and Tle10H-12LysH.. NOE connections (He-HN i, i+3) were observed
among residues Lys4Hq-Ala7H, Ala7H.-Ilel10H, Ala8Hq-Lys11H, Ilel0Hq-Ile13H and
Lysl1Hq-Leul4H. Similarly, (He-Hp i, i+3) connections were observed between residues
Ile2Hq.-ArgSHp, Lysd4Hqo-Ala7Hp, llelOHo-Ile13Hp and Lysl1Ha-Leul4Hp. Finally, medium
distances (Ho-HN i, i+4) were observed for Ala6Hq-Tle10H and Tle10H,-Leu 14H.

Secondary chemical shifts (SCS) of the o and B carbons of mastoparan-R1showed
positive and negative values, respectively (except for the a-carbon of Leul4, which showed a
large negative value). The SCS values for o-hydrogens were negative. SCS values represent the
difference in the chemical shift of *Cy, 13C[3 and 'H,, resonances relative to random coil values,
and the positive values for the a-carbons and negative values for the p-carbons and a-hydrogens
indicates an a-helical structure (Table S3). Structure prediction suggests an o-helix for
mastoparan-R1 between Leu3 to Ile13, as can be observed in the secondary structure chart in
Figure S4.a. The dihedral angles ¢ and y generated by Dangle in the CcpNmr analysis program
were classified as good and consistent, since the values of dihedral angles for each residue were
found in just one island of the Ramachandran plot, all in allowed regions, indicating excellent
stereochemistry (Figure S4.a).

For mastoparan-R4, sequential NOE connectivity i, i+1 (H,-HN and HN-HN) was

observed for almost the entire peptide sequence, except for He-HN i, i+1 for residues LysS5 and
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Ala8, and for sequential HN-HN for residues Tlel, Asn2, Leu6, lle10 and Lys11. Sequential
NOE connectivity (Hg-HN i, i+1) was observed between residues Leu3Hp-Lys4H, Lys4Hg-
Lys5H, LysSHp-Leu6H, Leu6Hp-Ala7H, Ala7Hp-Ala8H, Arg9Hp-Ile10H, Lys12Hg-Lys13H
and Lys13Hp-Tle14H. Short distance (HN-HN i, i+2; Ho-HN i, i+2 and He-HN i, i+3) and
medium distance (Ho-HN 7, i+4) NOEs characteristic of a-helix secondary structure were
observed for mastoparan-R4 as shown in the chart NOE connectivity (Figure S4.b). Short
distances (HN-HN i, i+2) were observed only for residues LysSH-Ala7H and Ala7H-Arg9H.
NOEs connections (He-HN i, i+2 and i, i+3) were observed among residues Ala8H-Ile10H,
Ala7Hg-1le10H, Ala8H,-Lys11H and Ile10H,-Lys13H. Finally, medium distances (H,-HN i,
i+4) were observed only for the connection Leu3Hq-Ala7H. Moreover, for mastoparan-R4,
SCSs of all @ and P carbons showed positive and negative values, respectively (except for a
carbon of residues Asn2 and Ile10, which showed intense negative deviation). The SCSs of a-
hydrogens show negative values, except for the a-hydrogen of Asn2, which has a positive value.
These data indicate an a-helical structure (Table S4). Structure prediction suggested an a-helix
for mastoparan-R4 between Leu3 to Lys13, as can be observed in the secondary structure chart
(Figure S4.b).

As observed in Figure 3, the structural calculation shows that the peptides adopted an a-
helical conformation between residues Leu3-Ilel3 (mastoparan-R1) and Leu3-Ilel4
(mastoparan-R4) for the lowest energy structure in 75 mM of SDS-d25 micelles. Figure 3 shows
the superposition of the 10 lowest energy structures for mastoparan-L (PDB: 6DUL), previously
determined by our group using a similar protocol (Figure 3.a), mastoparan-R1 (Figure 3.b) and
mastoparan-R4 (Figure 3.c). The structural statistics are summarized in Table 1. Additional
validations, including clash score, Ramachandran outliers and side-chain outliers, are available

in the Protein Data Bank (PDB) under PDB IDs: 8EP5 and 8ERU for mastoparan-R1 and
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mastoparan-R4, respectively. Previously, we reported that mastoparans-L, R1 and R4 have an
environment-dependent structure, whereby in more hydrophobic conditions (30% TFE, 25 mM
SDS, POPC and POPC/POPG) they adopt an a-helix secondary structure, while in an aqueous
environment (water and 10 mM KH2POj4 buffer) mastoparan-R1 and R4 reduced their helix
percentages in relation to the mastoparan-L analog [13]. Here we observed similar behavior,
and through the NMR results we found that mastoparan-R1 and R4 adopt an a-helix structure;
other studies have also reported that peptides of this class have a tendency for this environment-
dependent structural organization [11, 12, 25, 26].

Factors such as sequence symmetry, residue distribution, flexibility and secondary
structure may be beneficial to increase antimicrobial activity and decrease cytotoxicity,
improve selectivity and stability [15, 23, 27, 28]. Mohanram et al.,[29] designed an AMP called
RR12 with cationic and hydrophobic characteristics with 12 residues distributed in such a way
as to obtain a well-defined polar and non-polar face, demonstrating a predominant amphipathic
character and two parent peptides with specific modifications, namely the substitution of Arg5
by Trp5 and another which substitution of Trp5 by Ile7 [29]. With these modifications, they
verified that the presence of the Arg5 residue on the cationic surface helix has the potential to
confer salt resistance through the formation of multiple hydrogen bonds and/or ionic
interactions with the outer and inner membranes of bacteria [29].

More recently, Wu and co-workers,[30] investigated how the structural properties of
RR12 could interact with membranes and the structure attached to membrane mimetic micelles.
RR12 demonstrated disordered folding for a well-defined a-helix structure when interacting
with SDS micelles [30]. The structure orientation concentrated from residue Arg?2 to Ile7 with
the C-terminus more exposed to the solvent, and they stated that the helix segment could

contribute to bactericidal activity [30]. Similarly, we observed that the short and medium
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distance connections observed in mastoparan-R1 may allow a more relaxed folding of the
structure in SDS when compared to mastoparan-R4, which, nevertheless also folds in a-helices,
presents lower connectivity of the short-distance intra-residual.

AMP structures, including those of mastoparan peptides, may be influenced by factors
such as specific residue position along the helix, amino acid composition, and physicochemical
characteristics, which can affect their selectivity for microbial and mammalian cell membranes.
This selectivity is crucial for developing AMPs as potential therapeutics [31]. Some AMPs,
mainly those derived from animal toxins, may require modifications to improve their
selectivity, while others possess optimal selectivity [32, 33]. Therefore, the structure of AMPs
plays a key role in determining their mechanism of action and selectivity, making it an

important consideration for new antimicrobial agents’ development.

Insights about membrane-associated mechanisms of action

SPR was employed to evaluate peptide-lipid binding affinities for the parent peptide
mastoparan-L. and analogs R1 and R4 were evaluated for their binding to model phospholipid
bilayers, including zwitterionic POPC (pure) which is included to represent the neutral outer
surface of healthy mammalian cells, and anionic POPC/POPG (4:1), included to represent the
negatively charged surface of bacterial membranes. (Figure 4.a-b). Mastoparan-L. had the
highest affinity for both POPC and POPC/POPG (4:1) bilayers, followed by mastoparan-R1
and R4. Each of the peptides showed higher affinity binding for the negatively charged
POPC/POPG (4:1) bilayers compared to the neutral POPC bilayers, at a range of peptide
concentrations (0 — 32 uM). Rapid association and dissociation rates were observed in all cases,
but mastoparan-L was observed to remove lipids from the SPR L1 chip (commencing during

association and shown in Figure 4.a for POPC/POPG (4:1)), suggesting detergent-like
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properties at higher concentrations. This phenomenon has previously been observed for other
hydrophobic membrane-disruptive peptides [34].

Membrane-disruptive properties were examined by measuring peptide-induced leakage
of CF from LUVs, comprised of POPC or POPC/POPG (4:1). Dose-response curves (Figure
4.c) show that mastoparan-L lysed neutral and anionic vesicles at all concentrations tested
(down to 0.01 pM), and like control membrane-disruptive peptide melittin, did not show any
difference in the amount of peptide required to lyse 50 % of neutral compared to anionic
vesicles (LC50). The LCS50 values were at least ten-fold higher for mastoparan-R1 and R4
compared to parent mastoparan-L, which is consistent with the differences in lipid-binding
affinities observed for analogues with SPR. Also, mastoparan-R1 lysed POPC/POPG (4:1)
vesicles at ~3-fold lower concentration than POPC vesicles, which is consistent with the lower
hemolytic potential observed for this peptide.

NMR studies revealed well-defined a-helical structures in the presence of 75 mM and
the CD data show that these peptides have environment-dependent structures. When
considering membrane systems, it is thus relevant to evaluate the structural arrangements of the
peptides, aimed at better characterizing their mechanisms of action. We observed that
mastoparan-R1 and R4 tend to organize themselves in a well-defined a-helix, with different
flexibility levels depending on the environment in which they are inserted. Previously, Oshiro
co-workers[13] reported the a-helix signatures of mastoparan-R1 and R4 in 30 % TFE-d3
through two-dimensional NMR experiments, with a-helical segments from residues 4 to 13 and
from residues 4 to 12 for mastoparan-R1 and R4, respectively. Mastoparan-L exhibited
consistently higher intrapeptide hydrogen bonds than its analogs. Moreover, mastoparan-R1
had the lowest number of residues shielded from the solvent. These findings reinforce the

hypothesis that mastoparan-R 1 is the most structurally flexible peptide studied here, which is
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supported by NMR temperature coefficient data [13]. The greater the amide proton shift with
temperature, the lower the number of intrapeptide hydrogen bonds, thus influencing peptide
flexibility. Overall, the flexibility patterns observed in our previous and current study reveal the
ability of these peptides to change their conformation in response to external stimuli, which
may include changes in pH, and ionic strength.

Chou and co-workers,[27] used variable physicochemical characteristics, sequence
length, and composition that included the amino acids Gly, Lys, Leu, and Trp, along with
modified residue distribution. They confirmed that the symmetrical and rational helical
distribution of these parameters indicates a promising strategy for designing AMPs that are
more selective and specific to pathogens [27]. Of the 12 generated peptides (F1-F12), Fl and
F4 stood out with promising activities against gram-negative bacteria, low toxicity, low
sensitivity to salt and tendency for helical formation in a mimetic membrane environment [27].
Moreover, the investigation of how AMPs interact with bacterial membranes and the associated
antimicrobial performance can contribute to the design of new AMPs, minimizing toxicity to
healthy mammalian cells and maximizing their actions against human pathogens [18].
Numerous studies have shown that changes in physicochemical properties, including increased
hydrophobic moment and decreased overall hydrophobicity, may be responsible for cell

selectivity [11, 35].

In addition to the SPR and leakage studies with model phospholipid bilayers, MD
simulations over 1 ps were carried out to better understand at atomic level the structural
preferences and interactions between mastoparan-R1 and R4 and pure POPC and POPC/POPG
(4:1) bilayers. The simulations were carried out with the structures with the lowest free energy
solution NMR structures for R1 and R4 in the presence of SDS micelles. In addition, the
systems were programmed at 150 mM NaCl ionic strength similar to the antimicrobial assays,
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as well as SPR and leakage experiments. In the simulations with POPC, we observed that the
peptides tend to lose their initial a-helical structure, and that mastoparan-R1 had a greater
variation in the RMSD compared to mastoparan-R4 (Figure S5.a-e). Moreover, the root mean
square fluctuation (RMSF) analyses showed that mastoparan-R1 has a larger deviation at the
terminal regions, N-terminal (1 — 3) and C-terminal (11 — 14), whereas mastoparan-R4 has a
smaller fluctuation, except for the C-terminal region at position 12 (Figure S5.b-f). Moreover,
mastoparan-R1 has a greater variation in its solvent accessible area (SASA) from 0.2 us of the
MD simulation, whereas mastoparan-R4 was more stable over 1 ps of MD simulations (Figure
S5.c-g). Finally, mastoparan-R1 had a greater deviation from its center of mass, with radius of
gyration values ranging from 0.8 to 1.4 nm, indicating that this peptide adopts a more extended
structural profile compared to mastoparan-R4 (stable radius of gyration in both membrane
constitutions) as shown in Figure S5.d-h. For the simulation in POPC/POPG (4:1) bilayers,
mastoparan-R1 had a higher deviation in its trajectory than peptide R4, although the peptides
presented similar residue fluctuations (mainly at the C-terminus), surface accessible solvent

area and radius of gyration values (Figure S5.a-¢).

In the partial density maps, we observed that N-terminal region of mastoparan-R1
attaches to the POPC bilayer at the at the end of the MD simulation (Figure 5.a), whereas
mastoparan-R4 is completely detached from the membrane in the last 0.1 ps of the simulations
(Figure 5.e). In both cases, the peptides had a higher number of hydrogen bonds with water
molecules than with POPC phospholipids (Figure 5.b). By contrast, the partial density maps for
mastoparan-R1 and R4 showed that these peptides fully penetrate the POPC/POPG (4:1)
bilayer, with greater interactions in the last 0.1 ps of the simulations (Figure 5.c-d). Moreover,
the number of hydrogen bonds for mastoparan-R1 and R4 were higher in contact with POPC

and POPG phospholipids than for the POPC bilayer (Figure 5.a-b).
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For mastoparan-R1 in POPC/POPG (4:1), at the end of 1 ps of MD simulations, we
observed that most of the atomic interactions occur between Lys1, Leu3, Arg5, Lys9, 11 and
12 and the bilayer phospholipids (Table S6). For mastoparan-R4 in the same membrane
constitution, the peptide adopted an a-helical structure in contact with the phospholipids.
Moreover, the interactions involved residues Ilel, Asp2, Leu3, Arg9 and Lysl2. More
specifically, Ilel established four interactions, including one hydrophobic interaction, whereas
Arg9 was involved in six hydrogen bonds (Table S6). These data reveal the preference of both
peptide analogs for POPC: POPG (4:1) membranes, demonstrating binding specificity.

Here, we observed that mastoparan-R1 and R4 have antibacterial properties, acting
against susceptible and clinical isolates resistant. Mastoparan-R1 showed the best antibacterial
performance in our biological assays (2 uM — 16 pM), including under physiological salt
conditions. Antibacterial data associated with observations of electrostatic interaction with
negatively charged membranes suggest that the analogues do not have membrane disruption as
their main mechanism of action. The analogs are 10 times less disruptive than the parent,
mastoparan-L, but their membrane interactions appear more selective for lysing anionic
membranes. Mastoparan-R1 had a different functional and structural profile compared to the
parent mastoparan-L, and demonstrated superior antimicrobial activity at lower concentrations,
stronger bacteriostatic and bactericidal potential. Furthermore, mastoparan-R1 maintained its
activity in the presence of 150 mM NaCl, had the most potent activity toward a clinical isolate
of E. coli under these conditions, and importantly had a lower hemolytic potential. All these
advantages may be explained by the more flexible a-helical structural scaffold observed for
mastoparan-R1 compared to its parent peptide. Moreover, by comparing these structural
features with the observed functional properties for this peptide, including potency,
bacteriostatic and bactericidal effect, and selective binding and lysis of anionic membranes, it
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is possible to identify structural and physicochemical determinants that contribute to the
peptide's activity and mechanism of action. These findings highlight mastoparan-R1 as a
promising candidate for antimicrobial therapy, which could be further used as a template

molecule for further AMP optimization.

MATERIAL AND METHODS
Chemical synthesis of mastoparan-L, R1 and R4

Mastoparan-L, R1 and R4 were purchased from Peptide 2.0 Incorporated (USA), which
synthesized the peptides through F-moc (9-fluorenylmethyloxycarbonyl) protected solid phase

methodology and verified as > 95% pure.

Minimal inhibitory concentration kinetics assay

The MICs for mastoparan-L, R1 and R4 were evaluated against E. coli (ATCC 25922)
and E. coli ((clinical isolate) LACEN 9921447) provided by LACEN - Laboratério Central de
Saiide Piiblica, Brasilia — DF, Brazil. The bacterial strains were plated on Mueller-Hinton agar
plates (MHA) and incubated at 37 °C for approximately 18 h. Three colonies isolated from each
bacterium were separately inoculated in S mL of Mueller-Hinton broth (MHB), under two salt
conditions (0 mM NaCl and 150 mM NaCl) and incubated at 37 °C, overnight, at 200 rpm.
Bacterial growth was measured in a spectrophotometer at 600 nm using 100 pL of each
replicate. MIC assays were performed according to the protocol established by the Clinical &
Laboratory Standards Institute (CLSI) using the 96-well microplate dilution method [36]. Three
biological replicates were organized in the microplates at a bacterial concentration of 5 x 103
CFUmL. The peptides were tested at concentrations ranging from 0.5 to 32 uM. The antibiotic

meropenem was used as positive control at the peptide concentrations, and the bacterial
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suspension (5 x 10° CFU mL"!) in MHB supplemented or not with 150 mM NaCl was used as
negative control. The microplates were incubated at 37 °C in kinectics cicles conditions (49
spot readings), for 24 h. The readings were recorded in a microplate reader at 600 nm, at 30
min intervals. To obtain the minimum bactericidal concentrations (MBC), 10 uL microdroplets
were plated in MHA medium pipetted from the wells in which MICs were detected. After 24 h
of incubation, the Petri dishes were evaluated for CFUs, and no bacterial growth was interpreted

as bactericidal activity.

Hemolytic Assays

Hemolytic assays were evaluated against murine erythrocytes, in accordance with the
Committee on Ethics in the Use of Animals (CEUA) of Universidade Catélica Dom Bosco
(UCDB - Brazil) (CEUA/UCDB number: 015/2018). Blood was collected by cardiac puncture
from a healthy animal and transferred into tubes containing phosphate-buffered saline (PBS).
Blood samples were centrifuged at 4,000 rpm for | min. The supernatant was discarded, and
the blood cells were washed three times in 1 mL PBS. Solutions of 0.25 % erythrocytes were
prepared in PBS. The stock of peptides was prepared from serial dilutions, where the initial
concentration used was 100 pM (highest concentration per well in 96-well microplates). PBS
was used as a negative control, and 1 % Triton X-100 (100 % lysis of erythrocytes) was used
as positive control. Assays were performed on 96-well polypropylene plates at 37 °C for 1 h.
After that, the plates were centrifuged at 1,000 rpm for 5 min and the supernatants (from 100
uM wells) transferred to 96-well flat-bottom plates. Absorbances were measured at 415 nm.

Three independent experiments were performed.

Circular Dichroism Spectroscopy
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The characterization of the overall structures of mastoparan-L, R1 and R4 was
performed in ultrapure water, 10 mM KH,PO4 (pH 7.4), 50 % (v/v) 2,2,2-trifluoroethanol
(TFE), and 75 - 100 mM dodecyl sodium sulfate (SDS), at 25 °C. CD measurements were
carried out on a JASCO spectropolarimeter (J-1100) equipped with a Peltier temperature
controller, using wavelengths from 185 to 260 nm and five scanning accumulations for each
sample, using cuvettes of 0.5 mm path length at a scan speed of 50 nm min'. The resolution
was 0.1 nm, with a 1 s response time and five scan accumulations for each sample.
Measurements in solvents were conducted at a peptide concentration of 50 uM. All spectra were

smoothed using the Jasco Fast Fourier algorithm and baseline corrected.

Nuclear Magnetic Resonance (NMR) Spectroscopy

Mastoparan-L (INLKALAALAKKIL-NH>) was not studied by NMR as there are already
two solution NMR structures deposited in the Protein Data Bank (PDB IDs: 1D7N and 7DUL).
NMR spectroscopy for mastoparan-R1 (KILKRLAAKIKKIL-NH:) was performed using 75
mM of deuterated SDS (SDS-d>s5), pH 4.0, and the peptide stocks were prepared at 1.5 mM in
500 uL of HxO/D0 (90/10, v/v). NMR spectroscopy for mastoparan-R4
(INLKKLAARIKKKI-NH) was performed using 75 mM of deuterated SDS (SDS-d>s), pH
3.98, and the peptide stocks were prepared at 1.5 mM in 350 pL of H2O/D>O (90/10, v/v). All
spectra were recorded at 298 K on a Bruker Avance IIT 500 spectrometer equipped with a 5 mm
broadband inverse (BBI) probe head. 'H-'H TOCSY experiments were acquired using the
dipsi2gpph [37, 38] pulse sequence with 56 transients of 4096 x 1024 points (F2, F1) and
spinlock mixing time of 70 ms. The 'H-'H NOESY spectra were acquired using the
noesygpphw3 [39] pulse sequence with 48 transients of 4096 x 1024 points and mixing time of

200 ms. Water signal suppression was achieved by applying Watergate W5. 'H-'3C HSQC
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experiments were acquired using the hsqcetedetgp [40] pulse sequence with 88 transients of
4096 x 512 points and 1.5s relaxation delay (d1). All 2D NMR data were processed using
Bruker TopsSpin 3.6.3 and analyzed using CcpNMR Analysis 2.5.2 [41, 42]. The Wuthrich
method [24] was used for assignment of the spin systems of the 'H resonances observed in
TOCSY and NOESY spectra. DSS-ds 3-(trimethylsilyl)-1-propanesulfonic acid-d6 sodium salt
at 0.05 % was used as internal reference. 'H-'3C HSQC heteronuclear spectra were used in
assisting with the assignment of spin systems and confirmation for the assignment of chemical

shifts.

Structure determination

Determination of the three-dimensional structures was done using ARIA [43-46] software
version 2.3 with the compilation of the CNS program [47] and by molecular dynamics
simulated annealing protocol (MDSA) [48]. Peak intensities/volumes, classified as strong,
medium, and weak, obtained by NOE peak correlations from the NOESY spectra, were semi-
quantitatively converted into distance restraints using 1.72, 3.2 and 8.0 A as lower limit,
reference distance and upper distance limit, respectively. Dihedral angle restraints were
determined from the chemical shifts of 'HN, 'Ha, *Co and '*CP by using the DANGLE
algorithm [49] from CcpNMR Analysis software [42]. Both distance and dihedral angle
restraints were employed as data input from the CCPN [41] in the calculation in ARIA 2.3
software. Two-hundred structures were generated for each iteration in a protocol of 8 iterations
and, for the last iteration, the refinement of structures was performed using the water refinement
protocol [50, 51], resulting in 10 refined structures. Structures were visualized using the
PyMOL [52] and MOLMOL program [53]. The 10 lowest energy conformations were selected

to represent the structures’ ensemble. The structural analysis was performed by packages
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PROCHECK [54], WHAT IF [55] and MolProbity [56] integrated with ARIA software. The
quality of the structures was analyzed based on the values of root mean square deviation
(RMSD), stereochemical quality using PROCHECK, the Ramachandran diagram and ProSA
(Protein Structure Analysis), which indicates the peptide’s fold quality [57]. Furthermore, the
minimum total energy was required by the structures in calculation. Electrostatic potential
calculation was measured for the lowest energy three-dimensional structures resolved by NMR.
Conversion of .pdb files into .pqr files was performed on the PDB2PQR server using the
AMBER force field. Grid dimensions for calculating Adaptive Poisson—Boltzmann solver
(APBS) were also determined by PDB2PQR [58]. Solvation potential energy was calculated in

APBS [59]. Surface visualization was performed using the APBS plugin for PyMOL [52].

Preparation of small (SUV) unilamellar vesicles

Liposomes were prepared with the synthetic lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) (1:1) and POPC/1-palmitoyl-2-oleoylphosphatidylglycerol (POPG)
(4:1) from Avanti Polar Lipids. Lipids were solubilized in chloroform and mixed in the
quantities required to prepare the desired lipid mixtures and small unilamellar vesicles (SUVs;
diameter of 50 nm) were prepared in a HEPES buffer (10 mM HEPES containing 150 mM
NaCl, pH 7.4) by extrusion method, as previously described [60]. SUVs were used for SPR

studies to facilitate bilayer deposition on the chip surface [60].

Surface Plasmon Resonance (SPR)
The binding affinities of the peptides for model membranes composed of pure POPC
and POPC/POPG (4:1) were measured using SPR. Solutions were freshly prepared and filtered

(0.22 pum pore size). L1 sensor chips with a BIAcore 3000 system (BIAcore, GE Healthcare)
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were used for analysis. SUVs were prepared by freeze-thaw fracturing and sized by extrusion.
Vesicle suspensions were deposited on an L1 chip over 40 min at a flow rate of 2 pL min™! to
allow the vesicles to bind, fuse and form a stable lipid bilayer. Loosely bound vesicles were
removed with a short pulse of 10 mM sodium hydroxide (36 s at 50 uL min™! flow rate). Running
buffer was flowed over the lipid bilayer to ensure signal stabilization, before injection of peptide
samples. The association of the peptide sample to the lipid bilayer was evaluated by injection
for 180 s at flow rate of 5 uL min’, and the dissociation was followed for 600 s, at the same
flow rate. The L1 chip was regenerated after each injection cycle, by an injection of 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) (5 upL min?, 60 s),
followed by an injection of 10 mM sodium hydroxide in 20 % methanol (w/w) (50 uL min!,
60 s) and, to finish, an injection of 10 mM sodium hydroxide (50 pL min™, 36 s). All
measurements were conducted at 25 °C. 10 mM HEPES pH 7.4, containing 150 mM NaCl was
used as the running buffer and to prepare samples and lipid vesicles cited above. The peptide
samples were prepared at seven different concentrations, starting from 32 to 0.5 uM following
2-fold dilution steps. Running buffer was included as the 0 pM sample. The lipid deposited onto
the chip surface is dependent on the lipid mixture; therefore, the response units were converted

into peptide to lipid ratio (mol/mol).

Vesicle leakage

Synthetic lipids POPC and POPC/POPG (4:1) were prepared in chloroform, and a lipid
film was prepared by drying under nitrogen then in a vacuum desiccator for > 2 h. Lipid vesicles
were prepared using repeated freeze/thaw cycles followed by extrusion of 1 mM lipid mixtures
in 50 mM carboxyfluorescein (CF), 10 mM HEPES, 150 mM NaCl, pH 7.4. Large unilamellar

vesicles (LUVs) were prepared by extrusion through membranes with 100 nm pores. CF-loaded
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vesicles were purified using a 10 mL gel filtration column prepared from pre-swollen Sephadex
G-50 beads in 10 mM HEPES, 150 mM NaCl, pH 7.4. The lipid concentration of the purified
vesicles was determined against a standard curve prepared with Ferro thiocyanate Reagent (100
mM FeCls x 6H20, 400 mM NH4SCN; Stewart assay). Serial dilutions of peptide were
incubated with LUVs containing 5 uM lipid in black 96-well plates. The fluorescence intensity
(FI; Aex = 489 nm, kem = 515 nm) was measured using a Tecan fluorescence spectrometer
plate-reader after a 20 min incubation. Triton X-100 (0.1 % v/v) was included to measure 100
% leakage, and 10 mM HEPES, 150 mM NaCl, pH 7.4 to measure 0 % leakage. The percentage
of leakage induced by the peptides was calculated using the formula: (FI sample - FI buffer) /
(FITX-100 - FI buffer) x 100. Data were collected from a single experiment with three technical

replicates.

Molecular dynamics in lipid bilayers

MD simulations were performed for the mastoparan-R1 and R4 peptides in various lipid
bilayers, including zwitterionic POPC and anionic POPC: POPG (4:1), under similar conditions
to the SPR studies. The CHARMM-GUI server [61] was used to place mastoparan-R1 and R4
at ~0.25 nm from the lipid bilayers. The simulations were programmed using the CHARMM?36
force field. The simulations were performed at 150 mM NaCl ionic strength. The steepest
descent algorithm (50,000 steps) was applied for energy minimization. The peptide/bilayer
systems were subjected to six rounds (125,000 steps for the first three rounds each; 250,000 for
the last three rounds each) of equilibration at 310 K and 1 bar, as described above. The systems
with minimized energy and balanced temperature and pressure were submitted to MD
simulations for 1 ps (1000 ns), using the leap-frog algorithm. The simulations were carried out

using the GROMACS v.5.0.4 computational package [62]. MD simulations were analyzed
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through root mean square deviation (RMSD), root mean square fluctuation (RMSF), solvent
accessible area (SASA), radius of gyration (RG), partial density maps and number of hydrogen

bonds.
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ABBREVIATIONS

AMP, antimicrobial peptide; APBS, Adaptive Poisson-Boltzmann Solver; CD, circular
dichroism; CF, carboxyfluorescein, DSS, 4,4-Dimethyl-4-silapentane-1-sulfonic acid; LUV,
large unilamellar vesicle; MALDI-TOF, matrix-assisted laser desorption/ionization - time of
flight; MBC, minimal bactericidal concentration; MDSA, molecular dynamics simulated
annealing protocol; MIC, minimal inhibitory concentration; NMR, nuclear magnetic resonance;
PDB, protein data bank; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPG, 1-
palmitoyl-2-oleoylphosphatidylglycerol; RG, Radius of gyration; RMSD, root mean square
deviation; RMSF, root mean square fluctuation; SASA, solvent accessible area, SCS,
Secondary chemical shifts; SUV, small unilamellar vesicle; TFE, 2,2,2-trifluoroethanol;

UHPLC, ultra-high performance liquid chromatography.

REFERENCES

1. Hancock, R. E. (2001) Cationic peptides: effectors in innate immunity and novel
antimicrobials. Trends in Microbiol, 1, 156-164.

2. Kumar, P., Kizhakkedathu, J. N. & Straus, S. K. (2018) Antimicrobial peptides: diversity,
mechanism of action and strategies to improve the activity and biocompatibility in vivo.

Biomolecules, 8, 4.

25

56



CONOUVT A WN =

AA PAWWWWWWWWWWNNNNNNNRNRNRN=S 2 2 23 29 9 a9 a a9
N =0 OVWoO~NOOUPWN=-O0OOVONIITULPARWN=OVONITULIAWN=O

43

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

The FEBS Journal Page 26«

3. Benfield, A. H. & Henriques, S. T. (2020) Mode-of-action of antimicrobial peptides:
membrane disruption vs. intracellular mechanisms. Front Med Technol, 2, 610997.

4. Fjell, C. D., Hiss, J. A., Hancock, R. E. & Schneider, G. (2012) Designing antimicrobial
peptides: form follows function. Nat Rev Drug Discov, 11(1), 37-51.

5. Park, S.-C., Son, H., Kim, Y.-M., Lee, J.-K., Park, S., Lim, H. S., Lee, J. R. & Jang, M.
(2022) Design of Antimicrobial Peptides with Cell-Selective Activity and Membrane-Acting
Mechanism against Drug-Resistant Bacteria. Antibiotics, 11(11), 1619.

6. Gan, B. H., Gaynord, J., Rowe, S. M., Deingruber, T. & Spring, D. R. (2021) The
multifaceted nature of antimicrobial peptides: Current synthetic chemistry approaches and
future directions. Chem Soc Rev, 50(13), 7820-7880.

7. Torres, M. D., Sothiselvam, S., Lu, T. K. & de la Fuente-Nunez, C. (2019) Peptide design
principles for antimicrobial applications. J Mol Biol, 431(18), 3547-3567.

8. Koehbach, J. & Craik, D. J. (2019) The vast structural diversity of antimicrobial peptides.
Trends in Pharmacol Sci, 40(7), 517-528.

9. Zhang, C. & Yang, M. J. A. (2022) Antimicrobial peptides: From design to clinical
application. Antibiotics, 11(3), 349.

10. Cardoso, M. H., Orozco, R. Q., Rezende, S. B., Rodrigues, G., Oshiro, K. G., Cindido, E.
S. & Franco, O. L. (2020) Computer-aided design of antimicrobial peptides: are we generating
effective drug candidates? Front in Microbiol, 10, 3097.

11. Rungsa, P., Peigneur, S., Jangpromma, N., Klaynongsruang, S., Tytgat, J. & Daduang, S.
(2022) In silico and in vitro structure-activity relationship of mastoparan and its analogs.

Molecules, 27(2), 561.

26

57



Page 27 of 60

1
2
3
4
. 623
6
7 624
8
9 625
10
1 626
12
13
14 627
15
16 628
17
18 629
19
20
> 630
22
23 631
24
25 632
26
27
8 633
29
30 634
31
32 635
33
34 636
35
36
37 637
38
39 638
40
41 639
42
43
a2 640
45
46 641
47
48 642
49
50
. 643
52
53 644
54
55 645
56
57 646
58
59
60

The FEBS Journal

12. Howl, J., Howl, L. & Jones, S. (2018) The cationic tetradecapeptide mastoparan as a
privileged structure for drug discovery: Enhanced antimicrobial properties of mitoparan
analogues modified at position-14, Peptides. 101, 95-105.

13. Oshiro, K. G., Candido, E. S., Chan, L. Y., Torres, M. D., Monges, B. E., Rodrigues, S. G.,
... & Cardoso, M. H. (2019) Computer-aided design of mastoparan-like peptides enables the
generation of nontoxic variants with extended antibacterial properties, J Med Chem. 62, 8140-
8151.

14. Park, L. Y., Cho, J. H., Kim, K. S., Kim, Y.-B., Kim, M. S. & Kim, S. C. (2004) Helix
stability confers salt resistance upon helical antimicrobial peptides. J Biol Chem. 279(14),
13896-13901.

15. Cardoso, M. H., Chan, L. Y., Candido, E. S., Buccini, D. F., Rezende, S. B., Torres, M. D.,
Torres, M. D., ... & Franco, O. L. (2022) An N-capping asparagine—lysine—proline (NKP) motif
contributes to a hybrid flexible/stable multifunctional peptide scaffold. Chem Sci, 13(32), 9410-
9424.

16. Takada, M., Ito, T., Kurashima, M., Matsunaga, N., Demizu, Y. & Misawa, T. (2023)
Structure-activity relationship studies of substitutions of cationic amino acid residues on
antimicrobial peptides. Antibiotics, 12(1), 19.

17. Goto, C., Hirano, M., Hayashi, K., Kikuchi, Y., Hara-Kudo, Y., Misawa, T. & Demizu, Y.
J. C. (2019) Development of amphipathic antimicrobial peptide foldamers based on Magainin
2 sequence. Chem Med Chem, 14(22), 1911-1916.

18. Hollmann, A., Martinez, M., Noguera, M. E., Augusto, M. T., Disalvo, A., Santos, N. C.,
Semorile, L. & Mafffa, P. C. (2016) Role of amphipathicity and hydrophobicity in the balance
between hemolysis and peptide—membrane interactions of three related antimicrobial peptides.

Colloids Surf B: Biointerfaces. 141, 528-536.

27

58



o~NOYUVT A WN =

c\mmmmmmmanm-b-b-b-b-bﬁ-b-b-b.bwwwl.uwwwwwwNNNNNNNNNN—-—-—‘—-—-—‘—t—-—-—l\o
CWVWHONOOTULDA,WN=_OOVONOWV WN—_OOWwONOT U AWN—_L,OOVOENOOTDULAWN—_,OOVURRNOULTD WN = O

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

The FEBS Journal Page 28

19. Chen, Y., Guarnieri, M. T., Vasil, A. L, Vasil, M. L., Mant, C. T., Hodges, R. S. (2007)
Role of peptide hydrophobicity in the mechanism of action of a-helical antimicrobial peptides.
Antimicrob Agents Chemother. 51(4), 1398-1406.

20. Gautier, R., Douguet, D., Antonny, B. & Drin, G. J. (2008) HELIQUEST: a web server to
screen sequences with specific a-helical properties. Bioinformatics, 24(18), 2101-2102.

21. TIrazazabal, L. N., Porto, W. F., Ribeiro, S. M., Casale, S., Humblot, V., Ladram, A. &
Franco, O. L. (2016) Selective amino acid substitution reduces cytotoxicity of the antimicrobial
peptide mastoparan. Biochim Biophys Acta Biomembr. 1858(11), 2699-2708.

22. dos Santos Cabrera, M. P., Rangel, M., Ruggiero Neto, J. & Konno, K. (2019) Chemical
and biological characteristics of antimicrobial a-helical peptides found in solitary wasp venoms
and their interactions with model membranes. Toxins, 11(10), 559.

23. Souza, B. M. d., Cabrera, M. P. d. S., Gomes, P. C., Dias, N. B., Stabeli, R. G., Leite, N.
B., Neto, J. R. & Palma, M. S. (2015) Structure—activity relationship of mastoparan analogs:
Effects of the number and positioning of Lys residues on secondary structure, interaction with
membrane-mimetic systems and biological activity, Peptides. 72, 164-174.

24. Withrich, K. J. (1990) Protein structure determination in solution by NMR spectroscopy.
J Biol Chem, 265(36), 22059-22062.

25. Zhu, N., Zhong, C., Liu, T., Zhu, Y., Gou, S., Bao, H., & Ni, J. (2021) Newly designed
antimicrobial peptides with potent bioactivity and enhanced cell selectivity prevent and reverse
rifampin resistance in Gram-negative bacteria. Eur J Pharm Sci, 158, 105665.

26. Whiles, J. A., Brasseur, R., Glover, K. J., Melacini, G., Komives, E. A. & Vold, R. R.
(2001) Orientation and effects of mastoparan X on phospholipid bicelles. Biophys J. 80, 280-

293.

28

59



Page 29 of 60

0NV A WN =

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

The FEBS Journal

27. Chou, S., Wang, J., Shang, L., Akhtar, M. U., Wang, Z., Shi, B., Feng, X. & Shan, A.
(2019) Short, symmetric-helical peptides have narrow-spectrum activity with low resistance
potential and high selectivity. Biomater Sci. 7(6), 2394-2409.

28. Dong, N., Zhu, X., Chou, S., Shan, A., Li, W. & Jiang, J. (2014) Antimicrobial potency
and selectivity of simplified symmetric-end peptides. Biomaterials, 35(27), 8028-8039

29. Mohanram, H. & Bhattacharjya, S. (2016) Salt-resistant short antimicrobial peptides. Pept
Sci, 106(3), 345-356.

30. Wu, P.-S,, Lai, S.-J., Fung, K.-M. & Tseng, T. (2020) Characterization of the structure—
function relationship of a novel salt-resistant antimicrobial peptide, RR12, RSC Adv. 10, 23624-
23631.

31. Henriksen, J. R., Etzerodt, T., Gjetting, T. & Andresen, T. L. (2014) Side Chain
Hydrophobicity Modulates Therapeutic Activity and Membrane Selectivity of Antimicrobial
Peptide Mastoparan-X, Plos One, 9, €91007.

32. Yeung, A. T., Gellatly, S. L., Hancock, R. E. (2011) Multifunctional cationic host defence
peptides and their clinical applications. Cell Mol Life Sci, 68,2161-2176.

33. Guido-Patifio, J. C. & Plisson, F. J. (2022) Profiling hymenopteran venom toxins: Protein
families, structural landscape, biological activities, and pharmacological benefits. Toxicon:
X, 14, 100119.

34, Lawrence, N., Philippe, G. J. B., Harvey, P. J., Condon, N. D., Benfield, A. H., Cheneval,
0., Craik, D. J. & Henriques, S. T. (2020) Cyclic peptide scaffold with ability to stabilize and
deliver a helical cell-impermeable cargo across membranes of cultured cancer cells, RSC Chem

Biol. 1, 405-420.

29

60



CoO~NOUVT A WN =

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

The FEBS Journal Page 30«

35. Ko, S. I, Park, E., Asandei, A., Choi, J.-Y., Lee, S.-C., Seo, C. H., Luchian, T. & Park, Y.
(2020) Bee venom-derived antimicrobial peptide melectin has broad-spectrum potency, cell
selectivity, and salt-resistant properties, Sci Rep. 10, 10145.

36. Clinical and Laboratory Standards Institute (CLSI). Performance standards for
antimicrobial susceptibility testing, Twenty-Second Informational Supplement. CLSI
Document M100-S22; Clinical and Laboratory Standards Institute: Wayne, PA, 2012.

37. Shaka, A., Lee, C. & Pines, A.J. J. 0. M. R. (1988) Iterative schemes for bilinear operators;
application to spin decoupling. / Magn Reson, 77(2), 274-293.

38. Hwang, T.-L. & Shaka, A.J. J. 0. M. R,, Series A (1995) Water suppression that works.
Excitation sculpting using arbitrary wave-forms and pulsed-field gradients. J Magn
Reson. 112(2), 275-279.

39. Liu, M., Mao, X.-a., Ye, C., Huang, H., Nicholson, J. K. & Lindon, J. C. (1998) Improved
WATERGATE pulse sequences for solvent suppression in NMR spectroscopy. J Magn
Reson, 132(1), 125-129.

40. Willker, W., Leibfritz, D., Kerssebaum, R. & Bermel, W. J. (1993) Gradient selection in
inverse heteronuclear correlation spectroscopy. Magn Reson Chem. 31(3), 287-292.

41. Vranken, W. F., Boucher, W., Stevens, T. J., Fogh, R. H., Pajon, A., Llinas, M., Ulrich, E.
L., Markley, J. L., Ionides, J., Laue, E. D. (2005) The CCPN data model for NMR spectroscopy:
development of a software pipeline. Proteins: Struct, Funct and Bioinform, 59(4), 687-696.
42. Skinner, S. P., Goult, B. T., Fogh, R. H., Boucher, W., Stevens, T. J., Laue, E. D. & Vuister,
G. W. (2015) Structure calculation, refinement and validation using CcpNmr Analysis. Acta
Crystallog D Biol Crystallog, T1(1), 154-161.

43. Nilges, M. & O'Donoghue, S. L. (1998) Ambiguous NOEs and automated NOE assignment.

Prog Nucl Magn Reson Spectrosc, 32(2), 107-139.

30

61



Page 31 of 60

716

717

ONOUT A WN =

9 718
1 719
14 720
16 721
18 722

723
23 724
25 725
726
10 727
32 728
34 729
37 730
39 731
41 732

733
46 734
48 735
736
53 737

55 738

The FEBS Journal

44. Linge, J. P., ODonoghue, S. I. & Nilges, M. (2001) Automated assignment of ambiguous
nuclear overhauser effects with ARIA. Meth Enzymol, 339, 71-90.

45. Linge, J. P., Habeck, M., Rieping, W. & Nilges, M. (2003) ARIA: automated NOE
assignment and NMR structure calculation. Bioinformatics, 19(2), 315-316.

46. Rieping, W., Habeck, M., Bardiaux, B., Bernard, A., Malliavin, T. E. & Nilges, M. (2007)
ARIA2: automated NOE assignment and data integration in NMR structure calculation.
Bioinformatics, 23(3), 381-382.

47. Briinger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P., Grosse-Kunstleve,
R. W, Jiang, J.-S., Kuszewski, J., Nilges, M. & Pannu, N. S. (1998) Crystallography & NMR
system: A new software suite for macromolecular structure determination. Acta Crystallog D
Biol Crystallog 54(5), 905-921.

48. Nilges, M., Bernard, A., Bardiaux, B., Malliavin, T., Habeck, M. & Rieping, W. (2008)
Accurate NMR structures through minimization of an extended hybrid energy. Structure, 16(9),
1305-1312.

49. Cheung, M.-S., Maguire, M. L., Stevens, T. J. & Broadhurst, R. W. (2010) DANGLE: A
Bayesian inferential method for predicting protein backbone dihedral angles and secondary
structure. J Magn Reson, 202(2), 223-233.

50. Linge, I. P., Williams, M. A., Spronk, C. A., Bonvin, A. M., Nilges, M. (2003) Refinement
of protein structures in explicit solvent. Proteins: Struct, Funct and Bioinform, 50(3), 496-506.
51. Linge, J. & Nilges, M. J. (1999) Influence of non-bonded parameters on the quality of
NMR structures: a new force field for NMR structure calculation. J Biomol NMR, 13(1), 51.
52. DeLano, W. L. (2002) Pymol: An open-source molecular graphics tool. CCP4 Newsl.

Protein Crystallogr, 40(1), 82-92.

31

62



CONOUT A WN =

c\mmmmmmmmmm.p..b.p..b.pﬁ.;:..J:..;:..J:.wwwwwwwwwwmmmwmwmwmm—-—l—l—l—-—l—-—l—-—\ko
CQCYwoOONOOUVMTDA, WN—=OWVOONOGOW WN—_ OOV NOOUBARWN—_,OCOVOUOENOOTUERWN-_,LOOUOINOTUAEA WN = O

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

The FEBS Journal Page 32.

53. Koradi, R., Billeter, M. & Wiithrich, K. J. (1996) MOLMOL.: a program for display and
analysis of macromolecular structures. J Mol Graph, 14(1), 51-55.

54. MacArthur, M. W., Laskowski, R. A. & Thornton, J. M. (1994) Knowledge-based
validation of protein structure coordinates derived by X-ray crystallography and NMR
spectroscopy. Curr Opin Struct Biol, 4(5), 731-737.

55. Vriend, G. J. (1990) WHAT IF: a molecular modeling and drug design program. J Mol
Graph, 8(1), 52-56.

56. Davis, I. W, Leaver-Fay, A., Chen, V. B., Block, J. N., Kapral, G. J., Wang, X., Murray,
L. W., Arendall III, W. B., Snoeyink, J. & Richardson, J. (2007) MolProbity: all-atom contacts
and structure validation for proteins and nucleic acids. Nucleic Acids Res, 35, W375-W383.
57. Wiederstein, M. & Sippl, M. J. (2007) ProSA-web: interactive web service for the
recognition of errors in three-dimensional structures of proteins. Nucleic Acids Res, 35, W407-
W410.

58. Dolinsky, T. J., Nielsen, J. E., McCammon, J. A. & Baker, N. A. (2004) PDB2PQR: an
automated pipeline for the setup of Poisson—Boltzmann electrostatics calculations. Nucleic
Acids Res, 32, W665-W667.

59. Jurrus, E., Engel, D., Star, K., Monson, K., Brandi, J., Felberg, L. E., Brookes, D. H.,
Wilson, L., Chen, J. & Liles, K. J. (2018) Improvements to the APBS biomolecular solvation
software suite. Protein Sci, 27(1), 112-128.

60. Henriques, S. T., Pattenden, L. K., Aguilar, M.-1. & Castanho, M. A. (2008) PrP (106-126)
does not interact with membranes under physiological conditions Biophys J, 95(4), 1877-1889.
61. Jo, S., Kim, T, Iyer, V. G. & Im, W. (2008) CHARMM-GUI: a web-based graphical user

interface for CHARMM, J Comput Chem. 29, 1859-1865.

32

63



Page 33 of 60

762

763

0NV A WN =

el

764

—_ o
N = O

765

0\U'|Lr|U'|U'|mmmmmmbbbb#ﬁLbbbwwwwwwwwwwNNNNNNNNNN—‘—'—!—I—I—l—!
CWVWONOOTUVE,WN=00VKNOWU WN =000 NOUPAWN=_00VONIITULEWN=00VONOIUVIIL~W

The FEBS Journal

62. Abraham, M. J., Murtola, T., Schulz, R., Pill, S., Smith, J. C., Hess, B. & Lindahl, E.

(2015) GROMACS: High performance molecular simulations through multi-level parallelism

from laptops to supercomputers, SoftwareX. 1, 19-25.

33

64



The FEBS Journal Page 34 of 60

766 TABLES

0NV AW =

mM SDS-d25 micelles.

767  Table 1. NMR and refinement statistics of mastoparan-R1 and mastoparan-R4 structures in 75

Peptides

NMR distance and dihedral constraints

Distance constraints mastoparan-R1 mastoparan-R4
Total NOE 200 166
Intra-residue 94 71
Sequential (i —j| = 1) 23 23
Short-range (2 <|i —j| <3) 16 6
Medium-range (4 <|i —j| <5) 2 1
Long-range (|i —j| > 5) 0 0
Total unambiguous 135 101
Ambiguous 65 65
Total dihedral angle restraints
d+y { 2 22
Structure statistics
Violations (mean and s.d.)
Distance constraints (A) 0.0360 + 0.0083 0.0228 +0.0045
Dihedral angle constraints (°) 0.0405 £0.0634 0.0295 £ 0.0505
Mazx. dihedral angle violation (°) 0 0
Max. distance constraint violation (A) 0.7 0

Deviations from idealized geometry

Bond lengths (A)

0.0053 £0.0084 1072

0.0044 £0.0019 10!

Bond angles (°)

0.5527 +0.0083

0.5380 £0.0172

Impropers (°)

1.2330 £ 0.1695

0.9385 +0.1406

Average pairwise r.m.s. deviation** A)

Backbone (2nd structure)®

Heavy atoms (2nd structure)®

0.0987 + 0.0406
0.9307 £0.1729

0.2486 +0.0818
0.9247 £0.1729

Backbone (all residues)”

0.5531 £0.1639

0.6435 £0.2308
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Heavy atoms (all residues)®

1.1646 + 0.1897

1.1950 £ 0.2193

Ramachandran Plot (%)
Most favored regions 95.0 94.5
Additional allowed regions 5.0 5.5
Generously allowed regions 0 0
Disallowed region 0 0
ProSA-web
Z-score’ -2.09 -1.53
PROCHECK G-factors? 0.175 0.325

4 Pairwise r.m.s deviation was calculated among 10 refined structures for residues in helical
segment 3-13 to mastoparan-R1.

b Pairwise r.m.s deviation was calculated among 10 refined structures for residues 1-14 and more

C-terminal amidation (NH>).

¢ Z-score value within the expected for NMR structures deposited in the PDB with similar size and

fold compared to mastoparan-R1 calculated structures.

4 G-factors score for dihedral angles and covalent forces of the main chain within the expected

range for a reliable structure (> -0.05).

**All r.m.s deviations were calculated by the CNS in refinement protocol.
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FIGURES LEGENDS

Figure 1. Bacterial growth curves and minimum inhibitory concentration values for
mastoparan-L, R1 and R4 from 32 to 0.5 pM, over 24 h, at 30 min intervals. (a) Mastoparan
peptides against E. coli ATCC 25922 in MHB, and (b) against E. coli ATCC 25922 in 150 mM
NaCl supplemented MHB. (c¢) Mastoparan peptides against E. coli (clinical isolate — LACEN
9921447) in MHB, and (d) against E. coli (clinical isolate - LACEN 9921447) in 150 mM NaCl
supplemented MHB. The color legend denotes the concentrations (M) and growth control

(BAC) of the experiments.

Figure 2. Mastoparan-L, R1 and R4 circular dichroism analysis. CD spectra were recorded
in ultrapure water, 10 mM potassium phosphate buffer (KH2PO4, 10 mM (pH 7.4)), 50 % TFE
in water (v/v), 75 mM SDS, and 100 mM SDS. In (a) CD spectra for mastoparan-L, (b)

mastoparan-R1 and (¢) mastoparan-R4.

Figure 3. NMR structures of mastoparan-L, R1 and R4. The 3D structures of mastoparan-
R1 and R4 were elucidated through NMR spectroscopy in 75 mM SDS-d25. The sequence of
figures horizontally from left to right are: (i) Superposition of the 10 lowest energy structures
of mastoparan-L. (PDB: 6DUL) in orange (a), R1 (PDB: 8EPS5) in green (b), and R4 (PDB:
8ERU) in blue (c) in the presence of 75 mM of SDS-d25 micelles. (ii) Lowest free energy model
in Adaptive Poisson—Boltzmann solver (APBS) electrostatic potential of peptides with potential
ranging from —5 kT/e (red) to +5 kT/e (blue) in 0° and 180° of rotation. (iii) Front view of the
inside of the a-helix, showing the cationic face and the hydrophobic face and the cationic

residues are in gray.
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Figure 4. Peptide-lipid binding and membrane-lytic properties of mastoparan-L. and
analogs mastoparan-R1 and R4. The lipid-binding affinity of each peptide was determined
for bilayers composed of POPC and POPC/POPG (PC/PG) (4:1). SPR sensorgrams were
obtained for peptides injected over lipid bilayers deposited on an L1 chip for 180 s with
dissociation monitored for 600 s. Response units (RU) at the end of the association phase were
converted to peptide to lipid ratios (P/L mol/mol) by converting RU to moles of peptide and
normalized to the amount of lipid deposited on the lipid surface (1 RU = 1 pg/mm? of peptide
or lipid). (a) Representative sensorgrams for 32 uM peptide show peptide-lipid association (50
— 230 s) and dissociation (280 — 800 s). (b) peptide to lipid ratios (P/L, mol/mol) recorded at
the end of the association phase (indicated by arrow) were used to plot dose response curves,
by fitting [inhibitor] vs response in GraphPad Prism v9. (¢) Peptide-induced membrane lysis
was examined by measuring the leakage of CF, from LUVs. Leakage induced by Triton X-100
(100 %) and buffer (0 %) were used to calculate % leakage induced by the peptides. Dose-
response curves were fitted with [inhibitor] vs response with variable slope in GraphPad Prism

v9. Data represents three technical replicates.

Figure 5. MD analyses of peptide interaction with POPC and POPC/POPG (4:1) bilayers.
Partial density profile obtained in the last 0.1 ps of MD simulations; hydrogen bonds over 1 ps
of the analysis and the snapshot plotted at 1 us of MD simulations. Interaction with POPC for
mastoparan-R1 (a) and mastoparan-R4 (b) interaction with POPC/POPG (4:1) for mastoparan-

R1 (¢) and mastoparan-R4 (d).
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SUPPLEMENTARY TABLES

Table S1. Minimal inhibitory concentration (MIC) and minimal bactericidal concentration
(MBC) of mastoparan-L, R1 and R4 from 32 to 0.5 uM, over 24 h. Mastoparan peptides against
E. coli ATCC 25922 in MHB 0 mM NaCl, and MHB + 150 mM NaCl; and E. coli (clinical
isolate — LACEN 9921447) in MHB 0 mM NaCl, and MHB + 150 mM NaCl

Peptides (uM) mastoparan-L. mastoparan-R1 mastoparan-R4
E. coli strains medium and salinity | MIC MBC MIC MBC MIC MBC
ATCC25922  MHB 0 mM NaCl 6 16 2 2 2 8
MHB 150 mM NaCl >32 4 4 >32
clinical isolate | MHB 0 mM NaCl 32 32 8 16 16 32
(9921447) MHB 150 mM NaCl 32 32 2 2 8 8
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Table S2. Helix content for mastoparan peptides were calculated from the mean residue

ellipticity at 222 nm ([0]222) according to the following equation: % helix

100([0]222/(-

39,500(1-2.57/n))), where r is the total number of peptide bonds (Chen et al., 1974).

mastoparan-L

mastoparan-R1

mastoparan-R4

biomimetics
conditions 25°C 25°C 25°C
ultrapure water 18 3 3
10 mM KH2PO4 20 5 7
50 % TFE 67 36 39
75 mM SDS 69 36 52
100 mM SDS 73 45 47
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Table S3. Chemical shift of mastoparan-R1 in 75 mM SDS-dbs.
Residue H He Hp Hy Hd Hs Ca Cp Cy Co Ce
Lysl NF 421 1.97, 1.61,1.61  1.84,1.84 3.09, 56.12  32.41 2477 | 28.80 | 42.03
2.32 3.09
Me2 | 863 403 204 | 096,130, | 096 - |6375|3853| 17.80, | 13.87 | -
1.58 28.58
Leu3 822 4.06 1.96,1.96 NF 0.87, - 57.64 | 40.62 NF 23.17, -
0.89 23.43
Lysd | 7.56 398 1.88,1.88 1.46,1.46 170, 3.00, | 59.38 | 32.14 | 2550 | 29.07 | 42.11
1.70 3.00
Args | 7.73  4.10 1.97, 1.62,1.62 3.19, 7.08 | 58.98 | 30.23 | 27.41 | 43.76 -
1.97 3.19
Leu6 8.20 | 4.05 1.70, 1.82 0.87, - 58.41 | 41.90 | 26.94 | 24.43, -
1.77 091 24.53
Ala7 849 3.89 1.51 - - - 55.54 | 18.28 - - -
Ala8 774 | 4.04 1.50 - - - 54.71 | 18.26 - - -
Lys9 755 414 2.07, 1.54,1.54 NF 2.97,  58.18  32.25 2473 NF 42.14
2.07 297
Ile10 8.12 | 3.69 1.95 0.90, 1.14, 0.80 - 64.41 | 37.54 | 17.77 13.03 -
1.14
Lysll | 8.16 13.90 1.85, 1.44,1.44 1.70, 2.95, 1 59.19 3224 2553 | 29.12 | 42.15
1.93 1.70 295
Lysl2 | 7.33  4.14 1.99, 1.50, 1.63 1.71, NF | 58.02 | 3247 | 24.82 | 29.11 NF
1.99 171
Tel3 | 7.60 420 202 | 0.96, 1.36, | 087 - 62.09 | 39.06 | 17.80, @ 13.95 -
1.36 27.43
Leuld | 7.58  4.36 1.63, 1.84 0.89, - 53.87 | 42.00 | 26.80 | 25.44, -
1.73 0.98 25.69

NF: not found
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Table S4. Chemical shift of mastoparan-R4 in 75 mM SDS-dbs.

Residue H  Ha Hp Hy Hbd Hs Ca Cp Cy Cd Ce
Tlel NF | 3.95 NF 1.00, NF, 0.94 - NF NF 16.49 | 14.01 -
NF
Asn2 8.57 | 5.01 2.78,3.05 ' - 6.92, - 52.16 | NF - - -
7.74
Leu3 | 8.09 4.10 1.83,1.83 NF 0.90, - 58.30 | 41.59 NF 23.57, -
1.01 25.58
Lys4 8.15 1395 193,193 142,142 1.67, 3.04, | 60.21 | 32.31 | 25.69 NF 42.12
1.67 3.04
Lys5 | 7.78 | 4.05 1.87, 1.50, 1.50 1.72, 3.01, | 58.97 | 32.34 | 2497 | 29.24 | 42.13
1.94 1.72 3.01
Leu6 | 7.87  4.14 1.83, NF 0.93, - 57.96 | 41.65 NF 23.99, -
1.83 1.00 25.52
Ala7 | 853 393 1.53 - - - 55.38 | 18.24 - - -
Ala8 | 7.90  4.07 1.55 - - - 55.17 | 18.22 - - -
Arg9 | 7.87  4.08 210,210 1.69,1.69 3.19, 733 | 58.86 | 30.40 | 27.70 | 43.77 -
3.19
Ilel0 | 8.12 | 3.62 2.00 0.92, 1.06, 0.85 - 59.60 | 39.12 | 17.80, | 13.56 -
1.06 31.28
Lysll | 852 3.87 187,199 147, 147 1.70, NF | 59.86 | 32.37 | 25.02 | 29.30 | NF
1.70
Lys12 | 7.74 | 406 194,194 154,154 1.73, NF | 58.81 | 3245 | 25.16 | 2940 | NF
1.73
Lys13 | 7.66 | 425 202202 151,151 173, | 3.00, | 57.21 | 3239 | 25.10 | 2929 | 42.17
1.73 3.00
Tlel4 | 7.89  4.05 1.97 0.98, NF, 0.86 - 6242 | 38.70 | 17.69 | 13.58 -
NF

NF: not found
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Table S5. Atomic interactions involving the POPC membrane with backbone atoms from the

mastoparan-R1 (PDB: 8EP5) after 0.1 pus of MD simulations.

mastoparan-R1

Residues { Position Atom Name | Distance (A) | Lipid Atom Name ’ Interactions
Arg 5 (6] 33 POPC N HB
Arg 5 (0] 38 POPC 014 HB
Arg 5 NHI1 3.1 POPC 012 HB
Arg 5 NHI 2.8 POPC 0Ol11 HB
Arg 5 NHI1 3.5 POPC 021 HB
Arg 5 N 28 POPC 013 HB
Lys 1 NZ 2.8 POPC 013 HB
Lys 1 NZ 2.9 POPC 014 HB
Lys 1 NZ 3.2 POPC 013 HB

H: hydrophobic interaction; HB: hydrogen bonds.
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Table S6. Atomic interactions involving the POPC:POPG (4:1) membrane with backbone

atoms from the mastoparan-R1 (PDB: 8EP5) and mastoparan-R4 (PDB: 8ERU) after 0.1 ps of

MD simulations.

mastoparan-R1

Residues Position Atom Distance (A) Lipid Atom  Interactions
name name
Lys 1 NZ 3.0 POPG 014 SB
Leu 3 N 3.8 POPG 012 HB
Leu 3 N 2.7 POPG 014 HB
Leu 3 CB 35 POPG Cl1 H
Arg 5 NE 3.3 POPC 013 HB
Arg 5 NHI 2.8 POPC 013 HB
Arg 5 NHI1 3.8 POPC 022 HB
Arg 5 NH2 3.8 POPG 013 SB
Lys 9 NZ 34 POPG 013 SB
Lys 9 NZ 2.8 POPG 013 SB
Lys 11 NZ 2.8 POPC 022 HB
Lys 12 NZ 2.6 POPG 013 SB
Lys 12 NZ 3.0 POPG 014 SB
Lys 12 NZ 33 POPG 0C3 HB
mastoparan-R4
Residues Position Atom Distance (A)  Lipid Atom  Interactions
name name
Tle 1 N 3.2 POPC 022 HB
Ile 1 (0] 3.6 POPC 022 HB
Tle 1 O 3.8 POPC 021 HB
Ile 1 CD 38 POPC C32 H
Asn 2 ND2 2.8 POPC 013 HB
Asn 2 ND2 33 POPC 014 HB
Leu 3 CD2 3.8 POPG 032 HB
Arg 9 NH2 2.7 POPC 014 HB
Arg 9 NH2 3.7 POPC 021 HB
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Arg 9
Arg 9
Arg 9
Arg 9
Lys 12

H: hydrophobic interaction; HB: hydrogen bonds; SB: saline bonds.
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NH2
NH2
NH1
NH1
CG

29
3.6
2.7
29
34

POPC
POPC
POPC
POPG
POPG

Ol1
013
013
032
0cC3

HB
HB
HB
HB
HB
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[M+H]+ 1636,144 Da

N
(9,]
Intens. [a.u.]

38 100 £ 00 0 o i
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57 Figure S1. MALDI-ToF analyzes for mastoparan-L, R1 and R4. The molecular mass of
59 mastoparan-L was confirmed by MALDI-ToF, revealing a monoisotopic mass of 1479.84 Da
(a); mastoparan-R1 1636.14 Da (b); and mastoparan-R4 1636.39 Da (c).
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E. coli 0 mM NaCl 68x 10" CFUmL” E. coli 0 mM NaCl 5.5x 10" CFUmL"
ATCC 25922 LACEN 9921447
E. coli 150 mM NaCl 56 10" CFUmL" E. coli 150 mM NaCl 6.5x 10" CFUmL”
ATCC 25922 LACEN 9921447

Figure S2. Growth curves for E. coli strains at different salt concentrations. (a) Growth curve
of E. coli ATCC 25922 grown in MHB 0 mM NaCl (blue line) and MHB 150 mM NaCl (red
line); (b) Growth curve of E. coli ((clinical isolate) LACEN 9921447) grown in MHB 0 mM
NaCl (blue line) and MHB 150 mM NaCl (red line). The points represent the mean density of

the reading of three independent replicates. The error bars represent the standard deviation of

the mean. The tables inform the CFUs obtained for each strain under different conditions.
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Figure S3. Hemolytic assay. The hemolytic activity of mastoparan-L, mastoparan-R1 and
29 mastoparan-R4 was evaluated using murine erythrocytes. Triton-X 1% was used as positive

31 controls.
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Figure S4. Sequential, short, and medium range NOE connectivity for mastoparan-R1 (a) and
mastoparan-R4 (b) in 75 mM SDS-d25 micelles. The peptide sequence is described at the top
with the one-letter code (“X” is used to represent the C-terminal amidation). The chart presents
the NOE connectivity, the variation of secondary chemical shift assigned for the resonances
13Cq, 13CB and 'Ho (difference to random coil value) and the predicted secondary structure.
Ramachandran plot of the 10 lowest-energy solution NMR structures of mastoparan-R1 and

mastoparan-R4.
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Figure 85, MD simulation analyses for mastoparan-R 1 and R4 were carried out in contact with POPC and POPC:POPG (4:1) bilayers with 150
mM NaCl. Analysis for mastoparan-R1 included (a) root mean square deviation (RMSD), (b) root mean square fluctuation (RMSF), () solvent
accessible area (SASAY), (d) radius of gyration (Rg); Analysis for mastoparan-R4 included (e) RMSD (f) RMSF (g) SASA (h) Rg.
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Figure 1. Bacterial growth curves and minimum inhibitory concentration values for mastoparan-L, R1 and R4
from 32 to 0.5 uM, over 24 h, at 30 min intervals. (a) Mastoparan peptides against E. coli ATCC 25922 in
MHB, and (b) against E. coli ATCC 25922 in 150 mM NaCl supplemented MHB. (c) Mastoparan peptides
against E. coli (clinical isolate - LACEN 9921447) in MHB, and (d) against E. coli (clinical isolate - LACEN
9921447) in 150 mM NaCl supplemented MHB. The color legend denotes the concentrations (uM) and
growth control (BAC) of the experiments.
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Figure 2. Mastoparan-L, R1 and R4

The FEBS Journal

mastoparan-L

— ultrapure water
KHzPC,4 10 mM (pH 7,4)
N — TFE50%
— SDS 75mM
\ — SDS 100 mM

Wavelength (nm)
mastoparan-R1

— ultrapure water
— KH2PO4 10 mM (pH 7,4)

— TFE 50%
— SDS 75 mM
~\\ ~— SDS 100 mM
=
———
200 220 240 260

Wavelangth (nm)
mastoparan-R4

— ultrapure water

— KHoPOy 10 mM (pH 7,4)
— TFE 50%

— SDS 75 mM

\ — SDS 100 mM

200 220 240 260
Wavelangth (nm)

circular dichroism analysis. CD spectra were recorded in ultrapure
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SDS, and 100 mM SDS. In (a) CD spectra for mastoparan-L, (b) mastoparan-R1 and (c) mastoparan-R4.

325x755mm (118 x 118 DPI)

88



0ONOUVDA WN =

The FEBS Journal

Figure 3. NMR structures of mastoparan-L, R1 and R4. The 3D structures of mastoparan-R1 and R4 were
elucidated through NMR spectroscopy in 75 mM SDS-d25. The sequence of figures horizontally from left to
right are: (i) Superposition of the 10 lowest energy structures of mastoparan-L (PDB: 6DUL) in orange (a),

R1 (PDB: 8EPS5) in green (b), and R4 (PDB: 8ERU) in blue (c) in the presence of 75 mM of SDS-d25 micelles.

(ii) Lowest free energy model in Adaptive Poisson—Boltzmann solver (APBS) electrostatic potential of
peptides with potential ranging from -5 kT/e (red) to +5 kT/e (blue) in 0° and 180° of rotation. (iii) Front
view of the inside of the a-helix, showing the cationic face and the hydrophobic face and the cationic
residues are in gray.
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Figure 4. Peptide-lipid binding and membrane-lytic properties of mastoparan-L and analogs mastoparan-R1
and R4. The lipid-binding affinity of each peptide was determined for bilayers composed of POPC and
POPC/POPG (PC/PG) (4:1). SPR sensorgrams were obtained for peptides injected over lipid bilayers
deposited on an L1 chip for 180 s with dissociation monitored for 600 s. Response units (RU) at the end of
the association phase were converted to peptide to lipid ratios (P/L mol/mol) by converting RU to moles of
peptide and normalized to the amount of lipid deposited on the lipid surface (1 RU = 1 pg/mm2 of peptide or
lipid). (a) Representative sensorgrams for 32 pM peptide show peptide-lipid association (50 - 230 s) and
dissociation (280 - 800 s). (b) peptide to lipid ratios (P/L, mol/mol) recorded at the end of the association
phase (indicated by arrow) were used to plot dose response curves, by fitting [inhibitor] vs response in
GraphPad Prism v9. (c) Peptide-induced membrane lysis was examined by measuring the leakage of CF,
from LUVs. Leakage induced by Triton X-100 (100 %) and buffer (0 %) were used to calculate % leakage
induced by the peptides. Dose-response curves were fitted with [inhibitor] vs response with variable slope in
GraphPad Prism v9. Data represents three technical replicates.
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Figure 5. MD analyses of peptide interaction with POPC and POPC/POPG (4:1) bilayers. Partial density profile
obtained in the last 0.1 ps of MD simulations; hydrogen bonds over 1 ps of the analysis and the snapshot
plotted at 1 ps of MD simulations. Interaction with POPC for mastoparan-R1 (a) and mastoparan-R4 (b)
interaction with POPC/POPG (4:1) for mastoparan-R1 (c) and mastoparan-R4 (d).
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5. ARTIGO DE REVISAO
Artigo 2 publicado na revista Frontiers in Microbiology
(DOI:10.3389/fmicb.2019.02169).
Peptideos bioativos contra biofilmes fangicos
Resumo: InfecgBes causadas por biofilmes fungicos invasivos tém sido amplamente
associadas a altas taxas de morbidade e mortalidade, principalmente devido ao advento da
resisténcia a antibidticos. Além disso, os biofilmes fungicos impdem um desafio adicional,
levando a resisténcia a mdltiplas drogas. Este fato, juntamente com a contaminacdo de
dispositivos médicos e o numero limitado de agentes antifingicos eficazes disponiveis no
mercado, demonstra a importdncia de encontrar novos candidatos a medicamentos
direcionados a células fungicas e biofilmes patogénicos. Nesse contexto, uma estratégia
alternativa € o uso de peptideos antifangicos (AFPs) contra biofilmes fungicos. Os AFPs sdo
considerados um grupo de moléculas bioativas com atividades de amplo espectro e multiplos
mecanismos de acdo que tém sido amplamente utilizados como moléculas modelo para
estratégias de design de medicamentos visando maior especificidade e eficacia bioldgica.
Dentre as classes de AFP mais estudadas no contexto de biofilmes fungicos, tém sido
descritas defensinas, catelicidinas e histatinas. Os AFPs também podem atuar prevenindo a
formagdo de biofilmes flangicos e erradicando biofilmes pré-formados por meio de
mecanismos associados a perturbacdo da parede celular, inibicdo da adesdo de células
fangicas planctdnicas em superficies, regulacdo de genes e geracdo de espécies reativas de
oxigénio (ROS). Assim, considerando o cenario critico imposto por biofilmes flngicos e
infeccbes associadas e a aplicacdo de AFPs como um possivel tratamento, esta revisdo se
concentrard nos peptideos antifungicos mais eficazes descritos até o momento, com foco
central nos peptideos antibiofilmes, bem como em sua eficacia in vivo, aplicacdo em

superficies e mecanismos de a¢do propostos.
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Infections caused by invasive fungal bicfilms have been widely associated with high
morbidity and mortality rates, mainly due to the advent of antibictic resistance. Maoreover,
fungal biofilms impase an additional challenge, leading to multidrug resistance. Thisfact,
along with the contamination of medical devices and the limited number of effective
antifungal agents available on the market, demonstrates the importance of finding
novel drug candidates targeting pathogenic fungal cells and bicfilms. In this context,
an alternative strategy is the use of antifungal peptides (AFPs) against fungal biofilms.
AFPs are considered a group of bioactive molecules with broad-spectrum activities and
multiple mechanisms of action that have been widely used as template malecules for
drug design strategies aiming at greater specificity and biological efficacy. Among the
AFP classes most studied in the context of fungal biofilms, defensins, catheliciding
and histatins have been described. AFPs can also act by preventing the formation
of fungal biofilms and eradicating preformed biofims through mechanisms associated
with cell wall perturbation, inhibition of planktonic fungal cells” adhesion onto surfaces,
gene regulation and generation of reactive axygen species (ROS). Thus, considering the
critical scenario imposed by fungal biofims and associated infections and the application
of AFPs as a possible treatment, this review will focus on the most effective AFPs
described to date, with a core focus on antibiofim peptides, as well as their efficacy
in vivo, application on surfaces and proposed mechanisms of action.

Keywords: antifungal peptides, fungal infections, fungal biofilms, antimicrobial peptides, mechanisms of action

INTRODUCTION

Fungal infections are recurrent in the clinical environment and, annually, affect ~25% of
the general population worldwide, causing high morbidity and mortality rates (Brown et al,
2012; Gamaletson et al, 2018). The indiscriminate use of broad-spectrum antibiotics, along
with parenteral nutrition, permanent catheters, chemotherapy and radiotherapy, as well as
immunosuppression in patients, are the most important predisposing factors for invasive fungal

Abbreviations: AFM, atomic force microscopy, AFPs, antifungal peptides; AMPs, antimicrobial peptides, BIC, biofilm
inhibition concentration; BIC50, concentration required to reduce biofilm formation by 50%; Csf, caspofungin; GleCer,
glucosykceramide; Mcf, micafungin; MFC, minimal fungicidal concentration: MIC, minimal inhibitery concentration; P,
phosphatidyinesitol.
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infections (Lionakis and Levitz, 2018). Fungi are classified
according to their morphologies, including yeasts { Cryptococcus
spp.), fungi with branched hyphae (Aspergillus spp./Rhizopus
spp.), as well as fungi with both morphologies (yeasts and
pseudohyphas, as for Candida spp.), which have all been
associated with fungal infections in humans (Brown et al, 2012;
Lionakis and Levitz, 2018). In addition, fungal pathogens can
also organize multicellular consortia, known as biofilms, which
establish resistant communities on a variety of biotic and abiotic
surfaces (Nett and Andes, 2015). Fungal adhesion to biotic
and abiotic surfaces represents an initial stage by which fungi
establish biofilms. Consequently, this cellular mechanism has
been investigated as a potential target for antibiofilm therapies
(Nett and Andes, 2015).

Fungal Biofilms

Apart from their planktonic development, microorganisms can
also establish biofilms in nature, and these biofilms allow
microbial cells to survive in the host environment and be
dispersed to colonize new niches (Hall-Stoodley et al., 2004)
Fungal biofilms are compased of adherent cells covered by an
extracellular matrix. First, free-floating cells adhere to a substrate
followed by the secretion of an extracellular matrix, which confers
additional mechanical protection on the fungal colonies. The
release of biofilm cells is a regulated process by which organisms
can spread throughout the host and establish new sites of
infection (Nett et al., 2000; Uppuluri et al., 2010).

Studies have shown that biofilm-constituting cells usually
present a different phenotype from that presented by planktonic
cells. Among these differences, the elaborate architecture of
biofilms has been highlighted as an additional challenge in the
treatment of patients with systemic infections, mainly due to
fungi's increased resistance to conventional antibiotics and lower
performance of the host immune system (Gulati and Nobile,
2016). Medical devices, including catheters and artificial heart
valves, are in constant contact with body fluids, facilitating
glycoprotein substrate deposition and favoring fungal cell
adhesion, followed by their colonization and biofilm formation
(Giles et al., 2018). Biofilm formation has been well described
in Candida albicans, the most common fungal pathogen in
the haspital setting (Douglas, 2002). C albicans biofilms are
composed of yeast and hyphalic cells, both of which are
necessary for biofilm formation on biotic and abiotic surfaces
(Dongari-Bagtzoglou et al,, 2009; Harriott etal., 2010). Moreover,
Aspergillosis and Cryptococcus neoformans biofilms are among the
major causes of nosocomial infections caused by fungi (Ajesh and
Sreejith, 2012; Kaur and Singh, 2013).

Overview on Antifungal Peptides (AFPs)

Currently, antifungal therapies are scarce and incude only
four chemical classes of antifungal agents, namely polyenes,
triazoles, echinocandins and flucytosine (Chowdhary et al., 2017
Moreover, the misuse of antifungal agents over the last two
decades has contributed to antifungal resistance development
(Perlin et al., 2017). Fungal resistance emergence has important
clinical implications, as it limits the already small amenal of
antifungal agents, raising the idea of a "post-antifungal” era

(Chowdhary et al, 2017). Therefore, an alternative is the use
of AFPs against fungal infections and biofilms (Matejulk et al,
2010). AFPs have been tested as promising therapeutic agents
for biofilm-related infections (D1 Luca et al, 2014). In this
context, AFPs have been considered a bioactive molecule group
with broad-spectrum activities and multiple mechanisms of
action. The search for AFPs capable of acting on fungal bicfilms
with lower toxic effects on mammalian cells either alone or in
combination with conventional antibiotics has been the subject
of diverse studies (Fell et al, 2012). Although biofilm-active
AFPs have not been achieved in dinical and commercial use, the
development, design and optimization of such molecules remain
as an alternative treatment (Duncan and O'Neil, 201 3).

Antifungal peptides are structurally diverse. Mareover, AFPs
comprise amphipathic molecules capable of interacting with
biclogical membranes (De Lucca and Walsh, 1999; Faruck et al,,
2016; Rautenbach et al, 2016). In the past decade, an increasing
number of works have reported AFPs capable of either inhibiting
fungal biofilm formation or eradicating preformed biofilms,
as well as some AFPs with both inhibitory and eradication
properties (Matejulc et al., 2010; Delattin et al., 2017). Most AFPs
display their biological activities through membrane-associated
mechanisms of action. When compared to other eukaryotic
cells (eg., mammalian cells), fungal membranes present few
differences, including sphingolipid composition, PI content and
the presence of ergosterol as the main sterol (Rautenbach et al,,
2016). These differences, along with specific targets in the
fungal pathogen, including fungal proteins, mannosyldiinositol
phosphorylceramide and GleCer, provide useful information for
the generation of selective AFPs, avoiding toxicity toward human
cells (Rautenbach et al, 2016). In this context, this review will
focus on the therapeutic potential of AFPs, highlighting the most
effective AFPs described to date, with a core focus on antibiofilm
properties. Finally, we will explore the application of AFPs and
their proposed antibiofilm mechanisms of action.

PEPTIDES WITH DELETERIOUS
ACTIVITY TOWARD FUNGAL BIOFILMS

Defensin-Like Peptides

Defensins comprise AFPs isolated from various organisms,
including plants and mammals (Cools et al., 2017a). Structurally,
defensins are organized in an aff motif, generally with an o-helix
and a triple-stranded antiparallel p-sheet, which is stabilized
by disulfide bonds that ensure high stability, thus retaining
their functions under extreme conditions by avoiding/decreasing
degradation (Shafee et al,, 2016). Many defensins share the CSoap
motif, including plants, fungi and invertebrates. Therefore, the
following subsections will address the structural characteristics,
activity and mechanism of action of plant defensins, @-defensins
and p-defensins on fungal biofilms.

Plant Defensins

Plant defensins are cationic and have 45-54 amino acids in
length. These peptides have typically been isolated from seeds,
but can also be found in other plant tissues including leaves,
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FIGURE 1 | Tridmensional structure of AFPs with antibiofim actiity against fung. (&) Psd1 - PDB: 1JKZ in green; B) ZmD32 - POE: 6DMZ in blue; (C) HaAFP1 -
PDE: 2N20 in cyan; (D) Sequence aignment of plant defensing shawing the conserved regions and deufide bornds; [E) LL-37 - PDB: 2850 in puple;
{F) BMAP-28 - FDB: 2MDC in orange; Disufide bonds are highlighted as yellow sfcks, oxygen atoms are nred and nitrogen atoms am in blue.

-

flowers, roots and stems (Lay and Anderson, 2005). Most of
the plant defensins identified so far have eight cysteine residues
that favor structural stability by the formation of four disulfide
bonds. In addition, structural studies have shown that plant
defensins comprise a triple f-sheet with a parallel helix ( Thomma
et al, 2002) (Figure 1). Regarding their biological properties,
plant defensins have shown activity against bacteria (Sathoff and
Samac, 2019) and fungi, both in their planktonic and biofilm
modes of growth (Vriens et al., 2016; Gongalves et al., 2007,
Psdl, for instance, is a plant defensin first isolated from Pisum
sativim seeds, which has shown promising effects on C. albicans
planktonic cells and biofilm (Goncalves et al,, 2017). Confocal
microscopy and AFM analyses revealed that Psdl, at 20 pM,
eradicates C. albicans planktonic cells; however, total inhibition
or partial eradication of biofilms were observed at a concentration
10 x greater than the inhibitory value (approximately 200 M)
(Gongalves et al, 2017). One of the main differences between
mammalian and fungal cells is the presence of a cell wall
in the latter. Thus, to access the fungal membrane, AFPs
have first to interact with cell wall and plasma membrane
components, which incude sphingolipids, chitin, p-glucans and

mannoproteins. The glycosphingolipid GlcCer, for instance, has
been reported as a crudal plasma membrane component for
anticandidal activity (planktonic cells and biofilms) of plant
defensins (Aerts et al., 2008; Goncalves et al., 2017). Psd1 acts on
C. albicans biofilms by disaggregating the polysaccharide matrix
of the cell wall (increasing cell roughness and decreasing its
rigidity), followed by membrane permeabilization via interaction
with GlcCer (Gongalves et al, 2017). Once inside the fungal
cells, Psdl accumulation triggers an intracellular mechanism
of action by internipting the cell cyde, leading to apoptosis
(Gongalves et al., 2017). These mechanisms allowed Psdl to
decrease . albicans planktonic cells’ adhesion, leading to the
inhibition of biofilm formation, along with the eradication of
preformed biofilms (Figures 2A,C).

In addition to Psdl, other plant defensins from Hewdiera
sanguinea coral bell seeds, named HsAFP1 and HsAFP2, have
displayed deleterious antifungal activities against pathogenic
fungi (Osborn et al, 1995 Aerts et al, 2011). Interestingly,
HsAFP1 has been produced by heterologous expression using
the yeast Pichia pastoris, and further denominated rHsAFP1
{r - recombinant). rtHs AFP1 has shown inhibitory activity against
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FIGURE 2 | AFPs' mechanisms of action against fungal biofims. (A) Inhiation of cal adhesion. (B) AFPs' interaction with the extracelluler matnx, causing biofim
destabilzation. (C) Peptides withintracelular mechaniems that trigger antibiofilm activities. in the baxes are the names of the peptides imvolved in each mechanism
of action. The tidmensional structures present in the figure am: Psd1 | in green (PDB: 10KZ); LL-37 n purple (PDB: 2K60), and BMAP-28 in arange (PDB: 2NDQ).

planktonic C. albicans with a value for its MIC 50 (half maximal
inhibitory concentration - 50%) of 18 pM. In addition, the
minimal BIC50 was 11 uM (Vriens et al, 2015). In another
study, 44 linear peptides derived from HsAFP1 were identified,

among which the peptide HsLin06_18 showed antifungal activity
(Cools et al,, 2017b). This peptide (HsLin06_18) was evaluated
against biofilms of C. albicans, obtaining a BIC value =2 pM.
Interestingly, however, when in synergism with Csf this value
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(BIC) is reduced to 0.5 wM. In another study, a plant defensin
isolated from Raphanus sativus antifungal protein 2 (RsAFP2)
has also been expressed in P. pastoris. The recombinant peptide,
rRsAFP2, has been proved to prevent C albicans biofilm
formation 330 pM (BIC). In contrary, rRsAFP2 is not capable
of eradicating C. albicans bioflm (Vriens et al,, 2016).

Plant defensins represent a large class of AFPs that exhibit
remarkable stability at extreme pH and elevated temperature, as
well as resistance to protease digestion (Kerenga et al, 201%).
Kerenga et al. (2019) carried out a screening for plant defensin
sequences in a database with more than 1,200 plant defensins,
and identified a Zea mays defensin, named ZmD32, with the
highest charge (+10) at pH 7. In this context, the objective of
the work was to evaluate whether ZmD32 with an increased
positive charge would retain the activity of the parent peptide at
higher salt concentrations. It was ohserved that ZmD32 retained
activity against a varety of fungal species in media containing
high salt concentrations. In addition, ZmD32 has been shown
to be multifunctional, as this peptide acted on fungi and on
Gram-negative and Gram-positive bacteria. Moreover, the most
prominent activity was observed against C. albicans biofilms, as
ZmD32 eliminated biofilm viable cells from 20 to 40 pM at a
physiological sodium concentration (132.1 mM). These findings
demonstrate the potential of ZmD32as a candidate for antifungal
therapies (Kerenga et al., 2019).

w-Defensin

Defensins from vertebrate animals are cationic and amphipathic
peptides containing 18-45 amino acid residues. These defensins
have been divided into two subfamilies named o« and f-defensins
(Parisi et al,, 2019). Human peptides have been isolated from
neutrophils, playing important roles in processes related to host
defense (Szyk et al., 2006; Jarczak et al., 2013). These peptides
are cationic (arginine rich), with 3-5 kDa molecular masses,
and they are stabilized by disulfide bonds (generally three) (Szyk
etal., 2006). Human o-defensins have tertiary structure, and these
defensing have a short helix structure and p-sheet stabilized by
three disulfide bonds (Szyk et al., 2006).

An example of an o-defensin studied for its antifungal actions
was human o-defensin & (HD6). This peptide demonstrated a
blocking action of C. albicans adhesion in human intestinal
epithelial cells, and treatment with HD6 at concentrations of
10 or 20 pM resulted in the prevention of biofilm formation
(Chairatana et al, 2017). Some HBDs (eg, HBED 2, 3,
and 4) present antimicrobial properties and, in some cases
(Krishnakumari et al., 2009) antifungal activities have been
reported (Dhople et al, 2006; Krishnakumari et al,, 2009). For
instance, the o -defensin 6 (HD6) has demonstrated the potential
to block C. albicans cells’ adhesion on human intestinal epithelial
cells. Moreover, the treatment with HD6, at 10 or 20 M, resulted
in the prevention of biofilm formation ( Chairatana et al,, 2017).

p-Defensin

f-defensins comprise a large family of AMPs distributed in
plants, mammals and insects. These cysteine-rich peptides are
cationic and present approximately 45 amino acid residues
(Taylor et al, 2008). The tertiary structures of p-defensins

resemble o-defensin, the difference being in the position of
the disulfide bonds responsible for stabilizing the p-sheet (Szyvk
et al, 2006; Shafee et al., 2016). Moreover, pB-defensins have
been reported for their multifunctional properties, including
antifungal and antifungal biofilm activities { Taylor et al, 2008).

pf-defensins comprise the majority of human defensins
described with fungal antibiofilm activity. f-Human defensins
(HBDs) are cationic peptides expressed in inflamed dental pulp
(Paris et al,, 2009). Similarly, different synthetic defensin-like
peptides, including o-defensin-3, f-defensin-1, p-defensin-3 and
PG-1, have demonstrated potent antifungal activity against
. neoformans biofilms, These peptides were effective against
planktonic cells and mature biofilms, whereas PG-1, at 8 M,
reduced the survival percentage of cryptococcal biofilms by
approximately 50%. P-defensin-1, at the same concentration,
reduced biofilm survival by 60%, whereas o-defensin-3 and
p-defensin-3 reduced biofilm survival by approximately 30%
(Martinez and Casadevall, 2006). Interestingly, a 15-amino acid
residue peptide derived from the C-terminus region of the human
defensin 3 (HBD3-C15) has also revealed antifungal activity in a
dose-dependent manner (28.3 - 169.8 pM) against C. albicans
biofilm when evaluated on dentin disks (Lim et al,, 2016).

The AFPs here cited are mainly active against C. albicans and
C. neaformans. Plant defensins are stable AFPs with antifungal
action and are capable of inhibiting biofilm formation, as well
as eradicating preformed biofilms. [n addition, these AFPs have
also been proved to actin synergism with conventional antifungal
agents, including HsLin06_18 peptide in combination with Csf,
which acts on C. albicans biofilm formation (Vriens et al., 2016).
Although these defensins have been proved to prevent fungal
cell adhesion and, consequently, biofilm formation, more detailed
studies regarding their antifungal bicfilm activities are still scarce
(van der Weerden et al., 2010). Therefore, further investigations
with o-defensins are needed to demonstrate the real potential
and mechanisms of action for this cass of AFP. The same could
be expected for f-defensins, which are active against fungal
planktonic cells and biofilms, although the mechanisms by which
they operate on different cellular organizations have not been yet
elucidated. Thus, the findings here summarized, especially for
plant defensins, represent an attractive field for further structure-
function studies, aiming at comelating some of the already
available tridimensional structures with AFPs' mechanisms of
action and, finally, identifying determinants for the generation of
optimized AFPs that specifically target fungal biofilms. The AFPs
described in the Defensin-like peptides section, their respective
antibiofilm activities, and their proposed mechanisms of action
are summarized in Table 1.

Cathelicidins

Peptides from the cathelicidin family have been isolated from
different species of mammals and exhibit broad-spectrum
activities against fungi (Zanetti 2004). Cathelicidins are
characterized as cationic peptides, consisting of 12-80 amino
acids that adopt an a-helix or p-sheet as secondary structures,
most of which have 23-37 amino acid residues distributed in
amphipathic helices, incduding LL-37 and BMAP-28 (Figure 1)
(Zanetti et al., 1995; Gennaro and Zanetti, 2000).
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TABLE 1 | Defensin-like peplides against pathogenic fungi and biofims and their poposed mechanisms of action.

Peptide Source Activity Concentration [uM)  Pathogen Mechanism of References
actions
Padl P sahiviem seads Bofim - 200 . abicans Call cycle ntermupfon, Goncalwes etal |, 2017
inribitian leading to apopioss
rHsAFP1 H. zanguines coral bell Biofim BICE0 11 . abicans Mot determined Wrens et &, 2015
seads f - recomionany  inhibtion
rRsARP2 H. sanguines coral bell Biofim BICT 330 . ahicans Mot determined Wrens et &, 2016
seads f - recomionant  inhibition
HsLim06_18 Drerived from rHsAFP1 Baofim BIC® = 2;and 0.5 . ahicans Mot determined Coals et al, 20170
inribitian aymergsm with Csf
ZmD32 Z. mays Biofim 20-40 C. abicans Mot determined Herenga etal., 2019
irfilition
HDE Human defensin Biofim 10-20 C. abicans Mot determined Chairatana et al, 2017
infiition
f-dedersin 1, Human detensns Biofim g C. necformans Mot determined Martinez and Casadevall, 2006
f-defensin 3, inilitian
PG
HBO3-C15 Human defensn Biofim Doss-dependent . ahicans Mot determined Lim et &, 2016
inilitian (28,3 -162.8

* References values or each expenimend, which can ber BIC, biofim inhibiion concentration,; BICE0, concentration required o reduwce biofiln formation by S0%.

The activities of LL-37 and BMAP-28 have been investigated
against Candida spp. strains (clinical isolates of vaginal
infections) in terms of planktonic cells’ growth inhibition and
interference in fungal cell adhesion on polystyrene and silicone
surfaces (biofilm formation) (Scarsini et al, 2015). LL-37, at
64 WM, was capable of inhibiting C albicans cell adhesion
on the tested surfaces (Scarsini et al., 2015). In that same
work, BMAP-28, at 16 pM, was capable of inhibiting 70-90%
of C. albicans and Candida krusei mature biofilms. BMAP-
28 also reduced the number of C. albicans adherent cells on
silicone surfaces, indicating its usage as an antifungal agent
in coaching strategies (medical devices) (Scarsini et al., 2015),
In addition to LL-37 and BMAP-18, a peptide derived from
a cathelicidin-related AMP (CRAMP), named AS10, inhibited
C. albicans biofilm formation at 0.22 M (De Brucker et al,
2014). Furthermaore, in synergism with Csf or amphotericin B,
AS10 also acted on C. albicans mature biofilms (De Brucker
et al,, 2014). In that same work, another peptide, named P318,
demonstrated even higher antifungal activity (0.15 M) against
C. albicans biofilms, without affecting planktonic cells’ survival
(De Brucker et al., 2014).

The human cathelicidin LL-37 inhibits C. albicans adhesion
and aggregation (2.2 and 4.5 pM) on biotic and abiotic surfaces
by interacting with chitin, glucan and, especially, mannan present
in the cell wall of this pathogen (Figure 2C) (Tsai et al, 2011},
This ability has also been emphasized as a crucial mechanism
by which LL-37 inhibits C. albicans hiofilm formation on both
medical devices and biclogical tissues in the course of C. albicans
infections (Tsai et al, 2011). Moreover, to evaluate whether LL-
37 interaction with mannan is selective for C. albicans or not,
this AFP was also tested regarding its ahility to interact with
Saccharomyces cerevisine mannan. As a result, LL-37 was not
recovered by mannan from §. cerevisiae and, therefore, this AFP
had no influence on cell aggregation and cell adhesion in this
fungal strain (Figure 2A) (Tsai et al., 2011). It is known that the

main difference between C. albicans and 8. cerevisiae mannan is
the presence of P-1,2linkages in the first one (Shibataet al., 1985),
This exclusive feature in C. albicans mannan was also proposed in
that work (Tsai et al, 2011) as an important factor for LL-37 cell
adhesion inhibitory potential, highlighting the application of this
AFP in antibiofilm strategies.

Cathelicidins are peptides that are well described in the
literature for their broad-spectrum activities and relatively stable
structures. Cathelecidins have potential for the development of
drugs that could be used on medical devices to combat fungal
biofilms. Furthermaore, the studies cited here demonstrate that
this class can act synergistically with the conventional antifungal
agents, rendering these peptides a promising starting point
for future combinatorial therapies. The AFPs described in this
section, their respective antibiofilm activities, and their proposed
mechanisms of action are summarized in Table 2.

Histatins
Human salivary histatins are a group of small histidine-rich
proteins constituted from 7 to 38 amino acids first isolated
from human parctid saliva (Oppenheim et al, 1988). In
general, histatins are a multifunctional group of proteins with
antimicrobial properties that vary from broad-spectrum to
moderate activities (Troxler et al, 1990). Moreover, histatins
have been reported for their effective antifungal activity (Troxler
et al., 1990; Tsai and Bobek, 1998). Histatins are divided into
three major peptides, named histatin-1, histantin-3 and histatin-
5, varying from 24 to 38 amino acid residues in length. They are
polar and hydrophilic peptides presenting an a-helical structural
conformation in organic solutions (Oppenheim et al, 1988),
Therefore, histatin peptides have promising antifungal activities
and their membrane affinity has been studied in the context of
fungal infections (Brewer et al., 1998).

It is known that diverse pathogenic fungi can form biofilms
on palymer surfaces, oral prostheses and medical devices. In that
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context, the activity of the Hst-5 peptide has been evaluated
against C albicans biofilms {CAl-4), demonstrating that this
peptide, at 50 pM, inhibited biofilm formation on acrylic
dentures in vitro (Pusated et al., 2009). In another study, the
potential of Hsn-5 was evaluated against planktonic cells and
biofilms of C. albicans and C. glabrata growth on poly (methyl
methacrylate) disks, simulating oral prostheses (Konopka et al,,
2010). Hsn-5 was capable of inhibiting planktonic € albicans
strains with MICs ranging from 26 to 4.8 uM. In contrast,
planktonic C. glabrata cells were insensitive to Hsn-5. Moreover,
this peptide also caused a reduction in the biofilm metabolic
activity (RMA) with concentrations ranging from 1.7 to 6.9 1M
and from 31.2 and 625 pM against C. albicans and C. glabrata
biofilms, respectively (Konopka et al., 2010).

Diverse studies have been carried out over recent decades
aiming to understand the mechanism of histatin fungicidal
activity. According to the literature, Hsn-5 acts by a multistep
mechanism. First, the peptide is internalized by endocytosis,
followed by its binding to the cell wall and further translocation
across the membrane to act on intracellular targets (Figure 2C)
(Sun et al, 2008). Hsn-5 can enter C. albicans by means of
an energy-dependent or -independent mechanism (Moffa et al.,
2015). Although we do not have complete evidence on the
mechanisms of action of Hsn-5, studies have shown that the same
peptide often has different mechanisms against planktonic cells
and biofilms (Sun et al., 2008).

Some authars report that histidine-rich peptides, including the
histatins cited in this section, are highly selective antifungals and
have little toxicity toward mammalian cells. According to data
here summarized, histatins demonstrate promising antifungal

activities, making these AFPs potential candidates for biofilm
treatment, especially oral fungal infections. However, although
they have elucidated mechanisms of action against planktonic
cells, histatin studies still lack deeper information on fungal
antibiofilm properties and mechanisms of action, making this
class a potential subject for further studies aimed at combating
fungal biofilms, determining their tridimensional structures,
as well as unraveling their mechanisms of action. The AFPs
described in this section, their respective antibiofilm activities,
and their proposed mechanisms of action are summarized
in Table 3.

Miscellaneous AFPs That Act on Fungal

Biofilms

In addition to the above-mentioned classes of AFPs with
antibiofilm potential, studies have also described additional AFPs
from different sources that target fungal cell adhesion, thus
inhibiting biofilm formation, as well as preformed biofilms.
Ergosterol is the main sterol that constitutes fungal membranes.
Maoreover, studies have shown that the overexpression of genes
involved in the biosynthesis of ergosterol (e.g., ERGII, ERGI6
and ERG25) may be crucial for Candida species biofilm formation
(Garcia-Sanchez etal., 2004). For instance, the peptide Tn-AFP1,
which is derived from Trapa natans, demonstrated antifungal
potential by inhibiting planktonic cells of C tropicalis at 26 M.
Moreover, it has been reported that Tn-AFP1 is capable of
inhibiting fungal biofilm formation in a dose-dependent manner,
as well as eradicating preformed biofilms (Mandal et al,, 2011).
In addition, when evaluating the levels of expression of two

TABLE 2 | Cathelicidin pepficdes agairst pathagenic fungi and biofims and their proposed mechanismes of action,

Peptide Source Activity Concentration  Pathogen Mechanism of References
(M) actions
LL-37 Human cathelicidn Ifibited cell adhesion &4 . fruas Memiorans Scarsiniet &, 2015
C. athicans permeahilization
BMAP-28 Baovire cathelicidn Biafilm inhibiton - 16 C. athicans, Memiorane Scarsiniet &, 2015
Biafilm eradication C. glsbrata, permeablization
C. fruras
ABW0P318c  Derved from BMAP-18  Biofilminhibition 0.22 C. atbicarns Mot determired D Brucker etal., 2014
015
LL-37 Human cathelicidn Biafilminhiition 22and 4.5 C. athicans Adneson and Taaiet &, 2011
aggmgation inhibtion
an biotic and abiotic
surizces
TABLE 3 | Histatin paplides against pathogenic fung and biofims and their proposad mecharismes of action.
Peptide Source Activity Concentration  Pathogen Mechanism of actions References
()
Hzt-b Human salivary Biofim 5 C. athicans Mot determmined Pusaten et al., 2009
Fistatins infibifion
Hsn-5 Hurman salivary Biofim 1.7-649 C. athizans Peptide is intermalized by Sunet s, 2008;
Fistatines inhibifan 4.8 C. gbrata endacytasis, then it binds to Honopkast &, 2010
31.2-625 the call wall and tramslocates
irta the call to acton
intracellular tangets
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genes related to biofilm formation, including ERG:11 (ergosteral
biosynthesis) and MDIR (ATP-binding cassettes pump) it was
observed that planktonic cells treated with Tu-AFP1 presented
the down-regulation of these genes and, therefore, could not
establish biofilms (Figure 2C) (Mandal et al., 2011). Moreover,
this AFP also induced morphological cell changes, along with
fungicidal effects on biofilm-constituting cells.

In addition, a decapeptide isolated from Armbidopsis thaliana,
called OSIP108, was evaluated regarding its antifungal and
antibiofilm properties on C. albicans (De Coninck etal., 2013). As
a result, the authors observed that OSIP108, from 2 to =200 M,
did not display antifungal activity against C. albicans planktonic
cells, whereas QOSIP108, from 6.25 to 100 wM, reduced C. albicans
biofilm formation when administrated during the cell adhesion
stage. These findings indicate that, despite using the same AFP, its
antifungal and antibiofilm modes of action are most likely to be
independent, as AFPs that are promising against planktonic cells
may present ineffective antibiofilm properties and vice versa.

As described above, human-derived peptides have also been
pinpointed as promising antifungal agents. A tryptophan-
rich peptide derived from the human ApoE apolipoprotein
(ApoEdpL-W), for instance, has shown antifungal activity
against pathogenic yeasts of the Candida species, except for
C. glabrata (Rossignol et al, 2011). ApoEdpL-W was active
against planktonic cells and biofilms at early stages, but less
active against mature biofilms (10 to 80 pM). In addition,
ApoEdpL-W partially prevented biofilm formation on medical
devices (Rossignol et al, 2011). Fungal cells in biofilms are
embedded in an extracellular matrix composed of exopolymeric
compounds, including f-1,3 glucan. Taking that into account,
Rodrigues et al. (2018) evaluated the susceptibility of C. glabrata
biofilms to echinocandins (cyclic lipo-hexapeptides), including
Csf and micafugin (Mcf), also shedding some light on how
these two AFPs interfere in p-1,3 glucan concentration in
the matrix of C. glabrata biofilms. The authors observed that
C. glabrata preformed biofilms treated with Csf and Mef
presented adjustments in the matrix composition due to a
decrease in f-1,3 glucan concentration (Rodrgues et al, 2018).
These findings were further correlated with the antibiofilm
potential of these two AFPs, partially elucidating their antibiofilm
mechanism  (Rodrigues et al,, 2018). A similar hypothesis
has also been proposed for the higher antibiohlm activity
of the tryptophan-rich AFP, ApoEdpL-W, against early-stage
€. albicans biofilms when compared to mature biofilms
(Rossignol et al., 2011). This finding can be partially explained
by the affinity of ApoEdpL-W for extracellular matrix P-glucans
in mature biofilms (eg., p-1,3 glucan), which is known to trap
antifungal agents and, consequently, confer biofilm tolerance
(Figure 2B) (Rossignol et al, 2011).

Insect peptides are also known for their broad-spectrum of
biclogical activities. Polybia-MPI, for instance, was originally
isolated from the venom of the social wasp Polybia paulista
and presented potent antibacterial activity (Souza et al, 2005).
To better understand peptide biological potential, Polybia-MPI
was evaluated for its inhibitory, fungicidal and antibiofilm
activities against Candida spp. (Wang et al, 2014). Polybia-
MPI revealed MIC and MFC values of 16 and 32 pM against

C. albicans, respectively, whereas C. glabrata was inhibited (MIC)
and killed (MFC) by Polybia-MPI at 8 and 32 pM, respectively.
In addition, Polybia-MPI inhibited C. glabrata biofilm formation
on polystyrene surface from 2 x MIC to 8 x MIC, resulting in a
drastic decrease of biofilm biomass (Wang et al., 2014).

Another example of an AFP isolated from wasp toxin is
the protonectin peptide, which was originally isolated from
Agelaia pallipes pallipes (Mendes et al., 2004). Protonectin has
been evaluated against C. glabrata, C. albicans, C. parapsilosis,
C. tropicalis and C. krusei, revealing MICs from 8 to 128 pM
Pratonectin was also found to disrupt fungal membrane integrity
and induce the production of cellular reactive oxygen species
(ROS), inhibiting the formation of C. glabrata biofilms (Wang
et al., 2015). Wang et al. (2015), for instance, observed that a
protonectin AFP derived from the venom of a social wasp, has
potent antifungal and fungicidal activities. Moreover, this AFP
not only inhibited biofilm formation, but also killed adherent
biofilm cells. All these activities were further correlated with
membrane-associated mechanisms, along with the generation of
ROS (Figure 2C) (Wang et al,, 2015). In fungi, ROS are generated
as metabolic products from an endogenous or exogenous source
and include hydrogen peroxide and hydroxyl radicals, which act
as signaling molecules for gene regulation (Scandalios, 2002; Cho
and Lee, 2011). Inside fungal cells, ROS generation is balanced
by the production of antioxidants. However, when this balance
is compromised (for instance, by the presence of AFPs) ROS
accumulation may lead to oxidative damage to lipids, proteins
and DNA, resulting in cell death (Scandalios, 2002; Cho and
Lee, 2011). In antifungal therapies focusing on AFPs, antifungal
properties toward fungal biofilms have been reported and, in
some cases, associated with ROS generation. Similar findings
were reported for linear battacin peptides against C. albicans
mature biofilms (Figure 2C) (De Zoysa et al., 2018).

Peptides derived from insect venom have also been submitted
to sequence optimization strategies aiming at improved
antifungal properties. Lasioglossin-111 (LL-11T) and halitin (HAL-
2}, for instance, represent two peptides derived from bee venom
(Cefovsky et al,, 2009) that were used as template molecules
for the generation of synthetic analogs, named LL-I11/43 and
peptide VIII, respectively. These analogs were evaluated for
their antifungal and antibiofilm activities against Candida spp.
The lowest MIC (0.8 wM) value was observed for LL-III/43
against C. tropicalis. Moreover, both analogs inhibited Candida
spp. biofilm formation, with concentrations ranging from 0.9
to 58.6 WM. Biofilm eradication for almost all Candida species
tested ranged from 12.8 to 200 pM (Kocendovi et al., 2019).

Bacteriocins are examples of peptides produced by various
bacterial species with antifungal action (Sang and Blecha, 2008].
EntV is a bacteriocin encoded by the entV locus (ef1097) from
Enteracoccus faecalis (Graham et al, 2017), onginally studied for
its antibacterial activity against Gram-positive strains (Sweet al.,
2007). Graham et al. (2017} have reported a synthetic bacteriocin
version, named EntV®, which is constituted of 68 amino acid
residues with one disulfide bond involved in structure cyclization.
EntV® has been shown to be effective for reducing virulence of
C. albicans strains and biofilm formation by inhibiting hyphae
formation (BIC50 = 0.0003 M) (Figure 2A). Furthermore, this
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peptide potentially blocks biofilm development in solid substrates
under multi-media conditions and has been proved to disturb
preformed biofilms that are resistant to current antifungal agents
(Graham et al, 2017). In addition, that work also evaluates
whether EntV® protected phagocytes from C. albicans-induced
damage or not (Graham et al, 2017). The murine RAW 2647
macrophages were incubated with C. albicans cells in the presence
and absence of EntV®, at 100 nM (0.0001 pM). Under the
peptide presence, the authors observed a decrease in the release
of lactate dehydrogenase (LDH), an enzyme present in the
macrophage membrane. Moreover, the analysis showed fewer
surviving fungal cells, indicating that EntV®™ reduces fungus-
induced cytotoxicity and may potentiate macrophage antifungal
activity (Graham et al, 2017). Therefore, EntV® has clear
pharmacological potential, as this peptide is capable of inhibiting
biofilm formation and also disturbing preformed biofilms,
without causing cytotoxicity in macrophages. In addition, two
in vivo experiments were performed, which will be described
later in the section "AFPs used to counter fungal infections in
animal models.”

In addition to insects, other arthropods and also bacteria
can be a rich source of bioactive peptide screening. Lichosin-
1, which is derived from Lycosa singoriensi spider venom
(Tan et al, 2018), showed antifungal activity against clinical
isolates of fluconazole-resistant C. albicans, with MIC values
from 0.31 and 0.67 pM. When this peptide was evaluated
against C. albicans hiofilm, it was capable of inhibiting
bioflm formation from 2.75 to 70.73 pM. However, higher
concentrations ranging from 13625 to 69447 uM  were
required for antibiofilm activities against mature biofilms (Tan
et al,, 2018). In addition, Lycosin-1 acts against C. tropicalis
through several types of morphological damage, leading to
decreased biofilm filamentation, along with an increased
number of gaps between cell clusters within the biofilms
(Tan et al., 2018).

Another study evaluated optimized synthetic peptides called
kaxins, capable of inhibiting fluconazole-susceptible and -
resistant C. albicans, C. tropicalis and C. glabrata strains (128
to 512 pM) (Burrows et al, 2008). In that work, it was
observed that a kaxin peptide, named dF21-10K, completely
eradicated C. albicans and C. trapicalis preformed biofilms in a
concentration 10-fold higher than the MIC against these strains
(61.5to 246.1 uM) (Burrows et al., 2006).

Also in the field of synthetic peptides, a decapeptide
known as killer peptide (KP) was described (Paulone et al,
2017). This peptide was tested against fluconazole-resistant
and -susceptible C. albicans biofilms at different development
stages (cell adhesion, development of hyphae and extracellular
matrix production). KP exerted fungicidal activity against
all planktonic strains investigated, with MFC from 0.31
to 067 M. The inhibitory effects of KP in C. albicans
biohlm’s eary stages showed that 1242 M, KP impaired
the biofilms, reducing the total biomass by more than 45%
in four strains. Furthermore, the inhibitory effects of KP on
mature (2-day old) biofilms of C. albicans showed that, at
1242 pM, KP significantly impaired the total biomass of
mature biofilms. In addition, KP administration led to an

increased oxidative stress response in C albicans, showing
that this peptide has inhibitory effects on C. albicans biofilm
regardless of whether this pathogen is resistant or susceptible
to fluconazole (Paulone et al, 2017). AFPs can present
multiple mechanisms against fungal bioflms depending on
their stage, including early and mature bichlms. Recently, it
was reported that a synthetic killer decapeptide (KP) was
capable of inhibiting fluconazole-susceptible and -resistant
C. albicans biofilm formation, also significantly affecting the
viability of preformed biofilms (Paulone et al, 2017) In that
work, KP induced ROS production in mature biofilms and
also decreased the viability of hiofilm-constituting fungal cells
through membrane permeabilization (Paulone et al, 2017).
Moreover, the transcriptional profile of C. albicans biofilms in
early and mature stages treated with KP indicates that this AFP
reduced the expression of biofilm-associated genes, including
matrix-related genes and hyphal-specific genes (Figure 2C)
(Rodrigues et al,, 2018).

Battacin, a cyclic lipopeptide isclated from Paenibacillus
tianmuensis, has shown promising antibacterial activities
(Qian et al, 2012). De Zoysa et al (2015) developed 16
battacin linear analogs, observing an improvement in their
activity against bacterial biofilms. Based on that, these
analogs were also submitted to fungal antibiofilm assays.
As a result, the authors identified the three most effective
anmalogs (3, 12, and 13), which were capable of inhibiting
planktonic cells of C albicans at 50, 12.5 and 625 pM,
respectively. Since the lowest inhibitory concentration was
observed for analog 13, it was evaluated against C. albicans
biofilms. Analog 13 showed BIC50 values of 625 pM and
was able to eradicate pre-formed biofilms 625 M (10
times its MIC) (De Zoysa et al, 2018). The AFPs described
in this section, their respective antibiofilm activities, and
their proposed mechanisms of action are summarized
in Table 4.

AFPs USED TO COUNTER FUNGAL
INFECTIONS IN ANIMAL MODELS

In general, antifungal and antibiofilm peptides are tested in
murine models, although different models have been developed
in primates, rabbits, guinea pigs, birds, and canines (Hohl, 2014;
Dijck et al., 2018). Animal models are an effective method
by which to evaluate the progression of fungal pathogenesis
and host immune responses and to investigate the antifungal
properties of drug candidates (Capilla et al, 2007; Hohl, 2014;
Dijck et al., 2018). These models allow the control of different
biological variables, mimicking human diseases and monitoring
disease progress (Capilla et al., 2007; Dijck et al, 2018).
Recently, studies have used non-vertebrate models to optimize
the screening of candidate drugs and evaluate fungal virulence.
Non-vertebrate and other animal models are described in Table 5.
According to Segal and Frenkel (2018), animal models are
classified based on methods of therapeutic evaluation, induding
superficial (skin, nails), mucosal (oral, vaginal), gastrointestinal
and lung or systemic infections (intravenous, intraperitoneal)
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TABLE 4 | Unusual AFP classes of peptides. against pathogenic fungl and biofims and their proposed mechanisms of action.

Peptide Source Activity Concentration (M) Pathogen Mechanism of References
actions
Tr-AFP1 T. natansz Artitungal- Biofim 26 frhibition) 52 C. tropicatis Dawvn-regulation of Mandal etal.,
irfilitican - Biofim {eradication) geres (FAGTT and 2071
eradication MO R and,
themfore, carmot
estabish bofims
dF21- 108 Synthetic paptide Biofilm eradication 61.5-246.1 C. athicans Mot determined Bumrows etal.,
C. tropicatis 2006
OEP108 AL thaliana Biofilm imhibition 6.25-100 C. athicans Mot determined Diedattin ot &,
2014
ApoEdpkW Human ApoE Biofilmn imhibition 10- 80 Carnadids spp., except Affirity for Rosggnol etal.,
apaipopratein for C. glbrata extracaliular matris 2011
f-giucans in maturs
bicfilms, conferring
bicfilm tolerance
Palvbia-hP1 F paulisia Biofilrn inhibition 16-328-32 C. athicarns, Gereration of ROS =~ Wangetal,
C. glabrata 2014
LL-l43 Bes venom Bioilm imhibition - 0.9 - 58.6 jrnibifor) C. tropicalis Candids Mot determined Kocendava
Pegptide Will Biofilm eradication 12.8 - 200 jeradication)  spp. et &, 2019
KP Synthetic paptide Biofilm imhioition Biofilm 031-067124.2 C. athicans ROE generation in Pauons etal.,
eradication maturebiofims and 2017
memirans
permeabiization
Pmtonectin A palipes paiipes Biofilmn imhibition - - C. athicans ROE generation Wiang et al.,
ARP Biofilm eradication 2015
Battacin R tigrmuenss Bicdilrm inhibition - BICE0" 6.25 jriibtion)  C. atbicans ROS generation DeZoysast al.,
Biofilm eradication i2 b jeradcation) 2018
Lichosin-1 L. singonens Biofilm inhibition - 275-T70.73 C. athicans Mot determined Tanetal, 2018
Biofilm eradication
Erdy™ bacteriocin of Bicdilrm inhibition - BICS0" 0.0003 C. athicans {vndence Reduces vindencs Grahamet al.,
E. faecals blacking bicfim 0.0001 and ofim of C. athicans 2017
development denelopment] sfrains and biofim
C. athicans, C. formafon by
tropicals, C. inhibitng hyphas
parapsiosis . ghbrats  fomaton blocking
{inhibition of formed bicfilm
bicfirms) devetopment in
salid substates
under muflti-madia
corditions

* Reference vabies for each esperiment, which can ber BICE0, concentration required fo redice biofim mmation by 50%.

(Capilla et al, 2007; Hohl, 2014; Dijck et al, 2018). In
addition, antifungal drugs have limited efficiency against invasive
fungal infections, directly impacting increasing mortality rates
(Hohl, 2014).

In this context, studies with animal models demonstrate a
reliable strategy for evaluating the eflectiveness of AFPs on
biofilm-associated fungal infections, thus helping researchers
to elucidate the therapeutic application of these antifungal
agents in the clinic. Therefore, here we described different
AFPs with activity against fungal biofilm in distinct animal
models. Cools et al. (2017h) tested HsLin0O6_18 (derived from
the plant defensin HsAFP1) in assodation with Csf. This
combination was tested in immunosuppressed female Sprague-
Dawley rats. C. albicans biofilms were formed inside catheters
(5 = 10" cells. mL™1), which were further implanted into the
back area of the rats. The antibiofilm treatment aiming to
inhibit biofilm formation was initiated immediately after the

implant. The combination Csf + HsLin0&_18 and the control
group were administered intravenously or subcutaneously once
daily for 7 days. It was demonstrated that the combination
Csf + HsLinDé 18 reduced C. albicans biofilm formation in vive
compared to the untreated control, besides not presenting
cytotoxicity in healthy cells. Similar effects have been observed for
an insect defensin, named drosomycin, against Botrytis cinerea
strain B05-10 and Colletotrichum gloeosporioides. Drosomycin
inhibited the growth of both fungi at 15 and 15 pM,
respectively (Cohen et al,, 2009). Another group demonstrated
the efficiency of AFPs to combat planktonic fungi and biofilm
formation. In a study using OSIP108, a Caenorhabditis elegans
in vive model was used to test synergic effects using different
combinations of QSIP108 with Csf. The worms were infected
with C. albicans and subsequently treated with 100 WM QSIP108,
0005 puM Csf, and 100 pM OSIP108 + 0.095 pM Csf, and
0.6% DMSO (negative control) after 3, 5 and 7 days. The
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TABLE 5 | | Overdew of differert animal models for screening for anfilungal drugs.

Animal models Candida sp.

Aspergillus sp. Cryotococcus sp.

Galbria melonela igreater wan math) Rowan et ., 2009; Lopsz-Moya et &,
2015; Bouza st ., 2015; Ansja et al.,
2016; Ames et &, 2017; Gu etdl.,
2018; Lueta,, 2018

Bormbys o (silbwvanm) Uchidaet &, 2016

Casnorhabaiis elegans Diedattin et &, 2013; Muhammed et al.,
2016; Graham etd, 2007;
Mohammad et al., 2018, Subramenium
etal., 2018; Bunet a., 2018

Drosophila melanog asier Gittenberg et al, 2011; Zanette and
Hontovianris, 2013

Drariio revio Zetrafish e

Mica Laper-Garcia et &, 2005; Graham
et a., 2017; L eta., 2017; Peters
et al., 2017; Wu etal., 2017, Dostert
at a., 2018; Singulari et &, 2017;
Lepak ot al., 2018, Cistal, 2018

Rats Birk et al., 2012; Kucharkova et al.,
2013; De Cemeret &, 2014;
Hucharkovaetal., 2004, L etd., 2014,
Cods et a., 20170; Holtlappeks etdl.,
2018

Giunea pgs Maiol etal., 2016

Raikit

Alcarar-Fuai et al., 2015, Farastiem
et al, 2015; Maurer etd,, 2015; Ben
“askow et &, 2016; Ben Yashov et &,
207

Mabkamura et &, 2017

Sangalli-Leie ot &, 2016; Palanco
etal., 2017; de Baet &, 2018

shii et al., 2016; Matsumoto st al,
2007

de Aguiar Comleiro et &, 2016;
Thangamani etal., 2017

Lionakis and Kortoyiarmis, 2012

Palanco et &, 2017
Ben-Amiet &, 2010; Kai et 2013; Rathore et al., 2017, Nison et &l., 2018

Paulussen etal, 2015

Wiedarhold et &, 2015, Zhao etal., Hirkqpatrick et &, 2007
2015

‘Walsh et al., 1985; Pelratiens et al.,

2002

authors reported that OSIP108 alone did not present activity
in C. albicans infected worms. However, the combination
100 pM OSIPL08 + 0095 pM Csf improved worms' survival,
In accordance with these results, OSIP108 can be used for
coating strategies in some medical devices, assisting in the fight
against biofilm formation. The studies described above show
that AFPs derived from plants are very efficient in inhibiting
or controlling fungal biofilms tested in different in vivo models,
demonstrating their therapeutic potential (Thevissen et al., 2007,
Delattin etal., 2014 ).

Different groups of peptides have been tested by Yu et al
12016). These authors have demonstrated the potential of
four cathelicidins (cathelicidin-BF, Pc-CATHI1, Cc-CATH2, Ce-
CATH3) in combating C. albicans biofilm formation (Yu et al,,
2016). The cathelicidins were tested in a murine oral candidiasis
model using LL-37 and amphotericin B as control. Mice were
infected by intramuscular injection and then infected by topical
inoculation with . albicans dilutions (0.1 mL) on the oral
mucosa surface. The cathelicidin -BF inhibited C. albicans biofilm
formation, demonstrating better results compared to other
peptides. Similar results were also described by De Brucker
et al. (2014} in in vitro tests using AS10 to inhibit fungal
biofilm formation. As a result, AS1D was capable of inhibiting
biofilm formation at 0.22 pM, and acted synergistically with
amphotericin B and Csf against mature biofilms. In addition, this
peptide did not exert a cytotoxic effect on mammalian cells.

Furthermore, synthetic peptides (p-peptides) have shown
promising antifungal and antibiofilm properties against

C. albicans. These AFPs act by reducing fungal metabolic
activities and preventing or compromising bicfilm formation
(Delattin et al, 2014; Raman et al, 2014). The great activity
of synthetic fi-sheet peptides was also demonstrated by Wu
et al. (2015). These authors tested the peptides (IKIK).-NHa
and (IRIK);-NH; in vivo against fungal keratitis in comparison
with the commercially available amphotericin B (Wu et al,
2015). They used contact lenses containing a layer of C. albicans
biofilm, subsequently transferred onto the de-epithelia cornea
surface of mice. The inoculum was maintained for 18 h, and
eye ulcers developed with a leathery, tough, raised surface.
Treatment was performed with peptide 1 (3000 mgL™!),
peptide 2 (3000 mgL~'), amphotericin B (1000 mgL~!) and
water (control), and further applied topically as eye drops
(20 mL) on the corneal surface. After treatment, the authors
observed a significant decrease in keratitis infection, suggesting
that synthetic p-sheet peptides are effective in removing
keratitis-related fungal biofilms from mouse eyes.

Additionally to the previously mentioned in vitre experiments,
the potential of EntV* was evaluated in two fungal infection
models in which this peptide showed to be protective during
C. albicans infection via inhibition of hyphal morphogenesis
at low concentrations. The nematode infection model used
C. elegans to evaluate C. albicans filamentation by microscopy.
Thus, it was observed that, in the presence of EntV® at
subnanomolar concentrations (100 nM = 0.0001 pM), the
virulence of C. albicans in the nematodes was nullified.
Furthermore, the authors suggest that EntV* s effective
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in protecting . elegans durng C albicans infection via
inhibition of C albicans hyphal morphogenesis (Graham
et al, 2017) In murines (immunosuppressed Balb-C mice),
the evaluated model was oropharyngeal candidiasis (OPC).
The results obtained showed that, based on a treatment with
100 nM (00001 pM) of EntV®, mice had a significant
reduction in fungal cell invasion, showing once again the
ability of this peptide to inhibit morphological differentiation
(Graham et al, 2017). Other peptides tested in animal
models against fungal strains and biofilms are summarized
in Table 6.

BIOTECHNOLOGICAL POTENTIAL

In recent years, fungal infections have become a worldwide
health problem (Brown et al,, 2012; Gamaletsou et al., 2018).
Fungal biofilm formation is nowadays increasingly reported in
systemic, superficial and mucosal fungal infections (Duncan
and O'Meil, 2013; Nett and Andes, 2015). In addition to
that, therapeutic strategies are still scarce and show limited
effectiveness (Chowdhary et al, 2017; Santos et al, 2017).
Moreover, one of the ways to correlate the challenges of
working with AFPs is by looking at the failures of working
with AMPs. In both cases, one of the obstacles in developing
such molecules as pharmaceuticals is the substantial activity
loss under physiological saline concentrations (Kerenga et al,
2019). Some authors have reported additional disadvantages,
including systemic and local toxicity, susceptibility to protealysis,
sensitization and allergy after repeated application, and high
costs in discovering, screening and manufacturing these peptides
(Koczulla and Bals, 2003; Gordon et al., 2005), However, there are
promising advantages as well, including AFPs’ broad-spectrum
action (antibacterial, antifungal, antiviral), rapid action upon
contact with the pathogen, potentially low levels of induced
resistance, as well as anti-inflammatory and immunomodulatory
activity (Koczulla and Bals, 2003; Gordon et al, 2005). After
years without any innovation in chemical antifungal agents, the
AFPs initiated a new prospect for fungal treatment (Duncan
and O'Neil, 2013 Santos et al, 2017). The study of AFPs is an

TABLE & | Cvendewy of artifungal pepfides tested in wyo againat fee-flating
fungi and biofims.

Peptides AFP classes References

hBDIRDES, Psdl, Dedensgns Martnez and Casadenvall, 2006;

HsAFP1, RsAFPZ, Pusater et al., 2009; Delattin st al.,

NFARZ, 24 Goncakes et &, 2017; Menzel
etal., 2017; Kovacs etal, 2018

LL-37, P318, AS10 Catheliciding Berincasa et al., 2006; De Brucker
etal., 2014; Yu et &, 2016;
Memirowicz eta., 2017; Sunetal |
2m8

Histatin-&, Histatins Bung et al., 2008; Tati etal., 2014

Hsthy _ 155pd

Tr-AFP, OSIPIDS, Urusual AFPs Gongalves et &, 2017, Kovdcs etdl.,

EntvS 28

f-peptides, mPE Bymthetic g-shest  Raman et &, 2074; Wo et &, 2015

emerging field, and recent works have focused on new strategies
to improve their stability, safety, and efficacy (Kerenga et al,
2019). Moreover, an increasing number of studies have shown the
advantages of combination therapies and drug delivery systems
for AFPs’ efficacy (Mahlapuu et al,, 2016; Koo et al., 2017; Gomes
et al., 2018; Revie etal., 2018).

According to the Food and Drug Administration (FDA),
the number of approved bicactive peptides is growing,
This rise is associated with the understanding of hicflm
microenvironments, allowing the development of multi-
targeted therapeutic approaches to prevent hiofilm formation
and combat preformed biofilms, enhancing drug efficacy
(Koo et al, 2017; Lee et al, 2019). Some AFPs have been
proved to act synergically with conventional antifungals,
improving the success of antifungal therapies (Cohen et al,
2009; De Brucker et al, 2014). Thus, AFPs have shown
great efficiency against fungal biofilms, along with the lack
of side effects that are recument in conventional antifungal
treatments. Moreover, some AMPs are undergoing pre-clinical
and clinical trals, including the treatment of infections
related to contaminated catheters, topical formulations for
acne, treatment of peritoneal infections caused by bacteria
(e.g. pneumonia), as well as treatment of gingivitis and
oral biofilms (Guani-Guerra et al, 2010). However, to
date, AFPs with fungal antibiofilm activity have not yet
reached the market.

Therefore, in this review we described different applications
for AFPs, with a core focus on antibiofilm properties toward
fungi. This includes the use of AFPs as topical agents for
the treatment of superficial vulvovaginal candidiasis (Kowvics
et al, 2018). Another application is against fungal keratitis,
in which AFPs can be used as eye drops (Wu et al,
2015), as well as for oral administration (Yu et al, 2016)
Furthermore, AFPs can be immobilized on medical devices
(e.g., catheter, prosthesis and implants) to prevent fungal
biofilm formation (De Brucker et al., 2014; Gongalves et al,
2017). Besides that, nanoformulation strategies may allow the
maintenance of AFPs stability and activity, thus improving
the treatment’s effectiveness by creating drug delivery systems
(Batoni et al,, 2011; Kovalainen et al, 2015 Mahlapuu et al,
2016; Cavalheiro and Teixeira, 2018; Dostert et al, 2018)
Apart from their strong performance in the therapeutic area,
AFPs can also be used in cosmetics (Bedoux et al, 2014;
Rahnamaeian and Vilcinskas, 2015; Carvalho et al, 2016),
diagnostics (Ribeiro et al,, 2016 Young-Speirs et al, 2018),
functional food and nutraceuticals (Gianfranceschi et al., 2018),
vaccines (Nami et al., 2019), and in agriculture for pest control
(Subbanna et al., 2019).

When combined with their activity against fungal bioflms,
heat stability, pH, degradation and proteolysis, we can provide
a solid basis for the development of AFPs as antimicrobial
therapeutic agents for clinical use. Their multifunctionality with
respect to antifungal and antibacterial properties is particularly
stimulating, as there is potential utility against polymicrobial
infections. Taken together, all the findings highlighted in this
review suggest the promising application of AFPs as new
biomolecules in pre-clinical and dlinical trials, reinforcing a
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growing movement in which bioactive peptides may assume a
lead role in modern medicine and pharmaceutics.
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6. DISCUSSAO

O acesso facilitado ao uso de antibidticos convencionais pode resultar em recorréncias
de resisténcia antimicrobiana e, consequentemente, em danos a salde publica (Fuentes et al.,
2018; Carratalé et al., 2020). Diante da resisténcia emergente aos antibidticos e a falta de
novos e eficazes agentes antibacterianos, uma nova direcdo para o desenvolvimento de novos
antimicrobianos torna-se cada vez mais urgente (Durand et al., 2019). Nesse contexto,
esforgos tém sido feitos pela comunidade cientifica para desenvolver alternativas vidveis para
conter infeccBes causadas por esses patdgenos. Frente a essa problematica, PAMs tém
aparecido como candidatos promissores, representando uma classe de moléculas
multifuncionais (Gan et al., 2021).

O desenvolvimento de peptideos como agentes terapéuticos ainda enfrenta desafios
diante da compreensdo limitada sobre seus mecanismos de acdo. Apesar de extensas
pesquisas, 0 mecanismo preciso pelo qual os PAMs erradicam patdégenos ndo parece ser
totalmente compreendido, dificultando a otimizacdo e desenho dessas moléculas (Benfield
and Henriques, 2020). No entanto, a otimizacdo dessas moléculas requer consideracdo de
varios parametros, e embora existam diversos métodos para geracdo de novos candidatos a
PAMSs, muitos deles se baseiam em tecnologias computacionais (Kliger, 2010; Magana et al.,
2020). A otimizacdo dessas sequéncias pode envolver a modificacdo de sua sequéncia de
aminoéacidos por meio de técnicas como substituicdo, delecdo ou adicdo de aminoacidos para
aumentar sua atividade e estabilidade. Isso pode ser feito por meio de métodos empiricos,
como triagem de alto rendimento ou abordagens mais direcionadas, como mutagénese
direcionada ao local (Porto et al., 2018b). Consequentemente, novas sequéncias de peptideos
podem ser geradas sem o uso de informacdes de funcdo de estrutura, mas com uma
combinagdo de padrdes de aminoacidos. Dentro deste conceito, Porto e colaboradores
(2018a), desenvolveram um algoritmo baseado em metodos linguisticos para projetar
sequéncias peptidicas otimizadas, chamado Joker, por meio da inser¢cdo de padrBes
antimicrobianos em sequéncias peptidicas (PAMs ou ndo) em uma janela deslizante.

Recentemente descrevemos o desenho auxiliado por computador de novos peptideos
mastoparanos por meio do algoritmo Joker (Oshiro et al., 2019). Para isso, utilizamos a
sequéncia do peptideo citolitico mastoparano-L como entrada para o algoritmo Joker com o
objetivo de otimizar as atividades antimicrobianas das variantes projetadas e reduzir seus
efeitos toxicos nas células de mamiferos quando comparadas ao peptideo parental. Peptideos

mastoparanos consistem em peptideos catidnicos, geralmente contendo residuos hidrofobicos,
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incluindo leucina, isoleucina, valina, lisina, bem como um C-terminal amidado (Nakajima et
al., 1986; Higashijima et al., 1988). O peptideo mastoparano-L foi isolado inicialmente do
veneno de Vespula lewissii possuindo atividades citolitica, além de promover a degranulagéo
de mastocitos (Hirai et al., 1979). Além disso, foram descritos diversos peptideos baseados
nessa sequéncia como potenciais antimicrobianos. Dessa forma, essa classe de peptideos é
considerada promissora para estudos visando maior seletividade celular (Souza et al., 2015;
Howl et al., 2018; de Santana et al., 2022).

Como observado a partir de sua sequéncia primaria (INLKALAALAKKIL-NH>)
(Hirai et al., 1979; Hori et al., 2001), mastoparano-L possui carga liquida igual a +3, 57,6%
de hidrofobicidade e um momento hidrofébico de 0,398 <uH>. As variantes geradas com
base nessa sequéncia foram optimizados em relacdo a suas caracteristicas fisico-quimicas,
assim, os residuos de leucina (L), isoleucina (1) e lisina (K) foram mantidos nas sequéncias
primarias dos analogos R1 e R4, bem como C-terminal amidado (-NH2). Contudo, ao
contrario da sequéncia do parental, mastoparano-L (PDB 1D7N), os andlogos R1 e R4
avaliados apresentam argininas (R), bem como um aumento nos numeros de lisina ou arginina
onde o arranjo dos residuos ao longo da hélice pode levar ao aumento de interacdes
eletrostaticas peptideos-membranas ani6nicas (Chen et al., 2005).

A triagem inicial para atividades antibacterianas contra P. aeruginosa mostrou que R1
e R4 tiveram a maior eficacia (Oshiro et al., 2019). Os residuos llel, Asn2, Ala5, Leu9 e
Alal0 no mastoparano-L foram substituidos por Lysl1, lle2, Arg5, Lys9 e 1lel0 em R1,
enguanto os residuos Alab, Leu9, Alal0, llel3 e Leul4 no mastoparan-L foram substituidos
por Lys5, Arg9, 1lel0, Lys13 e llel4, em R4. Essas modificagOes resultaram em aumento da
carga liquida positiva (+6) e momento hidrofébico, bem como reducgéo da hidrofobicidade em
R1 e R4. Além disso, observamos que a modificacdo tanto em R1 quanto em R4 interferiu na
reorganizacdo das faces hidrofilica e hidrofébica nessas duas variantes. Lopez Cascales et al.
(2018) relataram que a carga liquida positiva dos peptideos, bem como sua anfipaticidade,
pode ser um aspecto crucial na acdo e seletividade antimicrobiana. Nesse contexto,
observamos que as modificacbes fisico-quimicas nas variantes R1 e R4 podem estar
diretamente relacionadas a perda das atividades hemolitica e citotoxica quando comparadas
ao seu peptideo parental. Achados semelhantes também foram relatados por Irazazabal e
colaboradores (lrazazabal et al., 2016), a qual aplicou técnicas de desenho racional para
modificar a sequéncia do mastoparano-L, gerando uma variante denominada [I°R]
(INLKILARLAKKIL-NH?>). Substitui¢cbes pontuais nas posi¢fes 5 e 8, onde os residuos de
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alanina no mastoparano-L foram substituidos por residuos de isoleucina e arginina em [I°R?],
respectivamente, resultaram no aumento da carga liquida positiva de +3 para +4 no [I°R®] em
relacdo a seu parental, mastoparano-L, o que foi descrito pelos autores como a causa de sua
maior atividade antimicrobiana e menor toxicidade contra células de mamiferos.

Diversos peptideos semelhantes ao mastoparanos tém sido relatados como tendo
atividade antimicrobiana, principalmente agindo contra bactérias (Silva et al., 2017; Howl et
al., 2018; de Santana et al., 2022). Em nosso estudo prévio, foram relatados os potenciais
antimicrobianos dos peptideos mastoparano-L, R1 e R4, verificando que as variantes R1 e R4
inibem o crescimento de E. coli suscetivel e resistente a 4 uM e 8 uM, respectivamente,
enquanto o peptideo mastoparano-L inibe as mesmas cepas a 32 uM, ja os peptideos R1 e R4
inibem E. coli (BL21) a 2 uM (Oshiro et al., 2019). O estudo também avaliou a atividade
desses peptideos contra bactérias Gram-positivas, constatando que mastoparano-L e R1 ndo
foram ativos contra S. aureus (ATCC 25923). Por outro lado, todos os peptideos foram ativos
contra S. aureus (ATCC 12600). Curiosamente, apenas a variante R4 inibiu o crescimento de
MRSA a 8 uM, que ¢ um valor de atividade maior do que outros peptideos mastoparanos
descritos na literatura, incluindo o mastoparano-1 (Memariani et al., 2018). De forma geral, 0
estudo sugere que 0s peptideos mastoparanos tém propriedades antimicrobianas promissoras,
particularmente R1 e R4 apresentam atividade contra cepas especificas (Oshiro et al., 2019).

Como desafios, podemos citar a toxicidade em células de mamiferos, falta de
especificidade, producdo das moléculas e entrega nos sitios de acdo, e instabilidade
correlacionada a atividade bactericida comprometida em solugdes salinas fisioldgicas (Chen
et al., 2007; Kumar et al., 2018; Benfield and Henriques, 2020). Geralmente, PAMs interagem
eletrostaticamente com a membrana microbiana de maneira sensivel ao sal. Assim, uma vez
que o fluido corporal humano possui alta concentracdo de sal, isso poderia interferir em sua
atividade antimicrobiana (Park et al., 2004; Mohanram and Bhattacharjya, 2016). Além disso,
alguns autores relatam que a presenca do sal no meio de crescimento pode alterar o
metabolismo das bactérias (Li et al., 2021). Ainda assim, no presente estudo a adic¢do de sal
no meio de crescimento nédo alterou seu padrdo de crescimento, sugerindo que as diferentes
forcas idnicas ndo interferiram na viabilidade celular bacteriana.

Caracteristicas como helicidade, hidrofobicidade e momento hidrofobico podem afetar
a tolerancia ao sal e a atividade antimicrobiana dos PAMs a-helicoidais (Park et al., 2004;
Cardoso et al., 2022). Park e colaboradores (2004) testaram diferentes peptideos com

repeticdes RLLR, sugerindo que a instabilidade estrutural pode interferir nas interacdes
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eletrostaticas e, portanto, poderia ser responsavel pela sensibilidade ao sal em PAMs. Um
estudo mais recente descobriu que a substituicdo de residuos de lisina por outros residuos
catibnicos podem aumentar a atividade antimicrobiana sob varias concentracdes de sal,
sugerindo que a distribuicdo de carga ao longo da sequéncia do peptideo pode ser relevante
para a sensibilidade ao sal (Goto et al., 2019; Takada et al., 2023).

A sensibilidade ao sal também é um fator importante a ser considerado, uma vez que a
presenca de altas concentracdes de ions salinos pode interferir nas interacdes eletrostaticas
entre as PAMs e as membranas microbianas, reduzindo sua atividade antimicrobiana
(Benfield and Henriques, 2020). Em nosso estudo anterior, discutimos se residuos de lisina
distribuidos ao longo das sequéncias de mastoparanos poderiam aumentar sua atividade
antimicrobiana (Oshiro et al., 2019). Curiosamente, no presente estudo, mastoparano-R1 foi o
peptideo mais potente e estavel em meio suplementado com sal. Isso pode ser explicado pelos
residuos de aminoacidos carregados positivamente distribuidos ao longo dessa estrutura
peptidica, que seguem o padrdo K-2-KR-3-K-1-KK-2 (sequéncia completa do mastoparano-
R1: KILKRLAAKIKKIL-NH>), onde o 0os nimeros indicam 0s espacos entre os residuos Lys
e Arg. Este padrdo para mastoparano-R1 mostra uma ampla distribuicdo de carga positiva ao
longo da sequéncia peptidica (quatro secdes de residuos de lisina e arginina). O mesmo
padrdo ndo se aplica ao mastoparano-L (3-K-6-KK-2 — duas secOes; sequéncia completa do
mastoparano-L: INLKALAALAKKIL-NH;) e mastoparano-R4 (3-KK-3-R-1-KKK-1 — trés
secdes; sequéncia completa do mastoparano-R4: INLKKLAARIKKKI-NHz), o que pode
explicar o baixo desempenho desses dois peptideos em comparacdo com o mastoparano-R1.

Além das diferentes forcas ibnicas, um dos maiores desafios no trabalho com
peptideos mastoparanos sdo seus efeitos hemoliticos e citotoxicos em células de mamiferos
(Hollmann et al., 2016). Alguns estudos afirmam que peptideos com maior hidrofobicidade
podem causar lise de membranas zwiteriénicas neutras explicando, assim, efeitos hemoliticos
mais pronunciados (Chen et al., 2007; Hollmann et al., 2016). Anteriormente, as propriedades
fisico-quimicas obtidas atraves do servidor HeliQuest (Gautier et al., 2008) mostraram que 0
peptideo original mastoparano-L tem uma taxa mais alta de hidrofobicidade (57,6 %) e um
momento hidrofébico mais baixo (0,398 <uH>) em comparagdo com seus analogos
mastoparano-R1 (36,9 % de hidrofobicidade; 0,775 <uH> momento hidrofébico) e R4 (20,4
% de hidrofobicidade; 0,472 momento hidrofobico). Caracteristicas como alta anfipaticidade

podem favorecer a interacdo do peptideo com as membranas celulares. Portanto, essas
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caracteristicas estdo intrinsecamente envolvidas no cardter citolitico do mastoparano-L
(Irazazabal et al., 2016; dos Santos Cabrera et al., 2019; Oshiro et al., 2019).

A estrutura helicoidal e a anfipaticidade dos PAMs influenciam na sua atividade
antimicrobiana e contribuem para seu mecanismo de acdo em membranas (Park et al., 2004;
Rungsa et al., 2022). No entanto, a importancia da estabilidade estrutural dos PAMSs a-
helicoidais ainda precisa ser esclarecida. Por exemplo, alguns estudos relatam que a
capacidade de um peptideo de adotar uma a-hélice anfipatica bem definida pode estar
fortemente correlacionada com sua atividade antimicrobiana (Souza et al., 2015; Takada et
al., 2023). A espectroscopia de dicroismo circular (DC) foi usada para caracterizar a estrutura
geral do peptideo parental, mastoparano-L, e seus andlogos R1 e R4 em agua, tampéo
KH2PO4 (pH 7,4) 10 mM, TFE 50% e SDS 75 - 100 mM, a 25 °C. Em geral, os peptideos
tinham assinaturas de CD caracteristicas de estruturas estendidas aleatorias (random coil) em
agua e tampdo. Apenas o mastoparano-L revelou um leve perfil de a-hélice em 10 mM
KH.POs (pH 7,4). De forma geral, os peptideos mastoparanos apresentam estruturas
helicoidais dependentes do ambiente. Em um trabalho semelhante, Lin e colaboradores (2011)
caracterizaram a estrutura secundaria de seis mastoparanos em diferentes ambientes,
observando que apenas uma variante apresentou contetdo helicoidal em sistema aquoso;
enguanto os outros cinco mastoparanos mostraram arranjo em random coil (Lin et al., 2011).

Anteriormente, relatamos que 0s peptideos mastoparano-L, R1 e R4 possuem estrutura
ambiente dependente, em ambiente aquoso (agua e tampdo KH:POs 10 mM) R1 e R4
reduziram suas porcentagens de hélice quando comparados ao parental mastoparano-L,
enquanto em ambientes mais hidrofébicos, como por exemplo, TFE 30%, SDS 25 mM e
POPC/POPG, mostraram assinaturas caracteristicas de a-hélice (Oshiro et al., 2019). No
presente trabalho o contetdo helicoidal em solucBes contendo SDS apresentou apenas
pequenas alteragdes respectivas a concentracdo de SDS (75 — 100 mM), variando o contetdo
de hélice em 222 nm em 69 — 73% para mastoparano-L, 36 — 45% para mastoparano-R1 e 52
— 47% para mastoparano-R4. Tendo isso em mente, outros experimentos estruturais
complementares de ressonancia magnética nuclear (RMN) e dindmica molecular (DM) foram
realizados no presente trabalho para examinar a hipotese de que a flexibilidade desses
peptideos pode interferir em sua afinidade de ligacdo com membranas.

A RMN pode ser considerada uma técnica capaz de capturar diferentes conformacoes
e estados conformacionais de moléculas. Dessa forma, torna-se especialmente relevante para

estudos com moléculas flexiveis ou que sofrem mudancas conformacionais de acordo com o
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ambiente de estudo (Wuthrich, 1990). Diversas abordagens complementares a técnica de
RMN foram utilizadas para estudar a interacdo de peptideos mastoparanos com membranas
lipidicas. A primeira estrutura de mastoparano resolvida por RMN, por exemplo, o foi
mastoparano-x (PDB 1A13), considerado um bom peptideo modelo por seu baixo peso
molecular acoplado a proteinas reguladoras de ligacdo a proteinas G (Kusunoki et al., 1998).
O modelo parental usado utilizado desde a projecéo do peptideo, mastoparano-L (PDB 1D7N)
também teve sua estrutura resolvida por RMN, sendo resolvida em micela de SDS-d25 (Hori
et al., 2001). Os resultados estruturais observados nos trabalhos com R1 e R4 em 30% TFE-
d3 mostraram que os peptideos possuiam assinaturas de hélice dos residuos 4 — 13 e 4 — 12,
respectivamente, associados a isso, 0s dados de coeficiente de temperatura sugeriram
diferentes niveis de estabilidade/flexibilidade estrutural (Oshiro et al., 2019). No presente
trabalho, em SDS-d25 observamos comportamento semelhante, e através dos resultados de
RMN descobrimos que mastoparano-R1 e R4 adotam uma estrutura a-hélice; outros estudos
também relataram que 0s peptideos dessa classe tém uma tendéncia para essa organizacao
estrutural dependente do ambiente (Whiles et al., 2001; Howl et al., 2018; Rungsa et al.,
2022). Dessa forma, o presente trabalho apresentou as estruturas dos peptideos mastoparano-
R1 e R4 seguindo a mesma técnica do parental (mastoparano-L). Os dados completos e de
validacdes estdo disponiveis no banco de dados de proteinas (PDB) sob IDs PDB: 8EP5 e
8ERU para mastoparano-R1 e mastoparano-R4, respectivamente.

Fatores como simetria de sequéncia, distribuicdo de residuos, flexibilidade e estrutura
secundaria podem ser benéficos para aumentar a atividade antimicrobiana e diminuir a
citotoxicidade, melhorar a seletividade e a estabilidade em PAMs (Dong et al., 2014; Souza et
al., 2015; Chou et al., 2019; Cardoso et al., 2022). Mohanram e colaboradores (Mohanram
and Bhattacharjya, 2016) projetaram um PAM denominado RR12 com -caracteristicas
catidnicas e hidrofobicas contendo 12 residuos distribuidos de forma a obter uma face polar e
apolar bem definida. Dessa forma, o peptideo redesenhado demonstraria um carater anfipatico
predominante e os dois peptideos progenitores tiveram modificacdes especificas, com
substituicdes pontuais de Arg5 por Trp5 e outro cuja substituicdo foi TrpS por lle7
(Mohanram and Bhattacharjya, 2016). Com essas modificacdes, eles verificaram que a
presenca do residuo Arg5 na hélice de superficie catidnica tem o potencial de conferir
resisténcia ao sal por meio da formacdo de multiplas ligacOes de hidrogénio e/ou interagdes
ibnicas com as membranas externa e interna das bactérias (Mohanram and Bhattacharjya,
2016).
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Mais recentemente, Wu e colaboradores (Wu et al., 2020), investigaram como as
propriedades estruturais do RR12 poderiam interagir com as membranas e a estrutura ligada
as micelas miméticas da membrana. RR12 demonstrou dobramento desordenado para uma
estrutura a-hélice bem definida ao interagir com micelas SDS (Wu et al., 2020). A orientacao
da estrutura concentrou-se do residuo Arg2 para lle7 com o C-terminal mais exposto ao
solvente, e eles afirmaram que o segmento da hélice poderia contribuir para atividade
bactericida (Wu et al., 2020). Mastoparano-L exibiu ligacGes de hidrogénio intrapeptidicas
consistentemente mais altas do que seus analogos. Além disso, 0 mastoparano-R1 apresentou
0 menor numero de residuos protegidos do solvente. Esses achados reforcam a hipdtese de
que o mastoparano-R1 é o peptideo estruturalmente mais flexivel estudado aqui, o que é
suportado pelos dados do coeficiente de temperatura de RMN (Oshiro et al., 2019). Quanto
maior o deslocamento do préton amidico com a temperatura, menor o nimero de ligacGes de
hidrogénio intrapeptideo, influenciando assim a flexibilidade do peptideo. No geral, os
padrdes de flexibilidade observados em nosso estudo anterior e atual revelam a capacidade
desses peptideos de alterar sua conformacdo em resposta a estimulos externos, que podem
incluir alteracGes no pH e na forca i6nica.

As estruturas do PAMs, incluindo as dos peptideos do mastoparano, podem ser
influenciadas por fatores como posicdo especifica do residuo ao longo da hélice, composicao
de aminoédcidos e caracteristicas fisico-quimicas, que podem afetar sua seletividade para
membranas celulares microbianas e de mamiferos. Essa seletividade é crucial para o
desenvolvimento de PAMs como potencial terapéutico (Henriksen et al., 2014). Alguns
PAMs, principalmente aqueles derivados de toxinas animais, podem exigir modificacGes para
melhorar sua seletividade, enquanto outros possuem seletividade ideal (Yeung et al., 2011;
Guido-Patifio and Plisson, 2022). Portanto, a estrutura dos PAMs desempenha um papel
fundamental na determinando seu mecanismo de acdo e seletividade, tornando-se uma
consideracdo importante para o desenvolvimento de novos agentes antimicrobianos.

Ao considerar sistemas de membranas, torna-se relevante avaliar 0s arranjos
estruturais dos peptideos, visando melhor caracterizar seus mecanismos de a¢do. Observamos
que os mastoparano-R1 e R4 tendem a se organizar em uma o-hélice bem definida, com
diferentes niveis de flexibilidade dependendo do ambiente em que estdo inseridos. Chou e
colaboradores (2019) usaram caracteristicas fisico-quimicas variaveis, comprimento de
sequéncia e composi¢do que incluiam os aminodcidos Gly, Lys, Leu e Trp, juntamente com

distribuicdo de residuos modificados. Os autores confirmaram que a distribui¢do helicoidal

116



simétrica e racional desses pardmetros indica uma estratégia promissora para projetar PAMs
mais seletivos e especificos para patdgenos (Chou et al., 2019). Dos 12 peptideos gerados
(F1-F12), F1 e F4 se destacaram com atividades promissoras contra bactérias Gram-
negativas, baixa toxicidade, baixa sensibilidade ao sal e tendéncia para formacéo helicoidal
em um ambiente de membrana mimético (Chou et al., 2019). Além disso, a investigacdo de
como os PAMs interagem com as membranas bacterianas e o desempenho antimicrobiano
associado podem contribuir para o design de novos peptideos, minimizando a toxicidade a
células de mamiferos saudaveis e maximizando suas a¢fes contra patdogenos humanos
(Hollmann et al., 2016). Numerosos estudos mostraram que alteracdes nas propriedades
fisico-quimicas, incluindo aumento do momento hidrofobico e diminui¢do da hidrofobicidade
geral, podem ser responsaveis pela seletividade celular (Ko et al., 2020; Rungsa et al., 2022).

A afinidade de ligacdo a membrana de peptideos pode ser determinada através da
metodologia de ressonancia plasmonica de superficie (RPS) utilizando membranas modelo
depositadas em um chip biossensor (Cooper et al., 2000). Para mimetizar a superficie neutra
das membranas celulares de mamiferos podem ser usadas bicamadas compostas de POPC, e
para mimetizar a superficie aniénica das membranas celulares bacterianas podem ser
utilizadas bicamadas compostas com fosfolipidios carregados negativamente, como por
exemplo, POPG, POPS, entre outros (Li et al., 2015). Para investigar o efeito da proporcao de
lipidios carregados negativamente, podem ser utilizados modelos de membranas com
adaptacdes de razdo molar de acordo com o objetivo (Epand and Epand, 2011). O presente
trabalho avaliou as afinidades de ligacdo peptideo-lipidio quanto a sua ligacdo a modelos de
bicamadas fosfolipidicas, incluindo POPC zwitteridnico (puro) e POPC/POPG (4:1) anibnico,
o0 parental mastoparano-L apresentou a maior afinidade pelas bicamadas POPC e
POPC/POPG (4:1), seguido pelo mastoparano-R1 e R4. Cada um dos peptideos mostrou
maior afinidade de ligagcdo para as bicamadas POPC/POPG (4:1) carregadas negativamente
em comparacdo com as bicamadas neutras de POPC. Taxas répidas de associacdo e
dissociacdo foram observadas em todos os casos, mas observou-se que o mastoparano-L
removeu lipidios do chip SPR. Este fenémeno foi observado anteriormente para outros
peptideos destrutivos de membrana hidrofobicos (Lawrence et al., 2020).

A permeabilizagdo de membranas se apresenta como um mecanismo crucial
empregado pelos PAMs para prevenir o desenvolvimento de resisténcia em patégenos. Um
estudo, utilizando as mesmas constituicdes de bicamadas avaliando o peptideo arenicina

AA139 demonstrou que mudangas simples de aminoacidos podem levar a variag@es sutis na
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interacdo do peptideo com membranas e, alterar sua seletividade e toxicidade (Edwards et al.,
2022). Dessa forma, Edwards e colaboradores (2022) mostraram que ambos 0s peptideos
(aericina AA139 e parental arenicina-3) se ligam a diferentes composicdes de vesiculas
lipidicas, porém apresentam preferéncia (cerca de 2 a 3 vezes maior) por membranas modelo
carregadas negativamente (POPC/POPG), em comparacdo com membranas zwitterinicas,
mostrando que propriedades de ligacdo e inser¢do mais especificas podem tornar peptideos
mais seletivos. Além disso, arenicin-3 e AA139 ndo induziram agregacdo de vesiculas
compostas apenas por POPC, no entanto induziram agregacdo substancial de vesiculas
carregadas negativamente, reforcando novamente a hipdtese que esses peptideos também
apresentam maior seletividade para se ligar e permeabilizar vesiculas com carga mais
negativa (Edwards et al., 2022).

As propriedades de ruptura de membrana foram examinadas medindo o
extravazamento induzido por peptideo de CF de LUVs, composto de POPC ou POPC/POPG
(4:1). Em nosso trabalho, os valores de LC50 foram pelo menos dez vezes maiores para
mastoparano-R1 e R4 em comparacdo com 0 mastoparano-L, o que é consistente com as
diferencas nas afinidades de ligacdo lipidica observadas para analogos com SPR. Além disso,
mastoparano-R1 lisa vesiculas de POPC/POPG (4:1) em concentracao ~3 vezes menor do que
vesiculas POPC, o que é consistente com o menor potencial hemolitico observado para este
peptideo. Reafirmando que a inducdo de vazamento parcial pode ser explicada pela atracdo
eletrostatica dos peptideos catidnicos para uma bicamada lipidica carregada negativamente e,
portanto, sugerindo que a permeabilizacdo da membrana pode ndo ser o Unico mecanismo de
acao que causa acao antibacteriana.

Outro trabalho utilizando o mesmo algoritmo computacional caracterizou o0 PAM
PaDBS1R6 como potencial candidato para o tratamento de infeccdes causadas por bactérias
Gram-negativas (Fensterseifer et al., 2019). Semelhante a nosso presente trabalho, o peptideo
PaDBS1R6 adotou uma estrutura de espiral aleatéria em meio aquoso confirmou a tendéncia
de adotar uma conformagao a-helicoidal em meio altamente hidrofobico. Com outros estudos
complementares, 0s autores observaram um aumento da agregacdo/maior particdo do peptideo
para bactérias Gram-negativas como vesiculas, além disso, 0 peptideo apresentou
desestabilizacdo da membrana interna, levando a ruptura da membrana e a morte celular
(Fensterseifer et al., 2019). Dessa forma, podemos observar que para avaliar 0 mecanismo de

acdo em bactérias também seriam necessarios mais estudos envolvendo diferentes
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constituicbes de membranas, bem como avaliagdes de mecanismos internos de acao
antibacteriana (Benfield and Henriques, 2020).

Além dos estudos de RPS e de extravasamento com bicamadas fosfolipidicas,
simulacdes de MD em 1 us foram realizadas para entender melhor em nivel atdbmico as
preferéncias estruturais e interagdes entre mastoparano-R1 e R4 em POPC puro e bicamadas
POPC/POPG (4:1). As simulacdes foram realizadas com as estruturas com menor energia
livre para R1 e R4 na presenca de micelas SDS. A flexibilidade pode ser considerada uma
caracteristica chave dos PAMs que contribui para sua atividade antimicrobiana. Ela permite
que esses peptideos se adaptem e interajam com uma ampla variedade de microrganismos,
superando suas defesas e causando danos a membrana celular (Cardoso et al., 2022). No
entanto, essa flexibilidade também pode levar a efeitos indesejados, como citotoxicidade e
hemolise, o que limita sua aplicacdo clinica. Além disso, PAMs podem sofrer degradacéo
proteolitica e instabilidade plasmatica, o que reduz sua eficacia terapéutica. Uma abordagem
balanceada e integrada considerando todos esses fatores pode levar ao desenvolvimento de
PAMSs mais eficazes e com menor toxicidade, melhorando sua aplicabilidade como agentes
antimicrobianos (Cardoso et al., 2020; Gan et al., 2021).

7. CONCLUSOES

No presente trabalho observamos que os peptideos R1 e R4 possuem propriedades
antibacterianas, atuando contra cepas bacterianas suscetiveis e resistentes. O peptideo R1
apresentou o melhor desempenho antibacteriano em nossos ensaios bioldgicos (2 uM — 16
uM), inclusive sob condicGes salinas fisioldgicas. A partir dos resultados, observamos que por
meio de sua interacdo eletrostatica com membranas carregadas negativamente, esse peptideo
pode exercer seu mecanismo de acdo com maior seletividade. Portanto, apesar de apresentar
algumas diferengas em seus perfis funcional e estrutural, o analogo R1 se destacou por
demonstrar atividade superior em concentra¢cdes mais baixas, maior potencial bacteriostatico
e seletividade para membranas anidnicas. Todas essas vantagens podem ser explicadas pela
conformagdo estrutural a-helicoidal mais flexivel observado para o peptideo R1 em
comparagao com seu peptideo parental.

Além disso, comparando essas caracteristicas estruturais com as propriedades
funcionais observadas para esse peptideo (R1), incluindo poténcia, efeito bacteriostatico e
afinidade seletiva por membranas anionicas, é possivel identificar determinantes estruturais e

fisico-quimicos que contribuem para a atividade do peptideo e mecanismo de acdo. Essas
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descobertas destacam o peptideo R1 como um candidato promissor para a terapia
antimicrobiana, que pode ser usado posteriormente como uma molécula modelo para

otimizacdo adicional de peptideos com maior seletividade.

8. PERSPECTIVAS
Considerando o cenario acerca das infeccGes bacterianas, torna-se interessante o

desenvolvimento de novos compostos eficazes contra cepas resistentes. Como apresentado e
discutido ao longo deste trabalho, dois mastoparanos redesenhados computacionalmente
foram caracterizados como moléculas modelo e de interesse farmacoldgico. Contudo,
algumas perguntas ainda precisam ser respondidas em relacdo a esses candidatos a farmaco.

Mastoparano-R1 e R4 possuem promissor potencial antibacteriano e afinidade com
membrana Gram-negativa, o que lhes garantem maior especificidade, ainda assim, mais
experimentos tornam-se necessarios para a confirmacdo do seu potencial terapéutico,
incluindo definicdo de seus mecanismos de acdo em membranas, ensaios de estabilidade, bem
como a utilizacdo desses peptideos no tratamento de infecgdes bacterianas em modelos
animais. O presente trabalho sugere que R1 e R4 possuem uma flexibilidade estrutural que
podem interferir na sua capacidade de atravessar membranas biolégicas para exercer sua
atividade antibacteriana. Entretanto, também seria interessante comprovar possiveis alvos
intracelulares, encorajando maiores estudos neste sentido.

Mais estudos seriam necessarios visando a elucidacdo dos mecanismos de acdo dos
peptideos. Nesse ambito, as metodologias aplicadas poderiam incluir microscopia de forca
atdbmica, permeabilizacdo e rompimento de vesiculas miméticas em outras constituicdes
fosfolipidicas e acoplamento/dindmica molecular com membranas modelo, poderiam ser
estendidas a adicdo de mais peptideos no sistema. Por meio dessas e outras diversas
abordagens é esperado que 0s mastoparanos apresentados neste trabalho, assim como toda a
caracterizagdo atrelada a eles, encoraje seu uso como moléculas modelo para o
desenvolvimento guiado de PAMs cada vez mais seletivos, efetivos e seguros que possam,

futuramente, ser submetidos a testes pré-clinicos.
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Abstract

Antimicrobial peptides (AMPs) have been widely isolated fram mast organisms in
nature. This class of antimicrobials may undergo changes in their sequence for
improved physicochemical properties, including charge, hydrophabicity, and hydro-
phaobic moment. It is known that such properties may be directly associated with
AMPs” structural arrangements and, consequently, could interfers in their modes of
action against microorganismes. In this scenario, biophysical methodalogies, such as
nuclear magnetic resonance spectroscopy, X-ray crystallography, and cryo-electron
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Synthesis and cytotoxic characteristics displayed
by a series of Ag(i)-, Au(i)- and Au(in)-complexes
supported by a common N-heterocyclic carbenei

Lalmohan Jhulki® Parul Dutta,® Manas Kumar Santra,® Marlon H. Cardoso, (1159
Karen G. N. Oshiro,"® Octavio L. Franco,"® Valerio Bertolasi,” Anvarhusein A. lsab,?
Christopher W. Bielawski®" and Joydev Dinda &+

The synthesis, structures and anticancer studies of a series of precious metal complexes supported by
1-methyl-2-(phenyllimidazoll. 5 -alpyridine-2-yiidene (1) have been highlighted. The Agl) (2}, Aul) (3} and
Aui) (4} complexes were prepared using standard methods and characterized by a range of technigues,
including MMR spectroscopy, X-ray crystallography and elemental analyses. The in vilro cytotoxicity
activities displayed by 2=4 were explored against human colon adenocarcinoma (HCT116), lung cancer
[A545) and breast cancer (MCF7) cell lines. A series of assays showed that all of the complexes exhibited
significant grawth inhibition in the afarementioned cell lines. Inspection of the data collected revealed
that the Aulll and Agl) complexes were more potent than their Auli) congener, a trend that was found
to be consistent with molecular docking studies that utilized BCL-2 as a model as this protein regulates

rsc.li/njc cell death through apoptosis.

Introduction

The N-heterocyclic carbenes (NHCs) have emerged as an impor-
tant class of ancillary ligands for a broad range of transition
metals." When compared to their phosphine analogues, metal
complexes supported by NHCs often exhibit increased stabilities
toward elevated temperatures, oxygen, and water, which frequently

*“ school af Applied Science, Haldia Institute of Technolagy, Haldia 721657,
West Bengal, India

¥ National Centre for Cell Science, Pune 411007, Maharastra, India

* Programa de Pos-Graduaede em Patolegia Molecular, Faculdade de Medicina,
Universidade de Brasilia, Brasilia-DF, Brazil

# Centro de Andlises Protedmicas e Bioquimicas, Programa de Ps-Graduagio em
Cidncias Gendmicas ¢ Biotecnologia, Universidade Catdlica de Brasilia,
Brasilia-DF, Erazil

* Biotecnologia, Universidade Catdlice de Brasilia, Brasilie-DF, Brazil

! pipartimento di Scienze Chimiche e Farmaceutiche, Centro di Strutturistica
Diffrattomeirica, Universita® di Ferrara, Via L Borsari, 46, Italy

¥ pepartment of Chemistry, King Fahd University of Petrolewm and Minerals,
Dhahran 31261, Saudi Arabiz

" Cemter for Multidi I Carbon M,
(I85), Ulsan 44319, Republic of Korea

! Department of Chemisiry and Department of Energy Engineering, Ulsan National
Institute af Science and Technology (UNIST), Ulsan 44919, Republic of Karea

! Department of Chemistry, Utkael University, Vani Bihar, Bhubaneswar 751004,
Odisha, dia. F-mail: joydevdinda@gmail com, dindajoy@yahoe.com

+ Electronic supplementary information [ESI) available: Crystallographic data for

the eompleses 2, 3 and 4 in CIF format. OCDC 1562513-1562515. For ESI and

crystallographic data in CIF or other electrenic format see DOIL: 10.1039/c8nj02008(

lals (CMCM), Institute for Basic Science

facilitates practicality.® Silver(i) complexes bearing NHCs,
in particular, have attracted significant attention for their
chemical,” structural' and photophysical properties.” More
recently, the biological applications® displayed by Ag(1) and
Au(1}-NHC complexes have steadily gained interest for their
potential as new classes of metal-based drugs,” especially for the
treatment of cancer and drug-resistant pathogens.™” Although
several reviews describe the utilities of Agi)-NHC complexes
against various cancer lines, analogous Aull) complexes may
hold greater potential.’® Gold has a long history of use as a
medicine in ancient China and numerous gold-based drugs are
being investigated for their activities against various ailments
(e.g., auranofin as an anti-rheumatic agent), including cancer.’
Unfortunately, many of these complexes are readily metabolized
in vive by thiols,'* which significantly reduces their activities.
To overcome this limitation, gold-complexes bearing stabilizing
NHCs have been explored as alternatives, often with good
results.” For example, Panda and Ghosh reported"® that
Au(1)-NHC complex, [1-benzyl-3-thutylimidazol-2-ylidene]AuCl,
exhibited excellent efficiency against the proliferation of HeLa
cells (1.7% proliferation at [Au], = 10 pM). Ott and co-workers
discovered'” that Au(1}-NHC-based thiotetrazolates are effective
thioredoxin reductase inhibitors and antiproliferative agents
against breast and colon carcinoma cells. Likewise, Bemers-Price
and Filipovska described'® a new approach to based antitumor
agents, where selective mitochondria targeting and thioredoxin
by Picquet and Casini as anticancer agents against human
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ABSTRACT: Computer-aided screening of antimicrobial peptides (AMPs) is a promising approach for discovering novel therapies
against multidrog-resistant bacterial infections. Here, we functionally and strocturally characterized an Escherichia coli-derived AMP
(EcDBSIRS) previously designed through pattern identification [a-helical set (KK[ILV];[AILV])], followed by sequence
optimization. ECDBS1RS inhibited the growth of Gram-negative and Gram-positive, susceptil gh] and resistant bacterial strains at
low doses (1=32 uM), with no cytetexdcity observed against non-cancerous and cancerous cell lines in the concentration range
analyzed (<100 gM). Furthermore, EcCDBS1RS (16 uM) acted on Pseudomonas aeruginosa pre-formed biofilms by compromis-
ing the viability of biofilm-constituting cells. The in wive antibacterial potential of EcDBS1RS was confirmed as the peptide
reduced bacterial counts by two-logs 2 days post-infection using a skin scarification mouse model. Structurally, circular dichro-
ism amalysis revealed that ECDBSIRS is unstructured in hydrophilic envirenments, but has strong helicity in 2,2,2-trifluoroethanol
(TFE)/water mixtures (v/v} and sodium dodecyl sulfate (SDS) micelles. The TFE-induced nuclear magnetic resonance struc-
ture of EcDBESIRS was determined and showed an amphipathic helical segment with flexible termini. Moreover, we observed
that the amide protons for residues Met2-Ala8, Argl0, Alal3-Alalé, and Tepl9 in ECDBS1RS are protected from the solvent, as
their temperature coefficients values are more positive than =4.6 ppbnl('l. In summary, this study reports a novel dual-antibacterial/
antibiofilm a-helical peptide with therapeutic potential in witro and in vive against clinically relevant bacterial strains.
KEYWORDS: antimicrobial peptides, bacterial resistance, bacterial biofilm, skin infection, biophysics

ultidrug bacterial resistance is among the most significant

health threats of the 21st century." Approximately 15 mil- Received: August 24, 2018
liom deaths were associated with bacterial infections in 2010, and Published: October 22, 2018
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Structure-function-guided exploration of the
antimicrobial peptide polybia-CP identifies activity
determinants and generates synthetic therapeutic
candidates

Marcelo D.T. Torresl'u, Cibele N. Pedron®, Yasutomi Higashikuni et al®

Antimicrabial peptides (AMPs) constitute promising alternatives to classical antibiotics for
the treatment of drug-resistant infections, which are a rapidly emerging global health chal-
lenge. However, our understanding of the structure-function relztionships of AMPs is limited,
and we are just beginning to rationally engineer peptides in order to develop them as ther-
apeutics, Here, we leverage a physicochemical-guided peptide design strategy to identify
specific functional hotspots in the wasp-derived AMP polybia-CP and turn this toxic peptide
into & viable antimicrobial. Helical fraction, hydrophobicity, and hydrophobic moment are
identified as key structural and physicochemical determinants of antimicrobial activity, uti-
lized in combination with rational engineering to generate synthetic AMPs with therapeutic
activity in & mouse model. We demonstrate that, by tuning these physicochemical para-
meters, it is possible to design nontoxic synthetic peptides with enhanced sub-micromolar
antimicrobial potency in witro and anti-infective activity in vivo. We present a

physicochemical-guided rational design strategy to generate peptide antibiotics.
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ABSTRACT: Bacterial biofilms and associated infections
represent one of the biggest challenges in the clinic, and as
an alternative to counter bacterial infections, antimicrobial
peptides have attracted great attention in the past decade.
Here, ten short cationic antimicrobial peptides were generated

through a sliding-window strategy on the basis of the 19- _ .. e Antiintective
amino acid residue peptide, derived from a Pyrobaculum e =) e \\, B .-r.m

aerophilum ribosomal protein. PaADBS1REF10 exhibited anti- E : \ - ‘. o

infective potential as it decreased the bacterial burden in £ =ooe——— & .

murine Pseudomonas aeruginosa cutaneous infections by more - I — 'u' ! Pnaro

than 1000-fold. Adverse cytotoxic and hemolytic effects were Werdeegh Dy 2 By &

not detected against mammalian cells. The peptide demon-

strated structural plasticity in terms of its secondary structure in the different environments tested. PaDBS1R6F10 represents a
promising antimicrobial agent against bacteria infections, without harming human cells.

KEYWORDS: antimicrobial peptide, biofilm, cutaneous infection, CD spectroscapy

he high incidence of drug-resistant bacterial and biofilm-
related infections currently represents a global health
concern, demanding an urgent search for new antimicrobial
strategies.' Interestingly, despite recent efforts aimed at
eradicating biofilm-related infections, only a few new
antimicrobial drugs are specially aimed at biofilms.” Moreover,
the resistance assoclated with bacteral biofilms imposes
numerous challenges for the use of conventional antimicrobials
to treat these infections.
Natural antimicrobial peptides (AMPs) represent a promis-
ing alternative therapy for the treatment of drug-resistant
infections. These molecules present high structural diversity
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and broad-spectrum antimicrobial activity.” Natural AMPs
have been explored with the aim of making a new generation of
synthetic bioinspired molecules, which are a promising option
for the engineering of more active and multifunctional drugs.”
The use of rational design approaches has enabled the
generation of improved AMP synthetic analogues, reducing
the limitations and increasing the advantages of these natural
molecules” In particular, short AMPs represent attractive
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ABSTRACT: Diverse peptides have been evaluated for their activity ) P aeruginoza bicfim

against pathogenic microorganisms. Here, five mastoparan variants were er‘-;’ - . .

designed based on mastoparan-L, among which two (R1 and R4) were mastepaan-l

selected for in-depth analysis. Mastoparan-L (parent/control), R1, and R4

inhibited susceptible /resistant bacteria at concentrations ranging from 2 to l‘c“'"'},'::,;:'“m prm mastoparan Rl mestoparanid

32 pM, whereas only R1 and R4 eradicated Pseudomonas aeruginosa Sidn Indection

biofilms at 16 uM. Moreover, the toxic effects of mastoparan-L toward S F 4 1o -

mammalian cells were drastically reduced in both varants. In skin “ o, w -‘i" L4

infections, R1 at 64 pM was the most effective variant, reducing P~ mesedseR! E o o L u o

aeruginosa bacterial counts 1000 times on day 4 post-infection. ] " " ! ¥ m o Mastspuanl

Structurally, all of the peptides showed varying levels of helicity and £ L " = L et

structural stability in aqueous and membrane-like conditions, which may R Dur2 bara

affect the different bioactivities observed here. By computationally

modifying the physicochemical properties of R1 and R4, we reduced the cytotoxicity and optimized the therapeutic potential

of these mastoparan-like peptides both in vitro and in vivo.
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Persistent bacterial infections are among the greatest threats to hospital infections.” Moreover, in the case of constant exposure g
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motbidity and mortality.' Bacteria from the Enterococeus
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Bioactive Peptides Against Fungal
Biofilms
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Infections caused by invasive fungal biofilms have been widely associated with high
morbidity and mortality rates, mainly due to the advent of antibiotic resistance. Moreover,
fungal biofilms impose an additional challenge, leading to multidrug resistance. This fact,
along with the contamination of medical devices and the limited number of effective
antifungal agents available on the market, demonstrates the importance of finding
novel drug candidates targeting pathogenic fungal cells and biofilms. In this context,
an alternative strategy is the use of antifungal peptides (AFPs) against fungal biofims.
AFPs are considered a group of bioactive molecules with broad-spectrum activities and
multiple mechanisms of action that have been widely used as template molecules for
drug design strategies aiming at greater specificity and biological efficacy. Among the
AFP classes most studied in the context of fungal biofilms, defensins, cathelicidins
and histatins have been described. AFPs can also act by preventing the formation
of fungal biofilms and eradicating preformed biofilms through mechanisms associated
with cell wall perturbation, inhibition of planktonic fungal cells’ adhesion onto surfaces,
gene regulation and generation of reactive oxygen species (ROS). Thus, considering the
critical scenario imposed by fungal biofilms and associated infections and the application
of AFPs as a possible treatment, this review will focus on the most effective AFPs
described to date, with a core focus on antibiofilm peptides, as well as their efficacy
in vivo, application on surfaces and proposed mechanisms of action.

Keywords: antifungal peptides, fungal infections, fungal biofilms, antimi ial peptid

INTRODUCTION

Fungal infections are recurrent in the clinical environment and, annually, affect ~25% of
the general population worldwide, causing high morbidity and mortality rates (Brown et al,
2012; Gamaletsou et al, 2018). The indiscriminate use of broad-spectrum antibiotics, along
with parenteral nutrition, permanent catheters, chemotherapy and radiotherapy, as well as
immunosuppression in patients, are the most important predisposing factors for invasive fungal

Franco O {2019)Blos|:bve%phdes Abbreviations: AFM, atomic force microscopy: AFPs, antifungal peptides; AMPs, antimicrobial peptides; BIC, biofilm
Against Fungal Biofims. inhibition conc i BIC50, conc i quired to reduce biofilm formation by 50%; Csf, caspofungin; GlcCer,
Front. Microbiol. 10:2169. gl ! ide; Mcf, micafi MFC, minimal fungicidal conc ion; MIC, minimal inhibitory conc ion; PI,

doi: 10.3389%/fmicb.2019.02169 phosphatidylinositol.
Frontiers in Microbiology | www.frontiersin.org 1 Octobar 2019 | Volume 10 | Article 2169
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Abstract: The advent of multidrug resistance among pathogenic bacteria has attracted great attention
worldwide. As a response to this growing challenge, diverse studies have focused on the development
of novel anti-infective therapies, including antimicrobial peptides (AMDPs). The biological properties
of this class of antimicrobials have been thoroughly investigated, and membranolytic activities are
the most reported mechanisms by which AMPs kill bacteria. Nevertheless, an increasing number
of works have pointed to a different direction, in which AMTs are seen to be capable of displaying
non-lytic modes of action by internalizing bacterial cells. In this context, this review focused on
the description of the in vitro and in vive antibacterial and antibiofilm activities of non-lytic AMDs,
including indolicidin, buforin Il PR-39, bactenecins, apidaecin, and drosocin, also shedding light on
how AMDPs interact with and further translocate through bacterial membranes to act on intracellular
targets, including DNA, RNA, cell wall and protein synthesis.

Keywords: antimicrobial peptides; non-lytic peptides; bacterial membranes

1. Introduction

The World Health Organization (WHO) has identified antimicrobial resistance as one of the three
major threats to human health [1]. Bacteria can be efficient in the synthesis and sharing of genes
involved in the development of antibiotic resistance mechanisms, leading to negative outcomes in
the clinic [2]. This inefficiency may be related to the intrinsic resistance of a bacterium to a specific
antibiotic, which can be explained by its ability to resist the action of this drug as a result of inherent
structural or functional characteristics [3]. Therefore, the dissemination of antibiotic resistance factors,
along with the misuse of these drugs, has made drug design a broad field of research [4]. In this
scenario, the antimicrobial peptides (AMPs) have been considered as an alternative to conventional
antibacterial treatments [5].

Int. . Mol Sei. 2019, 20, 4877; doi: 10.339ijms20194877 1 wwwmdpi comyjournalfijms

128



Artigo 9
DOI: 10.3390/molecules24234344

molecules 'MoPI

Article

Dual Insecticidal Effects of Adenanthera pavonina
Kunitz-Type Inhibitor on Plodia interpunctella is
Mediated by Digestive Enzymes Inhibition and
Chitin-Binding Properties

Caio Fernando Ramalho de Oliveira !, Taylla Michelle de Oliveira Flores 30,
Marlon Henrique Cardoso 2400, Karen Garcia MNogueira Oshiro 25 Raphael Russi L
Anderson Felipe Jicome de Franca ®, Elizeu Antunes dos Santos *, Octivio Luiz Franco 24300,

Adeliana Silva de Oliveira ® and Ludovico Migliolo %3:6:*

1 Universidade Federal de Grande Dourados, Dourados, Mato Grosso do Sul, M5, 79825-070, Brazil;
oliveiracfr@gmail com
S-Inowva Biotech, Programa de Pos-Craduacao em Biotecnologia, Universidade Catolica Dom Bosco,
Campo Grande, MS, 79117900, Brazil; taylla. flores@outlook.com (T.M.A.O.FE);
marlonhenriques@gmail.com (M.H.C.); oshiro.kgn@gmail.com (K.G.N.O.); ocfranco@gmail.com (O.L.E)
Programa de Pos-Graduacao em Biologia Celular e Molecular, Universidade Federal da Paraiba,
Jodo Pessoa, PB, 5805%-900, Brazil
Centro de Andlises Bioquimica e Protedmicas, Programa de Pés Graduagao em Ciéncias Gendmicas e
Biotecnologia, Universidade Catdlica de Brasilia, Brasilia, DF, 70790-160, Brazil
5 Programa de Pés-Graduagio em Patologia Molecular, Faculdade de Medicina, Universidade de Brasilia,
Brasilia, DF, 70910-900, Brazil
& Programa de Pos-Graduacao em Bioquimica, Universidade Federal do Rio Grande do Norte,
Natal, BN, 59078-%00, Brazil; raphaelrussi@gmail com (R.R.); andersonfjfi@gmail. com (A FJ4d.E);
elizeuufrm@gmail.com (E.A.d.5.); dsteana@yahoo.com.br (AS5.4.0.)
*  Correspondence: ludovico@ucdb. br
Academic Editor: Massimiliano Fenice chack for
Received: 19 September 2019; Accepted: 14 October 2019; Published: 28 November 2019 updates

Abstract: The Indianmeal moth, Plodia interpunctella, is one of the most damaging pests of stored
products. We investigated the insecticidal properties of ApKTI, a Kunitz trypsin inhibitor from
Adenanthera pavonina seeds, against P. interpunctella larvae through bioassays with artificial diet.
ApKTI-fed larvae showed reduction of up to 88% on larval weight and 75% in survival. Trypsin
enzymes extracted from It interpunciella larvae were inhibited by ApKTI, which also demonstrated
capacity to bind to chitin. Kinetic studies revealed a non-competitive inhibition mechanism of ApKTI
for trypsin, which were further corroborated by molecular docking studies. Furthermore, we have
demonstrated that ApKTI exhibits a hydrophobic pocket near the reactive site loop probably involved
in chitin interactions. Taken together, these data suggested that the insecticidal activity of ApKTI
for P. interpunctella larvae involves a dual and promiscuous mechanisms biding to two completely
different targets. Both processes might impair the I inferpunctella larval digestive process, leading
to larvae death before reaching the pupal stage. Further studies are encouraged using ApKTlas a
biotechnological tool to control insect pests in field conditions.

Keywords: non-competitive inhibitor; trypsin inhibitor; peritrophic membrane

Highlights

*  ApKTI increases mortality of P interpunctella larvae.

Molecules 2019, 24, 4344; doi: 103390 molecules24234344 www md pi.comyfjournalimaolecules
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investigated as potential alternatives to antibiotic-based therapies. Indeed, naturally
occurring and synthetic AMPs have shown promising results against a series of clinically
relevant bacteria. Even so, this class of antimicrobials has continuously failed clinical
trials at some paoint, highlighting the importance of AMP optimization. In this context,
the computer-aided design of AMPs has put together crucial information on chemical
parameters and bioactivities in AMP sequences, thus providing modes of prediction
to evaluate the antibacterial potential of a candidate sequence before synthesis.
Quantitative structure-activity relationship (QSAR) computational models, for instance,
have greatly contributed to AMP sequence optimization aimed at improved biological
activities. In addition to machine-learning methods, the de novo design, linguistic model,
pattern insertion methods, and genetic algorithms, have shown the potential to boost
the autormated design of AMPs. However, how successful have these approaches
been in generating effective antibacterial drug candidates? Bearing this in mind, this
review will focus on the main computational strategies that have generated AMPs
with promising activities against pathogenic bacteria, as well as anti-infective potential
in different animal models, including sepsis and cutaneous infections. Moreover, we
will point out recent studies on the computer-aided design of antibiofilm peptides. As
expected from automated design strategies, diverse candidate sequences with different
structural arrangements have been generated and deposited in databases. We will,
therefore, also discuss the structural diversity that has been engendered.

Keywords: computer-aided design, bacteri

biofilms, ial peptides, drug design
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Objectives: The number of bacterial pathogens resistant to the currently available antibiotics has dramatically
increased, with antimicrobial peptides (AMPs) being among the most promising potential new drugs. In this
study, the applicability and mechanisms of action of Po-MAP 2 and Pa-MAP 1.9, two AMPs synthetically designed
based on a natural AMP template, were evaluated.

Methods: Po-MAP 2 and Pa-MAP 1.9 were tested against a clinically isolated rmultidrug-resistant (MDR])
Escherichia coli strain. Biophysical approaches were used to evaluate the preference of both peptides for specific
lipid membranes, and bacterial surface changes imaged by atoemic force microscopy (AFM). The efficacy of both
peptides was assessed bath in vitro and in vivo.

o
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Results: Experimental results showed that both peptides hove antimicrobial activity against the E. coli MDR
strain. Zeta potential and surface plasmon resonance assays showed that they interact extensively with
negatively charged membranes, changing from a random coil structure, when free in solution, to an «-helical
structure after membrane interaction. The antibacterial efficacy was evaluated in vitro, by several techniques,
and in vivo, using o wound infection model, showing a concentration-dependent antibacterial effect. Different
membrane properties were evoluated to understand the mechanism underlying peptide action, showing
that both promote destabilization of the bacterial surface, as imaged by AFM, and change properties such as
membrane surface and dipole potential.

Conclusions: Despite their similarity, data indicate that the mechanisms of action of the peptides are different,
with Pa-MAP 1.9 being more effective than Pa-MAP 2. These results highlight their potential use as antimicrobial
agents against MDR bacteria.

AMPs are small cationic and amphipathic peptides that are part

Introduction
of the innate immune system, acting against a wide range of

Increased bacterial resistance to conventional antibiotics Foses a
serious heclth problem that needs to be overcome.'™ The
indiscriminate use of conwventional antibictics has contributed
to anincrease in resistance to these therapeutic agents in different
bacteria, such as Escherichia coli, Klebsiella pneumonice and
Pseudomonas aeruginosa.” Altemative therapeutics are urgently
required, with the lack of development of new antibiotic molecules
contributing to the emergence of this problern. Due to this, anti-
microbial peptides (AMPs) have been gaining attention as future
dlternatives in microbial treatment.*®

microorganisms, including bacterin, viruses and fungi.™® They
have the advantage of being less prone to promoting bacterial
resistance than conventional antibietics, due to the more difficult
developrnent of resistance against AMP mechanisms of action at
the membrane level > Nevertheless, it has been shown that cells
may still become resistant to these molecules."* AMP praperties
determine their selective interaction with the pathogen mem-
brane, such as their positive net charge, promoting electrostatic
attraction between the peptide and the bacterial membranes,
which contain high numbers of negatively charged lipids, such as

© The Author(s) 2021. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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Antimicrobial peptides (AMPs) are pinpointed as promising molecules against antibiotic-resistant
bacterial infections. Nevertheless, there is a discrepancy between the AMP sequences generated and the
tangible outcomes in clinical trials. AMPs’ limitations include enzymatic degradation, chemical/physical
instability and toxicity toward healthy human cells. These factors compromise AMPs' bioavailability,
resulting in limited therapeutic potential. To overcome such obstacles, peptidomimetic approaches,
including glycosylation, PEGylation, lipidation, cyclization, grafting, p-amino acid insertion, stapling and
dendrimers are promising strategies to fine-tune AMPs. Here we focused on chemical modifications
applied for AMP optimization and how they have helped these peptide-based antibiotic candidates’
design and translational potential.
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Nosocomial infections caused by antibiotic-resistant bacterial
strains represent a severe threat to humanity. According to
the World Health Organization (WHO), alarming levels of
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antimicrobial resistance have been reported in countries of
all income levels. This resistance to second and third-line
antibiotics is projected to increase 70% by 2030. Therefore,
innovative antimicrobial molecules are urgently needed."
Antimicrobial peptides (AMPs) represent an alternative
treatment against multi-drug-resistant (MDR) bacterial infec-
tions. AMPs are found in all kinds of life, representing inherent
defense mechanisms against microbial pathogens.” The prop-
erties of multifunctional AMPs are intrinsically related to their
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An N-capping asparagine—-lysine—proline (NKP)
motif contributes to a hybrid flexible/stable
multifunctional peptide scaffoldy
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Structural diversity drives multiple biological activities and mechanisms af action in linear peptides. Here we
describe an unusual N-capping asparagine-lysine-proline (NKP) motif that confers a hybrid multifunctional
scaffold to a computationally designed peptide (PaDBS1R7). PaDBS1R7 has a shorter o-helix segrment than
other computationally designed peptides of similar sequence but with key residue substitutions. Although
this motif acts as an «-helix breaker in PaDBS1R7. the AsnS presents exclusive N-capping effects, forming
a belt to establish hydrogen bonds for an amphipathic a-helix stabilization. The combination of these
different structural profiles was described as a coil/N-cap/=z-helix scaffeld, which was also observed in
diverse computational peptide mutants. Biological studies revealed that all peptides displayed
antibacterial activities. However, only PaDBSIR7 displayed anticancer properties, eradicated
Pseudomonas aeruginosa biofilms, decreased bacterial counts by 100-1000-fold in wvo, reduced
lipopolysaccharide-induced macrophages stress, and stimulated fibroblast migration for wound healing.
This study extends our understanding of an M-capping MKP motif to engineering hybrid multifunctional
peptlide drug candidates with potent anti-infective and immunomeodulatory properties.
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fluidity, salt concentration and pH of its environment, a single

Introduction peptide may adopt different structural profiles to achieve the

Short bivactive peptides have dynamie structures that include
diverse conformational states such as random coils, «-helices,
pP-turns and f-sheets.** The structures of peptides can be
manipulated based on many parameters, ranging from amino
acid composition to the biological environments into which
they are inserted. For example, branched and bulky amino acids
favor rigidity, whereas smaller amino acids elicit flexibility.?
Moreover, depending on the net charge, hydrophobicity,

lowest free-energy state for a specific molecular complex (e.g.,
peptide-membrane, peptide-peptide or peptide-protein
interactions).”

Much effort has been devoted to designing peptide-based
drugs having constrained scaffolds and well-defined
secondary structures.* Antimicrobial peptides (AMPs), for
instance, are typically designed with the aim of having a well-
defined a-helix conformation when in contact with a target
microorganism to trigger membrane-associated mechanisms of
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