AVAVAV UNIVERSIDADE ESTADUAL PAULISTA

u nes ‘JULIO DE MESQUITA FILHO”
Campus de Sdo José do Rio Preto

Danubia Batista Martins

Interacfes de Peptideos de Cadeias Curtas e Bicamadas
Lipidicas: Estudo Biofisico e Reflexos sobre a Atividade

Bioldgica

Sao José do Rio Preto
2018



Danubia Batista Martins

Interacdes de Peptideos de Cadeias Curtas e Bicamadas
Lipidicas: Estudo Biofisico e Reflexos sobre a Atividade

Bioldgica

Tese apresentada como parte dos
requisitos para obtencéo do titulo de Doutor
em Biofisica Molecular, junto ao Programa
de Pdés-Graduacdo em Biofisica Molecular,
do |Instituto de Biociéncias, Letras e
Ciéncias Exatas da Universidade Estadual
Paulista “Julio de Mesquita Filho”, Campus
de Séo José do Rio Preto.

Orientador: Prof2. Dra. Marcia Perez dos
Santos Cabrera

Coorientador: Prof. Dr. Valmir Fadel

Sao José do Rio Preto
2018



Danubia Batista Martins

InteracOes de Peptideos de Cadeias Curtas e Bicamad as
Lipidicas: Estudo Biofisico e Reflexos sobre a Ativ idade

Biologica

Tese apresentada como parte dos
requisitos para obtencao do titulo de Doutor
em Biofisica Molecular, junto ao Programa
de Pos-Graduacdo em Biofisica Molecular,
do |Instituto de Biociéncias, Letras e
Ciéncias Exatas da Universidade Estadual
Paulista “Julio de Mesquita Filho”, Campus
de Sao José do Rio Preto.

Financiadora: CAPES

Comissao Examinadora

Profa. Dr2. Marcia Perez dos Santos Cabrera
UNESP — S&o José do Rio Preto
Orientador

Prof. Dr?. lolanda Midea Cuccovia
USP — S&o Paulo

Prof. Dr®. Marisa Rangel
Instituto Butantan — Sdo Paulo

Prof. Dr®. Margarete Teresa Gottardo de Almeida
FAMERP — S&o José do Rio Preto

Prof. Dr. Jodo Ruggiero Neto
UNESP — Sao José do Rio Preto

Sao José do Rio Preto
26 de novembro de 2018



RESUMO

O uso de peptideos bioativos em antibioticoterégia dentre suas vantagens
principais a reduzida possibilidade de desenvolaimele resisténcia, uma vez que o
alvo sdo os fosfolipidios constituintes da membreglalar. Muitos desses peptideos
sao de cadeia curta, com amplo espectro de atidaatra bactérias e contra fungos, e
com baixa citotoxicidade. Mecanismos de seletivdad acdo de peptideos bioativos
vém sendo investigados como forma de dirigir modfdes estruturais que
aperfeicoem suas acdes terapéuticas, minimizaredtm®ftoxicos ou indesejaveis. Por
serem predominantemente cationicos, apresentanagate preferencial com bicamadas
lipidicas anibnicas. Os peptideos estudados nesballho sdo a Jelleine-l e dois
analogos (JIF2W e JIF2WR) sintetizados com algumaedificacdes de residuos na
sequéncia primaria, e a Protonectin isolada e esturaicom Protonectin (1-6). Estudos
preliminares por dindmica molecular sugeriram anfopdo de agregados na Jelleine-I
em meio aquoso e em ambientes que modelam as ar&sticas fisico-quimicas de
membranas celulares, como as micelas do surfaataolecil sulfato de sddio (SDS).
Informacdes semelhantes foram também obtidas paosm@mputacionais para a
Protonectin. Entretanto, este peptideo quando esturai com Protonectin (1-6),
apresenta menor tendéncia a agregacdo em meiooagues1 SDS. Outros estudos
mostraram ainda que esta mistura apresenta atesdbiblogicas aumentadas. Neste
trabalho realizou-se uma analise biofisica dessptiqeos em relacdo a formacao de
agregados, eficiéncia e seletividade, avaliadogpneaenca de ambientes de carater
zwitteribnico e anibnicos, utilizando medidas deeetroscopia de FTIR, dicroismo
circular (CD) e fluorescéncia além de PotencialaZetdeterminacdo de atividades
biologicas. Mudancas estruturais em diferentes anés foram verificadas tanto para a
familia das Jelleinas como para as Protonectinastaescdo com bicamadas lipidicas,
assim como também variagbes na formacdo da agregdiEstas interacdes o0s
peptideos mostraram-se seletivos e com maior afieidbor bicamadas lipidicas de

carater anionico. Biologicamente, ambas as famifipgesentaram baixa atividade



hemolitica, sendo a Jelleine-l e o andlogo JIF2WiRos principalmente contra
bactérias Gram-positivas, enquanto a Protonectstnanodo-se mais ativa contra células
tumorais, com uma tendéncia de melhor eficiénciacombinacédo terapéutica em

mistura com a Protonectin (1-6) na proporcéao 1:1.

Palavras chaves: Jelleine-I; Protonectin; AgregacBeptideos antimicrobianos;
Peptideos anticancer; Interacdes Peptideos-Bicamddaidicas; Modelos de
Membrana; Técnicas Espectroscopicas.



ABSTRACT

The use of bioactive peptides in antibiotic therapy has among its main advantages the
reduced possibility of resistance development, since the target are the phospholipids
constituting the cell membrane. Many of these peptides are short chain, with broad
spectrum of activity against bacteria and against fungi, and with low cytotoxicity.
Mechanisms of selectivity in the action of bioactive peptides have been investigated as a
way of directing structural modifications that improve their therapeutic actions,
minimizing toxic or undesirable effects. Because they are predominantly cationic, they
present preferential interaction with anionic lipid bilayers. The peptides studied in this
work are Jelleine-l and two analogues (JIF2W and JIF2WR) synthesized with some
modifications of residues in the primary sequence, and Protonectin isolated and in
admixture with Protonectin (1-6). Preliminary molecular dynamics studies have
suggested the formation of aggregates in Jelleine-l in aqueous media and in
environments that model the physico-chemical characteristics of cell membranes, such
as sodium dodecyl sulfate (SDS) surfactant micelles. Smilar information was also
obtained by computational means for Protonectin. However, this peptide when mixed
with Protonectin (1-6), presents a lower tendency to aggregation in aqueous medium
and in SDS. Other studies have also shown that this mixture has increased biological
activities. In this work a biophysical analysis of these peptides was performed in
relation to the formation of aggregates, efficiency and selectivity, evaluated in the
presence of zwitterionic and anionic environments, using measurements of FTIR
spectroscopy, circular dichroism (CD) and fluorescence in addition to Zeta Potential
and determination of biological activities. Sructural changes in different environments
were verified for both the Jelleinas family and Protonectins in the interaction with lipid
bilayers, as well as variations in aggregation formation. In these interactions the
peptides were selective and with greater affinity for lipid bilayers of an anionic
character. Biologically, both families had low hemolytic activity, with Jelleine-l and
JIF2ZWR analogue being active mainly against Gram-positive bacteria, whereas
Protonectin was more active against tumor cells, with a trend of better efficiency in the



combination therapy with Protonectin (1-6) in theratio 1: 1.

Keywords: Jelleine-l; Protonectin; Aggregation; Antimicrobial peptides;, Anticancer
peptides; Peptide-Lipid bilayer interactions; Membrane Models, Spectroscopic
Techniques.
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Capitulo 1

1.1 - Introducéo

Nas ultimas décadas, a andlise e caracterizacdisitéode peptideos antimicrobianos
(AMPs) como conformacéao estrutural, estabilidadetaxicidade e avaliacdo da sua atividade
vitro ein vivo, e estudos em sistemas modelo permitem evoluinbezmmento fundamental para
gue o desenho de novas sequéncias que conduzamas fimais eficientes e seletivas. Os AMPs
vém sendo estudados para a compreensdo dos megsnimpleculares que caracterizam
principalmente sua acdo na presenca de bactéuiagod e células tumorais com o intuito de
serem utilizados em alternativa para os tratamertiogencionais (Matanic et al., 2004; Hoskin e
Ramamoorthy, 2008; Melo e Castanho, 2012).

O interesse na utilizacdo dos AMPs no meio clinem crescendo nos ultimos anos pela
sua alta seletividade, eficiéncia e baixa citotiobede (Mathur, et al., 2016). O desenvolvimento
e pesquisa desses peptideos os tornam candidat@stgsdes clinicos e aplicabilidade na
medicina, o que ja vem sendo realizado em maisA@epéptideos denominados de terapéuticos
(Fosgerau e Hoffmann, 2015). Investimentos da im@drmacéutica na obtencéo, inovacao e
caracterizacdo desses peptideos, conduzem a tdistess como, por exemplo, 0 peptideo
ZP2929 da companhia dinamarquesa Zealand Phartheadio para testes em diabetes tipo 2 e
obesidade, que se encontra em fase | (Kaspar édRgi€013). Ja outros estdo em fases mais
avancadas de testes, como o0 MAR709 (Roche - Seiigdase Il e o Oritavancin, da americana
The Medicines Compangue possui um mecanismo de acéo de ruptura ddoraeancelular de
bactérias Gram-positivas e que esta em fase lteéstes para infeccdes bacterianas (Fosgerau e
Hoffmann, 2015; Karaoui et al., 2013). A aprovadageptideos terapéuticos em testes clinicos
ja é realidade, como, por exemplo, o Koolistin®, @anpanhia indiana Biocon Ltd., nome
comercial dado ao peptideolistin sulfate que € usado para o tratamento de infeccdes gerada
por bactérias resistentes, e mais recentementeagroo Surfaxin®, da companhia americana
Discovery Laboratoriespara Sindrome de Desconforto Respiratério (RD$pbebés prematuros
(Agirre, et al., 2016; Kaspar e Reichert, 2013).



Uma das estratégias para obter melhoramento rndaaterdesses peptideos tem inicio no
desenho de peptideos andlogos, através de moddEaga sequencia de aminoacidos dos
peptideos de origem. Essas modificacbes frequentemse relacionam a caracteristicas de
tamanho, carga elétrica liquida, conformacgédo estlt hidrofobicidade e anfipaticidade. As
novas sequéncias devem ser caracterizadas quandaaasatividades biolégicas para que
finalmente demonstrem que as alteracdes favoreogmegudicam a atividade e a seletividade da
molécula desenvolvida (Brodgen, 2005 e Pasupwe®l., 2012). A literatura mostra que essa
estratégia € capaz de dar origem a novos peptmBospotencial para tratamento clinico nas
areas de oncologia, doencas metabdlicas, infecg@eblemas cardiovasculares, entre outros
(Fosgerau, et al., 2015). Para a industria farmteeguwm peptideo pequeno (<30 residuos) e
com acdo medicamentosa, seria mais vantajoso pgphcacdo médica, uma vez que oS custos
das sinteses sdo proporcionais ao tamanho dassalei entanto, os gastos na fabricacéo ainda
sdo bem elevados quando comparados aos medicament@scionais (Lax, 2010). Além disto,

0 uso traz algumas limitacdes como a administrdpg&amnesmos no organismo, sendo realizados
preferencialmente na forma injetavel, inalatériacoidnea e ndo ingeridos, pois podem mais

facilmente estar sujeitos a serem degradados nmesso de digestdo (Lax, 2010).

1.2 - Fundamentacéo Teorica

Peptideos bioativos

Peptideos sdo moléculas compostas de uma sequamciasiduos de aminoacidos
(menores de 30 residuos) e com baixo peso mole(l4®0 a 7000 Da). S&o caracterizados
como bioativos, por possuirem atividade biologie, mais especificamente, peptideos
antimicrobianos (AMPs), por sua acdo contra miarganismos como atividade bactericida,
antifingica e antiviral, atividade antiparasitat@@ém da atividade anti células tumorais, entre
outros (Melo, et al., 2009; Pasupuleti, et al.,20&0ang, et al., 2018). Algumas caracteristicas
sdo de fundamental importancia para as diferenigslades dos peptideos como AMPs, como

tamanho da cadeia, carga liquida, anfipaticidaddmfobicidade (Wang, et al., 2018).



Caracterizacgao fisico-quimica

Tamanho da sequéncia

O tamanho de um peptideo bioativo pode variar cordoa quantidade de residuos de
aminoacidos presentes na sua sequencia primaptd@as curtos sao preferidos para utilizacao
como peptideos terapéuticos por possuirem um m@ouzisto de sintese além de tornar
dificultada a degradacdo por proteases presentgssistemas bioldgicos, aumentando sua
estabilidade (Lax, 2010; Ramesh, et al., 2016; $#maNg, et al., 2018). Os AMPs de cadeias
curtas vém sendo alvo de muitos estudos como pigidaale fungicida contr&andida albicans
que foi verificada para um octapeptideo, denominddopeptide 1 (IKIKIKIK-NH), que
mostrou-se mais ativo que a fluoconazol e o micoln&rmacos mais utilizados (Samantha Ng,
et al., 2018). Outro exemplo de peptideos ativastraobactérias é€andida sdo os RK31
(RKSKEKIG-OH) e KS30 (KSKEKIGK-OH), que possuem &siduos de aminoacidos e sdo
sequéncias derivadas do peptideo LL-37
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-OH), de 37esiduos. Os peptideos de
cadeia curta apresentaram maior atividade antilm@na e fungicida demonstrando elevada

eficiéncia e seletividade (Gallo e Murakami, 20R6sikowska e Lesner, 2016).

Carga liquida

Os AMPs possuem, em sua grande maioria, uma cipgdd positiva, ou seja, carater
catidnico o que favorece a sua interacao prefembnente com membranas anidnicas, como a de
fungos, bactérias e células tumorais, podendo caufiae celular (Lee, et al., 2015; Gaspar e
Castanho, 2013). A atracdo entre o peptideo, dmqawsitiva, e membrana celular, com carga
negativa, € 0 primeiro passo para a interagdoostética. Ap0s essa aproximagao e contato com
a membrana, o peptideo se orienta, adquire umarcoagdo secundaria caracteristica e pode,
consequentemente levar a formacéo de poros ouaefe@a membrana, podendo ainda penetrar
no citoplasma, atingir outros alvos ou causar atenoelular diretamente por efeito de lise

(Jenssen, et al., 2016). A reducdo da carga liquielsente na cadeia do peptideo, pode ocasionar



uma reducao na atividade antimicrobiana dos AMPanyVet al., 2018), ou pode aumenta-la por

interferir com outros parametros como a hidrofatade (Dathe, et al., 2001).

Hidrofobicidade

Outro parametro importante € o grau de hidrofobidéddo peptideo, que se relaciona a
preferencia do mesmo em se manter na solu¢cdo owmpgra regides hidrofébicas (Dathe e
Wieprecht, 1999). Essa caracteristica afeta a dglier e pode reduzir a seletividade por
membranas negativamente carregadas, tornando maisoliticos peptideos altamente
hidrofobicos (Schmidtchen, et al., 2014; Wood, let 2014; Wang, et al., 2018). Dentre as
caracteristicas desejaveis de AMPs esta a baixmlade hemolitica, e a sua seletividade em
relacdo as células alvo. A hidrofobicidade podendeé seletividade de um peptideo que esta
relacionada a preferencia por determinada membrBaaa um AMP €& de fundamental
importancia que as membranas negativamente caaggenmo de bactérias, fungos e tumorais,
sejam as preferidas em relacdo as células sanguip@aexemplo. (Brodgen, 2005; Hoskin e
Ramamoorthy, 2008; Melo, et al., 2009; Li, et 2012).

A hidrofobicidade média (<H>) pode ser obtida pelédia aritmética da hidrofobicidade
intrinseca dos residuos, de acordo com deferestedas. Uma delas, € a escala de consenso de
Eisenberg e colaboradores (1984). Nesta escala>aéi¢lacionada a cada residuo, com suas
respectivas caracteristicas, como polaridade ecaegdm® residuo mais hidrofébico a isoleucina
(le) <H> = 0,73 e o residuo menos hidrofobico d@rginina (Arg) <H> = - 1,76. Em estudo
desenvolvido por Liu e Deber (1998) outro métodd #&presentado para determinacdo da
hidrofobicidade relativa de cada residuo de amidoaobtido a partir do tempo de retengdo HPLC.
Ha ainda as escalas de Kyte e Doolifgte & Doolittle, 1982)e Wimley e White (Vimley &

White 1996)que sdo bastante usadas em estudos envolvenddgospti

Anfipaticidade

A anfipaticidade esta diretamente relacionada der@mento da sequencia primaria e a

composicdo de aminoacidos que o peptideo possigindo da oposicdo de face entre os
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residuos hidrofébicos e os residuos polares, corostrado na figura 1. Esse parametro é
verificado especialmente em peptideos com formeedeelices, sendo esse arranjo considerado
importante para a atividade antimicrobiana de amgspectro (Khara, et al., 2017). Outras
estruturas secundarias como follias-conformagfes em voltas ou estendidas tambémmpode

apresentar anfipaticidade (Mohanram e Bhattacha2[yi4)

Figura 1 — Esquema ilustrando a face hidrofobitédeofilica de uma hélice-(A). A projecéo

de uma hélicer ideal com os residuos opostamente distribuidode dh sdo os residuos com

carater catiénico e X os residuos hidrofébicos [B)delo demonstrando os residuos na helice-
com suas respectivas cadeias laterais e identificaas regibes de maior contato com a

membrana (face hidrofébica) e mais expostas (fatrefflica) (C).

Fonte: Adaptado de Khara, et al. (2017).

Os residuos carregados como Arg, Lys e His, prompaaion cargas positivas e os residuos
hidrofébicos sdo mais suscetiveis a incorporacddimmadas, mediando uma possivel ruptura
da membrana e possivel morte celular (Wang, et28l8). Alguns aminoacidos como, por
exemplo, a Fenilalanina (Phe), pode reduzir a fgémaestrutural de héliag-enquanto que a
Leucina (Leu) e Lisina (Lys) sd@o residuos que temma uendéncia maior a formacdo da

conformacéo helicoidal e podem modular a anfipdaide (Wiradharma, et al., 2011).



Momento Hidrofébico

Momento hidrofébico y) € uma caracteristica resultante do ordenamentontie sequéncia
peptidica que favoreca a formacgédo de estruturasolgdis. Ele é resultado do calculo do
momento ponderado das respectivas hidrofobicidddesada residuo de aminoacido. Segundo
Eisenberg e colaboradores (1984)ypé uma medida indireta da anfipaticidade de pepside
guem indica a orientagdo dos residuos da sequpnugiaria na formacéo helicoidal. O conceito
do momento hidrofébico é baseado em uma hélickal, onde o angulo entre as cadeias laterais
da sequencia dos aminoacidos no eixo da hélicel@@fe como mostrado na figura 2. Isso indica
gue quanto maior o momento hidrofébico, maior ardecao dos residuos para uma segregacao
entre regides hidrofilicas e hidrofébicas. E posisivma predicdo da estrutura helicoidal de um
peptideo, a partir doy e sua atividade em membranas, dependendo da c@g@o estrutural
(Dathe e Wieprecht, 1999).

Figura 2 — Projecao de uma hélicedeal do peptideo KLAL1 com 16 residuos de amirtci

(A), com angulo de 100° entre os residuos 1 e t2 geeptideo com o eixo da hélice.

Fonte: Costa (2006)



Angulo polar (®)

O angulo polarf, ou ®) e definido como a angulacéo formada pelos resigotares, ou
seja, a face polar formada quando na configuragdonta hélicex (Dathe e Wieprecht, 1999).
Esse parametro esta diretamente relacionado a fooma que esse peptideo interage com
membranas (Dathe, et al., 1997). A figura 3 modifierentes projecdes para peptideos bastante
estudados a Magainina, de 23 residuos (A), o CecRijy com 31 residuos (B) e o KLA1 de 18
residuos (C), com angulos da regido dos residu@icas, ou angulos polares, de 120°, 200° e
80°, respectivamente. A reducdo do angulo polad dgetamente relacionada a atividade
antibacteriana e hemolitica, onde os peptideos Miagae KLA1 possuem maior eficiéncia que

0 Cecropin P1 (Dathe, et al., 1997; Dathe e Widyrd®99).

Figura 3 - Projecao de hélicecom seus respectivos angulos pola®}y gara os peptideos
Magainina (A), Cecropin 1 (B) e KLA1 (C)

Fonte: Adaptado Dathe, et al. (1997); Dathe e Véigut (1999).

Estrutura secundaria

Peptideos geralmente possuem uma estrutura aeaOri solucdo aquosa, mas na
presenca de ambientes com caracteristicas senedhantmembranas biologicas, adquirem
conformagfes estruturais denominadas de secund#masa-hélice, folhag3 ou uma mistura
dessas conformacdes, além de estruturas em valtastendidas (Bechinger, 2008). Muitos

estudos mostram que a elevada atividade biol6gida pstar associada ao alto teor de heliciodal,
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como, por exemplo, a Magainina, que € predominaenémhélicex (Matsuzaki, et al., 1995).
Mas outros peptideos, como o CDP-1, com peptidadifitexdo do PG-1, demonstrou elevada
atividade bactericida, mesmo adquirindo, em ambégisemelhantes a membranas bioldgicas,
basicamente conforma¢d@s(Mohanram e Bhattacharjya, 2014). A conformacéaenselida é
outra forma adquirida por peptideos, onde o peptile mantem praticamente linear, e foi
verificado principalmente para sequéncias ricasReolina (Pro) e Glicina (Gly), como, por
exemplo, o peptideo de defensina de suinos, PRe89em Prolinas, com 39 residuos e que se
mostrou tdo eficiente quanto peptideos com estgdiar helicoidal ou folhgs- para bactérias
Gram-positivas e Gam-negativas (Veldhuizen, et28l14). A elevada atividade antimicrobiana
também foi verificado para peptideos ricos em @diccomo o Gloverina, de 24 residuos (Yi, et
al., 2014).

Isso indica que a relagdo estrutura/funcéo, onpa@saagem da estrutura desordenada ou
aleatdria (andom coi) para a formacédo de estruturas secundarias order@adnduzida pela
interacdo dos peptideos para com sistemas memésaeate fundamental importancia como o
caso do Anoplin, Mastoparano X (MP-X), DecoralirQi¥), entre outros (Dos Santos Cabrera, et
al., 2008; Laird, et al., 2009; Martins, et al.,1ZD Algumas alteracbes na conformacao
estrutural, como por exemplo, modificacdes na segjaerimaria, podem afetar a sua interacao,
reduzindo sua acdo como AMP (Stromstedt, et ab928chmidtchen, et al., 2014).

Caracteristicas e Influencia das Membranas Biologas na Interacdo com Peptideos

As membranas celulares sdo responsaveis por deBniimites externos e controlar o
transporte molecular entre 0 meio externo e ornetervice-versa, sendo composta por proteinas
e lipideos, principalmente fosfolipideos, e em afgoasos esterdis (Nelson e Cox, 2014).

A atividade dos peptideos bioativos tem como alvoeanbrana celular dos organismos
vulneraveis. A interacdo entre peptideo e membdapende, primeiramente, do tipo de célula
(eucarioto e procarioto), uma vez que suas compesidipidicas diferem (Pasupuleti, et al.,
2012). As membranas de eucariotos sdo, por maicoimposta de lipidios zwitteribnicos,
principalmente por Fosfatidilcolina (PC), seu agalo Esfingomielina (SM) e

Fosfatidiletanolamina (PE). O Colesterol (Col), @sterol, presente na membrana celular de
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eucarioto e ausente na membrana de procariotoeirdla de forma decisiva na interagdo dos
peptideos com essas membranas, pois modifica psqutades das membranas, como redugéo
da permeabilidade da membrana por aumentar o emapaeoto lipidico (Benachir, et al., 1997,
Allende and Mcintosh, 2003). O Colesterol reduefestos causados por peptideos bioativos nas
bicamadas lipidicas, tornando a membrana mais arigidafetando a cooperatividade, por
exemplo, do peptideo Polybia MP-1, quando compamadncamadas compostas apenas de
DOPC, como observado por Dos Santos Cabrera, ¢2@08). Esse fenbmeno também foi
verificado para o peptideo Melitina, onde quandwmiadado colesterol a bicamada lipidica, a
interacdo foi reduzida, como verificada pela reduga energia livre (Allende and Mcintosh,
2003). A figura 4 mostra um esquema de uma bicanigidéca na auséncia (A) e na presenca do

colesterol, indicando onde esse esterol se localiza

Figura 4 — Esquema demonstrativo dos fosfolipig@esima bicamada lipidica na auséncia (A) e

na presenca (B) do Colesterol (Col)

Esterol

o00R SRANNA
L el

Fosfolipideos negativamente carregados, como, yemglo, fosfatidilserina (PS) estao

A

Fonte: Adaptado de Holthuis e Menon (2014).

presentes na camada interna dessas membranasre@impato do PS na camada externa da
membrana ocorre consequentemente a uma anormalidadduncionamento da célula,

acarretando alteracbes no seu carater zwitterib(damhowski, 1993). Essas modificacdes
tornam a membrana com carater anibnico, que poddizEr o desenvolvimento de células

cancerigenas (Hoskin e Ramamoorthy, 2008; Sinthcivaet al., 2012).
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As membranas celulares de microorganimos como hextédo sdo diferentes, mas
apresentam caracteristicas especificas quandatsedo de bactérias Gram-positivas e Gram-
negativas, como mostrado na figura 5.

Figura 5 — Complexidade de membranas biol6gicalsagéerias Gram-positivas (A) que possui
apenas uma membrana celular, e bactérias GramhreegéB), que possuem duas membranas
celulares, o que adiciona maior protecéo e resistén

,Surface it i
/ Protein s Acd ﬁ
Membrane Outer
Protan . Membrane li

Penplasmic
Space

L

Lipoprotein
— Peptidoulycan

Cytoplasmic | 1 | _ Peripheral Membrane

Membrane Prosein
Cytoplasmic
Membrane

Fonte: Adaptado de Epand, et al. (2016).

As membranas de procariotos sdo compostas, predotemente, por fosfolipidios
anionicos como o fosfatidilglicerol (PG) e a caligima (CL), que estdo praticamente ausentes
em células de eucariotos (Lohner and Prenner, 1988man and Yount, 2003; Epand, et al.,
2006). A composicéo fosfolipidica de organismos @dractérias Gram-negativas sdo compostas
principalmente por Fosfatidiletanolamina (PE) efdbdilglicerol (PG), diferentemente das
Gram-positivas compostas preferencialmente por R@rdiolipina (CL)(Shaw, 1974; Lohner,
2001; Sevcsik et al., 2008; Prossnigg, et al., 2010

As propriedades fisicas intrinsecas dos fosfolggdeomo a forma molecular adquirida
por eles, sdo responsaveis pela curvatura queugr@agpelas bicamadas lipidicas. Fosfolipideos

como PE e CL possuem uma forma cbnica e que quamdormacado da bicamada induz uma
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curvatura negativa, como mostrado na figura 6 3. e PG possuem uma forma cilindrica
(figura 6(B)), e tendem a induzir uma curvaturaijpes pelo seu formato de cone invertido
(Wang, et al.,, 2015), assim como lisofosfolipidespge apresentam curvatura positiva. O
resultado essa curvatura afeta diretamente a @éieq@ara com o peptideo e pode conduzir a uma
reducdo na sua atividade litica, como verificadoapa Polybia MP-1 nas interagcbes com
bicamadas lipidicas contendo CL (dos Santos Cabteak, 2008 e 2012)

Figura 6 — Esquema ilustrando a formacao de umadaripidica com fosfolipideos de formato
conico (A), cilindrico (B) e conico invertido (C)

A Cone B Cylinder C Inverted cone
f?& ﬁﬁﬁﬁﬁ 03?20
Negative Neutral Positive

Fonte: Adaptado de Holthuis e Menon (2014).

As membranas celulares de fungos, como, por exera@o albicans possuem também
um carater anioénico, podendo conter, na sua coggmsosfolipidica, Fosfatidilcolina (PC),
Fosfatidilserina (PS) e o esterol Ergosterol (Efig)ffler et al., 2000). Essa caracteristica
favorece a interacdo de peptideos catibnicos cparoexemplo, a Polybia CP, que é um bom
agente fungicida (Wang, et al., 2013), para asossp@&eCandidg um dos fungos com maior

resisténcia secundéria adquiridas pelos farmacassaiSlaninova, et al., 2011).

Mecanismos de acao

O mecanismo de interacdo entre peptideos antiniécrop e bicamadas lipidicas tem
algumas etapas relativamente bem estabelecidaalnt&mte essa interagdo se da inicialmente
por interacdes eletrostaticas, onde as regidesgaatas positivamente dos peptideos interagem
com regides negativamente carregadas dos lipidiase¢as polares). Nesse contato com a

membrana, o peptideo pode causar algumas alteragdempacotamento da bicamada como
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variagbes na curvatura, modificacOes eletrostgtipadurbacdes locais e formacdo de poros ou
defeitos, resultando em um rearranjo tanto do gepticomo dos fosfolipidios (Fjell, et al.,
2012).

De acordo com varios autores como Matsusaki (19963i (1999) e Huang (2000),
modelos para 0 mecanismo de interacdo entre ofdpeptbioativos e a membrana celular sdo
propostos, para melhor descricdo dessa associ&sda. inicia-se com a interagdo entre o
peptideo e a camada externa da membrana, onddidgmeassume uma conformacéo estrutural
(hélicew, folhas$, etc), ou uma estrutura estendida, mas com caistatas predominantemente
anfipaticas, de forma paralela & membrana. A pgaseio peptideo catidnico induz mudancas
inicialmente nos grupos mais expostos como cahgglases de carater anionico, evoluindo para
a bicamada como um todo, influenciando na distgémide cargas, tensao de curvatura, fluidez
da membrana, além do empacotamento lipidico (KillE292; Zhao et al., 2002; Bozelli, et al.,
2012).

Segundo Huang (2000) o acumulo dos peptideos fmredate a superficie externa da
membrana acontece enquanto a razdo [P]/[L] € bai&sa mesma atingir uma concentracao
critica, ou seja, um razéo [P)/[L] limite que causaa tensdo nessa superficie levando a uma
deformacéao significativa e posterior formacdo depmu defeitos. A partir dessa concentragao,
a orientacdo do peptideo muda, tornando-se pexpéadia membrana, podendo levar a
formacédo de poros toroidais, 0 modelo propostoMetzusaki (1996). Nesse modelo o peptideo
forma o poro interagindo com a regido das cabeglksgs, causando uma curvatura positiva na
camada fosfolipidica da membrana de maneira qum@sias acilicas ndo entrem em contato
com o peptideo, mantendo-se interiorizados na ladagronde o poro possui peptideos e lipidios,
como mostrado na figura 7 (B). Segundo Matsuzakpomw toroidal pode acarretar em uma
translocacdo do peptideo para a regido do citoplastular. Esse modelo é mais compativel

com peptideo de cadeia curta e de comportamenpecatovo (Wimley, 2010).

Outro tipo de modelo de formacéo de poros é atesér barril (Baumann e Mueller,
1974). Nesse modelo o peptideo orienta-se de talafaque a regido hidrofébica do peptideo
interage com as caudas acilicas dos lipidios, tiedestodo o interior do poro, e 0s residuos
carregados ficam em contato com a solucéo e caygiaor das cabecgas polares dos fosfolipidios.

Essa interacdo causa a separacéo lateral da biadipiaita, como mostrado na figura 7 (A).
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Figura 7 — Principais modelos de mecanismos deaicde entre peptideos e bicamadas lipidicas
na formacao de poro Barril (A), poro Toroidal (BLarpete (C).

Fonte: Adaptado de Melo et al. (2009).

Outro modelo € o denominado carpete, proposto par 8999), no qual os peptideos
vao se acumulando e cobrindo a superficie da meralai@ atingirem uma concentracao critica,
semelhante a um tapete e desestabilizando a biearpadendo agir como um detergente.
Conforme a concentragdo de peptideo aumenta, adsapdo a concentracdo critica, fragmenta-
se a membrana, como na figura 7 (C) (Shai et 299;1Shai, 2013). As conformacdes adquiridas
pelo peptideo, as mudancas estruturais conferigés membrana e a forma da interacdo

peptideo-membrana, conferem a sua eficiéncia ke&ivadhwani, et al., 2012).

A agregacdao de peptideos em solugcédo e/ou na peedemgembranas € um fendmeno que
pode interferir diretamente na interagdo peptidembrana, modificando seu comportamento.
Segundo Sayegh e colaboradores (2016), o peptéledaglo, o Longipin, apresentava estrutura
aleatéria em tampdo e em ambientes com caratetenditico, mas em bicamadas de
composicao fosfolipidica semelhante a de fungosyéa formacdo de agregados que podem ter
favorecido a interacdo, ou seja, tornando-o maseete. Por outro lado, estudos verificaram que

a presenca da agregacdo pode diminuir a atividatieierobiana, como verificado para o
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peptideo dermaseptin S4 e analogos (Feder, @08l0) e 6K-F17 e analogos (Yin, et al., 2012),
indicando que a reducdo da agregacédo favorecevidaake antimicrobiana dos peptideos. Em
estudos anteriores (dos Santos Cabrera et al.; Baldissera et al., 2015), verificou-se que os
AMPs Jelleine-I, e Protonectin tendem a formacaagiegados em solucéo e/ou na presenca de
sistemas miméticos de membranas. Essas condichda pbuco exploradas constituiram o
objeto de interesse do presente estudo para estabehto de uma relacdo entre a formacao de

agregados, seletividade e eficiéncia de peptidieasivos.

Para a caracterizacao estrutural, a espectrosdegcroismo Circular (CD) assim como
de infravermelho por transformada de Fourier (FT3R) técnicas que possibilitam a analise de
estruturas secundarias. O FTIR vem se tornandotéomica muito utilizada para a deteccdo de
agregacao em se tratando de peptideos e protéilumayama e Tomida, 2004; Miller, et al.,
2013). A sensibilidade vibracional para a regidoespondente as estruturas secundarias (1600-
1700 cm') possibilita a verificacdo da formacdo de agregada faixa de aproximadamente
1620 a 1630 cih que é caracteristico de folhgsatermoleculares (Barth, 2007). Estudos com
proteinas e peptideos, relacionadas a doencas ooiklaheimer e Parkinson, por exemplo,
utilizam do FTIR para monitoramento da conformaegétutural, como reducdo das estruturas
secundarias, como héliee-aumento da formacdo de agregados (PeralvarenMaral., 2008;
Eisenberg e Jucker, 2012; Sarroukh, et al., 2013).

O mecanismo de interacdo entre os peptideos e rapastomodelo, assim como a sua
afinidade podem ser estudados por meio de espegpiasde fluorescéncia e também por
medidas de Potencial Zeta, podendo investigar @érfiia e a afinidade das interagdes na
presenca de diferentes composicoes lipidicas éediral., 2011; dos Santos Cabrera, et al.,
2008). A caracterizagdo do comportamento de peggids bicamadas lipidicas que modelam as
principais caracteristicas das membranas biologioaspossibilita predizer aspectos da forma e

do mecanismo de acdo em bactérias, fungos e efagé@lmorais (Sayegh, et al., 2016).
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Os Peptideos-Modelo deste Estudo
Jelleinas

O peptideo Jelleine-1, (JI), um dos peptideos dasel das Jelleinas, foi extraido de fonte
natural, a geléia real. Essa consiste em uma secr@gda e de coloracdo banca amarelada,
alimento principal das abelhas rainhas (Fujiwataale 1990). Produzida pelas operarias, sua
composi¢ao pode variar de acordo com o ambientea® ecologia da regido, mas mantendo-se
rica em vitaminas, minerais, proteinas, além déaidratos, como por exemplo, a frutose
(Palma, 1992). Estudos desenvolvidos por Fontaiwdadoradores (2004) extrairam, purificaram
e submeteram a varios testes bioldgicos, 4 petideélogos tipos da Jelleina-I, mostradas na
tabela 1.

Tabela 1- Sequencia primaria dos peptideos da familidel#sinas.

Peptideos Sequéncias

Jelleine- P-F-K-I-S-I-H-LNH,
Jelleine-ll T-P-F-K-1-S-1-H-LNH,
Jelleine-lll E-P-F-K-I-S-1-H-LNH,
Jelleine-IV T-P-F-K-1-S-1-HNH,

Fonte: Fontana et al. (2004).

Neste estudo as modificacbes dos anélogos da igégade residuo no N-terminal e
delecdo em Jelleine-IV), causaram algumas mudamgas;do bioldgica. A JI, em comparacao
com as demais jelleinas, possui algumas caradtasstelevantes como elevada atividade
antibacteriana (com MIC da ordem de g§/ml) e antifingica (MIC de 2,ag/ml). Para as
demais Jelleinas, a eficiéncia foi reduzida, cor@ M& ordem de 1pg/ml, 30ug/ml e nenhuma

atividade para J-11, J-1ll e J-1V, respectivamente.

A interacdo das jelleinas com bicamadas fosfolip&lide composi¢cfes semelhantes a
bactérias e fungos foi estudada, indicando altadatile litica para a JI em relacdo as demais.
Adicionalmente, por dinamica molecular, os resdtadugeriram a formacdo de agregados

guando na presenca de ambientes que mimetizanragesésticas fisico-quimicas e estruturais
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de membranas celulares (dos Santos Cabrera, 20&#l). Por esses motivos, o peptideo Jl vem
sendo usado como base pamesignde analogos que sao sintetizados com o intuitce debter
melhores agentes bioativos. Em trabalhos com angldg JI algumas modificagdes tornaram o
peptideo mais eficiente (Hansen, 2010) mas algwuhbstituicdes, principalmente do N e C-
terminais, reduziram a atividade antibacteriananf®eelli, et al., 2011; Capparelli, et al., 2012),
sugerindo uma forte influéncia dos aminoacidos akesggides para o melhoramento dos

peptideos.

No presente trabalho, dois analogos foram deseshadaintetizados: JIF2W, que
apresenta um residuo de triptofano (Trp) na posZ&w invés da fenilalanina presente na
sequéncia nativa, e o JIF2WR que além de possuiregiduo de Trp na posi¢cdo 2, como o
JIF2W, apresenta argininas (Arg) nas posicdes 3eenque se encontram a lisina (Lys) e a
histidina (His) na sequéncia da JI. A sequéncidldados analogos estdo apresentadas na tabela

2, assim como sua carga liquida e suas hidrofaileisl médias calculadas.

Tabela 2- JI e anélogos sintetizados. Sequéncias comspeatvas substituicdes em vermelho,
carga liquida (Q) em pH 5.5, hidrofobicidade me@iel>) e momento hidrofobicquf) segundo
Eisenberg et al., 1984, além de tempo de retefig@ein minutos).

Peptideos Sequéncias Q <H> My TR
(min)
Jelleine-I (1) Prd?heLys-lle-Ser-lleHis-LeuNH, +3 0.096 0,177 17.841
JIF2W ProTrp-Lys-lle-Ser-lle-His-LeuNH, +3 0.066 0,167 18.042
JIF2ZWR Profrp-Arg-lle-Ser-lleArg-LeuNH, +3 -0.186 0,399 16.989

O desenho desses analogos considerou basicamestprémissas:
1. A presenca de residuos Arg confere resisténaaitos de blindagem de carga pelos sais do
meio 0 que devera aumentar a eficiéncia;
2. A presenca de residuos Trp, pela sua preferé&eibocalizacdo em regides de interface
desestabilizando as membranas (Lim et a., 2013).

Estudos ja verificaram que peptideos ricos em TrAr@ possuem maior atividade

bioldgica (Chan, et al., 2006) e que algumas suwiglies na sequencia primaria por esses
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residuos podem favorecer sua bioatividade, comdiczgto por Pellegrini e colaboradores
(1997), em um fragmento da Lisozima (98-112), otrdeas de Asn por Arg aumentaram a
atividade bactericida, enquanto que a troca dgo@r@'yr reduziu a atividade. A substituicdo da
Lys por Arg também favorece a interagdo com bicawdibidicas, como verificado por Li e
colaboradores (2013) através de dinamica molecwdade um peptideo contendo Arg
demonstrou deformac¢des mais draméticas nessasaumlearem comparacdo com outro peptideo
contendo Lys, possivelmente pela desprotonacédoembnana, o que ndo acontece com a Arg.
Peptideos com substituicdo da Lys por Arg, invasitig em outro trabalho (Liu, et al., 2016),
mostrou que o peptideo rico em Arg teve seu tratspgela membrana celular facilitado em

relacdo ao analogo contendo Lys.

Protonectinas

Outro peptideo, Protonectin (PTN), extraido origmente de veneno de vespa social
Protonectarina sylveiragDohtsu, et al., 1993) e posteriormente do vendsmo/espaAgelaia
pallipes pallipes(Mendes, et al.,, 2004) despertou interesse pahoipnte pela sua acéo
bactericida paraP. aeruginosa(MIC de 1,7 ug/ml), além da reduzida atividade hemolitica
(Mendes, et al., 2004). Um analogo natural de PRdlybia-CP, com grau de semelhanca de
93%, segundo APDThe Antimicrobial Peptide Databas2018) com apenas uma modificagao
no residuo 11, onde uma glicina (G) foi substityida Serina (S) (tabela 3), vem se tornando
fonte de estudos por sua ag&o antimicrobiana, ipalmente enfS. aureuscom MIC de 4M
(Wang, et al., 2013), além de agéo fungicida paras espécies deandidg paraC. tropicalis
(MIC de 4uM) (Wang, et al, 2016). A acdo contra células tumadexighém foi avaliada tendo
demonstrado um MIC de 1dM em células de cancer de proéstata (PC-3) (Wargy,,2011).

Estudo desenvolvido por Baptista-Saidemberg e oddalores (2010), obtiveram
melhores atividades bactericidas, quando um fratgpnelenominado de Protonectin 1-6 (RTN
6), contendo os seis primeiros residuos da sequdad®T N, foi introduzido na propor¢cdo molar
1:1, junto a PTN, em solucdo. A tabela 3 mostraesgiéncias primarias da PTN e da PgN

com suas respectivas carga liquidas e hidrofoldeida
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Tabela 3 -Sequéncias primarias da PTN e RENCaracteristicas fisico-quimicas individuais e
da mistura, PTN/PTN;, como carga liquida (Q) em pH fisiologico, e hidtmcidade media
(<H>), calculada segundo Eisenberg et al., 1984.

Peptideos Sequéncias Q <H>

PTN lle-Leu-Gly-Thr-lle-Leu-Gly-Leu-Leu-Lys-Gly-LedNH, +2 0,276
PTNy6 lle-Leu-Gly-Thr-lle-LeuNH +1 0,417
PTN/PTN.¢ +3 0,323
Polybia-CP* lle-Leu-Gly-Thr-lle-Leu-Gly-Leu-Leu-LySer-LeuNH +2 0,278

*Wang, et al. (2013)

Ao analisar essa mistura, os autores observaramagsiga eficiéncia foi aumentada,
principalmente enk. coli e B. subtilis Outra caracteristica observada para essa miiiua
aumento do teor helicoidal determinado via CD, snde que a PTINg favoreceu a interacéo e
consequente maior estruturacdo da PTN (Baptistée8dierg, et al., 2010). Em outro estudo
desenvolvido por Baldissera e colaboradores (20th&jancas conformacionais na presenca de
micelas de SDS, foram encontradas em um estudo utapipnal para a PTN isolada e na
mistura (PTN/PTNg). Por simulacdo computacional foi possivel veaifiuma maior interacéo
entre a PTN e micelas de SDS quando na presen¢fl Nas, do que quando isolada. Essa
obervacdo sugeriu que ocorra uma reducdo da foomdedagregados na mistura quando

comparado a PTN isolada, favorecendo a interacalli®era et al., 2015).
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1.3 - Objetivos

O objetivo principal desse trabalho € investigar f@rnicas biofisicas dois tipos de
peptideos antimicrobianos de fontes diferentespraveniente da geléia real e o outro de veneno
de vespa, que tém em comum o fato de seus mecanidendnteracdo com ambientes que
mimetizam caracteristicas fisico-quimicas de mendwaelulares serem afetados por processos
de agregacao/desagregacao segundo resultados sol#itio estudos anteriores (Baptista-
Saidemberg et al., 2010; dos Santos Cabrera €2(dl4; Baldissera, et al., 2015). Entender os
mecanismos ligados a esse comportamento develmantpara que analogos mais eficientes e

seletivos possam ser desenhados.

Considerando os peptideos Jelleine-l (JI) e seddogos (JIF2W e JIF2WR), e
Protonectin e a mistura desta com a Protonectif),(spera-se especificamente estudar as

seguintes questdes:

1. Comprovar experimentalmente a formacao da agregagéi@s simulacdes por dinamica
molecular sugeriram em ambientes miméticos contéela estrutura e a composicéo

fosfolipidica de membranas de microrganismos e taso

2. Avaliar se a agregacao esta presente em todasdg@es estudadas e se ela pode estar

afetando a eficiéncia dos peptideos.

3. Verificar a relevancia de alguns aspectos estrstuespecificamente para JIF2W e
JIF2ZWR. Se as substituicdes na sequencia primaxidldque levou a geracdo dos
analogos conduziu a agentes antimicrobianos efoortoidas mais eficientes e/ou mais

seletivos.

4. Investigar a atividade litica em bicamadas lipisliceonsiderando a importancia desse
efeito no mecanismo de acdo de peptideos bioatdomtuito € verificar se ha uma
interacdo preferencial com bicamadas anidnicasvatierionicas e em quais delas os
peptideos sdo mais eficientes. A realizacdo dedel atividade hemolitica, assim como
acao antibacteriana, antifungica, além da citotdage em células normais e tumorais,

complementara o estudo da atividade litica.
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5. Investigar efeitos de curvatura de membrana eab#d#z das bicamadas lipidicas e sua

importancia para a atividade litica e bioldgica deptideos.

6. Investigar como e em que extensdo a constituic8flipidica da bicamada afeta a

insercao ou ligacao dos peptideos, como a afinidagdgeptideos por cada bicamada.

7. Avaliar biologicamente os peptideos em estudo adatéo a atividade hemolitica e acédo
em microrganismos como Bactérias Gram-positivasan@iegativasCandidae células

tumorais.
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Capitulo 2

2.1 — Materiais

Os peptideos Jelleine-1 (JI), JIF2W, JIF2WR, Prettim (PTN) e Protonectin (1-6)
(PTN,-¢) foram adquiridos da GenScrit (Piscataway, NJ, Y8As sequéncias sao apresentadas
nas tabela 2 e 3. Os fosfolipidios utilizados s8osimtéticos palmitoil-oleoil-fosfatidilcolina
(POPC, abreviadamente PC), palmitoil-oleoil-fosfiéetanolamina (POPE, abreviadamente PE),
palmitoil-oleoil-fosfatidilserina (POPS, abreviadame PS), palmitoil-oleoil-fosfatidilglicerol
(POPG, abreviadamente PG) e cardiolipina (CL),doios pela Avanti Polar Lipids (Alabaster,
AL, USA). O colesterol (Col) e ergosterol (Erg) dar fornecidos pela Sigma Chemical Co (S.
Louis, MI, USA), além dos marcadores difenilhexato (DPH), carboxifluoresceina (CF),
ANTS (8-aminonaftaleno-1,3,6-trisulfonato de sédiDPX (P-xileno-bis(N-brometo piridino),
acido 5-doxil-esterarico (DOXIL) e Metanol-ddeuterado). Outros reagentes sdo de qualidade
analitica ou superior. Para os experimentos de Rdédm utilizados dgua deuterada e dodecil
sulfato de sobdio (SDS) deuterado (D25), ambos Qlmbridge Isotope Laboratories,
Inc.(Andover, MA, USA). Cloreto de manganés (Mnfoi fornecido pela Reagen — produtos de
laboratorios (Colombo, PR, Brasil). Para os testesatividade bactericida foram usados as
Staphylococcus aureUATCC 6538), Pseudomonas aeruginogATCC 15442),Escherichia
coli (ATCC 25924) eStaphylococcus epidermidiaTCC 25923) e para a atividade fungicida as
Candidas: Candida albicangATCC 90028), Candida tropicaliATCC 13803), Candida
krusei(ATCC 6258),Candida parapsilosi$ATCC 22019), além de duas cepas clinicasdida
albican clinica(HB 5984) eCandida albican clinicdHB 5960). Nos ensaios de viabilidade
celular usou-se das célulsdH / 3T3 (ATCC® CRL-1658 ™), SK-MEL-28 (ATCC® HTB=2
™), HUVEC (ATCC® CRL-1730 ™) e MDA-MB-231.

Os tampoes utilizados foram citrato/fosfato com 8@ de NaCl em pH 5,5 para todos
0s experimentos com a Jl e analogos. Para os mg#ns em pH 7,5, os tampdes foram HEPES
com 150 mM de NaF para os experimentos de Potedei@, DLS e CD, e para o FTIR,
extravasamento de corante e DPH usamos o Tristd@,1mM de EDTA e 150 mM de NaCl.
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2.2 - Métodos

2.2.1 - Preparacgéao de vesiculas grandes (LUVSs)

Filmes finos de fosfolipideos na composicédo e coimaedo desejadas, contendo ou nao
marcadores fluorescentes de membrana, foram oldidseslvendo-os em cloroformio em tubos
de vidro de fundo arredondado seguido de evapomga&wmlvente sob fluxo de,N totalmente
seco sob vacuo. Segue-se a hidratagdo pela adegdanpdo (contendo ou ndo marcador
fluorescente) em temperatura acima da temperatideTransicdo entre as fases gel e liquido
cristalina. Ap0s homogeneizacdo a suspensédo é sdandeextrusdo através de membranas de
policarbonato (6 vezes em membranas de 400 nm\eZds em membranas de 100 nm) em
mini-extrusor Avanti Polar Lipids, Inc (Alabastexl, USA). Havendo a presenca de marcador
fluorescente no tampao, seu excesso € removiderpanatografia de permeacdo em gel em
coluna de Sephadex (G-25M) (Amersham BiosciencekiBghamshire, UK).

O intuito é investigar a interacdo dos peptidedsmaanencionados com bicamadas
lipidicas compostas de palmitoil-oleoil-fosfatidilma (PC), palmitoil-oleoil-
fosfatidiletanolamina (PE), palmitoil-oleoil-fosfdilserina (PS), palmitoil-oleoil-
fosfatidilglicerol (PG) e cardiolipina (CL), alémodcolesterol (Col) e ergosterol (Erg). As
bicamadas lipidicas mimetizam a composicao fodftitp de membranas de bactérias Gram-
negativa na composicdo molar de PE:PG 76:24 (Sh8w#4), de bactérias Gram-positiva na
composi¢cao molar de PG:CL 50:50 (Lohner, 2001 )udgosC. albicansna composi¢cdo molar
de PC:PS:Erg 40:40:20 (Loffler et al., 2000), dedtes na composicdo molar de PC:PS:Col =

60:20:20, e de eritrécitos na composi¢cdo molar@e=R00 (Mahalka e Kinnunen, 2009).

2.2.2 - Determinacao de CAC via fluorescéncia

O estudo da agregacdo de peptideos em meio aqudsogéande importancia para
acompanhar seu comportamento quando em solucdicamad sua conformagdo para uma
posterior interagdo com bicamadas lipidicas. Bvssstigacdo pode ser realizada fazendo-se uso
de algumas sondas fluorescentes uma vez que estasfornecer informacdes do meio em que

se encontram. Essas pequenas moléculas sofrenrbpefias pela presenca dos agregados,
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variando suas propriedades fluorescentes que aesulé sua interagdo ndo covalente com essas
moléculas maiores (Brand, L. e Gohlke, J.R., 1972).

Uma das sondas bastante utilizada em estudos gemopique € uma molécula muito
hidrofébica, como mostrado na figura 8, com banalslidade em agua e sendo assim interage
preferencialmente com moléculas anfipaticas em paedo hidrofébica, localizando-se
preferencialmente no interior de agregado que s@dm com 0 aumento concentracdo do
componente em estudo (Martari e Sanderson, 2008).

Figura 8 — Estrutura molecular do pireno

Fonte: Sigma-aldrich (2018)

O pireno possui um espectro de emissdo muito eafsiito, como mostrado na figura 9.
O pico | esta relacionado a polaridade do solventeais significativo que o pico Ill. Com a
formacdo dos agregados e o pireno se interiorizpongdo hidrofobica desses agregados e a
intensidade do pico | é reduzida, indicando quelarglade do meio foi reduzida. A razédo entre
as intensidades dos picos | e Ill, ou seja, I/llitiézado para indicar a formacédo de agregados da
molécula em estudo (Vieira, et al., 2003).

24



Figura 9 — Espectro de emissdo do pirenodvi2zem tampéo citrato/fosfato com 150 mM de

NaCl com a indicagao dos picos | e Il utilizad@sga determinacdo do CAC.
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Fonte: Préprio autor (2018)

Para a determinacdo da concentracdo de agregatiéa CAC) utiliza-se da razéo entre
as intensidades dos picos | (373 nm) e Il (384,ramjle a razdo se torna menor com o0 aumento
do grau de agregacéo, ou seja, empacotamento da sarformacdo de agregados (Vieira, et al.,
2003).

2.2.3 - Espectroscopia de infravermelho (FTIR)

FTIR € uma técnica sensivel a estrutura secundariproteinas e também usada para
estudar estados agregacionais. A banda Amida ifaetp vibracdo de estiramento C=0, que
corresponde aos nimeros de onda de 1600 a 1780vem sendo muito usada na literatura para
identificar estruturas secundarias de peptideosoteipas (Jackson e Mantsch, 1995; Barth,
2007; Sarroukh, et al., 2013). A partir da anaflaeregido € possivel detectar, por exempio,
hélices e folha§ que apresentam frequéncias vibracionais em apemamente 1653 e 1635
cm’?, respectivamente (Shai, 2013). A freqiiéncia vibread de um agregado ocorre por volta de
1620-1625 cri devido a diferenca no ambiente hidrofébico (Mikésl., 2013).
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Tabela 4— Estrutura secundéria e seus respectivos liéegimero de onda na regido Amida |

Estrutura Secundéria NGmeros de onda (crit)
Agregacéao 1620 - 1625
Folhasp 1630 — 1640
Aleatorio 1640 — 1650
Hélicew 1650 — 1660
Voltas 1660 — 1685

Fonte: Murayama e Tomida (20@8rth (2007) e Miller et al. (2013).

Uma aproximacdo amplamente utilizada para eximgarmacoes estruturais do espectro
de IR de proteinas e peptideos esta ligada a umedirnento computacional chamado de
deconvolucédo espectral a partir da segunda derigdadespectro. Este procedimento, algumas
vezes chamado de “melhoramento de resolucdo” oalctena definicdo”, permite maior
separacdo e assim melhor identificacdo (visual@agda sobreposicdo de componentes
estruturais da banda Amida |. Os niumeros de onslaed@ectivas estruturas e suas posicdes sédo
obtidos a partir da 22 derivada, indicando ond@ocess componentes e quais sédo as estruturas
secundarias presentes sob o contorno da bandatrespmmmpleta. O ajuste é feito através
multiplas gaussianas, permitindo determinar qudis slas. Uma vantagem do método de
deconvolugdo é que ele introduz menos distorcad@spectro, ndo afetando as intensidades
integradas (areas) das componentes individuaisaddab(Surewicz et. al., 1993; Murayama e
Tomida, 2004). A figura 10 exemplifica a deconvéloge obtencdo das multiplas Gaussianas
simplificada, correspondentes a cada estruturansi@cia.
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Figura 10 — Espectro de FTIR ilustrando as variasdhs estruturais e em destaque a banda
Amida |, da regido de 1600 a 1700 tnNa figura menor, uma vista expandida da banda em

destaque com as deconvolugdes e suas respectitabuigdes de estruturas secundarias.
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Fonte: Miller, et al. (2013).

Espectros de ATR-FTIR foram coletados com um dspietdometro Spectrum Two
(PerkinElmer, Beaconsfield, UK) em tampéo deuter@Citrato/Fosfato com 150mM de NaCl
em pH 5,5 para a JI e analogos e Tris’EDTA com Maie NaCl em pH 7,5 para as PTN e
mistura) e na presenca das diferentes vesiculasongsosicdes acima descritas. A formacéo das
vesiculas na composicao fosfolipidica desejadata &n aproximadamente 280 de tampéo
deuterado e extrusadas, e em seguida, amostrggeggaradas na razéo de lipideo/peptideo de
5:1 (Saravanan et al.,, 2012). Apos 2 horas pardil@qgdo, essas amostras sdo diretamente
aplicadas ao detector equipado com cristal de ditana os espectros coletados séo registrados e
tratados pelo software Spectrum 10™ (E.U.£ipquenta interferogramas foram coletados para
cada espectro com uma resolucdo espectral de'2seguido de uma correcéo de linha de base
(baseling. O espectro da solucdo com vesiculas foi sulmtrdédespectro da vesicula+peptideo
para obter apenas a contribuicdo do peptideo. Asande estrutura secundaria foi realizada
segundo a técnica de deconvolucao dos espetrosgida rda banda Amida I', de 1700 a 1600

cm™.
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2.2.4 - Espectroscopia de dicroismo circular (CD)

O dicroismo circular (CD) € outra técnica espectipeca empregada na determinacdo da
estrutura secundaria de peptideos em interacdo \@situlas de diferentes composicdes.
Espectros de CD sao coletados no intervalo de éorapto de onda de aproximadamente 190 a
260 nm, usando um espectropolarimetro J-815 (JAB@®@national Co. Ltd., Téquio, Japao), a
25°C, utilizando cubetas de quartzo de 0,5 cm dente 6ptico e tomando-se 10 acumulacbes
com velocidade de 50nm/mim. A elipticidade obseay@dmdeg), apos corrigida em funcao da
diluicdo, quando necessario, é descontada da tespdmha de base. Esses dados séo
convertidos para elipticidade molar média por nasjcho caso de peptideo®)][ usando a

relacao

100-6

[@] (deg cm2/dmol) = I(,'(Tl)

ondel é o caminho Optico em cm,é a concentracdo de peptideo em mkl & o nimero de

ligacdes peptidicas possiveis.

A conformacédo estrutural adquirida por peptideoslepo apresentar espectros bem
caracteristicos de cada estrutura, como mostradigura 11. Para determinacdo do percentual
estrutural de cada conformacédo nos espectros déoCilizado o programa CD-Pro [CONTIN,

SMP56] com os dados espectrais ja na forma decsdiptle molar (CDPro software, 2004).
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Figura 11 — Espectros caracteristicos das prirgipastruturas secundarias: Hélice-

conformacde$ e alcas ou também conhecidas como voltas.
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Fonte: Nelson e Cox (2014).

2.2.5 - Extravasamento de corante

Extravazamento de marcador fluorescente encapsudadolLUVs, induzido pelos
peptideos em estudo, serd monitorado por espedgosmissdo de fluorescéncia usando o
espectrofluorimetro ISS modelo PC1 (Urbana, ChagmpaiL, USA). Nestes experimentos,
aliquotas do estoque de peptideo em estudo seiaratia sob agitacdo a cubeta de quartzo de 1
cm de caminho Gtico, contendo a solugéo de fgstidios (100uM), em tampéo Citrato/Fosfato
e 0,15 M de NaCl, na presenca da sonda fluores@&N®&S/DPX (pH 5,5) para JI e seus
analogos e carboxifluoresceina (pH 7,0) para a RTH mistura PTN/PTN;. Para CF o
comprimento de onda de emisséo de fluoresc&BR0 nm, com excitacdo em 490 nm; e para
ANTS/DPX o comprimento de onda de emissA®30 nm com excitacdo em 360 nm. A
intensidade de fluorescencia em funcdo do tempiilizada para determinar o percentual de
marcador fluorescente liberado: % vazamento = X206 - Fo)/ (Fio0 - Fo), ondeF é a
intensidade de fluorescéncia medida (em unidadasaias),F, corresponde a intensidade de
fluorescéncia de LUVs intactosFag € a intensidade de fluorescéncia apoés liberagab do
conteudo das vesiculas, obtido por adicdo d@l2@de solucdo de Triton X-100 a 10%. Estes

dados foram analisados por meio de curvas de dsp®sta, % vazamento vs concentracao de
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peptideos e a variacdo da intensidade de emissdongdo do tempo foi analisada por meio de

relacdes para cinética exponenciais (dos Santoe@adt al., 2008).

As curvas dose-resposta sdo obtidas a partir dosegade % extravazamento em funcéao
da razao [P]/[L]. Estas curvas possuem perfil sigiadce foram ajustadas pela equacao sigmoidal
de Boltzmann:

(41— 4;)

x_xO

y=A4; 1
(1 +expX20)

onde a % de extravasamento (y) depende de x, a [&34L], A1, a minima % de
extravazamento, Aa maxima % de extravazamentg,ax[P]/[L] em um % de extravazamento
igual a 50% e dx o intervalo do eixo x correspomeleninclinacdo da curva sigmoidal. Uma
representacdo da curva dose-resposta € represeatéigara 12, de onde é possivel determinar a
[PY)/[L] critica @ partir da interseccdo entre duas retas, umgassa por Ae outra que segue a
inclinacdo da curva.

Figura 12 - Representacdo esquematica dos par@mgtesentes na equacdo sigmoidal de

Boltzmann. Baseado nos dados obtidos com o pepfidigbia MP-3
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Fonte: Slade (2010).
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2.2.6 - Anisotropia de fluorescéncia da sonda DPH

Para monitorar alteracbes no empacotamento lipiditenilhexatrieno (DPH) deve ser
incluido aos filmes lipidicos a fracdo molar ba{x®,002). Varias concentracdes de peptideos
foram testadas para uma concentracdo fixa de VasidZhao, 2002). A anisotropia de
fluorescéncia foi medida no espectrofluorimetro i&&ielo PC1 Urbana, Champaign, IL, USA),
utilizando-se polarizadores de Glam-Thompson, eutadla por meio das componentes paralela e
perpendicular da emissdo quando DPH é excitado fedre polarizado nestas direcdes. As
intensidades entre as diferentes direcoes em cela@@misséo e excitacdo, ou seja, paralelo e
perpendicular, € corrigida pelo fator G, que ézioada sensibilidade dos sistemas de deteccao
entre as intensidades da luz polarizada horizoetatlen na excitagdo com a luz polarizada
verticalmente e horizontalmente na emissdo. A efuagbaixo mostra o célculo segundo
Lakowicz (2006):

Onde Ly e iy corresponde a luz polarizada na horizontal paciagéo e vertical na

emisséo (v) e horizontal na emissao e na excitacag)(l

Os feixes de excitagéo e emissao séao fixados ere 360 nm, e a largura das fendas de 2
nm (dos Santos Cabrera, et al., 2014). O calalanisotropia de fluorescénciag¢ feito a partir

da equacéo,

_ lvv—Glyn
Iyy+2Glyy

Onde |y e hy correspondem, respectivamente, a luz polarizademigal para excitacdo

e emisséo (l/) e horizontal na emisséo e vertical na excitatag.(

2.2.7 - Potencial Zeta e tamanho de vesiculas (DLS)

Para quantificar a extensdo da interacdo eleticast@ntre diferentes bicamadas e
peptideos, medidas de potencial zeta foram utdizath determinacéo de coeficientes de particao

(Freire et al., 2011). O potencial zeta € medidonpeio de mobilidade eletroforética de vesiculas
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(LUVs) em concentracdes especificas para cadadeeptia presenca de diferentes concentracbes
dos peptideos em estudo, utilizando o equipameptaszer Nano ZS (Malvern Instruments,
Malvern, Worcestershire, UK), em uma cela de pofyeno especifica, apds 15 minutos de
equilibracdo. A adsorcdo dos peptideos a vesi@n@nicas altera sua densidade de carga e
consequentemente o potencial zeta, aumentandogoeggivamente até um valor limite que pode

ser negativo, neutro ou positivo.

Figura 13 — Esquema da distribuicdo eletrénicamorao de uma molécula com carga negativa,
indicando a regido onde é determinado o potenei Z

Distance fro:'n parl;clo sulrfaco
Fonte: Zetasizer nano user manual (2013).

O potencial zeta é calculado através da mobiliddd&oforética,ug, de acordo com a
equacao de Helmholtz-Smoluchowslk nue/ €€o, onden € a viscosidade da fase aquaga a
permissividade do vacuo&78 € a constante dielétrica da agua. Os valoresgsdesidade e
indice de refracdo da agua séo 0,8872 cP e 1,880fectivamente (Nelson e Cox , 2014). Os
dados sdo analisados pelo software do equipamentecendo o potencial zeta médio. As

equacdes a seguir sdo usadas para o célculg de K
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{final =1 X1.Zpeptideo P
Co fPL[L]Zlipideo '

_ Kpyi[L]
Y AT
onde Zepiideo® Zipideo SA0, respectivamente, as cargas absolutas do@epsi do lipidediina € (o
sdo respectivamente o valor do potencial zeta rzad fle cada titulacdo e o valor inicial na
auséncia de peptide¥; é a fracdo molar de peptideo ligado na vesicllpe[[P] sdo as
concentracdes de lipideo e peptidep,a fracdo de fosfolipideos anidnicos na composuz

vesiculas g_ volume molar do lipideo (Freire et al., 2011).

O diametro meédio das vesiculas nos da o tamanhopddgulas em solugdo. As
particulas suspensas em um liquido séo iluminaokasrpa luz dispersa por alguns minutos e por
nao serem estacionarias, ou seja, estdo constarieer@e movimento devido ao movimento
browniano. O movimento browniano é o movimento deipulas devido a colisdo aleatoria com
as moléculas do liquido que o envolve. Uma caristies importante do movimento browniano
para oDynamic Light ScatteringDLS) é que pequenas particulas se movem rapidament

enguanto que as particulas grandes se movem nvaigatdmanual Zetasizer Nano, 2013).

Figura 14 — Esquema do espalhamento de luz caymdddamanho das particulas, atingindo o
detector.
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Fonte: Zetasizer nano user manual (2013)
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Esta técnica tem sido utilizada para monitorar aslancas do tamanho das vesiculas
devido a interacdo com peptideos e verificar a #&gdo de agregados. O didametro médio das
vesiculag determinado por espalhamento de luz usando unt@ fienluz laser He-Ne (633 nm),
operando a um angulo de espalhamento de’, T8 mesmo equipamento utilizado para
determinacdo do potencial zeta, e também para otacées diferentes dos peptideos em
estudo.

2.2.8 - Experimentos de Ressonancia Magnética Nuate

Para a determinacgao estrutural via RMN, o assireitmsequencial do sistema de spins e
suas conexdes sdo obtidos dos espelite2D COSY, *H-2D TOCSY e'H-2D NOESY. Cada
residuo € constituido de um sistema de spins, adoplde forma Unica e possuem padrbes
espectrais que os diferenciam entre si (Fadel,)2008onexdo entre os sistemas de spins dos
residuos, ou seja, a ligagdo e interacdo entretal@® da sequéncia primaria, com resultante da
sua estruturacédo, é de possivel identificacdo @gpectro HomonucledH-2D NOESY. Nesse
conjunto de sistemas de spins determina-se os anidus sequencialmente vizinhos,
identificados pelas conexdes inter-residuos enpeton ligado ao carbono alfa de um residuo e
0 préton ligado ao nitrogénio amidico do residubssguente, ou ligado a outros prétons de
demais regides (Clore e Gronenborn, 1993). Essaslagdes juntamente com o assinalamento

do sistema de spins, possibilitam a determinac&suttatura secundaria do peptideo.

A interacdo entre peptideos e bicamadas lipidicdazi a estruturacdo do peptideo e
mudancgas estruturais podem ocorrer em diferentéssmecomposi¢cfes fosfolipidicas (Yin, et
al., 2012; Matrtins, et al., 2017). A determinacacedtrutura tridimensional da PTN foi realizada
na presenca de micelas de SDS, simulando ambieuesse assemelham a membranas
biolégicas (Hugonin, et al., 2008).

O experimento utilizou a metodologia classica eptatta por Fadel (2003) para
determinacdo estrutural por RMN em solucdo, senddomonuclear'H-2D COSY, *H-2D
TOCSY e’H-2D NOESY. Os espectros COSY foram coletados com 16adss Os espectros
TOCSY foram adquiridos usando uma sequénciapid®elockDIPSI com intensidade de campo
de 10kHz e tempo de evolucdo de 80 ms. J& os esp®™DESY foram obtidos com tempo de
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300 ms. Ambos, TOCSY e NOESY, foram coletados c@maguisicdes e 512 scans. Esses
experimentos foram utilizados para os assinalamee&iduais, sequénciais e coletas de vinculos
espaciais (Wuthrich, 1986). Os peptideos liofilamdoram dissolvidos para a concentracdo de
1mM em tampéao fosfato 5 mM (pH 5.0), 100 mM de Sititerado e 10% JO para os
experimentos de determinacao estrutural. Paraificaefio da exposicdo dos peptideos, foram
usados as sondas paramagnética$’ Bliconcentracdo de 0.1mM e o DOXIL a 1mM, dissolvido
em metanol deuterado. Todas as amostras continhd@m-dimetil-4-silapentano-1-sulfonato
(DSS) (0,00 ppm) utilizado para referenciar a caljfio dos espectros. A supressao da agua foi
alcancada pelo esquemW/ATERGATE Todos os experimentos foram realizados no
espectrometro Varian Unity de 599,887 MHz, a 25°C.

O posicionamento relativo da cadeia peptidica derfigee da micela de SDS sera
determinado pelo uso de sondas paramagnéticaslegiieoEssas sondas possuem elétrons ndo
pareados, encontrados em radicais organicos emetéicos (Otting, 2010). Utilizou-se como
sondas para esse trabalho o fon Mangané$*(Mmo organico 5-doxil acido esteérico. O efeito
paramagnético de Mh é verificado na regido exposta ao solvente e pafdoxil acido

estearico, na regido em contato com a micela, cepr@sentado na figura esquematizada 15.
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Figura 15 — Esquema da micela de SDS com a repaesen das respectivas sondas

paramagneéticas, indicando suas respectivas locaéza

Fonte: Préprio autor (2018)

Agentes paramagnéticos provocam o alargamentoirdeass|de ressonancia de residuos
em sua vizinhangca e a consequente diminuicdo @asidade em picos dos espectros 2D de
RMN (Damberg, et al., 2001). Comparando-se a sitlaidle dos picos nos espectros sem e com
a adicdo das sondas paramagnéticas identificatsgi@es de contato com o meio que contém a
sonda (Jarvet et al, 2007).

Os espectros bidimensionais foram processados aisansoftware nmrPIPE (IBBR,
2018). A analise dos espectros, assinalamento idtamas de spins e correlacdes entre 0s

sistemas de spins, além da determinacdo das itéeles e areas dos picos cruzados foram
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realizados pelo software CARA (Keller, 2004). Paranodelagem molecular utilizou-se o
software UNIO (Herrmann, 2002), com ferramentasdasapara o calculo e calibracdo de
restricbes NOE, aplicando o algoritmo CANDID parsélese NOE e CNS para calculo de
estrutura utilizando dinamica de angulo de tor¢c@ieéeodos de recozimento simulado (Brunger,
et al.,, 2010). O software realiza 7 checagens dsshaamentos e correlagdes, analisando
possiveis violacdes de restricdes estruturais, paraefinamento, otimizagdo e minimizacao de
energia da estrutura. Apdés a rodada final de nefarmo, as conformacfes de minima energia
foram consideradas para andlise. A qualidade esfemmica foi verificada pelo pacote
PROCHECK_NMR (EMBL-EBI, 2010). Para a verificaca® alteracdes estruturais e agregacao
da PTN na presenca da Pid\foram utilizados o desvio quimico e a largura gaos nos
espectros TOCSY.

2.2.9 - Atividade antibacteriana e antifungica

Para avaliacdo do potencial antimicrobiano dos igep$ utilizou-se o0s seguintes
microrganismosStaphylococcus aure8TCC 6538),Pseudomonas aeruginoaTCC 15442)
para ambas as classes de peptideos (Jelleinasoad@tmas), além dascherichia coliATCC
25924) eStaphylococcus epidermidiATCC 25923), apenas para as Jelleinas. Paraiaagio
da manutencdo e cultivo dos microrganismos utitg@uo meio de cultura Miller-Hinton
(Difco). A manipulagédo das cepas bacterianasealizada em camara de fluxo laminar vertical
sob condicdes estéreis. Os indculos foram preparaaiosolucdo salina (NaCl 0,9%) a partir de
colonias novas (colonias de 18 horas). A conceftragos indculos foi ajustada aluida
contendo uma suspens&o de bactérias com aproxireatiai unidades formadoras de colénia
(UFC), verificado através da turbidez da solucauedo as bactériaEm seguida preparou-se
as microplacas adicionando-se 200de inéculo em 20 mL de meio Muller-Hinton liquidem
cada orificio da placa foram adicionadosylOde solugéo de peptideo incluindo tambénullO
de inoculo (diluido em &gua esterilizada em difesernconcentracdes (de 0,25/ml a 500
ug/ml)) e 80uL de meio Muller-Hinton liquido. Para o valor déer@ncia zero adicionou-se 80
uL de meio Miller-Hinton liquido, e 10L de agua deionizada esterilizada epd10de solucéo

salina. Para o valor de referéncia 100%, forami@uclos 1QiL de dgua, 1QL da suspenséo de
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indculo e 80uL de meio Muller-Hinton liquido. As placas forantubadas em estufa de cultura
a 34 °C, por 18 horas. Apés este periodo, adicieeodO ul do cromoforo cloreto de
trifeniltetrazolium (TTC) (Mallinckrodt) na conceatéo de 0,5% (m/v) em agua e as leituras sao
realizadas apés 3 horas de re-incubacao das matastufa a 34 °C. Em seguida determinou-se

a Concentracao Inibitéria Minima (MIC) para todespeptideos testados.

Para a andlise de atividade antifungica, foi @de a metodologia estabelecida pela
Clinical and Laboratory Standards Institu(€LSI) M27-A3 (2008), utilizando-se a técnica de
microdiluicdo em caldo. Para realizacdo do ensaiam utilizadas as seguintes cepaandida
albicans(ATCC 90028) para ambas as classes de peptidgtedn(ds e ProtonectinaslCandida
tropicalis (ATCC 13803),Candida kruse{ATCC 6258),Candida parapsilosi$ATCC 22019),
além de duas cepas clinicdandida albican clinicdHB 5984) eCandida albican clinicdHB
5960), para as Jelleinas apenas. Essas cepas [foessiamente inoculadas em meio RPMI
liquido e incubada por 16 horas a 37°C para azagb do ensaio. ApOs este periodo, utilizou-se
microplaca estéril de 96 pocos com diluicbes sadatbs peptideos (100 pg/mL a 0,8 pg/mL)
em meio RPMI contendo uma suspensdo de levedura aoximadamente f@inidades
formadoras de colonidJEC). A placa foi incubada por 24 horas a 37°C e\adatile antifiungica
foi expressa em Concentragéo Inibitoria Minima (MIComo controle de inibigdo antifiungica
foi utilizado Anfotericina B e para o controle dstexilidade, utilizou-se somente o meio de

cultura (controle negativo).
Célculo da concentracao inibitoria fracionaria

A combinacao terapéutica entre dois ou mais ag@ues favorecer ou ser indiferente na
morte de um patégeno. O potencial antimicrobiara pesociacdo de mais de um agente pode
ser medido através da determinagcdo da concentiaitétdria fracionaria fractional inhibitory
concentration- FIC) (Walkenhorst, 2016). Essa associacdo segButhelz e colaboradores
(2006) pode ser calculada pelo indice FIC que spmede a razdo entre o MIC da mistura pelo
MIC apenas de um dos agentes, segundo a equacao.

FIC — MICmistura
MICisolado
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Esse indice indica se a interacdo € de sinerd@<(B,5), onde a presenca do segundo
agente acelera a morte do patdgeno; de aditivifia8e-1C<1,0), sugerindo apenas a adicdo de
mais um agente ao sistema, causando minimas difeyem acdo; indiferente (1,0>RKZ0),
guando ndo ha diferenca na morte do patdogeno petemnra do outro agente; e antagonista
(FIC»4,0) onde o segundo agente prejudica a agdodita (Schelz, et al., 2006; Walkenhorst,
2016).

2.2.10 — Atividade hemolitica

O estudo de atividade hemolitica € um importantérpatro para avaliar a seguranca de
peptideos naturais e/ou sintéticos frente a erit®@tiumanos (Kosikowska et al., 2016), sendo
assim, a atividade hemolitica dos peptideos foliaa segundo modificacbes da metodologia

descrita por Souza e colaboradores (2005).
Obtencdao dos eritrocitos

Para a obtencado dos eritrécitos, utilizou-se arasdie sangue obtidas de voluntario do
grupo de pesquisa, com autorizacdo do Conselhgoeséntacio para Apreciacdo Etica (CAAE)
com numero de registro 69088517.5.0000.5466. Unastende 500 puL de sangue em 50 pL de
solucdo salina (NaCl 0,85%, CaCl2 10 mM) foi maamtmbr 15 minutos sob agitacéo leve para
evitar coagulagéo. A suspensao de eritrocitosdatrdugada em centrifuga clinica a 3000 rpm
durante 15 minutos. O sobrenadante foi descartagooglulas foram re-suspendidas em 10 mL

de solucéo salina, para lavagem dos eritrocitogefRese a etapa anterior por mais duas vezes.

O sobrenadante da ultima centrifugacédo foi destarégao concentrado de heméacias foi
considerado como 100% de células. Em seguida pasml&Zzacdo dos ensaios de atividade
hemolitica, preparou-se uma suspensao de eritsddimindo-se (100% das células), com

solucéo salina isotbnica a 1,5%.
Ensaio de hemolise

O ensaio foi realizado em microplaca de 96 pocake arada orificio continha 146 de
diferentes concentracdes de cada peptideo (0,P agdtl), previamente dissolvidas em 10 mL
de solucéo salina. Em cada poco foram adicionadq@d 9da suspenséo de eritrocitos perfazendo
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um volume final de 100 pL. Para o controle de 0% emolise formam adicionados 1Q de
solucao salina e 9L da suspenséo de eritrécitos e, para o controliddes de hemdalise, foram
adicionados apenas 10 pL de solugéo salina aceedeid% (v/v) do agente hemolitico Triton X-

100, em 90 pL de suspensao de eritrécitos.

A placa foi incubada em temperatura de 37°C poorashsob leve agitacdo. Apos este
periodo, o contetudo de cada orificio foi centrii@@or 5 minutos a 3000 rpm. Posteriormente,
o sobrenadante foi transferido para uma nova @aa#ao realizou-se as leituras de absorbancia,
em leitor de placas (Biotrak Il - AMERSHAM BIOSCIEM), com filtro de 540 nm. Todos os

ensaios foram realizados em triplicata.

A porcentagem da atividade hemolitica foi deteruiéna partir a equacao a seguir:

Abs;,; — Absyo
%hemolise = < leitura Mj) * 100

Absyg09%, — Absgy,

Onde a Abgiwra CcOrresponde a absorbancia determinada para oqoogm peptideo em estudo,
Absyy, € AbSooy Correspondem as absorbancias do controle de O0%enlise e 100% de

hemolise, respectivamente.

2.2.11 - Ensaio de Viabilidade Celular para Protonginas

Esses experimentos foram realizados no Institute@icina Molecular da Universidade de
Lisboa, Portugal, sob supervisdo do Prof. Dr. MigueR. B. Castanho como parte do projeto de
colaboracdo SPRINT/FAPESP No. 50187-8.

A atividade citotoxica in vitro de PTN, PThe da mistura PTN/PTN foi avaliada através
de um ensaio de MTT (Figueira et al. 2017). Resamihte, células MDA-MB-231 (cancer de
mama) foram semeadas a 3.000 células poul8m uma placa tratada com cultura de tecidos
de 96 pocos (TPP) e incubadas por 24 h. O meialiigr& de células foi substituido em cada
poco por 100 pl de peptideo diluido em meio compis¢énto de soro (0,01 - 200 uM) apos
lavagem com solucdo tampéao fosfato salino (PBS)céhglas foram incubadas com o peptideo
por 24 horas e 1L de solugcdo 5 mg/mL de solucdo de MTT foram adiatns diretamente a

cada poco para uma incubacao final de 2 horaslnk@mée, o sobrenadante de cada poco foi
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descartado, os cristais de formazan formados faalubilizados pela adicdo de 1%Q de
DMSO de grau espectrofotométrico e a absorbancaddida em 540 nm. Controles para 100%
de viabilidade celular e 100% de morte celularroraalizados utilizando meio isento de soro e
meio com 20% de DMSO, respectivamente. A porcentagke viabilidade celular foi
determinada como: (Absorbangideo+ceiukAbsorbancis csuid X 100 e o percentual de morte
celular (%) como: 100 - (porcentagem de viabilidadrilar). As experiéncias foram realizadas

em dois dias diferentes com culturas de célulacittas independentemente.

2.2.12 - Ensaio de Viabilidade Celular para Jelleas

Cultura de células

As células NIH / 3T3 (ATCC® CRL-1658 ™) (Fibrobastwormal), SK-MEL-28
(ATCC® HTB-72 ™) (Melanoma) e HUVEC (ATCC® CRL-1730") (Endotelial normal)
foram gentilmente doadas pela professora Janeef\egsses experimentos foram realizados sob
a supervisdao do Prof. Dr. Manoel Arcisio-Mirandanb@s do Departamento de Biofisica,
Unifesp , Brasil. A NIH-3T3 e SK-MEL-28 foram cutdas em meio de Eagle Modificado por
Dulbecco (DMEM, Sigma-Aldrich), suplementado conf?d@e soro bovino fetal (FBS), 100
U/mL de penicilina e 100 mg/mL de estreptomicinguanto células HUVEC foram cultivadas
em meio RPMI-1640 (Sigma-Aldrich) suplementado ct®f% de soro bovino fetal (FBS), 100
U/mL de penicilina e 100 mg/mL de estreptomicina.tfes linhas celulares foram mantidas em
incubacado a 37°C e 5% de £0

Teste de viabilidade celular

Avaliou-se a viabilidade celular por ensaio de etmde 3- (4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolio (MTT) como previamente descritta(Silva, 2018). Resumidamente, as células
foram plaqueadas a 1 x “Lfor poco em placas de 96 pocos. Vinte e quatrashapés o
plagueamento, o meio foi completamente substitpmtomeio sem penicilina / estreptomicina e
o peptideo em diferentes concentracdes (5, 10,5Muenol/L) foi adicionado ao teste. Apos 24
h de incubacédo, 0,05 mg/mL de MTT (Sigma-Aldrich.,C8t. Louis, MO, EUA) foram
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adicionados a cada poco e as placas foram aindédbddas a 37 ° C durante 4 h. Os
sobrenadantes foram cuidadosamente removidos @108 dimetilsulféxido (DMSO, Synth®,
SP, Brasil) foram adicionados a cada poc¢o parabsialar os cristais de formazan. A seguir, a
densidade Optica foi medida em 570 nm com um leidomicroplacas (BioTek Instruments, VT,
USA).
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CAPITULO 3 - JELLEINE-I E ANALOGOS

Resultados e discussdes

A Jelleine-1 (JI) é um peptideo de 8 residuos jadesto por Fontana e colaboradores
(2004) tendo apresentado atividades bactericidantdélmagica (Fontana, et al.,, 2004). Foi
encontrado na geléia real juntamente com 3 outnékgos (Jelleine-Il, Jelleine-1ll e Jelleine-
IV) nos quais a introducdo ou supressao de apemasesiduo no N- ou C- terminal levou a
diferentes perfis de atividade antimicrobiana (TabE) sem contudo apresentarem efeitos
indesejaveis como atividade hemolitica ou de dedagio de mastocitos (Fontana et al., 2004).
Posteriormente as Jelleinas foram objeto de eskidtEsnaticos de substituicdo de aminoacidos
(Hansen, 2010; Romanelli et al., 2011; Cappardlliak, 2012; Lim et al.,, 2013) talvez
provocados pelos fatos da Jelleine-l ser um peptitke fonte provavelmente segura e que
apresenta relevante atividade antimicrobiana e abaitotoxicidade (Fontana et al., 2004,
Romanelli et al., 2011). Mais recentemente asidakeforam investigadas em sua interagdo com
bicamadas lipidicas com o objetivo de aprofundaomhecimento de seus mecanismos de agao
(dos Santos Cabrera et al., 2014). Esses estudsisanaon que Jelleine-1 apesar do baixo grau de
estruturacdo age sobre bicamadas lipidicas e tarfdemar agregados, que se assemelham a
pequenas esferas em grupos de 4 moléculas e goedegsa forma sobre a bicamada. Esses
achados conduziram ao presente estudo onde nowdEngas na sequencia foram introduzidas

para observar efeitos no perfil de atividade e Beanismo de acgéao.

Nesse capitulo vamos apresentar um estudo dasJheatogos, JIF2W e JIF2WR, com o
intuito de melhoramento na atividade antimicrobjaramtifingica e possivel atividade
antitumoral, tomando-se como vantagens a auséecatividade hemolitica da JI ja reportada
(Fontana, et al., 2004) e o fato de que a JI praderionte natural, a geleia real, ja utilizada como
alimento. O estudo consiste na caracterizacdo dpideos em interacées com vesiculas que
modelam membranas de bactérias, fungos, de tuneorstécitos. Além disso, a atividade
biolégica em bactérias, fungos, células tumoraiémada atividade hemolitica para a Jl e
analogos também foi avaliada com intuito de vaifisua seletividade e citotoxicidade. As

sequéncias da Jl e analogos além de informacdesuesais estdo na pagina 16.
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Este estudo foi conduzido em experimentos realzao pH 5,5 pela presenca da His
nas sequencias da Jl e da JIF2W, que se manteon@adat nesse pH, adicionando mais uma
carga ao peptideo. O comportamento diferenciadpléracido de peptideos que contem His foi
verificado por Holdbrook e colaboradores (2018Yicando que sua protonacdo aumenta a
atividade antibacteriana de peptideos HVF18 e GKYigsivados antimicrobianos de trombinas
(TCPs). A His protonada em pH 5,5 influencia nasac®risticas estruturais da JI como foi
verificado por dos Santos Cabrera e colaboradd2844j, onde, por Dicroismo Circular,
verificaram uma maior estruturacéo do peptideo erv&le SDS em pH 5,5 em relacédo ao pH
7,0.

Assim, este estudo foi realizado em uma sequercktapas que primeiramente buscou
caracterizar o estado agregacional e estruturall @gaanalogos nas concentracfes usualmente
empregadas em experimentos biofisicos e nos bmiensEm seguida, avaliagbesvitro da
atividade hemolitica, antibacteriana, antifingieaantitumoral foram realizadas. Para ampliar
nossa compreensao desses resultados um estudorativapda interacdo desses novos analogos
e a JI com bicamadas lipidicas foi realizado, nal gasiculas foram preparadas cuja composi¢ao
lipidica mimetiza aquela de bactérias Gram-posstivaram-negativas;. albicanse de células

tumorais.

Caracterizacao do Estado Agregacional e EstruturaDependente do Ambiente

Fluorescéncia de Pireno

Como alguns estudos apontam para a maior efici€élecfarmas peptidicas que ndo déem
origem a agregados (Chu-Kung et al., 2010), iniommpor verificar em quais condi¢coes esses
agregados estariam ou ndo presentes para podenalisaaos resultados obtidos considerando
esse fator.

A verificagdo da formacéo de agregados foi reaizadavés do método do pireno (2uM)
em tampao citrato/fosfato com 150mM de NaCl (pH brde, pela razédo entre as intensidades
dos picos emle k, podemos identificar a concentragéo de agrega@@adCAC), ou seja, € a

concentracao limite para a formacao dos agreg@dbgura 16 mostra a curva de saturagao para
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o Jl e os anéalogos JIF2W e JIF2WR, indicando a @Qrficamente para os peptideos em estudo
(Vieira, et al., 2003).

Figura 16 — Razéao/l; das bandas vibracionais do pirenpNB para as concentracdes de Jl,
JIF2W e JIF2WR variando de 10 a 100 em tampdo citrato/fosfato com 150 mM de NaCl
(pH 5,5), a 25°C.
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A determinacdo da CAC possibilita verificar a partle qual concentracéo,
aproximadamente, os peptideos estdo na sua formemaalga em meio aquoso, para pode
acompanhar os passos da interagcdo com bicamaddisdfp A analise dos dados indica CAC
decrescente de Jl, seguido por JIF2W e JIF2WRpdxianadamente 400uM, 3001 e 10QuM,
respectivamente. O comportamento agregacional gstde relacionada ao significativo aumento
do momento hidrofébico do analogo JIF2WR. No trabalesenvolvido por Liu e colaboradores
(2016), os peptideos chamados de 2 e 5, que possn&or momento hidrofébicoz(0,81),
apresentaram agregacao e formacgédo micelar na peegenfluoréforo 1,8-ANS, o que nao foi

verificado pelos peptideos 3 e 6, que possugrda ordem de 0,052. Esse pode ser o principal
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motivo para que o JIF2ZWR se oriente com uma fadeofiibica maior e/ou mais organizada,

agregando em concentracdes menores que o Jl e JIF2W

Espalhamento Dinamico de Luz

A formacéo agregacional dos peptideos também #&diaala por medidas de DLS, onde &
possivel determinar o tamanho médio das particatesp apresentado na figura 17, onde foram

monitorados em fun¢éo do tempo.

Figura 17 — Distribuicdo de tamanho médio de paeggdos peptideos em funcéo do tempo para
o JI (em preto), JIF2W (hachurado em vermelhoF@\lR (em azul) na concentragédo d@ld0
em tampao citrato/fosfato com 150 mM de NaCl, pb] &,25°C.

O comportamento do JI e seus analogos apresensardiem distintos, onde € possivel
verificar mais de uma populacdo na distribuicactadeanho. Para Jl, duas populacdes foram
obtidas, indicando que parte dessas moléculas esg@aradas (porcentagens de 10 a 40%)
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enguanto uma outra populagéo vai se aglomeranttmgo do tempo, indicado pelo aumento de
tamanho, chegando a 90% do total distribuicdo ngptede 420 segundos. A JIF2W possui
também duas populac¢des, mas que atingem um tanmaaioo que o JI em menor tempo (300
segundos). Mas a principal diferenca foi em JIF2§UR apresentou apenas uma populacdo onde
praticamente se mantem até o tempo de 180 segemglos aumenta de tamanho de forma mais
uniforme até 300 segundos. Esse comportamentoF2AVR esta de acordo com sua rapida
orientag&o e organizagdo molecular, em acordo cGA®.

A concentracdo escolhida para o acompanhamentandanho médio das moléculas (50
uM) foi determinada com base em trabalhos ja pulblisgpara o JI (Fontana, et al., 2004; Jia, et
al., 2018) e que também serdo discutidos maisiedieesse trabalho, onde essa concentracdo se
aproxima ao maximo valor de MIC encontrado pargao dungicida neste trabalho. Portanto,
considerando estes resultados e as respectivasoBidas, é possivel considerar que a formacéo
de agregado dos peptideos em solucdo aquosa préasisnealores das MICs foi insignificante,

sugerindo que a acao provavelmente se inicia gapejotideos desagregados.

Espectroscopia de Infravermelho (FTIR)

A espectroscopia de infravermelho com transforntgdgourier (FTIR), especialmente na regido
de 1600 a 1700 ¢ chamada de Amida | ou I', é utilizada para a iifieacéo das estruturas
secundarias presentes em um peptideo ou proteavésta deconvolucdo espectral (Murayama
e Tomida, 2004). Estudos anteriores da Jl (dosoSaftabrera et al.,, 2014) sugeriram,
computacionalmente, que sua acado sobre membrapassse na forma de agregados, sendo
essas formacdes possiveis de serem quantificadtxaade 1620 a 1625 ¢ Espectros dos
peptideos foram coletados em tampé&o Citrato/Fosfate 150mM de NaCl diluidos em agua
deuterada, em pH = 5,5, TFE deuterado (40%), SB®M) diluido em agua deuterada, e em
diferentes composicdes fosfolipidicas com a razdioldo/peptideo de 5:1 (Saravanan et al.,
2012). Para todos os espectros, foram calculad2® @erivada e realizada a deconvolucdo
espectral, que consiste da subdivisdo do especdirotogos 0os componentes de estrutura
secundaria nele presentes, como exemplificadouaieafil8 para tampéo, TFE e SDS, onde a

linha preta corresponde ao espectro original, &alivermelha ao ajuste gaussiano e as
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deconvolugbes em cinza. As porcentagens deterngnpela deconvolugdo do espectro estédo

apresentadas na tabela 5.

Figura 18 — Espectros de FTIR deconvoluidos paig® linha), JIF2W (22 linha) e JIF2WR (32
linha) em tampé&o citrato/fosfato em pH 5,5 (A, Bk 40% de TFE (B, E e H) e 8 mM de SDS
(C, Fel). Alinha preta corresponde ao espedtiginal, a linha vermelha ao ajuste gaussiano e

suas respectivas deconvolucdes.
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Tabela 5 —Contetdo (%) de estruturas secundarias dos espat#rdl e seus dois analogos,
como induzidas pela presenca de tampao (Tp) CO@dtato contendo 150 mM de NaCl, na
presenca de solucdo 40% TFE e 8 mM SDS no mesnmmétama partir da deconvolucdo dos

respectivos espectros através da 22 derivada. @patrao de + 1%

Ji JIF2W JIF2WR
% Tp | TFE| SDS | Tp | TFE | SDS Tp | TFE SDS
Hélice - 15 26 - 28 14 - 21 8
Folhasp - 18 28 - - 26 - - 8
Voltas 38| 38 23 44 47 34 57 36 50
Aleatorio | 47| 15 - 44 25 - 16 26 8
Agregacdo 15| 14 23 12 - 26 27 17 26

Ao analisar as contribui¢cdes estruturais obtidasl@@nvolucdo dos espectros de FTIR
verificou-se a formacdo de agregados para os Jdegst em praticamente todos os meios
avaliados. A presenca do residuo de Prolina (Pageguencia primaria do JI e analogos, pode
ter favorecido essa formacéao, por, segundo Maet&anderdon (2008) influenciar a agregacao
em peptideos. Uma caracteristica observada em BiESepara todos os peptideos: os espectros
revelam pequenas contribuicbes estruturais pareehkek folhasp, sendo o menor teor dessas

estruturas observado para a JIF2ZWR em meio ansoi.o

As caracteristicas estruturais e de agregacdogpsptideos também foram investigadas
na presenca de bicamadas lipidicas anidnicas noasétle membranas de bactérias Gram
positivas (PGCL 50:50), Gram negativas (PEPG 76:24)albicans representando fungos
(PCPSErg 40:20:20) e tumores (PCPSCol 60:20:26n de vesicula zwitteridnica (PC 100). As
figuras 19 apresentam os espectros de FTIR deagsides! da JI, JIF2W e JIF2WR,
respectivamente. As tabelas 6 e 7 resumem as lmoigies percentuais das estruturas

secundarias obtidas a partir deconvolugéo dos ctgpe espectros através da 22 derivada.
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Figura 19 — Espectros de FTIR deconvoluidos padh @rimeira coluna), JIF2W (segunda
coluna) e JIF2WR (terceira coluna) na presencaasenadas lipidicas: PC (A, B e C), PCPSCaol
(D, EeF), PCPSErg (G,Hel), PEPG (J,Le MBECR (N, O e P).
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Tabela 6 — Contetudo (%) de estruturas secundarias dostespele Jl e seus dois analogos na
presenca das composicoes vesiculares PC, PCPHRCTH SErg.

JI JIF2W JIF2WR
% PC | PCPSCol| PCPSErg| PC | PCPSCol| PCPSErg| PC | PCPSCol| PCPSErg
Hélicew 20 36 - 25 24 - 27 26 16
Folhasp 17 29 16 27 26 26 24 - 7
Voltas 28 29 18 3( 30 5 - 63 33
Aleatério - - 18 - - - 30 - 11
Agregaca | 35 6 48 18 20 69 19 11 33

Tabela 7 —Conteudo (%) de estruturas secundarias dos espettrdl e seus dois analogos na
presenca das composicoes vesiculares de PEPG e.PGCL

Ji JIF2W JIF2ZWR
% PEPG | PGCL | PEPG| PGCL | PEPG | PGCL
Hélice-a 21 19 30 13 18 25
Folhasp - 21 - 13 34 30
Voltas 31 29 24 38 34 33
Aleatorio 22 - 31 - - -
Agregacéao 26 31 15 36 14 12

Ao avaliar as composicdes estruturais adquiriddesppeptideos JI e seus analogos
(Tabelas 6 e 7), a caracteristica mais evidentéoénmzacdo de agregados presentes em todas as
vesiculas testadas, com destaque para a compac®LCPSErg, onde a agregacado foi mais
evidente. Nessa composi¢do ndo houve a formac@&stdgura helicoidal para a JI e JIF2W e
menor percentual de héliegpara o JIF2WR. O menor conteudo estruturado (ntaintetido de
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estruturas aleatorias) pode ser correlacionaddtadesr de agregacdo apresentado por todos os
peptideos nessa composicdo. O maior grau de esititu corresponde ao menor teor de
estrutura aleatéria, como verificamos ao comparfrma aleatéria dos peptideos em tampao,
em relacdo aos demais ambientes testados. Issotamfue o ambiente é capaz de modificar as
caracteristicas estruturais dos peptideos em naiosa. Em TFE e PC, o peptideo JIF2WR
mostrou um aumento na formacdo de estrutura aleatdas em contra partida aumentou a
formacdo de hélice; quando comparado ao tampao, além da reducdo régaggo. Esse
comportamento diferenciado sugere que a reducaagosgacao juntamente com o aumento
estrutural, mesmo com o aumento da formacdo aleatpode ter sido de fundamental
importancia para sua eficiéncia de uma forma gemho vamos verificar mais adiante nesse

trabalho.
Espectroscopia de Dicroismo circular (CD)

Uma investigagdo das estruturas secundarias flizada também por espectroscopia de
dicroismo circular (CD) para os analogos, JIF2WFRRWR a 20uM, inicialmente em tampéao
citrato/fosfato com 150mM de NaF em pH 5,5, solud@&d FE 40% e de micelas de SDS (8mM)
(figura 20) e comparados a espectros da Jl obfidodos Santos Cabrera et al. (2014).

Figura 20 — Espectros de CD para os analogos Ji(B2wbolos cheios) e JIF2WR (simbolos
vazios) em pH 5,5 a 25°C.
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Ao observar os espectros é possivel verificar gqueagnpao citrato/fosfato os espectros
para ambos 0s analogos apresentam caracterisdoastrdtura aleatéria. Ja em TFE e SDS, as
caracteristicas sugerem um misto da formacéo tedple aleatoria. Considerando que esses
peptideos possuem apenas 8 residuos de aminodwdesquéncia primaria, a formacao de

folhas$, pode resultar de ligagdes intermoleculares (dscksViantsch, 1995).

A tabela 8 resume as estruturas secundarias datetas a partir do programa CD-Pro,
gue permite a quantificacdo das contribuicfes desetites componentes estruturais presentes
para o JIF2W e o JIF2WR.

Tabela 8 —Conteudo (%) de estruturas secundarias dos espelardiF2W e JIFW2R calculadas
pela rotina CD-Pro em tampao citrato/fosfato (A% de TFE e 8mM de SDS em pH 5,5.

JIF2W JIF2WR

% Tp | TFE | SDS| Tp | TFE | SDS

Hélicea | 4 7 3 5 9 6

Folhasp | 41| 35 45| 39| 33 43

Voltas 22| 23 21| 22 24 22

Aleatorio| 33 | 35 31| 34| 34 29

Verificamos que os peptideos analogos de Jl possaatteristicas estruturais muito
semelhantes. Em uma comparacéo com os dados drespée Jl (dos Santos Cabrera, et al.,
2014), verificamos que os 3 peptideos possuem aasesonfiguracdes estruturais. Isso indica
gue as modificacbes realizadas na sequéncia deoacmtos, ndo causaram mudancas
significativas na estrutura secundaria nesses ateisie

Espectros de Jl e seus analogos também foram sbtidopresenca das mesmas bicamadas
lipidicas dos espectros de FTIR foram obtidos.gurfa 21 mostra os espectros de JI, JIF2W e
JIF2ZWR a 20 uM, na presenca de 300 uM de vesiculas.
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Figura 21 — Espectros de CD dos peptideos na ctvacéon de 20uM, em diferentes
composi¢des fosfolipidicas a 3aM, 25°C. (A) JI; (B) JIF2W e (C) JIF2WR.
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Ao analisar os espectros verificamos que paraaH&ogos predominam caracteristicas

de conformacdes aleatdrias e de folpasemo verificado por Ong e colaboradores (2014 pa

peptideos curtos como IK8-all-L, também de 8 res$due que apresentou basicamente

conformacédo de folhgs-em SDS. As tabelas 9 e 10 resumem o contetdo stastueas

secundarias determinadas a partir do CD-Pro.
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Tabela 9— Contribuicbes (%) de diferentes estruturas sd#ugs para os espectros de Jl e dos
analogos calculados pela rotina CD-Pro em tampt@atafifosfato na presenca de vesiculas de
PC, PCPSCol e PCPSErg, em pH 5,5.

Ji JIF2W JIF2ZWR
% PC| PCPSCol PC| PCPSCol PCPSErg PC| PCPSCol PCPSErg
Hélicea | 6 6 5 6 7 5 5 6
Folhasp | 36 38 36 37 36 39 40 40
Voltas 22 22 23 22 31 21 22 22
Aleatorio| 36 34 36 35 26 35 33 32

Tabela 10 — Contribuicbes (%) de diferentes estruturas sdums dos espectros de Jl e

analogos calculados pela rotina CD-Pro em tampi#at@ifosfato na presenca de vesiculas de
PEPG e PGCL, em pH 5,5.

Ji JIF2W JIF2ZWR
% PEPG | PGCL | PEPG| PGCL | PEPG | PGCL
Héliceo 6 5 5 4 5 5
Folhasp 39 89 37 58 38 44
Voltas 22 6 25 21 23 23
Aleatorio 34 - 34 17 34 28

Ao analisar as contribuicdes estruturais calculagak CD-Pro, verificamos que

independentemente da composicédo fosfolipidica do,mMiee analogos adquirem praticamente as
mesmas conformacdes com baixa formacdo helicomtakiino de 5%) e alto percentual de

folhasf. Estudo de peptideos curtos, de 8 a 4 residuofaren® que assim como a carga e

hidrofobicidade, o comprimento da cadeia é de foreidal importancia para a estruturagédo e

eficiéncia de um peptideo. Variando apenas o tamdalsequencia, verificaram que a formacao

55



de folhasB & otimizada com uma sequencia de 8 residuos eidadpara cadeias menores (Ong,
et al., 2014). Para a Jl e andlogos, a quantidadamda assim como o tamanho das sequéncias se
mantem, variando apenas a hidrofobicidade, o que imi&rferiu de forma significativa na

estruturacao dos peptideos.

Embora peptideos curtos como a JI e anélogos, pwssa tendéncia a formas
basicamente ndo estruturadas, as andlises conformasc consideram as estruturas
estatisticamente mais frequentes em determinadceataelgue pode ou ndo favorecer a formacao
de uma delas em relacdo as demais. Experimentasspectroscopia de dicroismo circular (CD)
complementam as observacdes realizadas pelo FTéR, cpnsiderarem outras relacdes
peptideo/lipideo.

Ao comparar os dados de CD com os de FTIR, venitsa que o teor helicoidal
adquirido pelos peptideos foi maior em todos osomeivaliados. Essa aumento pode estar
associado a razdo [P]J/[L] de 1:5 utilizada para speetroscopia de infravermelho em
contrapartida com a razédo 1:15 no CD. Outra difmxeastd no elevado teor de follfas-
observado nos experimentos de CD. Essa divergprmiavelmente é resultado da formacéo de
agregados, que por ser uma variagdo nas conforsific@@ackson e Mantsch, 1995), séo

considerados pelo CD, como folh&s-

Bio-ensaios
Atividade hemolitica

Uma das vantagens de se estudar analogos de JyoSsibilidade de que ndo apresentem
atividade hemolitica assim como verificado para(Etatana, et al., 2004). A figura 22 mostra a
isoterma de atividade hemolitica de JI e analogosedacao a referéncia, melitina, um peptideo
conhecido por ser hemolitico.
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Figura 22 — Atividade hemolitica para Jl e analpgtiszando a melitina como controle.
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A concentracdo em que o peptideo induz 50% da naaatimidade hemolitica, &g, foi
determinada graficamente (Tabela 11). Encontrames & e JIF2ZWR sdo peptideos nédo
hemoliticos, ambos com Eg acima de 500 pM, enquanto JIF2W apresenta, Efe
aproximadamente 100 uM, podendo ser consideradoopbemolitico. Os dados corroboram
uma baixa atividade hemolitica para a JlI que jaahaiwdo verificada em outros trabalhos
(Fontana et al., 2004 e Jia, et al., 2018). A bait@oxicidade pode estar também associada ao
tamanho dos peptideos, pois na literatura foi icawdb que a baixa atividade hemolitica pode

estar relacionada a cadeias curtas de aminoacWloadharma, et al.,, 2011). A auséncia de
atividade hemolitica de JI e seu andlogo JIF2WRrtsse sua aplicabilidade.

Atividade antibacteriana e antifingica

Estudos com o peptideo JI despertaram interessalimente devido aos dados bastante
interessantes de atividade antibacteriana e agtdarde Jl relatados por Fontana et al. 2004.
Depois desse trabalho outros como Hansen (2010)omaRelli et al. (2011), também

investigaram essas atividades em comparacdo a revalegos desenhados e encontraram
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resultados semelhantes. A figura 23 e a tabela ptésantam os dados que obtivemos de

atividade bactericida para JI e anélogos.

Figura 23 — Atividade antibacteriana para os pep8dll e analogos e® aureugATCC 6538),
S. epidermidigATCC 25923) E. coli (ATCC 25924) &. aeruginosg ATCC 13338) utilizando

o Cloranfenicol, como medicamento controle reprissknpela linha tracejada.
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Tabela 11— Concentracéo inibitéria minima (MIC) para a igide antibacteriana (em pg/ml e
pHM) e hemolitica (E€y) de Jl e analogos. Ensaios realizados em triglidagterminagédo do
indice terapéutico (I.T.), BEgmédia dos MICs.

Acao antimicrobiana ECso I.T.
S. aureus S. epidermidis E. coli P. aeruginosa
ATCC 6538 ATCC 25923 ATCC 25924 ATCC 13338
(Mg/ml) | uM | (ng/ml) | pM | (ug/ml) | pM | (ug/ml) | uM HM

J1 8 8 25 26 25 26 62 65 >500 >12

10* 10*
J1IF2W 32 32 25 25 50 50 125 126 91 1
J1IF2WR 8 8 12,5 12 25 24 32 31 >500 >11
Cloranfenicol 8 25 30 93 15 46 125 387 - -

*Fontana, et al., 2004 — p&aaureuATCC 6535 €P. aeruginosaATCC 27853.

Os resultados ora obtidos para JI diferem, corsw@émente daqueles obtidos por
Fontana et al. (2004) palPa aeruginosaprovavelmente pela diferenca de linhagens dagiias
e 0 analogo JIF2WR apresentou maior eficiéncia @ud nessa bactéria Gram-negativa. A
conformacdo estrutural basicamente composta deadflhpara os 3 peptideos, mas
principalmente para a JIF2WR e JI pode ter sidparsavel pela melhor atividade peBa
aureus como ja verificado para outros peptideos por ©wrglaboradores (2014). Nesse sentido
podemos considerar que este analogo possui a nelorantimicrobiana em praticamente todas
as bactérias testadas, mostrando-se superior aanfgoicol, medicamento controle. Essas
caracteristicas que o destacam estdo associadasdificacdes introduzidas na sua sequéncia
primaria que resultaram em maior atividade, prialcigente a presenca dos residuos de arginina
(Arg). Um aumento na acdo antimicrobiana foi obadovpor Mishra e colaboradores (2017),
onde um peptideo curto (8 residuos) e com uma dia mostrou-se mais ativo tanto em
bactérias como em fungos e mais seletivo que ogtintendo lisina (Lys), apresentando ainda
menor atividade hemolitica. O analogo JIF2W, em pamacdo a JIF2WR e Jl, apresentou a
menor acao bactericida, mostrando-se menos ativo.
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Os fungos, assim como as bactérias, sdo parterantegdo nosso organismo, mas
alteracdes no nosso metabolismo podem favorecerifepacéo descontrolada (Slaninova, et al.,
2011). A figura 24 e a tabela 12 mostram os redofiabtidos nos testes de acao fungicida para a

JI e analogos, indicando um MIC praticamente camstpara diferentes cepas@endidg salvo
algumas excecoes.
Figura 24 — Atividade fungicida para a Jl e anatogara diferentes cepas @andida,utilizando

anfotericina B como medicamento controle.CA albicans c.(1) e aC. albicans c.(2) séo
espécies clinicas registradas sob identificaca® 8Bl e HB 5960, respectivamente.

Mic (uM)
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Tabela 12— Concentracao inibitoria minima (MIC) para a igidde antifingica (em pg/ml e
K1M) do JI e anadlogos. Ensaios realizados em taiaic

Acdo antiflingica
C. tropicalis | C. krusei | C. parapsilosis| C. albican C. albican C. albicans
clinica clinica
ATCC ATCC 6258| ATCC 22019 ATCC 90028
13803 HB 5984 HB 5960
UM uM uM uM uM uM
J1 »52,4 »52,4 »52,4 »52,4 »52,4 52,4
16** 32%* 64** 2,5* 64**
J1F2W 50,3 »50,3 »50,3 »50,3 »50,3 50,3
J1IF2WR 24 a48,1 »48,1 »48,1 »48,1 »48,1 96,2
HAL 1/5%** 13+8 20 20 - - 75+25
HAL 20 14+3 40 - - 9+1
1/10%**
Anfotericina <14 <14 <14 <14 <14 27
B

*Fontana, et al., 2004 — pata albicanscepa clinica. ** Jia, et al., 2018 — para C. togfis ATCC 750 e C. albicans
ATCC 14053. *** Slaninova, et al., 2011 para peptid pequenos (12 residuos)

O teste de acao fungicida foi realizado para 6Gstigiferentes d€andida destacando a
melhor acdo da JIF2WR e@andida tropicaliscom menor concentracdo inibitoria dentre os 3
peptideos testados (entre 24 e 4@8M). Comparando dados em outros trabalhos, como em
Slaninova e colaboradores (2011), a atividade targi€a de dois peptideos pequenos (até 12
residuos), como mostrado na tabela 11, se mostreesma ordem de grandeza que 0s testes com
as jelleinas, com unidade de formagcéo de colérf@j@a ordem de fQprincipalmente em se
tratando da JIF2WR er@andida tropicalis A Jelleina I, testada para varios tipos@endidas
em outro trabalho, possuem semelhantes MICs, nsamue 52uM, paraCandida albicanse
parapsilosis(64 uM) (Jia, et al., 2018). Diferenca entre MICs det@ado por Fontana (2004) e
por outros trabalhos (Jia, et al., 2018; Slanin@tal., 2011), pode estar relacionada ao tipo de

cepa d&Candida albicans clinicatilizada e pela diferenca na linhagens entreatsmthos.
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O comprimento da cadeia de aminoacido vem se tdmda suma importancia na sintese
de novos AMPs, pois dificulta degradacdo por psEeapresentes no organismo humano,
reduzindo o custo de producao (Lax, 2010; SamaMthat al., 2018). Segundo Samantha Ng e
colaboradores (2018) peptideos mais curtos (de Gesiduos) mostraram maior atividade em
Candida albicangATCC 64550) em relacédo a peptideos mais longsn pode ser um fator

favoravel da JI e anélogos.
Viabilidade Celular para Jelleinas

Os ensaios de viabilidade celular foram realizgolns as células HUVEC (Endotelial
normal), NIH-3T3 (Fibroblasto normal) e SKMel-28 éMnoma) e os resultados obtidos para a
JI e analogos estdo apresentados na figura 2samtb qual dos peptideos seria mais viavel

para as células testadas.

Figura 25 — Viabilidade celular testada via ensldVTT para os peptideos Jl e analogos, para
células de HUVEC (A), NIH-3T3 (B) e SKMel-28 (C).
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A viabilidade celular indica o quanto aquela cékdérevive frente a acdo de um agente
externo, no caso, os peptideos Jl e analogos.mbsirou-se pouco seletivo, matando 20% de
ambas as células normais aubl) e sendo até menos eficiente para o Melanomada 10%)

a mesma concentracdo. Um comportamento semelta@rdbdervado para o JIF2W, mostrando-
se um pouco mais eficiente em células tumoraiagiatilo por volta de 20 e 30% de morte a
concentracdo maxima testada. Mas o peptideo JIFWI2Rque demonstrou maior eficiéncia em
células SKMel-28, matando cerca de 40% emMyOporém pouco seletivo para com as células
normais, chegando a 50% de morte para as céllt8N3. Esse comportamento indica que 0s
peptideos sdo pouco seletivos. Um comportamenteleante foi observado para os peptideos
desenhados, TetraF2W, especialmente TetraF2W-Rfe, @@monstrou eficiéncia contra células
de adenocarcinoma epitelial (HeLa CCL-2) e menmtaxicidade para o peptideo com a dupla
de Arg, em relacdo aos anélogos com Lys (Mishral.et2017). Além da cadeia curta, que
otimiza a producgdo, reduzindo os custos de sinéepegsenca da Arg sugere um melhoramento

no JIF2WR em relacdo os demais.

InteragBes com Modelos de Membrana
Potencial zeta e determinacdo do coeficiente de pigéo (Kp)

A figura 26 mostra as isotermas de adsorcdo deéd)MIpéra diferentes composicdes
vesiculares, determinadas atravées das medidagelecp Zeta (). As isotermas dos 3 peptideos
possuem comportamentos muito semelhantes, prowaxéd refletindo carater semelhante das
interacdes eletrostaticas. Para a determinacdoodficiente de particdoké) foi realizado o
ajuste linear pela normalizacdo do potencial zBgarg 25 B, C e D). O coeficiente angular

fornece a fracdo molar de peptideo ligado a lip{dke) para a determinacéo &®.
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Figura 25 — Isotermas de potencial Zetp da JI (A) e ajuste linear para o potencial Zeta
normalizado em fun¢do da concentracdo dos peptigacs as diferentes composicdes lipidicas
das vesiculas: JI (B); JIF2W (C) e JIF2WR (D).
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A tabela 13 apresenta os valores calculados doct@k de particdo (§ determinado
de acordo com Freire et al.,, (2011) e indica o @®rcarga anibnica de cada composi¢cao

vesicular e os diametros das vesiculas na presken2@ LM de peptideo.

64



Tabela 13- Caélculo do coeficiente de particA&p] dos peptideos na presenca de vesiculas
carregadas, a 25°C, teor de carga anibnica de cawi@osicdo vesicular e diametros das
vesiculas na presenca de 20 uM de peptideo.

PCPSCol PCPSErg PEPG PGCL

% carga
A 20 40 24 110
a

Kp Tamanho| Kp Tamanho Kp Tamanho Kp Tamanho

(.10% (nm) (.10°) (nm) (nm) (.10%) (nm)

(.10°)

J 0,8+0,6 159 1,9+0,9 130* 0,6%0,3 132 11,7+0,3 317
JIF2W 2,3+0,2 152 2,1+0,2 3641 1,8+0,9 234 11,840,62592
JIF2WR | 5,2+0,7 177 3,6+0,1 237 1,4+0,7 615 9,4+0,7 157

*Dos Santos Cabrera et al., 2014, para aerdracdo de 15uM.

Valores deKr da ordem de Ff0sdo frequentemente encontrados para peptideos
antimicrobianos (Freire, et al., 2011). O que obm®0s na tabela 13, para o conjunto desses
peptideos de mesma carga liquida (+3) e hidrofdad® decrescente (JI>JIF2W>>JIF2WR), é
gue existe uma tendéncia a maiores valorekdegara Jl e analogos em PGCL onde o teor de
carga anibnica das vesiculas € maior e consequentermaiores afinidades decorrentes das
contribuicdes eletrostaticas. Para as demais cdg@iss os peptideos demonstraram afinidades
semelhantes, exceto o JIF2ZWR em PCPSErg, que maswesicula possuindo 40% de teor
anidnico, apresentou menor afinidade (e 3,6.16), quando comparada a PCPSCol, com 20%
de teor ani6nicoKp de 5,4.16). Esse comportamento sugere que essa interagéprsgjdicada
por alguma modificacdo na estruturacdo do peptigemyavelmente pela presenca do maior

percentual de agregacéo verificado pelo experimdat&TIR, reduzindo a sua interagdo para
com as bicamadas lipidicas.

Variacdes de tamanho médio das vesiculas (DLS)

A figura 26 mostra a variagdo do didmetro médiowdss$culas na concentracao de 50 uM
pela razdo [P]/[L] dos peptideos. O diametro méthe vesiculas em PCSPErg (40:40:20) foi
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testado para Jl (dos Santos Cabrera, et al., 201v§o observou-se variagdo no tamanho das

vesiculas com 0 aumento da sua concentragao.

Figura 26 — Variacdo de diametro médio das vedcdéa diferentes composi¢cbes pela razéo

[PV/IL] para JI e analogos, JIF2W e JIF2WR, em 50ddivesiculas a 25°C. Desvio padrao de

aproximadamente 0,7nm.
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Ao analisar os dados apresentados, o JI ndo caas@gles significativas no diametro
das vesiculas, diferentemente dos analogos. OdpeptlIF2W foi 0 que ocasionou a maior
variagcdo de tamanho, atingindo 3641 nm na composigaPCPSErg, a que mais apresentou
agregacao no IR, seguida pela PGCL, segunda n@imatiora de agregados e a de maior Kp,
chegando a 2592 nm. O JIF2WR induziu uma maioragdd de diametro nas vesiculas de
PEPG, chegando em 615 nm. Observa-se que a variac@itAmetro acima de 1000 nm na

JIF2W, ocorre nos miméticos de membranas de bast&ram positivas e fungdqas duas
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maiores em teor de carga negativa) e as composiodesnais formagdes de agregados, segundo
o IR.

Extravazamento de Corante

O mecanismo de acdo de alguns peptideos tem coracoterdstica a permeabilizacédo
tendo por alvo a camada de fosfolipideos da meralralular de modo a induzir poros ou falhas
nessas membranagh@o, 2002 O vazamento do conteldo aquoso a partir de wlasicomo
resultado da lise, fusdo ou permeabilidade fisicBbgpode ser detectado fluorimetricamente
através da utilizagédo fluoréforos de peso molechkirko. A razdo da concentracdo limite de
peptideo e a de lipideo, acima da qual o processextiavazamento é iniciado, ou seja, [P]/[L]

critica, caracteriza a eficiéncia litica do peptid

O extravazamento de vesiculas induzido por JI ibgos foi analisado em experimentos
de liberacdo dos marcadores ANTS/DPX a partir dagas de cinética das vesiculas anibnicas
PCPSCol, PCPSErg, PEPG e PGCL, além da zwittedORC e expressa na forma da curva
dose-resposta para o tempo de 15 minutos de iAteragmo mostrado na figura 27.
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Figura 27 — Exemplo de curva de cinética de extaveento para JIF2ZWR em PGCL. (A)
Curvas de dose-resposta da atividade litica pela@or§P]/[L] de JI e andlogos em pH 5,5 na
presenca de 100 uM de vesiculas nas diferentesosigdps a 25°C, em PC (B), PCPSCol (C),
PCPSErg (D), PEPG (E) e PGCL (F).
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O perfil de atividade litica de JI e analogos iadie forma geral que JIF2ZWR é o analogo
mais eficiente em praticamente todas as vesicektadas, mas principalmente em vesiculas
PGCL. Os 3 peptideos apresentam limitada interegéoa vesicula ziwteridnica (PC) atingindo
o maximo de 50% de vazamento em 50 uM (maior cdragio avaliada), em concordancia com
o carater ndo hemolitico que observamos. Em PEB@gptideos ndo atingiram o vazamento
total (100%), sendo o mesmo comportamento verifigaelo JI em todas as vesiculas testadas.
Através das curvas dose-resposta observamos que todos o0s peptideos possuem
extravasamento com dependéncia sigmoidal, de drtdeemos o valor da [P]/[ldr, mostrada na
tabela 14. Para melhor avaliacdo dos resultadodifidamos o EGy de todos os peptideos nas

diferentes vesiculas testadas, como mostrado eathb.
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Tabela 14 —-Razé&o [P]/[L] critica calculada graficamente pad @ analogos.

[PVIL]

PC | PCPSCol PCPSErg PEPG| PGCL

Jl - - - - -
JIF2W - - - - 0,064
JF2WR | - | 00312 | 00325 | - 0,028

[T

: dependéncia reigmoidal

Tabela 15 — Extravazamento de 50% do corante presente nasulasi¢EGy), obtidos
graficamente para a JI e analogos.

ECso (uM)

PC | PCPSCol PCPSErg PEPG| PGCL

Ji - 12 30 25 32
JIF2W - 30 16 22 22
JIF2ZWR 39 | 20 15 15 20

Para as vesiculas PGCL ambos os analogos demaostratvidade litica de
comportamento sigmoidal, sendo JIF2WR mais efiei[R]/[L]= 0,028) que JIF2W ([P)/[L]=
0,064). Para a maioria das composicOes testagassével verificar na tabela 15, que o JIF2WR
€ o0 peptideo que atinge 50% de extravasamentora@gamente que os demais, indicativo de
maior eficiéncia. Os resultados mostram que o godldlF2WR mostrou-se mais eficiente
principalmente nas bicamadas lipidicas miméticasnéenbranas de bactérias Gram-positivas
(PGCL) em concordancia com os resultados de ateideactericida, seguida pela (PCPSCol) e
(PCPSErg). De forma geral JIF2ZWR apresentou atiédéica superior a apresentada por Jl e
pelo analogo JIF2W. Essa observacéo sugere quesanga do residuo de Arginina (R) na sua
sequéncia primaria, pode estar associada ao aurdentua eficiéncia, como verificado em
outros trabalhos (Chan, et al., 2006 e Lim et@L13.
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Anisotropia de fluorescéncia da sonda DPH

A interacdo de peptideos com bicamadas lipidicade pmduzir perturbacdo no
empacotamento lipidico, afetando sua elasticidaldekofvicz, 2006). O uso da sonda
fluorescente DPH permite monitorar alteracdes dstieidade de bicamadas lipidicas provocada
por um peptideo. Porém, o uso dessa sonda reqaes fuorescéncia do peptideo ndo afete a
intensidade de fluorescéncia do DPH, o que venfaspreviamente. Aléem disso, foi verificado
se a deteccgéo da fluorescéncia na emissao é oiguelmente sensivel para a luz polarizada na
vertical quanto na horizontal (Lakowicz, 2006), goeleterminacdo do fator G, em todas as

composic¢Oes fosfolipidicas testadas.

A medida de fluorescéncia da sonda DPH com exadtagd 360 nm e emissao em 450 nm foi

realizada e a variacdo de intensidade em 450 r#n apsesentada na figura 28, para diferentes
concentracdes dos peptideos (N3, 10 uM e 15 uM). Observou-se que a presenca da Jl e
analogos néo influenciaram de forma significativarasséo de fluorescéncia da sonda. O fator G
foi de aproximadamente 1,0, indicativo de que aplolarizada é igualmente sensivel em ambas

as direcdes, como indicado na tabela 16.
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Figura 28 — Variagdo percentual de fluorescéncisateda DPH em 450 nm na presenca de

diferentes concentracdes do Jl (simbolos pretdBRW (simbolos azuis vazios) e JIF2WR

(simbolos azuis cheios) tampao citrato/fosfato @&MmmM NaCl em pH 5,5, a 25°C.
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Tabela 16 —Calculo do fator G na presenca das bicamadasdgddim diferentes composicoes.

Célculo do fator G

PC

0.90706 + 0.00899

PCPSCol

0.90573 + 0.00625

PCPSErg

0.90631 + 0.00699

PEPG

0.9343 +0.02979

PGCL

0.93079 = 0.00568
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A elasticidade (ou flacidez) das bicamadas lip&licantendo DPH foi monitorada na
presenca de concentracdes crescentes de Jl e @halmgificamos que os peptideos apresentam
influéncia limitada na anisotropia, como mostradadfigura 29. Esse resultado sugere que esses
peptideos interajam preferencialmente com a regid@® cabecas dos fosfolipideos, pouco
afetando o ordenamento na regiao das caudas.

Figura 29 — Anisotropia de fluorescéncia da son@¥) contida em LUVs (5QuM) nas
diferentes composicdes lipidicas em funcdo da curagfo dos peptideos em tampdao
citrato/fosfato com 150 mM NaCl, 25°C. (A) PC, PCeSe PCPSErg; (B) PEPG e PGCL. A
concentracdo de fluoroforo DPH é de 2:1000 em &elax concentracdo de lipideos. Desvio
padrao de aproximadamente 0,002.
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Os resultados indicaram pequenas variagfes datapisoem PCPSErg, para maiores

concentracdes dos analogos, e em PGCL, mais priaaianecente para JI e JIF2W. Nesses casos,
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essas pequenas variacdes de anisotropia podenilgencia da curvatura negativa da membrana
causada por fosfolipideos como, por exemplo, aia#iha (CL), resultado que ainda nao
indicaria uma interacdo dos peptideos com a regg@ocaudas dos fosfolipidios (Wang, et al.,
2015). Na presenca de vesiculas zwiterionica (P@¥g anidnicas PCPSCol e PEPG, as de menor
conteudo de cargas anibnicas, praticamente naoeoperturbacdo do empacotamento lipidico,
ou seja, a interacdo dos peptideos provavelmerdeeoapenas na regido das cabecas, nao
afetando a elasticidade original dessas bicamadas.

Mecanismo de acao

Quando comparamos 0 comportamento apresentado Jbeta pelos analogos nas
interagbes com bicamadas lipidicas verificamos mgas conformacionais e seletividade por
ambientes de composicao fosfolipidica anidnica sgieassemelham membranas de bactérias,
fungos, bem como células tumorais. Na espectrosabpiinfravermelho (IR) foi utilizada uma
concentracdo de 1mM de peptideo em comparacao @pkh 20 CD, totalizando uma diferenca
de 50 vezes a mais de peptideo disponivel paravesdeula no IR em relagcdo ao CD. A razéo
[P)/[L] para as técnicas de IR e CD, foi de 1:5E5]1respectivamente, sendo que a elevada razédo
entre peptideo e lipideo € verificada para pepsidedimicrobianos (AMPSs), onde as relacbes
entre P:L estdo entre 1:20 a 1:10 (Melo, et all220A maior afinidade dos peptideos pelas
bicamadas lipidicas esta exatamente na composg&mobrKr sugerindo que, a disponibilidade

dos peptideos € maior para interacdo com a bicadeadamposi¢cao PGCL.

Os peptideos JI e seu andlogo JIF2WR mostraranersellsantemente eficientes em
relacdo a atividade biologica, principalmente erotdrégas. JI possui a maior afinidade pela
bicamada PGCL, sistema que mimetiza as membrandsacérias Gram-positivas, onde se
mostrou mais ativo, 0 mesmo comportamento foi olaskr para a JIF2ZWR. Mas segundo a
literatura (Leite, et al., 2014), a maior interagimaior eficiéncia deveriam induzir uma maior
estruturacdo, o que ndo acontece com a JI em PE&@ibhora esses peptideos estejam
estruturados (sem contribuicbes aleatoérias, cordamabela 7), em PGCL, JIF2WR apresenta
consideravel reducdo do teor de estruturas agreg&kundo a literatura, isso favorece a
interacdo entre o peptideo e a bicamada lipidieddF; et al., 2000) e que n&o é verificado para a

JI, que ao contrario, sofre um aumento do teoistteiteiras agregadas nesse ambiente.
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O analogo JIF2W demostrou baixa atividade biolgggeando comparado aos outros
dois peptideos, com maior afinidade para a vesIBGCL. Entretanto esse peptideo foi o que
apresentou as maiores contribuicdes de da formdedagregados em todos os sistemas que
mimetizam membranas, demonstrando que a substitudga fenilalanina por triptofano na

posicao 2 ndo contribuiu para o melhoramento dasé®go.

Este estudo revela as seguintes caracteristicavasl ao mecanismo de acdo dos
peptideos:

1) A maior interacdo com bicamadas lipidicas podergacionada a maior estruturacao e
consequente reducao da agregacao, para algundguepttomo o analogo JIF2WR.

2) A reducdo da agregacdo pode estar associada a efi@iéncia e atividade bioldgica,
como para JIF2WR.

3) Algumas composicOes fosfolipidicas das bicamaddemaer favorecido a formacgéo de
agregados, como para o analogo JIF2W.

4) Substituicbes especificas mesignda sequéncia primaria dos peptideos refletem em
maior eficiéncia, como a substituicdo pela Arg nalago JIF2WR.

5) Interacdo preferencialmente superficial entre gigeos e as bicamadas lipidicas.

6) Menor hidrofobicidade pode ter sido o parametro fpv®rece sua maior seletividade,
como para JIF2WR.

7) Maior momento hidrofébico sugere uma orientacddada hidrofobica, motivo tal que

pode ter induzido uma CAC a concentracfes mencoes) para JIF2WR.
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CAPITULO 4 - Protonectin e Protonectin (1-6)

Resultados e discussdes

Nesse capitulo vamos apresentar uma caracteritégfisica da Protonectin (PTN) e a
mistura com a Protonectin 1-6 (PT§l em interacbes com vesiculas que modelam ambidates
membranas zwitteridnicas, de tumores, fungos ethast que foi complementada pela avaliacdo
da atividade hemolitica, citotoxica para célulaswas e tumoral, antifingica e antibacteriana. O
intuito € avaliar a seletividade da PTN isoladaenistura (PTN/PTNe). As sequéncias da PTN

e PTN_, além de informacdes fisico-quimicas estdo nanpgatf.

Espectroscopia de Infravermelho (FTIR)

A analise de estruturas secundarias de proteipaptédeos em meio aquoso por espectroscopia
de infravermelho foi empregada gracas a um aspgetcular que torna a técnica importante
neste caso: a possibilidade de distincdo entreitests nativas e a formacdo de agregados, a
partir de regides especificas de suas respetibaagdes moleculares (BartlZzecherp 2002). A
regido Amida I’ (1600 a 1700 ch foi investigada nos espectros de FTIR e, a paidir
deconvolugéo espectral, identificamos 0os composet¢eestruturas secundarias adquiridas por
PTN (figura 30) e pela mistura 1:1 (mol/mol) PTNMRE (figura 31)em tampéo Tris/HCI com
EDTA e 150 mM de NaCl em pH 7,5, em solucado 40% ,Té& solucdo 8 mM de SDS e na
presenca das bicamadas lipidicas testadas. Asilmogfies percentuais de cada estrutura
secundaria, calculadas pela deconvolucdo dos egpexdtdo resumidos nas tabelas 17 e 18. O
fragmento (PTNe) ndo foi apresentado por ndo possui estruturaag@Enas formagéo aleatoria

em todas as condicdes testadas.
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Figura 30 — Espectros de FTIR deconvoluidos da Bbkda em (A) tampé&o Tris/HCI com
EDTA e 150 mM de NaCl (pH 7,5), (B) 40% de TFE, @&mM de SDS e na presenca de
bicamadas lipidicas de (D) PC, (E) PCPSCol, (F)$#3B, (G) PEPG e (H) PGCL. O espectro é

representado em linha preta, o ajuste em vermedtsadeconvolucdes abaixo do ajuste.
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Figura 31 — Espectros de FTIR deconvoluidos daunaideTN/PTN.s em (A) tampé&o Tris/HCI
com EDTA e 150 mM de NaCl (pH 7,5), (B) 40% de TFE) 8 mM de SDS e na presenca de
bicamadas lipidicas de (D) PC, (E) PCPSCol, (F)$#3B, (G) PEPG e (H) PGCL. O espectro é

representado em linha preta, o ajuste em vermedtsadeconvolucdes abaixo do ajuste.
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Tabela 17 —Conteudo (%) de estruturas secundérias calculagestiaa da deconvolucédo dos
espectros para PTN e PTN/Pig¢m tampéo deuterado Tris/HCI com EDTA e 150 mM d€N
(pH 7,5), TFE (40%) e SDS (8mM).

PTN PTN/PTN.6

% Tp | TFE | SDS| Tp | TFE | SDS

Héliceo -1 27| 20 -| 33| 25

Folhasp - - - - - -

Voltas 49| 27 24 | 48| 21 25

Aleatéria | 39| 26 | 26 | 45| 35 | 38

Agregacég 12| 20 | 30| 7| 11 12

A investigacdo estrutural a partir dos espectrosFiER confirmou achados obtidos
anteriormente por dicroismo circular na presencallEé (40%) e SDS (8mM), nos quais a
estrutura helicoidal é aumentada na mistura, oa, $&€[N na presenca da PI{N(Baptista-
Saidemberg et al., 2010). Outra confirmacéo apamackrmacéo de agregados. Embora esteja
presente para PTN isoladamente nos 3 meios estdadsignificativamente diminuida na
mistura (PTN/PTNg). Esse comportamento esta de acordo com Baldigseralaboradores
(2015), que verificaram a diminuicdo dos agregadasPTN na presenca da PidNpor

simulagao computacional em micelas de SDS.

A conformacéo estrutural dos peptideos tambémaliada na presenca de bicamadas
lipidicas anidnicas (LUVs) miméticas de membramadbactérias Gram-positivas (PGCL 50:50)
e Gram-negativas (PEPG 76:24), fungos (PCPSErgdZmp e tumores (PCPSCol 60:20:20),
além de zwitteribnica (PC 100), mimética de memébrda eritrocitos. A tabela 18 resume as
contribuicbes percentuais das diferentes estrutsesundarias apresentadas por PTN e
PTN/PTN..
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Tabela 18 —Conteudo (%) de estruturas secundérias calculagestiaa da deconvolucédo dos

espectros para a PTN e PTN/RENa presenca de LUVs nas diferentes composicoes.

PTN PTN/PTN.s
% PC | PCPSCol| PCPSErg| PEPG| PGCL | PC | PCPSCol| PCPSErg| PEPG| PGCL
Hélicea | 20 27 21 28 15| 22 45 32 45 36
Folhasg - 27 - 24 5 - 36 - 32 22
Voltas 22 26 27 37 34| 27 10 16 17 20
Aleatoria | 32 - 20 - 12 | 32 - 29 - 10
Agregacdo| 26 20 32 11 34 19 9 23 6 12

Observamos igualmente na presenca de bicamaddisdipigque o teor helicoidal aumenta
na presenca da mistura dos peptideos. Com excegsicdbidamadas compostas por PC e
PCPSErg, em todas as demais ocorre a formacadrdéuess em folhag-cujo teor também é
aumentado para a mistura PTN/RENA maior estruturacdo, ou seja, a somatoria dedélie
folhasf3, da PTN isolada e na mistura foi mais significatm PCPSCol e PEPG. A reducéo da
formacéo de agregados e aumento da estruturagio tmmportamentos importantes, observado
para a mistura (PTN/PTN) em todas as bicamadas lipidicas testadas, sdgetima maior
interacdo de PTN para com essas LUVs. A maiortestigdo é resultado da maior interacdo de
peptideos com bicamadas lipidicas, como observadoLeite e colaboradores (2014) para
Polybia-MP1 e MPX, peptideos derivados de venengedpaPolybia paulistae que adquiriram
maior conformacao helicoidal na composicdo PCPG3(0j0onde obtiveram maior interacao,

indicado pelo maior coeficiente de partic&mp)
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Espectroscopia de Dicroismo circular (CD)

A verificacdo da conformacao estrutural da PTN @TN/PTN s também foi realizada a partir
da técnica de CD na presenca de tampao HEPES domM5de NaF em pH 7,5, de solugéo de
TFE 40% e de micelas de SDS (8mM), como indicadiiguaa 32.

Figura 32 — Espectros de CD da PTN e PTN/Rd&20 uM, em tampéao, TFE (40%) e SDS
(8mM), todos a 25°C.
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Os espectros em tampédo sdo caracteristicos déuestraleatorias tanto para a PTN como para a
mistura. JA em TFE e SDS, os peptideos adquirirama conformacdo helicoidal, que foi
aumentada para PTN/PTH em comparacdo com PTN isolada, tendéncia obserpad

Baptista-Saidemberg e colaboradores (2010) e coadia pelos experimentos de FITR.

A partir do programa CD-Pro, que possui um bancdatks de estruturas proteicas baseado em
NMR e raio-X, foi possivel estimar as contribuichesrcentuais das diferentes estruturas
secundarias da PTN e da PTN/RENcomo mostrado na tabela 19.
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Tabela 19 —Conteudo (%) de estruturas secundarias dos espedtrd®TN e PTN/PTN
calculadas pelo programa CD-Pro em tampéao HEPES (®HTFE (40%) e SDS (8mM).

PTN PTN/PTN.s
% Tampdo| TFE | SDS | Tampéo| TFE SDS
Hélice 5 41 22 5 43 34
Folhasp 39 15 29 37 8 17
Voltas 21 19 18 22 26 21
Aleatéria| 35 25 31 36 23 28

Esses dados revelam um comportamento estruturalisamte em tampdao, para a PTN
isolada e na mistura (PTN/PTY. J& em TFE (40%) e em SDS (8mM) o teor helicofdal
aumentado para a PTN/PTNe o teor de folhaB- reduzido. Essa diminuicdo pode estar
associada ao decréscimo da formagéo de agregadiisade pelo FTIR para PTN/PTN. Isso
porque a agregacgao é uma variagdo das conformpgdgse o CD pode considerar como folhas-
B (Jackson e Mantsch, 1999). A figura 33 mostra speetros de CD adquiridos para PTN e
PTN/PTN_¢ na presenca de 300 pM das mesmas LUVs utilizaal &S IR.
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Figura 33 — Espectros de CD da PTN (simbolos ch&oBTN/PTN.s (simbolos vazios) na
presenca de 300uM de LUVs em pH 7,5 e a 25°C. @tnaggio de PTN e PTN de 20 uM.
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Ao avaliar os espectros, notamos padrées espectiasteristicos de estrutura helicoidal,
identificado pelos picos negativos em 222 nm e 209 em praticamente todas as bicamadas
lipidicas testadas. A formacao de hélices ja faicd&a na literatura e confirmada por Carlier e
colaboradores (2015) para o arranjo GXXXG preseatesequencia de aminoacidos da PTN,
guando na presenca de membranas bioldgicas. Asibwopbes percentuais das diferentes

estruturas secundarias, calculadas pelo programBr@foram resumidas na tabela 20.
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Tabela 20 —Conteddo (%) de estruturas secundarias dos espedtOPTN e da mistura

(PTN/PTN.) calculadas pelo programa CD-Pro nas diferentégd, lém pH 7,5.

PTN PTN/PTNL
% PC | PCPSCol| PCPSErgl PEPG| PGCL | PC | PCPSCol| PCPSErg| PEPG| PGCL
Héliceo | 16 22 33 17 32 17 31 29 18 37
Folhasp | 32 26 17 37 15 29 21 20 29 16
Voltas 21 22 20 21 20 22 20 23 27 18
Aleatéria| 31| 30 30 29| 33| 32 28 28 31 29

O comportamento dos peptideos na presenca das LlbiVeuito semelhante ao
encontrado no experimento de FTIR. O A principasesbacdo a ser feita € que existe uma
tendéncia, em praticamente todos os casos, de FINMAPadquirir um maior teor helicoidal
guando comparado a PTN isolada e, paralelamenssoa ocorre a reducdo da formacédo de

folhas$.
Determinacao estrutural via Ressonancia Magnética itlear (RMN)

Os espectrosH-2D COSY,'H-2D TOCSY e'H-2D NOESY foram coletados para a
PTN e para a mistura (PTN/PTH na presenca de micelas de dodecil sulfato de4&MS). A
figura 34 mostra o especttbl-RMN da regido HN-ld para os peptideos. Os picos referentes a
PTN (A) e a PTN na mistura com a PiI{B) foram determinados nos mesmos locais e com
mesma largura de linha, indicando que mudancagtestis ndo foram induzidas pela presenca
da PTN. (Figura 34). O espectro apenas da RJKC) indica onde se encontram o0s picos
referentes a seus residuos, com pequenas alterag@eslocamento quimico da PidNsolada
guando comparadas com a mesma em mistura com RVNpd interacdo com a PTN. Isso esta
de acordo com as pequenas mudancas conformaciuamngdisadas pelo IR e pelo CD na mistura,
gue se mostraram poucas e nao significativas, agsinnterferindo na interacdo com as micelas

de SDS.
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Figura 34 — EspectrtH-NMR para a estrutura da PTN (A), PTN/PTNB) e PTN. (C) em
solugéo de micelas de SDS (100 mM) em 25°C, pH 5.0.

NH1 NH2
L9
K10
L6 f | G11 L8 L12 |
G3 \ G774 | 4 |
N 12 J K10
A U 4,
= - P = . Sl S . J N\ —
‘ [ 1 | A
5 O WM |
|
7Y \
| |II ||
'H| |!| | [
I | | | /1
= __c_______.--‘u/ '\_.-.----—/J I';/I I\.—H—AM‘—'/ N ————— ———

9.0 88 86 84 82 8.0 78 76 74 7.2 7.0 6.8
1 (ppm)

A largura de linha € medida a partir da larguraaltara média do pico, ou seja, na meia
largura, estimando o tempo de relaxacdo. Esse testdorelacionado ao tempo de correlagéo,
gue, por sua vez, esta relacionado ao tamanhortiayte em solucdo, ou seja, quanto menor a
largura de linha, menor € o tamanho da moléculag@sgh, et al., 2006)Larguras de linha da
ordem de 10 Hz sdo compativeis com estruturastdepabo molecular, 0 que sugere que o0s
peptideos (puros ou na mistura), estdo ligadosé@dan de SDS. A estimativa de peso molecular
é de forma qualitativa, considerando que as es#asitem solucdo sdo globulares. O alto peso
molecular é principalmente devido a micela, esta cerca de 40 vezes maior que os peptideos e
determina o tempo de relaxamento do sistema egqaaatemente, a largura de linha. Como a
largura de linha ndo sofreu mudancas, podemos isugexr alteragdes no peso molecular dos
agregados do PTN com a adicdo de PdNao foi significativo frente ao peso molecular do

conjunto PTN/micela.

Alteracdes na largura de linha podem estar reladias a um desvio quimico referente a
uma mudanca no ambiente devido & presenca de Pd.aRalise ddH-2D TOCSY foi
possivel determinar as posi¢cdes dos picos quentietan o padrdo espectral de cada residuo de
aminoacido presente na sequéncia da PTN.
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A tabela 21 mostra os deslocamentos quimicos emcis no espectrti-RMN para o
peptideo PTN na presenca das micelas de SDS.

Tabela 21- Posicéo dos pica$d-RMN (ppm) para a PTN, (1 mM) em 100 mM SDS, pH &.
25°C.

Residuo H HA HB Outros
11 3.976 2.083 HD1 0.976; HG2 1.029; HG12 1.508;
HG13 1.215.
L2 8.563  4.198 1.714/1.900 HD10.934; HD2 0.971; HG 1.209.
G3 8.670 3.087020/4.
T4 7915 4.270 4.039 HG2 1.221.
15 8.057 3.724 2.057 HG1 1.656; HG2 0.900.
L6 8.344  4.010 1.607/1.743 HD1 0.964; HD2 0.909
G7 7.966 3.87;34?/3.
L8 7.706 4.196 1.569/1.994 HD 0.909; HG 1.821.
L9 8.081 4.055 1.911 HD 0.847; HG 1.528.
K10 8.185  3.997 1.856 HD2 1.683; HE 2.943; HG 1.474; HZ
7.488.
G11 7.787 3.(?(())47/4.
L12 7590 4.199 1.945 HD1 0.955; HD2 0,899; HG 1.552.
NH, H1 7.189; H2 6.945.

A ressonancia sequencial e suas respectivas gfigmiforam realizadas combinando o
espectro'H-2D TOCSY e'H-2D NOESY. A partir da anélise dos especttds2D NOESY,
identificamos as correlacdes dos sistemas de spénando um conjunto de dados com todas as
posicdes dos picos e atomos correspondentes apssgsalém de suas respectivas intensidades
e areas, que foi usado para a geracdo da esttritlinaensional da PTN, pelo programa UNIO
(Herrmann, 2002). Para a modelagem molecular, B$®igbes de distancia contendo 42

restricbes de alcance médio foram coletadas, eidsyadas para célculo de estrutura usando
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UNIO. Todos os parametros utilizados para a otigiimada estrutura e dos resultados obtidos

estao resumidos na tabela 22.

Tabela 22 —Dados estatisticos de RMN para determinacdo dawst da PTN.

Numero de residuos 12 (1-12)
Numero de modelos 20

Funcao alvo [A] 0.11 + 0.03 (0.04 .. 0.16)
Faixa de RMSD 1-12

BackboneRMSD? [A] 0.45 +0.11 (0.24 .. 0.63)
Atomo pesado RMSD

[A] 0.70 £0.18 (0.44 .. 0.99)

Restricdes NOE 143
Intraresidual (i-j = 0) 55 (38.5%)
Sequencial (i-j = 1) 46 (32.2%)
Médio alcance (1<i-j<5) 42 (29.4%)

Restricdes NOE por

residuo 11.92

Violagdo RMS NOE [A] 0.0615

Regido mais favoravel 81.4%

Regido adicional

permitida 18.6%

Regido generosamente

permitida 0%

Regido nao permitida 0%

®Desvio quadratico médio das coordenadas (A) comnialo ao longo de todas as 20 estruturas (em
parénteses).

Ao final, as 20 melhores e mais otimizadas estagtdoram minimizadas usando o
programa Gromacs para atingir 10,0 kJ/mol. Apdésranizacao, este conjunto de estruturas foi
utilizado para representar a estrutura tridimeraiem solucdo de PTN em SDS (100 mM), em
pH 5,0 e 25°C, como mostrado na figura 35. A figBaapresenta uma representacéo da hélice-
da PTN determinada por Wang e colaboradores (2093¢ uma estrutura helicoidal com um

teor médio das-hélice de 56% e o conjunto de estruturas maisuéetgs (13/20) exibe uma
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configuracdo dex-hélice do residuo 3° ao 10° (66%), conforme aigiblvia DSSP (Kabsch e
Sander, 1983).

Figura 35 — Representacao de hétigaroposta por Wang, et al. (2013) (A), indicand@gido
hidrofébica (residuos em cinza claro) e regidodiilica (residuos em escalas de cinza escuro).
Superposicado das 20 melhores estruturas finaislladlEs e otimizadas da PTN exibindo uma
conformacgédo predominantemente helicoidal (B). G$dums hidrofobicos estdo representados
em cinza e os polares em azul, evidenciando aaidigade estrutural do peptideo. O C-terminal
€ mostrado na parte inferior.

A anfipaticidade da PTN ja havia sido verificada Jd¢ang e colaboradores (2013), onde
também € possivel observar uma separacdo de uifa re em residuos hidrofébicos e outra
hidrofilica (figura 35 (A)). A propriedade anfipéd da estrutura PTN é evidenciada pela
representacao, na figura 35 (B), colorida com & K em azul claro e azul, em um lado do
peptideo, e | e L, em cinza, no outro lado, comstrado na superposi¢cao dos 20 modelos finais
do PTN.

Posicionamento relativo da PTN em SDS

A interacdo entre o peptideo e ambientes quessen@tham a membranas, como micelas

de SDS, possibilita uma estruturacdo do mesmo alggiir@ uma conformacéo estrutural
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mantendo alguns residuos mais expostos ao solvenyanto outros se mantem mais
interiorizados na micela. O posicionamento dogdrexs de aminoacidos dos peptideos relativo a
superficie da micela de SDS foi verificado pelecadidas sondas paramagnéticas como o ion
manganés (M), que possibilita a identificacdo de residuos reajsostos e pelo 5-doxil acido
estearico (DOXIL) que indica os residuos mais iotemados nas micelas. Na figura 36 €
possivel comparar os espectfés2D TOCSY da PTN (A) e da mistura (PTN/PI) (B) em
SDS na auséncia e na presenca da sondj Merificando que os picos se mantem nas mesmas
regibes mas que alguns sinais sado reduzidos, thdiode que os sinais desses residuos foram
suprimidos pela sonda Nif por estarem mais expostos ao solvente e ondedagem mais

acesso.

Figura 36 — Regido HN-ddo espectro 2D TOCSY dos peptideos a 1mM, pH 28°€ em
SDS a 100 mM. Na parte (A) os picos em preto s&@T™d em SDS e os picos em azul sdo
aqueles que aparecem na presenca do.NNa parte (B) os picos em vermelho referem-se a
PTN/PTN.s e em azul sdo aqueles picos que aparecem na gaesen MA*. Os picos
assinalados com asteriscos sado referentes a coat@es e 0S picos nao assinalados em (B) sao

referentes a PT\;.

Para verificacdo das respectivas supressdes resiguda sonda, calculamos as
intensidades dos picos HNatha auséncia e na presenca dd Mnpartir disso foi determinado a
variacdo de supressdo normalizada causada na kéldsde dos residuos pela sonda, e
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representado na figura 37. Esta relaciona a exjpmsigs residuos ao solvente, onde zero indica o

menos exposto e 1,0 corresponde ao mais exposhante.
Figura 37 — Exposicao dos residuos ao solventeRBra(barras pretas) e para a mistura (barras

vermelhas) na presenca da sonda paramagnéti¢a, ®mportamento das variacdes em relacdo

a exposicao ao solvente é representado pela lieta. p
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A regido da PTN de maior exposicao ao solventeesponde aos residuos de 10 a 12, e a
regido central (residuos de 5 a 9) corresponderaet®r exposicao. Isso indica que a regido do
C-terminal esta mais livre em solucao, enquantoagpercdo central esta mais interiorizada nas
micelas de SDS. A internalizacdo dos residuos gtigen na micela é verificado também pela
sonda doxil, que indica a exposicdo dos residuomtedor da micela. A figura 38 mostra os
espectros’H-2D TOCSY da PTN em SDS na auséncia e na presdacaonda DOXIL,
mostrando que houve um deslocamento quimico cayssldossonda. O mesmo comportamento
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acontece para a mistura PTN/PIN A figura 39 mostra a exposicdo dos residuos de

aminoacidos da PTN ao interior da micela.

Figura 38 — Regido HN-#ddo espectro 2D TOCSY da PTN a 1mM, pH 5,0 a 25CS®S a

100 mM na auséncia (picos em pretos) e na presOXIL (picos em azul), indicando o
deslocamento quimico causado pela sonda. Os pssosatados com asteriscos séo referentes a
contaminantes. Os picos em azul correspondem aasnose assinalados, mas com um

deslocamento.
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Figura 39 — Exposicdo dos residuos ao interior azlmmpara PTN (barras pretas) e a mistura
(barras vermelhas) na presenca da sonda paranwgrig®XIL. Comportamento das variacdes

na exposi¢ao ao interior da micela é representaliolipha preta.
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Ao observar a figura 39 é possivel verificar cexarelacdo com a figura 37, ou seja, a
exposicao ao interior da micela esta concentrad&giao central do peptideo (residuos 6 a 9),
regido menos exposta ao solvente (figura 39) egéigedo C-terminal, que se mostrou mais
exposta ao solvente no experimento com a sond4, Mncontra-se menos exposta ao interior da
micela. O comportamento das variacbes observadgma 39 (linha preta) possui uma certa
complementaridade com a figura 37, mas que deseriaompletamente oposto ao observado na
figura 37. Essas diferengcas no comportamento de&lues podem estar relacionadas ao
deslocamento espectral do especttb2D TOCSY na presenca do DOXIL indicativo de

mudancas estruturais do peptideo.
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Devido a essas observacoes, foi investigada a woaf@o estrutural pela técnica de
dicroismo circular (CD) tanto para PTN como panaistura na presenca de SDS contendo doxil.
Comparamos a estruturacdo helicoidal da PTN e dB/FPN;s em SDS apenas, que
apresentava 22% e 34% de teor helicoidal. A figlranostra os espectros de CD dos peptideos

em SDS na auséncia e na presenca do DOXIL, serwfdcolo das contribuicbes estruturais

realizado pelo CD-Pro.

Figura 40 — Espectros de CD da PTN e PTN/BIéim 8mM de SDS na presenca (simbolos

cheios) e auséncia (simbolos vazios) da sonda pgretica DOXIL a 25°C. Concentracdo de

PTN e PTN. de 20 pM.
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A presenca do doxil aumentou a estruturacdo doigeptpara 42% (PTN) e 44%
(mistura). A inducéo estrutural causada pelo DO3dlassemelha a mesma causada pelo TFE na
PTN (41%) e na PTN/PT]N (43%). Esse comportamento da sonda DOXIL, favomdzam
aumento conformacional, sugere que ela ndo ses@nda mais adequada para o estudo, pois
alterou o enovelamento do peptideo, o que estdadiemte ligado a exposicdo ou ndo dos
residuos ao solvente. Nesse sentido, as observiat@ssnesse experimentos ficam limitadas.
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Interagbes com Modelos de Membranas
Extravazamento de corante

A atividade litica da PTN e PTN/PTN foi avaliada a partir do monitoramento do
extravasamento de carboxifluoresceina (CF) conteta LUVs e em tampdo Tris
(10mM)/EDTA(1mM) contendo 150mM NaCl, em pH 7.5. Asurvas de cinética de
extravasamento de corante (CF) mostram o compontanta PTN (figura 41) e da mistura
(PTN/PTN.g) (figura 42) para diferentes concentracdes (cucedsridas) em funcdo do tempo.
Os resultados obtidos foram apresentados na foamauvas dose-resposta como mostrado na
figura 43 e demonstram que a atividade dos peideo funcdo de concentracdes crescentes
tem um perfil cooperativo. A cooperatividade forifieada através do ajuste de Hill, obtendo um

coeficiente de Hill>1, indicativo de um mecanisnooerativo.
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Figura 41 — Cinética de extravasamento para coraegigs crescentes de PTN na presenca das
bicamadas fosfolipidicas nas composi¢cdes de PCRBRSCol (B), PCPSErg (C), PEPG (D) e
PGCL (E).
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Figura 42 — Cinética de extravasamento para corazgi@s crescentes de PTN/RENha
presenca das bicamadas fosfolipidicas nas commssd® PC (A), PCPSCol (B), PCPSErg (C),
PEPG (D) e PGCL (E).
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Figura 43 — Curvas de dose-resposta da atividdidea BEm funcdo da razdo [P]/[L] da PTN

(simbolo cheio/linha pontilhada) e da mistura (FANM,.¢) (simbolo vazio/linha cheia), em pH

7,5, na presenca de 100uM de LUVs nas diferentepasicoes, a 25°C. (A) PC, PCPSCol e (B)
PCPSErg, PEPG e PGCL. O ajuste empregado (linhaiastpontilhadas) foi feito segundo

Boltzmann.
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As curvas dose-resposta tanto da PTN isolada qukntuistura indicam a dependéncia
sigmoidal, indicativo de um perfil cooperativo, end interacdo de uma molécula favorece a
ligacdo das demais. Esse perfil esta presente das tas bicamadas lipidicas estudadas, tanto
para a PTN isolada quanto na mistura. Isso pogailsildeterminacdo da razao [P]/[L] critica

para PTN e PTN/PT\;, determinadas graficamente e resumidas na taBela 2
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Tabela 23 —-Razéao [P]/[L] critica calculada graficamente paRTdN e PTN/PTNe.

[PVL]

PC | PCPSCol PCPSErg| PEPG | PGCL

PTN 0,025 0,034 0,0414| 0,11% 0,132

PTN/PTN |0,023| 0,027 0,0394| 0,102 0,120

Ao avaliar os dados obtidos, a primeira observag@oespeito a reducéo da razao [P]/[L]
critica para a mistura em comparacao com a PTlddapkugerindo que a atividade litica da PTN
é intensificada na presenca da RENEsse aumento da atividade litica indica que a BThais
eficiente na mistura com a PTH do que isolada. A maior eficiéncia da misturaatigidade
antibacteriana foi verificada por Baptista-Saidergbee colaboradores (2010). Esse
comportamento foi correlacionado a pela maior agtagdo da PTN na presenca da RP§N
favorecendo uma maior interacdo. Para as bicambpiicas de PEPG e PGCL foram
observadas as maiores razdes [P]/[L], indicando baiga eficiéncia na atividade litica nessas
composicoes. Esse fendbmeno pode ser decorrentgaldd que alguns fosfolipideos como PE e
a CL possuem uma curvatura intrinseca negativa, iggigzem uma curvatura negativa na
bicamada lipidica (Wang, et al., 2015; Epand, et 2015). Essa curvatura pode ter sido a
responsavel pela reduzida atividade litica apesanaor valor d&kp na interacdo da PTN com

as bicamadas lipidicas com essas composicoes.

A maior atividade litica foi observada para as LUAgtterionicas (PC), indicada pela
menor razdo [P]J/[L] que entretanto ndo condiz confam de PTN e PTN/PTIN néo
apresentarem atividade hemolitica (vide abaixo)gesndo que outros componentes da
membrana de eritrécitos, como por exemplo o calgsteossam influenciar nessa acéo, como ja
encontrado para outros peptideos (dos Santos @aétal., 2008; Allende, et al., 2003). Por
outro lado, esse resultado sugere que, a atividadwlitica de PTN/PT\; seria maior que de
PTN, como de fato se observou (Figura 43). Essrgismo também foi verificado em estudo
anterior (Baptista-Saidemberg, et al., 2010) ondmracentracdo para atividade hemolitica foi
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reduzida pela metade em PTN/PINSegundo eles a interacdo direta entre a PTN ensbnana

celular é potencialmente favorecida pela mistur&/PTN; 6.
Anisotropia de fluorescéncia da sonda DPH

A associacdo de peptideos a bicamadas lipidicas padsar o desordenamento do
empacotamento dos fosfolipidios constituintes. Bsseurbacdo induzida pode causar um
aumento ou reducdo na flacidez ou elasticidade embrana que pode ser monitorada pela
sonda DPH (Zhao, 2002), desde que a fluorescénusa pgptideos nao interfiram com a
intensidade da fluorescéncia da sonda. Para issedlizado um experimento de fluorescéncia
com excitagdo em 360 nm e emissdo em 450 nm, pssada DPH em tamp&o na presenca do
PTN e de PTN/PTNs, com o intuito de investigar essa possibilidadenterferéncia. A figura
44 mostra a variagcdo percentual de intensidAfjecausada pela PTN e pela mistura na emissao
de fluorescéncia da sonda DPH em 450 nm. Verificaqe em média as limitadas variacbes

indicam uma nao interferéncia da fluorescénciapdideos na fluorescéncia do DPH.
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Figura 44 — Variacdo percentual da intensidadeludeescéncia em 450 nm (comprimento de
onda de emissao do DPH) na presenca de diferemmesrmtracées do PTN (simbolos cheios) e
PTN/PTN_¢ (Simbolos vazios) em tampéo Tris (10 mM)/EDTA(1mddm 150 mM NacCl, em
pH 7,5, a 25°C.
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A tabela 24 resume a média dos valores do fatoralBulado para as diferentes
composicdes fosfolipidicas testadas nesse trab@bealores obtidos se aproximam de 1,0, que
segundo Lakowicz (2006), correspondem a igualdad#eteccdo da fluorescéncia na emissao da

luz polarizada verticalmente e horizontalmente.
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Tabela 24 —Calculo do fator G na presenca das bicamadasdgddm diferentes composicgoes.

Céalculo do fator G
PC 0.90307 + 0.00599

PCPSCol | 0.90607 +0.00755

PCPSErg | 0.90521 +0.00709

PEPG 0.91420 £ 0.00982

PGCL 0.91058 + 0.00679

A flacidez das bicamadas lipidicas contendo DPHtdstada na presenca de diferentes
composicdes fosfolipidicas (LUVS) para a PTN e atuna (PTN/PTRg). A figura 45 mostra a

anisotropia causada por eles nas concentracfea d& M, em 50uM de vesiculas (LUVS).
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Figura 45 — Anisotropia de fluorescéncia da sonB&l @) contida em LUVs de 50M (pH 7,5)
para concentracbes crescentes de PTN (simbolo®sdhdias pontilhadas) e da mistura
PTN/PTN_¢ (simbolos vazios/linhas cheias). A concentracafiudeéforo DPH é de 2:1000 em
relacdo a concentracao de lipideos. Desvio padrdnad2.
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Verificamos que PTN isolada e na mistura, de foseraelhante, praticamente ndo afetam
0 empacotamento lipidico, ndo acarretando variagadtacidez da bicamada lipidica. O mesmo
foi observado por dos Santos Cabrera e colaborad(@@14) para o peptideo Jelleine-l,

mostrando que para diferentes composices das adzmnpraticamente nao houve variagao de
anisotropia.

Variacoes de tamanho das vesiculas (DLS)

O diametro médio das vesiculas pode ser determipadespalhamento dinamico de luz,
DLS (Dynamic Light Scattering e possibilita verificar se ha variacdes nos @ifos das

vesiculas (LUVs) mediante as interacdes com oddes. A figura 46 mostra essa variagdo do
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didmetro médio das vesiculas para as diferentespasigbes fosfolipidicas em diferentes
concentracdes de peptideos.

Figura 46 — Diametro das vesiculas em funcdo [PYR diferentes composi¢cdes de bicamadas
para PTN (simbolos cheios) e PTN/RTNsimbolos vazios) em 33,3 uM e 50 uM de vesiculas,
respectivamente, a 25°C.
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Os resultados obtidos mostram que o comportamen®Idl isolada € semelhante ao da
PTN/PTN.s e que ambas praticamente ndo afetam o tamanhwesésulas. A inducdo de
agregacao e consequentemente o aumento das vesi@dafoi observado para ambos os
peptideos, como também observado para a Jellegneslalogos desse trabalho (dos Santos
Cabrera, et al., 2014) e analogos nesse trabalgqueRas reducdes do tamanho inicial foram
observadas para as composi¢coes de maior carateri@niindicando que a neutralizacdo das

cargas negativas reduz a repulséo entre as cagagsiculas.
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Potencial Zeta e determinagdo d&

A figura 47 mostra as isotermas de adsorcdo da Bbkda e da mistura (A),

determinadas através das medidas de potencial@efzara LUVs de diferentes composicdes e

0 potencial Zeta normalizado com seus respectijstes para o PTN (B) e para o PTN/REN

(C).

Figura 47 — Isotermas de potencial Zéfada PTN (simbolos cheios) e PTN/Pig\simbolos

vazios) (A), na presenca 33,381 e 50uM de LUVs respectivamente, a 25°C. Ajuste lineaapa

0 potencial Zeta normalizado em func&o da concgdtralos peptideos PTN (B) e PTN/REN

(©)

10+

Potencial ¢ (mV)

404

-50

-10

-20

-30

Potencial zeta normalizado

1.05;

Potencial zeta normalizado

0.70-—

1.00+

0.95+

0.90+

0.85+

0.80+

0.75+

c [peptideo] (uM)

0.0 4.0x10°  8.0x10°  1.2x10°
[peptideo] (M)

1.05+
1.00+
0.95+
0.90+
0.85+
0.80+
0.75+
0.70+

0.65

0.0

oon

4.0x10°  8.0x10

6

[peptideo] (M)

PC
PCPSCol
PCPSErg
PEPG
PGCL

1.2x10°

Verificamos que tanto PTN isolada quanto a mistoteragem semelhantemente com as

diferentes LUVs. A partir dessas isotermas a namagdo do potencial Zeta foi realizada, e

103



ajustada linearmente (Figura 47 (B) e (C)) par@&rdehacdo do coeficiente de particadg)(
segundo Freire et al., 2011, como mostrado naa&tiel

Tabela 25 -Calculo do coeficiente de partical,f dos peptideos na presenca de vesiculas
carregadas, a 25°C, com seus respectivos teoaghieanidnica, os diametros das vesiculas em
20uM de peptideo e potencial Zeta apenas das Ve&si{y), sem a presenca de peptideo.

% carga PTN PTN/PTN.¢
anionica
K,(.10) | Tamanho %o K,(.10° Tamanho o

(nm) (nm)

(PZ%TSC‘ 49404 | 137+13 |-211+02| 5503 143+06 | -23+0,6

(F;%TSEr 3501 | 135+12| -32,7+13| 7.4%01 134+ 03 |-34,1+0.6

PEPG N . N .

2a) 100403 | 127+05| -241+1.8| 98402 126+ 03 |-23,6+2,2

(PﬁoC)L 91401 | 123+009 | -413+14| 92401 124+ 05 | -40.8+0.6

Ao analisar os coeficientes de particdo obtidosl#arentes meios verificamos que PTN
isoladamente, com carga liquida +2, apresenta rasroar semelhantes valoreskjeem todas as
LUVs quando comparada a PTN/PiI{N\que tem carga liquida +3. As composi¢cbes em que 0s
peptideos possuem maior afinidade sdo aqueles gdelam membranas de bactérias Gam-
negativa (PEPG) e Gram-positiva (PGCL), nos quarffisou-se uma afinidade semelhante da
PTN isolada e na presenca da RENEntretanto, quando comparamos com a atividaide, libs
peptideos mostraram-se mais eficiente em PC e P@R$&bela 23), sugerindo que outros
fatores, como a curvatura negativa das membranaterao PE e CL, esteja reduzindo a
atividade litica. Efeito semelhante foi observadwapo peptideo Polybia-MP1 que apresenta
reduzida atividade com bicamadas contendo CL enpacagédo com aquelas contendo PS (dos
Santos Cabrera et al., 2008 e 2012).

Além disso, segundo estudo computacional de Baldise colaboradores (2015), a
presenca da PTN na mistura PTN/PTNs; reduz a formacéao de agregados que séo formados de
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maneiras diferentes do que na PTN isolada, comdragus na figura 48. Segundo eles, essa
diferenciacdo na formacdo de agregados é devidoma snais favoravel de contribuicbes de
Coulomb e Lennard-Jones. Com isso podemos sugegirogtras interacdes, como interacdes
hidrofébicas, e ndo so a eletrostatica, estarianoréeendo que a mistura PTN/PiINinduzisse

uma maior estruturacdo seguida de um aumento vidaate litica, mesmo com uma afinidade

aparentemente menor, quando comparada a PTN isolada

Figura 48 — Simulacdo computacional contendo a wmé&cula de Protonectin (PTN) e a
Protonectin 1-6 (PTNs) (A) e duas moléculas de PTN (B). Ao longo do tende simulagéo
(90ns) é possivel verificar que a PTN se separBTdd ¢ favorecendo a estruturacdo da PTN,
enquanto que as moléculas de PTN permanecem juadasiirindo pouca estruturagcédo, e
interagindo dessa forma com a micela de SDS
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Fonte: Baldissera, et al. (2015).
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Bio-ensaios

Atividade hemolitica

Segundo Baptista-Saidemberg et al., 2010 a PTNsapt&ra atividade hemolitica com
ECso de ordem de 8(M enquanto que a mistura com PIgNde 40uM em eritrocitos WRRBC.

A figura 49 mostra a porcentagem de hemdlise ermtdatem diferentes concentracdes dos

peptideos.

Figura 49 — Atividade hemolitica para a PTN e PTNNPs utilizando a melitina como

referéncia.
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Os resultados obtidos neste trabalho com erit®ditomanos indicam que PTN e a

mistura ndo sdo hemoliticos por apresentarem uror \d¢ HGy > 500 uM e 300 pM,
respectivamente, indicando que a atividade hermaliie PTN é menor que de PTN/REN
Dentre os analogos da PTN, tanto a Polybia-CP dutas&le sangue de ratos (WRRBC) (Souza,

et al., 2005), atingindo 78% de hemolise em P) como o Orancis-Protonectin, para célula
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sanguinea de ovelha (Morata et al., 2009) com hsenatima de 80% a %M, possuem maior

atividade hemolitica que a PTN e a mistura com d;RT

Essas observacdes sugerem que a presenca de RaNistura PTN/PTN; aumenta a
atividade hemolitica como observado para atividét= em LUVs de PC, porém em baixas
concentracdes (< 1) ainda pode ser considerado ndo hemolitico. A atlividade litica em
bicamadas zwitteridnicas (PC) foi observada pelpegrmento de extravazamento de corante
(tabela 23), mas a presenca do Colesterol, nasaséhanguineas humanas, possivelmente
reduziu sua agao, como verificado em outros estdos Santos Cabrera, et al., 2008;
Schweizer, 2009). O mesmo comportamento ja hadia @bservado por Baptista-Saidemberg e
colaboradores (2010), indicando que a mistura onto mais hemolitica que a PTN isolada,

mas podendo ser considerada ndo hemolitica a bzoxasntracoes.

Atividade antimicrobiana e antifingica

Nos ultimos anos vem aumentando o numero de cepajichs e bacterianas que
adquirem resisténcia devido ao uso inadequado deteg) antimicrobianos (Furuya e Lowy,
2006; Slaninova, et al., 2011). Testes de atividadenicrobiana e antifiungica foram realizados
conforme as metodologias descritas anteriormenéeéxt das colaboracdes com a Dra. Bibiana
Monson de Souza e do Prof. Dr. Mario Palma do CHBS,UNESP, campus de Rio Claro
(atividade antimicrobiana) e da Profa. Dra. Cael@olombelli Pacca da FACERES (atividade

antifangica). Os resultados resumidos estdo naif0 e na tabela 26.
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Figura 50 — Atividade antibacteriana e antifingizaa a PTN e PTN/PTIN para a bactéria
Gram-positiva §. aureusATCC 6538), Gram-negativ&® ( aeruginosaATCC 13338) e fungoQ.

albicansATCC 90028).
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Tabela 26 —Concentracéo inibitoria minima (MIC) para a atidldantimicrobiana e antifingica
(em pg/ml e uM), e hemolitica (HE€em uM) de PTN e PTN/PTN. Ensaios realizados em
triplicata. Determinacéo do indice terapéutico.jl.HG¢/média dos MICs.

Acdo antimicrobiana Acdo antifingica HCso L.T.

S. aureus P. aeruginosa C. albicans
ATCC 6538 ATCC 13338 ATCC 90028

(ng/ml)| uM | (ug/ml)| uM | (ug/ml) | pM | pM

PTN 62 51 500 413 >100 >83 | >>500| >4,5
12,5% | 8** 1,7 | 128** 16**
PTNi.6 >500 | >797| >500 | >797| >100| =>159 >>5Q0C>0,9

PTN/PTN.s 32 26 >500 | >413 >100 >83| >300 >1,6

12,5* 1,7*

Cloranfenicol 8 - 125 - - - - -
14,5* 15,6*

Anfotericina - - - - 25 27 - -

B

*Baptista-Saidemberg, et al., 2010 — p&raaureugATCC 6538) &°. aeruginosgATCC 15442). ** Qiu, et al.,
2017 — pard&. aureugATCC 29213)P. aeruginosgATCC 27853) eC. albicans(ATCC 14053).

Os testes da acdo antimicrobiana indicaram queghbeatéries. aureusGram-positiva,
PTN apresentou atividade em concentracdes mai@?&sg(ml ou 51 pM) que a mistura
PTN/PTN.s (32pug/ml ou 26 uM), confirmando a tendéncia obsgavanteriormente (Baptista-
Saidemberg et al., 2010) de uma melhor acdo quantims, do que quando separadas, mas ainda
pouco eficazes quando comparado ao Cloranfenigoy/(8) usado como controle. Ja para
bactéria Gram-negativaP. aeruginosa,ambos praticamente nao apresentaram atividade,
diferentemente do apresentado por outros trabgMeades, et al., 2004; Baptista-Saidemberg,
et al., 2010; Qiu, et al., 2017) provavelmente pifierenca das linhagens das bactérias utilizadas
Em outro trabalho de Wang e colaboradores (201B)[d mostrou-se mais ativa com MIC de
8uM mas com linhagens d8. aureusATCC 29213, deferentes da linhagem utilizada neste
trabalho.
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A tabela 27 apresenta a sequencia da PTN e desalgn@logos ja publicados na
literatura, e onde € possivel verificar que mudsanga sequéncia primaria sdo de suma
importancia para sua atividade biologica diferetiiam cada um dos peptideos.

Tabela 27 —Sequéncia da PTN e analogos obtidos de outros meios

Peptideos Sequéncias Espécie
PTN I-L-G-T-I-L-G-L-L-K-G-L-NH, Agelaia pallipes
pallipes
Protonectarina
sylveira@
Polybia-CP  |-L-G-T-I-L-G-L-L-K-S-LNH, Polybia
paulistd
Orancis- I-L-G-I-I-T-S-L-L-K-S-L- NH, Orancistrocerus
Protonectin drewseni
drewserfi
IsCT I-L-G-K-I-W-E-G-I-K-S-L-F-NH,  Opisthacanthus
madagascariens
- de
is
IsCT2 I-F-G-A-I-W-N-G-I-K-S-L-FNH,  Opisthacanthus
madagascariens
caf
is

a: Mendes, et al., 2004; b: Murata, et al., 2008auza, et al., 2005; d: ; e: Thipathi, et @12, f: Dai, et al., 2002.

A Polybia-CP, o analogo mais proximo a PTN, obtidoveneno de vespas, com apenas
uma substituicdo do residuo 11 de glicina (G) goma (S), mostrou-se com mesma eficiéncia
gue a PTN na acgéo antibacteriana, mas potencianmeaits ativa ens. aureuscom MIC de 4
uM em comparacdo a @V para PTN (Wang, et al., 2013). Outros peptidaotos da familia
dos IsCTs, 0 IsCT e o IsCT2 de 13 residuos, analagoPTN, foram os primeiros a serem
isolados de veneno de escorpido (Dai, et al., 20@ai, et al., 2002), e que se mostraram
potentes agentes bactericidas principalmente peran{@ositivas$. aureugATCC 25293) — 0,7
uM) em relacdo as Gram-negativds @eruginosgATCC 27853) — aproximadamente o).
Esse comportamento indica que mudancas na seqy#imiia desses analogos favoreceram a
atividade bioldgica.
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Para a acdo antifungica, o teste indicou que tdi®& como PTN/PTNs nédo
demonstraram atividade para a cepa ATCC 90028atalida albicansaté a concentracdo de
100pg/ml ou 83 pM. A Polybia-CP demonstrou uma MkCfaixa de 1M paraC. albicans
ATCC 14053 (Wang, et al., 2016) enquanto que paRTH, Wang e colaboradores (2015)
obtiveram um MIC de 3aM paraC. albicansATCC 14053, na mesma ordem de grandeza que a
MIC obtido para a PTN do presente trabalho, maa @dinhagem ATCC 90028.

A mistura entre dois ou mais agentes com poteraitmicrobiano é denominado de
combinacdo terapéutica e que pode favorecer ouvan@gio contra patdgenos (Schelz, et al.,
2006). No caso das Protonectins, obteve-se um d&dfIC (Walkenhorst, 2016) de 0,5 para
bactérias Gram-positivas e de 1,0 para Gram-negatvfungos. Isso indica que a presenca da
PTN;.6 na mistura com a PTN possibilita, par&.aaeruginosae C.albicans uma interagédo de
aditividade, ou seja, apenas um aumento dos “agfente caso peptideos, ndo favorecendo,
significativamente, a morte do patdgeno. Ao coitdréio que verificado para a mistura dos
peptideos na presenca & aureus onde a interacdo foi de sinergia indicando queaes
combinacgdo entre a PTN/PTRH é mais seletiva, acelerando a morte das bacté&iasenores
concentragoes.

Viabilidade Celular para Protonectinas

Os ensaios de viabilidade celular foram realizaatosvés das colaboragdes com a Dra.
Diana Maria Diez Gaspar e do Prof. Dr. Miguel Castado IMM, FMUL, da Universidade de

Lisboa, Portugal. Os resultados estdo apresentedizbela 28.
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Tabela 28 —Concentracao inibitéria de 50% das células test@iiiag) em UM para a PTN,
PTN;s € PTN/PTNgpara as células de tecido mamantmA-MB-231).

Acéo
antitumoral

Peptideos | MDA-MB-231

1Cs0 (UM)
PTN 15,91+1,06
PTNy6 N.A.*

PTN/PTN.s 16,73+0,87

*N.A. — ndo aplicado

Nos testes de acdo antitumoral, os peptideos mastise semelhantemente ativos e com
uma concentracao inibitéria bem menor do que enadotpara atividade bactericida e fungicida
(tabela 9). Isso sugere uma maior eficiéncia dsigeeos em células tumorais, 0 que concorda
com os dados de atividade litica nas bicamadagidgd de PCPSCol que se assemelham em
composicao fosfolipidicas de membranas tumorais, mostraram baixa razao [P]/[L] (tabela
23). Esse comportamento também pode estar relalwoaa maior grau de estruturacao,
verificado pelo FTIR (somatorio de héliaee folhasp) tanto do PTN e principalmente do
PTN/PTN.¢ (tabela 18). A PTN com concentracdo inibitoria polta de 1@M para atividade
antitumoral em células de cancer de mama demonatgéo equivalente a Polybia-CP, testada
em uma linhagem de células de cancer de bexiga83)YICso de 18uM), mas menos ativa que
seu analogo em células de cancer de prostata (B@¥8)G, de 11uM (Wang et al., 2011).

Modelo de agéo

O modo de acdo da PTN sugere as seguintes etapgapticleo em solucdo aquosa
apresenta principalmente estrutura aleatéria e gagé®. De inicio, ao interagir
eletrostaticamente com as bicamadas lipidicas, ceenificado pelo potencial Zeta, assumem

predominantemente estrutura helicoidal, mas aimga frmacéo de agregados aumentada em
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relacdo ao que se encontrava em tampao. O mesmpodamento € verificado na mistura
PTN/PTN_., mas com o diferencial de que a agregacao € amlezn relacdo a PTN isolada,
mas ndao em relagcdo ao teor presente em tampaougquenta na presenca das bicamadas. O
aumento da estruturacdo da PTN ocorre provavelmsntistas da diminuicdo das estruturas
aleatérias. As variagfes estruturais, como aumdatestruturacdo e reducdo da agregacao,
causadas pela presenca da PdNdo sdo perceptiveis nos experimentos de detacéon

estrutural por RMN.

A PTN, tanto na forma isolada como na mistureerage de forma mais superficial com a
regido das cabecas dos fosfolipidios como indicaraxperimentos de variacdo de flacidez das
membranas, com a sonda fluorescente DPH. Entretas®a interacdo € suficientemente
importante para causar o extravasamento do conggl@esiculas, de forma bem semelhantes
entre PTN e PTN/PT]\;, mas a mistura apresenta tendéncia a ser um poasoeficiente. A
razéo [P]/[L] critica em PCPSCol e PCPSErg esta &leaixo da equivaléncia entre a quantidade
de cargas de peptideos e vesiculas, mas em PERfBasi@gamente equivalentes. Isso indica que
a cooperatividade da interacéo e a eficiéncia inaatle litica independem da neutralizacdo das
cargas e devem estar influenciadas por interac@eletrostaticas. A presencga na mistura da
PTN;.¢ causou um leve aumento na afinidade, observads pallores d&Kp. A tendéncia a
maior eficiéncia da PTN/PTN provavelmente se deve por favorecer a reducéordzaf@o de

agregados e ao aumento da estruturacao.

Esses resultados nos levam a alguns questionamentoselagdo ao mecanismo de
interacdo da PTN e PTN/PTRlcom membranas. Em estudo com o analogo PolybiddrP,
sugerido que a citotoxicidade desse peptideo amopiar alteracdes morfologicas, verificado por
microscopia eletronica de varredura, na membrahdacecomprometendo seu funcionamento
(Wang et al., 2011). Entretanto, nossos preseesestados de anisotropia e resultados de RMN
com a sonda paramagnética @)nndo indicaram o comprometimento na ordenacdo de
empacotamento lipidico da bicamada lipidica, asslocia uma interacdo de forma mais
superficial do peptideo. E mais, estudos aindaméidicados por microscopia de forca atdmica
em células MDA-MB-231 néo indicaram alteracdes widdicas das células. Assim, sugerimos
que, além de atividade litica da bicamada lipidiea membranas celulares, outros eventos,
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como, por exemplo, alteracdes em demais funcdasioebdas & membrana e/ou translocagéo de

peptideos, podem estar envolvidos na acao da PTN.
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Capitulo 5 — CONCLUSOES

O estudo das interacbes da Jl e analogos (JIF2N28VR), e das PTN e PTN/PTN
com bicamadas lipidicas de carater anidnico e erittico, tiveram por objetivo a maior
compreensao de seus mecanismos de acdo, principalrde que tange aos processos de
agregacao/desagregacdo. Uma analise aprofundacianftamacao estrutural desses peptideos,
por meio da espectroscopia de FTIR e dicroismaulairc possibilitaram avaliar o grau de
estruturacao dos peptideos quando estes interagmnbicamadas lipidicas, mas principalmente
sugerem que a presenca de maior estruturacao adsarireducdo da formacdo de agregados

podem ter influenciado no aumento da sua atividitida e da eficiéncia.

A andlise da atividade litica indicou que os pegafd]l e andlogos, sdo seletivos, por ndo
possuirem atividade em vesiculas zwitteribnicadjcando uma interacdo preferencial com
bicamadas lipidicas anibnicas. Isso foi confirmado avaliacdo das respectivas atividades
hemoliticas, especialmente para Jl e JIF2WR. Qssteke atividade antibacteriana e antifangica
demonstraram que as modificagbes na sequéncia giee Jjeraram o analogo, JIF2WR, foram
fundamentais para maior eficiéncia mantendo aigelatie. Entretanto, apesar de um pouco
mais eficiente para células tumorais do que as gedadleinas, € pouco seletivo para elas em
comparagdo a células ndo tumorais. Esses resultadaizam que a sequéncia de JIF2WR

poderia ser otimizada buscando analogos mais éspsgdara atividade antimicrobiana.

Para a PTN, o aumento da estruturacdo associaesagregacdo na presenca da PN
confirmaram os achados de experimentos computasja@rabora essas variacdes estruturais nao
tenham sido passiveis de deteccdo na estrutuiendridional obtida pelo RMN. Porém na
presenca de vesiculas os achados computacionam fmnfirmados e a mistura (PTN/PIN
mostrou mais interacdo em todos os ambientes tesstadm maior atividade litica em vesiculas
zwitteribnicas. Entretanto a auséncia de atividaelmolitica aponta para o papel importante de
outros componentes da membrana, dentre eles daroleE€m testes bioldgicos, foi confirmada
a tendéncia ao aumento da eficiéncia bactericidangddura. PTN assim como a mistura
apresentaram maior atividade anticancer para cetldecancer de mama do tipo MDA-MB-231

em concordancia com a maior atividade litica nascudas PCPSCol onde também a agregacéo é
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significativamente reduzida. Esses resultados reugegue a sequéncia da PTN possa ser

estudada, e analogos mais eficientes em relac@lolastumorais, possam ser desenhados.

A preferencia eletrostatica por bicamadas lipidi@a®nicas foi evidente tanto para as
Jelleinas quanto para as Protonectinas, sugeriatta afinidade para com essas bicamadas, além
de uma interacdo mais superficial com os fosfolipgdd da bicamada, ndo interferindo no
empacotamento lipidico da mesma. Caracteristica® goenor hidrofobicidade, anfipaticidade e
substituicdes dos residuos de Lys por Arg demastraer de fundamental importancia para a

sintese de peptideos mais seletivos e eficientes.

A acdo biologica foi demonstrada para a familia daleinas, especialmente para o
analogo JIF2WR, na atividade bactericida, apresdotaesultados melhores que o medicamento
controle (Cloranfenicol), enquanto que para a fandhs Protonectinas, a acdo contra células
tumorais foi destaque, contra célula de cancer @man A baixa atividade hemolitica de ambas

as familias de peptideos, possibilita sua aplicag@ogica, refletida nos bio-ensaios.
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Abstract

The rapid spread of multi-drug resistant pathogens represents a serious threat to public
health, considering factors such as high mortality rates, treatment restrictions and high prev-
alence of multi-drug resistant bacteria in the hospital environment. Antimicrobial peptides
(AMPs) may exhibit powerful antimicrobial activity against different and diverse microorgan-
isms, also presenting the advantage of absence or low toxicity towards animal cells. In this
study, the evaluation of the antimicrobial activity against multi-drug resistant bacteria of a
recently described AMP from wasp, Polydim-I, was performed. Polydim-I presented activity
against standard strains (non-carriers of multi-resistant genes) that are susceptible to com-
mercial antimicrobials, and also against multi-drug resistant strains at concentrations bellow
1ug/ml (0.41 uM). This is a rather low concentration among those reported for AMPs. At this
concentration we found out that Polydim-I inhibits almost 100% of the tested pathogens
growth, while with the ATCC strains the minimum inhibitory concentration (MIC o) is 400
times higher. Also, in relation to in vitro activity of conventional drugs against multi-drug
resistant bacteria strains, Polydim-I is almost 10 times more efficient and with broader spec-
trum. Cationic AMPs are known as multi-target compounds and specially for targeting the
phospholipid matrix of bacterial membranes. Exploring the interactions of Polydim-I with
lipid bilayers, we have confirmed that this interaction is involved in the mechanism of action.
Circular dichroism experiments showed that Polydim-I undergoes a conformational transi-
tion from random coil to a mostly helical conformation in the presence of membrane mimetic
environments. Zeta potential measurements confirmed the binding and partial charge neu-
tralization of anionic asolectin vesicles, and also suggested a possible aggregation of pep-
tide molecules. FTIR experiments confirmed that some peptide aggregation occurs, which
is minimized in the presence of strongly anionic micelles of sodium dodecyl sulfate. Also,
Polydim-I induced channel-like structures formation to asolectin lipid bilayers, as demon-
strated in the electrophysiology experiments. We suggest that cationic Polydim-I targets the
membrane lipids due to electrostatic attraction, partially accumulates, neutralizing the
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opposite charges and induces pore formation. Similar mechanism of action has already
been suggested for other peptides from wasp venoms, especially mastoparans.

1 Introduction

Since the beginning of the clinical use of antimicrobial agents, strains of multi-resistant bacte-
ria have emerged. The fast dissemination of these multi-resistant pathogens represents a threat
to public health, considering the high mortality rates, treatment restrictions and the prevalence
in hospitals of bacteria resistant to antimicrobials [1]. Recently, an increase in the number of
infections has been induced by a group of pathogens named by the acronym ESKAPE: Entero-
coccus faecium, Staphylococcus aureus, Klebsiella pneumonia, Acinobacter baumanii, Pseudomo-
nas aeruginosa and Enterobacter sp. The term ESKAPE is a reference to the difficulties to
eliminate infections caused by these pathogens due to several mechanisms of escape they pos-
sess, and to the urgency in the discovery of new antimicrobial drugs, capable of eliminating
infections they induce [2]. Although these bacteria do not share the same mechanisms of resis-
tance induction, they share an increasing prevalence due to the selective pressure exerted by
public policies (or their absence) for antibiotics use, especially in the Intensive Care Units
(ICUs) [3]. Antimicrobial resistant infections are responsible for approximately 50,000 deaths
per year only in USA and Europe. Worldwide, the number of deaths attributed to antimicro-
bial resistant infection is estimated to be above 700,000/year. If no action is taken to control
the growing rates of infection induced by such pathogens, about 10 million lives can be taken
per year by the year of 2050 [4].

AMPs are ubiquitous in living organisms, and are in general, molecules of the innate im-
mune system, which exert potent antimicrobial activity against a wide range of microorgan-
isms, associated to the absence or reduced toxic effects towards mammalian cells [5]. This
reduced toxicity is attributed to biochemical and structural differences between cell mem-
branes of microorganisms and mammals. The lipid bilayer of the bacteria membrane is
composed of negatively charged phospholipids, facing outside the cell. In mammalian cells,
however, zwitterionic phospholipids facing the extracellular compartment form the mem-
brane, which also includes cholesterol, that in animal cells decreases the lytic effects of AMPs,
and is absent in bacterial membranes [6,7].

Typical AMPs consist of 10 to 50 amino acid residues with positive net charge. Folded, they
may acquire mostly four types of secondary structures: o-helix, B-sheet, combined o-helix and
B-sheet, and extended. In general, the mechanism of action of AMPs is either directed by elec-
trostatic interaction towards the microbe membrane, followed by pore formation or mem-
brane rupture, or penetrate the bacterial cytosol by passing through an outer membrane
protein, or by channels formed by the AMPs, or by a flip-flop mechanism, and exert antimi-
crobial effect by inhibiting protein or DNA synthesis [8,9,10]; alternatively, AMPs may modu-
late the host immunity system [11].

Two main general mechanisms of action for peptide disruption of membrane were pur-
posed: pore formation through the lipid bilayer or the carpet mechanism that could either
cause intermittent leaky defects on the membrane or its lysis as a detergent. Further detailed
description of the mechanisms of pore formation and bacterial membrane destabilization by
AMPs can be revised on previous articles [12-19].

The development of microbial resistance against AMPs is rare [20]. Although some patho-
gens are capable of expressing mechanisms to avoid the AMP target and bypass the host
defenses [15,21], AMPs represent one of the most promising strategies in the fight against
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infections and resistance to antimicrobial drugs. There is a major interest, regarding public
health, in the development of new antimicrobial classes, since in the last four decades just
three were introduced as medicines (lipopeptides, oxazolidinones and streptogramins) [22,23].
Besides being rare that bacteria develop mechanisms of resistance against antimicrobial drugs
which target membrane lipids, these antimicrobials are active against slow-growing or dor-
mant bacteria and on biofilms [24]. In addition to the already proven antibacterial activity of
AMPs individually administrated [25], there is the possibility of combined use with conven-
tional drugs [22,26,27].

Wasp venoms are composed by substances developed through an elaborated evolution pro-
cess, and effectively used to self-defense, immobilization or capture of the prey. The venom of
social wasps contains a variety of bioactive compounds, with a number of pharmacological
activities, including antimicrobial activity [28,29]. Several bioactive peptides were isolated
from wasp venoms, and the most studied class is the one of the mastoparans. Mastoparan pep-
tides are rich in lysine residues and play an important role in the stimulation and release of
biogenic amines such as mast cells histamine. Furthermore, mastoparans present potent anti-
microbial activity [30].

Polydim-I is a peptide recently isolated from the venom of the Neotropical wasp Polybia
dimorpha that is active against Mycobacterium abscessus subsp. massaliense infections in vitro
and in vivo [31]. The peptide has 22 amino acid residues. Although presenting an amphipathic
structure due to the presence of hydrophobic amino acid residues (methionine, leucine, valine,
and proline) intercalated with negatively charged ones, as other wasp AMPs do, Polydim-I
also presented particular intrinsic characteristics, which made it be considered a new class of
AMP. Morphological analysis of M. abscessus subsp. massiliense cell surface indicated that
Polydim-I activity could be related to cell membrane integrity disruption. Besides the efficacy
demonstrated on the reduction of M. abscessus subsp. massaliense infections in macrophages
and mice models, Polydim-I also showed selective toxicity. Toxicity in macrophages was only
10% when they were treated with concentrations 15-16 times higher (121.6 pg/mL) than the
concentration used to reduce in 50% the infection in the same cells (7.6 pg/mL). Furthermore,
the haemolytic activity against human erythrocytes (only 2.5% at 121.6 pg/mL) can be consid-
ered insignificant [31].

The present study aimed at expanding the characterization of the antimicrobial potential of
Polydim-I, through the determination of its minimum inhibitory concentration (MIC) against
ATCC sensitive bacteria strains and ESKAPE pathogens. Additionally, the detection of defects
on resistant bacteria cell membrane by SEM, indicating pore-formation as a possible mecha-
nism of action [31] led us to confirm the possibility of pore formation and to evaluate by other
methods its structural features and mechanism of interaction with the lipid matrix that could
make it a candidate to drug development studies.

2 Materials and methods
2.1 Peptide synthesis

Polydim-1 (AVAGEKLWLLPHLLKMLLTPTP-\y5; m/z 2441.7 [M+H]") was synthesized
using Fmoc chemistry by AminoTech P & D (Sao Paulo, Brazil). The correct sequence and
purity (>99%) were evaluated by HPLC and mass spectrometry.

2.2 Antibacterial activity

ATCC (American Type Culture Collection) strains were acquired from BioMerieux as a part
of the kits Lyfocults® of the quality control of the equipment Vitek2®) of the same company.
The multi-resistant strains were provided by the bacterial library of the Microbiology
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Laboratory of the Centro Universitario de Brasilia (UNICEUB). The microorganisms used
were: Staphylococcus aureus ATCC2 5923, Staphylococcus aureus methicillin resistant (MRSA);
Enterococcus faecalis ATCC 29212; Enterococcus faecalis vancomycin resistant. Escherichia coli
ATCC 25922; Pseudomonas aeruginosa ATCC27853; Acinetobacter baumannii ATCC 19606;
Klebsiella pneumonia carbapenemase (KPC)-producing; extended spectrum betalactamase
(ESBL)-producing Escherichia coli; metallo-B-lactamases producing Pseudomonas aeruginosa
resistant to carbapenems.

MICs for Polydim-I against bacteria strains were determined by 2-fold serial broth micro
dilution in Miieller-Hinton broth (Difco™, BD, USA) in 96-well plates. Each well received
90 ul of peptide solutions plus 90 pl of the broth. In each well 20 ul of bacterial suspension
was added, resulting in a final volume of 200 pl at the concentration of 10° CFU/ml. Controls
were: DMSO 2.5% (vehicle) with and without bacterial suspension, Polymyxin B, Merope-
nem, and Vancomycin (all from Sigma-Aldrich Co., USA). Following inoculation, the plates
were incubated at 37°C for 18 h before measuring the turbidity of the cultures at 595 nm in
an ELISA reader (MultiSkan FC®), Thermo Scientific, USA) to assess bacterial growth.
The results were expressed as inhibition percentage of optical density (OD) against a con-
trol in the absence of the peptide or the control antibiotics. MICs, was calculated through
non-linear regression of the dose-response growth inhibition curves for Polydim-I against
the ATCC strains, and MIC, (o was the concentration that completely inhibited bacterial
growth.

2.3 Large unilamellar vesicles preparation for spectroscopy experiments
(LUV)

Multi-layered vesicles (MLVs) were prepared from films of asolectin (Sigma-Aldrich Co.,
USA) deposited on the bottom of round flasks after solvent (chloroform) evaporation under
N, flow, followed by vacuum drying for at least 3 h. Films were hydrated with buffer (citrate/
phosphate pH 5.5 containing 150 mM NaF), at 40 C, to reach a final lipid concentration of 10
mg/mL and vortex mixed. MLVs were submitted to an extrusion process through polycarbon-
ate membranes (Whatman® Nuclepore Track-etch Membrane, Sigma-Aldrich Co., USA) in
two steps: first, through 400 nm membranes (6 times), then through two stacked 100 nm
membranes, using an Avanti mini-extruder (Avanti Polar Lipids Inc., USA), at 40°C, render-
ing LUVs. For ATR-FTIR experiments vesicles were prepared in deuterated buffer and left
incubating for 2h prior to spectra acquisition.

Peptide samples were prepared by diluting the stock solution (in D,O for IR experiments)
with buffer/deuterated buffer, or with buffer containing either 40% 2,2,2-trifluoroethanol (or
2,2,2-trifluoroethanol-d3, TFE), or 8 mM sodium dodecyl sulfate (SDS) or asolectin (AZO)
LUVs, at 100 and 250 pg/mL.

2.4 Circular dichroism (CD) spectroscopy

CD spectra were obtained in the absence and in the presence of peptide at 20 uM concentra-
tion, at 25°C, recorded from 260 to 202 or 190 nm (depending on signal-to-noise ratio) with a
Jasco-710 spectropolarimeter (JASCO International Co. Ltd., Tokyo, Japan) Spectra were
acquired using 0.5 cm path length cell, averaged over ten scans, at a scan speed of 50 nm/min,
bandwidth of 1.0 nm, 0.5 s response and 0.2 nm resolution. Baseline correction was applied.
The mean-residue ellipticity, [©] (deg cm?/dmol), was calculated with the relationship [@] =
1008/(Icn), where 8 (mdeg), is the observed ellipticity, 1’ the path length in cm, ‘¢ (mM) the
peptide concentration, and ‘n’ the number of peptidic bonds. Spectra were fitted with the soft-
ware CDPro (configured with CONTIN/LL and using the reference set SMP56).
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2.5 Attenuated Total Reflectance-Fourier-Transform Infrared
Spectroscopy (ATR-FTIR)

FTIR spectra were recorded in the range from 1600 to 1700 cm™ with the spectrophotometer
Spectrum Two (Perkin Elmer, Beaconsfield, UK), fitted with ATR device. Aliquots of 7 pL of
each sample were deposited on top of the ATR crystal device. To obtain the difference spectra,
samples were analyzed in the absence and in the presence of peptide at 1 mM concentration.
For each spectrum 20 scans were collected with resolution of 2 cm™. The background was the
clean crystal. To assign the wave numbers of the component bands in the spectra, baseline cor-
rection was applied, overlapping bands were resolved and the second-derivative spectra were
smoothed by 13-data point Savitsky-Golay.

The ATR-FTIR spectra were analyzed to give the estimates of the relative contents of the
different secondary structure elements included in the whole area of the amide I band based
on the fraction of total area under the peak. The deconvolution of the amide I region consid-
ered the following peaks and assignments to the secondary structure elements: between 1620-
1625 cm™, aggregated B-sheet; 1625-1640 cm ™' B-sheet, from 1645-1655 cm™, o-helix; 1656~
1670 cm™, distorted helix; 1670-1680 cm™, turns [32,33].

2.6 Size and zeta potential determinations

The Zetasizer Nano ZS (Malvern Instruments, Worcestershire, U.K.) was used to determine
size and the zeta potential of AZO LUV in the absence and in the presence of the peptide.
Peptide solutions were prepared in buffer, pH 5.5, in plastic vials and an aliquot of the vesicle
suspension was added to a final concentration of 250 ug/mL. After 30 minutes equilibration at
25 C the preparation was transferred to a disposable cuvette for size evaluation. Then, the
same preparation was transferred to a DTS1070 cell (Malvern Instruments, England) for zeta
potential measurement. Values of viscosity and refractive index were 0.8872 cP and 1.330,
respectively.

2.7 Giant unilamellar vesicles (GUVs), bilayer formation and
electrophysiology

The giant unilamellar vesicles were prepared from asolectin (Sigma-Aldrich Co., USA) and
formed by electroswelling, using the device Vesicle Prep Pro (Nanion Technologies GmbH,
Germany) following the protocol described by Rangel et al., 2011 [34]. Lipid bilayers were
formed from GUVss after added to the borosilicate glass chips NPC-1 aperture. Electrical mea-
surements were performed with the automated Patch-Clamp device Port-a-Patch® (Nanion
Technologies GmbH, Germany) as previously described [34].

3 Results
3.1 Antibacterial activity

The growth inhibition results of Polydim-I against ATCC bacteria strains are summarized in
Table 1. The peptide presented low MIC against Staphylococcus aureus, with a MICs, of 4.1pg/
ml. Against Pseudomonas aeruginosa, however, concentrations higher than 400ug/ml were
tested, and yet the MIC5, and MIC; o, could not be precisely calculated. Peptide concentrations
that inhibited 50% of the growth of Enterococcus faecalis, Acinetobacter calcoaceticus-bauman-
nii and Escherichia coli were, respectively: 73.2, 84.0 and 50.7 pug/ml. E. coli was the Gram-nega-
tive bacteria more susceptible to the peptide treatment. MIC, o, values were equal or superior
to 400 pg/ml for all tested ATCC bacteria. As a control of inhibition of the bacterial growth,
commercial antimicrobial drugs were tested against the same standard strains (Table 2).
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Table 1. Polydim-l activity against ATCC bacteria strains (in pg/ml, with 95% confidence limits for MIC5, presented in parentheses). MICs were
determined by 2-fold serial micro dilution in Meller-Hinton broth in 96-well plates. Each well received 90 pl of peptide plus 90 pl of broth. In each well 20 pl of
bacterial suspension was added, resulting in a final volume of 200 pl at the concentration of 10° CFU/ml. The plates were incubated (37°C, 18 h) and turbidity
was measured at 595 nm to assess bacterial growth. The results were expressed as inhibition percentage of optical density (OD) against a control in the
absence of the peptide. Three independent experiments were performed in triplicate.

ATCC bacteria strains

Polydim-I(pg/ml) S. aureus E. faecalis E. coli P. aeruginosa A. calcoaceticcus
MICs5o 4.1 (1.5-11.5) 73.2 (56-95.6) 50.7 (33-78) > 400 84 (65-109)
MIC100 400 400 >400 >400 >400

https://doi.org/10.1371/journal.pone.0178785.t001

To confirm the standard response of the strains used in this study, commercial drugs with
reduced or absent activity against bacteria expressing resistance genes were tested. Thus, van-
comycin was tested against VRE strains, and meropenen against Pseudomonas aeruginosa and
Acinetobacter sp. In parallel, antimicrobial drugs indicated for the treatment of infections
caused by multi-resistant microorganisms were also tested: vancomycin against MRSA strains
and e polymyxin B on Pseudomonas aeruginosa and Acinetobacter sp. (Table 3). Vancomycin
inhibitory activity on MRSA strains was above 90% on both tested concentrations (10 and
100 pg/ml), and bellow 30% against the VRE strain. Iminipen only inhibited the growth of
ESBL-producing E.coli, which is the only Gram-negative bacterium sensitive to this drug.
KPC, P. aeruginosa and A. calcoaceticcus-baumannii Cplx express carbapenes resistance, but
are susceptible to polymyxin B.

The results of the evaluation of the Polydim-I inhibitory activities against the strains
expressing multi-resistant genes are shown in Table 3. Polydim-I presented a potent inhibition
of the multidrug resistant bacteria growth, inhibiting 100% of all strains at concentration of
1pg/ml (0.41uM) except for Acinetobacter sp. that presented a MIC, o of 5pug/ml (2.05uM,
Table 3). The MICs, for the peptide against the multi-resistant bacteria would be bellow 1ug/
ml concentration, and were not calculated. Polydim-I is much more efficient against ESKAPE
pathogens than the ubiquitous drugs employed.

3.2 Secondary structure evaluation

CD and ATR-FTIR spectroscopy were used to investigate Polydim-I secondary structure in
the aqueous environment and that induced by the presence of membrane mimetic systems.
SDS solutions above the critical micelle concentration and asolectin LUV’ present anionic

Table 2. Inhibition of ATCC bacteria strains by commercial antibiotics, in percentage + SEM. Each well received 90 pl of antibiotic solutions plus 90 pl
of broth. In each well 20 pl of bacterial suspension was added, resulting in a final volume of 200 l at the concentration of 10° CFU/ml. The plates were incu-
bated (37°C, 18 h) and turbidity was measured at 595 nm to assess bacterial growth. The results were expressed as inhibition percentage of optical density
(OD) against a control in the absence of the control antibiotics. Three independent experiments were performed in triplicate.

ATCC bacteria strains

Drugs Concentration (pg/ml) S. aureus E. faecalis E. coli P. aeruginosa A. calcoaceticcus
Vancomycin 10 90.9+1.3 74.6+2.3 NT NT NT

100 95.2+0.7 89.7+0.4 NT NT NT
Meropenem 10 NT NT 97.5+1.7 94.9+4.8 99.0+0.6

100 NT NT 96.1 £ 0.05 96.7+5.3 100
Polymyxin B 10 NT NT 87.6+6.7 98.9+0.1 92.5+1.75

100 NT NT 85.3+5.3 97.9+2.0 99.8+0.1

NT: non tested because there is no indication for use

https://doi.org/10.1371/journal.pone.0178785.t1002
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Table 3. Inhibition of multi-resistant bacteria strains by Polydim-l and commercial antibiotics, in percentage + SEM. Experimental details as
described for Table 2. Three independent experiments were performed in triplicate.

GPC

Drug/peptide(MW) Concentration (pg/ml)/ uM MRSA VRE
Polydim-1(2441.7 [M+H]*) 1/0.41 97.6+0.1 | 98.5+11.6
5/2.05 99.2+0.8 99.4+11,5
30/12.3 101.310.2 | 98.5+11.6

Meropenem (383.5 g/mol) 10/26.1 NT NT

100/260.1 NT NT

Polymyxin B (1204 g/mol) 10/8.3 NT NT

100/83 NT NT
Vancomycin (1449 g/mol) 10/6.9 90.7+0.05 26.5%+0.8
100/69 95.4+0.4 | 29.0+0.2

E.coliESBL

100.2+0.3
100,0+0,1
99.7+0.1
93.0+0.2
98.6+0.5
100.5+0.5
99.8 +£0.05

NT

NT

GNB GNBNF

KPC P. aeruginosa Acinetobacter sp.
97.8+1.3 100.9 +0.3 87.4+1.7
102,7£1,2 100,9+1,1 100,1+0,6
104.2+0.2 100.3+0.9 100.7 £0.2
0.7+ 0.07 1.8+0.4 0.9+0.05
0.8+0.02 0.5+0.1 14104
99.0+0.7 99.8+0.0 88.5+1.2
100.0+£0.5 99.4+0.5 98.3+1.3

NT NT NT

NT NT NT

GPC: gram-positive cocci. GNB: gram-negative bacteria. GNBNF: gram-negative bacteria non-spore forming. NT: non tested because there is no

indication for use.

https://doi.org/10.1371/journal.pone.0178785.t003

character, a common feature of bacterial membranes [15]. Solutions were buffered at pH 5.5,
mimicking the acidic environment of infected tissues and making His residues protonated.

CD spectrum (Fig 1) of Polydim-I in buffer suggests an unordered structure and the peptide
spectra in 40% TFE and in 8 mM SDS solutions exhibit the features of a-helical conformations
with double minima around 208 and 223 nm. In the presence of anionic asolectin vesicles, the
spectrum shows some deviation of the helical features, which could indicate the contribution
of aggregated peptides. Nevertheless, the spectra do not indicate a preferential interaction with
anionic environments as already found with other antimicrobial peptides [34,35,36].
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Fig 1. CD spectra of Polydim-I, obtained at 20 uM concentration, at 25'C, in different environments.
Spectra are the average of 10 accumulations obtained at 50 nm/min. No smooth has been applied.

https://doi.org/10.1371/journal.pone.0178785.g001
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Fig 2. Deconvolution of the amide | band (1600-1700 cm™") of the FTIR spectra of Polydim-I in different
deuterated environments. The component peaks were obtained from the second derivatives (not shown)
and result from a Gaussian curve fitting. The dashed lines are the experimental FTIR spectra (averaged over
20 scans) after the 13-data point Savitzky-Golay smoothing. The colored lines correspond to the sum of the
components. The grey lines represent the deconvolution of the spectra in the different wave numbers.
Spectra were acquired at 1 mM Polydim-I, at 25 C.

https://doi.org/10.1371/journal.pone.0178785.9002

Fig 2 shows the spectra of the amide I region in the different environments, which superim-
pose the sum of the fitted components (100%). The deconvolution identifies the structural con-
tributions at the respective wavenumbers. At 1620 cm ™', the aggregated forms, at 1635 cm™, the
B-sheet, at 1645 cm ™ the random structures, at1654 cm™, the o-helix, and above 1665 cm™,
turns. In buffer, turns and random coil prevail, although some aggregated forms and B-sheet
could be detected. These forms could result from peptide-peptide salt bridges and/or hydropho-
bic interactions. In TFE solution, known as a helical inductor environment, o-helix structures
appeared at the expenses of turns and random coil reduction. In the presence of SDS micelles,
the aggregated forms contributions significantly decrease with a proportional increase of the
o-helix content. Although AZO LUV exhibit an anionic character, it is mostly made of
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Table 4. Secondary structure elements (%) of Polydim-l as determined by the deconvolution of CD and FTIR spectra.

Secondary structure evaluation (%)

Buffer, pH 5.5 40% TFE 8 mM SDS 250 pg/mL AZO LUV
cD IR cD IR cD IR cD IR
a-helix 8 - 25 21 29 32 24 23
B-sheet 32 21 23 25 22 28 21 21
turns 23 45 23 36 22 34 25 31
aggregated ND 16 ND 18 ND 6 ND 25
random coil 37 18 30 - 28 - 31 -

ND, not determined; -, absent

https://doi.org/10.1371/journal.pone.0178785.1004

zwitterionic phospholipids and Polydim-I spectra in this environment hold similarities with the
TFE solution spectra, however with an increased content of aggregated forms. The B-sheet con-
tent remained constant in the different media.

Table 4 compares the contributions of the secondary structure elements as obtained from
CD and FTIR experiments. This latter technique allows an estimative of the aggregated content
of peptide. In buffer, B-sheet, turns and aggregation could be due to electrostatic attraction
between positively and negatively charged residues, either intra- or inter-chains. These struc-
tures contribute somewhat differently in the deconvolution of CD and IR spectra. The pres-
ence of the helix inductor TFE, and the membrane mimetics, SDS solution and AZO vesicles
suspension, induce significant contents of helical and B-sheet structures. In the presence of the
strong anionic environment of SDS micelles, we find the lowest aggregation content and high-
est ordered structure content. Low aggregation is an important feature to maximize antimicro-
bial activity and the higher anionic character of SDS when compared to asolectin LUV's
suggests the relevance of the stronger electrostatic interactions, which can also be found in
Gram-negative and Gram-positive bacteria [15].

We also observed that Polydim-I structure should be of low amphipathicity, considering
the calculated hydrophobic moment of 0.109 [37]. Amphipathicity has been often related to
the activity of antimicrobial peptides on membranes, however as postulated by Wimley (2010)
[38] it is not necessary for peptides to exhibit a perfect amphipathicity for improved biological
activity and specificity.

3.3 Zeta-potential determinations

Considering that Polydim-I might target the phospholipid matrix of cell membranes as other
antimicrobial peptides do, the binding to and accumulation on the outer leaflet of vesicles

are important steps for membrane destabilization, before pore formation or the occurrence

of any bilayer destabilization. These events can be assessed through zeta potential measure-
ments. Zeta-potential values reflect the remaining charge density which were neither neu-
tralized nor screened. Changes in zeta potential are used to quantify the extension of the
interaction between peptides and phospholipid vesicles and changes in size are related to pep-
tides inducing vesicles aggregation or acting in the detergent mode [39]. In the absence of pep-
tide, AZO vesicles are characterized by an average zeta-potential value of -19.7 £ 0.6 mV ({,).
Fig 3 shows that the interaction with the positively charged peptide causes the vesicles charging
up as the peptide concentration increases. The variation of vesicle size does not indicate strong
aggregation or micellization and it ranged from 115 to 179 nm throughout the experiment.
Polydim-I gradually increases zeta-potential, tending to a plateau at concentrations above

10 uM. This finding either indicates poor binding or peptide aggregation on the vesicle surface.
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Considering the results from the FTIR experiments that indicated around 31% peptide aggre-
gation in AZO vesicles (Table 4), this latter possibility seems to be the case.

3.4 Lipid bilayers electrical measurements

The peptide Polydim-I was able to induce channel-like activity in lipid bilayers (LBs) of asolec-
tin at concentrations ranging from 0.7 to 2 uM (n = 6, independent experiments), using a sym-
metrical 150 mM HCI solution, within 10 min incubation time. Higher concentrations of the
peptide (> 5uM) induced fast (2-3 seconds) LB breakdowns after applying our standard initial
protocol (Vieia = -100 mV). Pore formation was observed under positive and negative voltage
pulses (Fig 4A and 4B), and the current versus voltage relation (Ix V) showed no rectification.
In fact, the I x V regression resulted in a straight line passing near 0 (R* = 0.9850), with con-
stant slope of 0.2088, indicating that the pores formed by Polydim-I in the lipid bilayer are
ohmic conductors, i.e., the pore resistance does not change with the applied voltage (Vy,14)
(Fig 4C). Average unitary channel conductance was calculated under different Vi, 4 pulses of
-120, -100, +100 and +120 mV, and they are presented in Table 5, although no significant sta-
tistical differences were found between these conditions (non-parametric one-way ANOVA
followed by Dunn’s multiple comparison test). The highest conductance opening was observed
at the Vyo1q 0f -100 mV, reaching 2159 pS. Pores of different conductance levels were observed
(Fig 4, Table 5), suggesting the organization of peptide monomers to form larger channel-like
structures. P e, and dwell time values were estimated for Vi,q1q of -100 and +100 mV under
constant stimulus protocol, and are shown in Table 5. Dwell times were very short and similar
for both conditions (280 and 320 ms respectively; unpaired t-test did not detect difference
between the two conditions), while P, was higher at +100 mV pulse (9.5%) than at -100mV
(5.5%).
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Fig 3. Zeta-potential isotherm obtained at 25 C, in the absence (o) and presence of 250 pg/uL AZO
vesicles. A series of buffered peptide solutions, pH 5.5, at increasing concentrations were mixed with an
aliquot of AZO vesicles suspension and left for 30 minutes to equilibrate. Error bars represent the standard
deviation of 3 measurements.

https://doi.org/10.1371/journal.pone.0178785.9003
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Fig 4. Representative recordings of Polydim-1 (0.7 to 2 uM) single channel incorporation in AZO
bilayers using a Nanion Port-a-Patch device and PatchControl software. Solution: 150 mM HCI
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(symmetrical). Arrows indicate some channel apertures or closings. A) Vy0iq = +100mV, Pore conductances =
265 and 629 pS; B) Voiq =-100mV, Pore conductance = 161 pS; C) Representative current-voltage linear
relation of the pores formed by Polydim-I peptide in AZO bilayers (R? = 0,9850; slope of 0.2088). Measurements
of the single channels currents and duration of apertures were performed using PatchMaster software. Other
analyses were performed in GraphPad Prism 5.0 Software. Six independent experiments were performed.

https://doi.org/10.1371/journal.pone.0178785.9004

4 Discussion

The peptide Polydim-I was isolated from the venom of the social wasp Polybia dimorpha from
the Brazilian savanna. This peptide presented in vitro and in vivo activities against the rapid
growth of mycobacteria Mycobacterium abscessus subsp. massiliense [31] that is known to
cause infectious diseases in humans in hospital environments after intramuscular injections
and other small invasive procedures [31,40]. The M. abscessus subsp. massiliense presented cell
wall disruptions after the treatment with Polydim-I, as verified by scanning electron micros-
copy (SEM), possibly due to the pore formation. The antibiotic clarithromycin, an inhibitor of
protein synthesis, didn’t alter the morphology of the mycobacteria [31].

Another specie of social wasp from the same genus, P. paulista, also presents AMPs with
strong activity against standard ATCC microbes, evaluated with the same strains used in the
present work [41,42]. Polydim-I was active against standard ATCC strains, with lower MICs,
against S. aureus and E. coli. Other strains, E. faecalis, P. aeruginosa, A. calcoaceticus baumannii
were less sensitive to the peptide (Table 1). This may be due to a less permeable membrane of
these later strains that endow the microorganism with some intrinsic resistance and could
have reduced the peptide permeability [43-45]. Besides LPS presence in gram-negative bacte-
ria, membrane lipid composition varies among different bacteria species and strains, and the
lipid composition of membranes has been referred as crucial to the activity of lipid targeting
antimicrobials [10,24,46,47].

Polydim-I activity against standard ATCC strains is lower than that presented by conven-
tional antibiotics (Tables 1 and 2). The only response similar to a reference drug (Vancomycin)
was the MICs against S. aureus. The difference in the response of the bacteria strains with no
resistance mechanisms is that the conventional antibiotics can easily reach and bind to their
targets [48]. Since in these strains there is no inactivation or elimination of the antimicrobial
agent, all the molecules transported into the cell will exert their effect on the molecular targets,
successfully eliminating the microorganism [49].

The phenotype of the multi-resistant microorganisms tested in this study differs from the
standard strains by the ability to produce extended spectra beta lactamases and carbapene-
mases. These are present at high concentrations in the periplasmic space, and inactivate the
beta-lactam antibiotics by ring hydrolysis. The main mechanism of Gram-positive bacteria
resistance is characterized by the changes in the receptor for the antimicrobial molecules, gen-
erally located on the plasma membrane or in the cell wall [6,48,50,51].

Table 5. Polydim-l induced pores in anionic (AZO) bilayers according to the applied voltage (Vio1q)- Mean (+ SEM), minimum and maximum conduc-
tance of pores obtained in 3-6 different experiments for each Vo4 condition. Dwell time (time duration of channel aperture) and Popen, Of pores (probability of
pore aperture during a recording, calculated by the sum of time of all apertures under a V. 4 divided by the total time of recording in that same V.4 condition)
averaged after 3 experiments. Measurements of the single channels currents and duration of apertures were performed using PatchMaster software. Other
analyses were performed in GraphPad Prism 5.0 software.

Vhota (MV) Conductance (pS) Minimum conductance (pS) Maximum conductance (pS) Dwell time (ms) Popen (%)
-120mV 211.4+29.4 20.8 843.3
-100mV 291.6+26.9 18.0 2159.0 280140 5.5
+100mV 256.6+18.2 31.0 944.0 320+110 9.5
+120mV 209.6+25.0 417 483.3

https://doi.org/10.1371/journal.pone.0178785.1005
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The control experiments with the multi-resistant strains and the standard drugs attested the
good accuracy and sensitivity of the assays. The multi-resistant bacteria are far more sensitive
to this peptide than the ATCC strains. MIC, oo was very low, and it was not possible to calculate
MICs, due to the strong activity of the peptide (Table 3). These results indicated a higher and
more specific response of the multidrug resistant pathogens to Polydim-I in comparison with
the standard strains.

The Gram-negative multi-resistant bacteria were inhibited by peptide concentrations lower
than polymixyn B and meropenem, which in the presence of different resistance mechanisms
are the only therapeutic choices. Gram-negative bacteria can express one or more resistance
mechanisms, conferring resistance against antibiotics such as cephalosporins, aminoglyco-
sides, quinolones and other classes of antimicrobials [52,53]. Bacterial infections caused by
multidrug resistant pathogens have become more frequent, making the empiric therapeutic
choice a true challenge [54].

The results with Gram-positive multi-resistant bacteria were also very promising since
Polydim-I inhibited 98% of the growth of MRSA and VRE strains at the concentration of 1pug/
mL. Vancomicin inhibited up to 95% of the growth of MRSA at 10 and 100ug/mL while in the
same concentrations growth inhibition of VRE was only 26.5-29% due to the resistance of this
strain to this antibiotic.

Polydim-I was described by das Neves et al (2016) as a new class of AMP peptide [31]. We
can expect some differences in the activity due to its novel sequence when comparing with
other wasp peptides such as mastoparans. For instance, unlike most mastoparans, Polydim-I
does not affect mammal cells, but presented selective toxicity towards bacteria [31]. Selective
toxicity of AMPs towards bacteria is predominantly due to its interaction with the lipid bilayer,
and the differences of composition between mammal cells and bacteria, that confer anionic
character to the latter [55]. In the present manuscript we found that Polydim-I was more
effective against ESKAPE bacteria when compared to ATCC antibiotic sensitive strains. Ne-
vertheless, some AMPs have shown to be more active against MDR strains of bacteria when
compared to susceptible ones. Vila-Farres and co-workers (2012) compared the MICs of 15
different AMPs and found that HNP-1 (Defensin Human Neutrophil Peptide-1) showed better
activity against colistin-resistant A. baumannii (3.25 mg/L) when compared to the MIC for
colistin susceptible A. baumannii, which was 15 times higher (50 mg/L). Mastoparan form Ves-
pula lewisi presented a MIC four times lower for the resistant strain, only 1 mg/L, when com-
pared to the sensitive one [56]. Mastoparan, as Polydim-I, causes abnormalities in the cell
surface of bacteria [57].

Reasons for the stronger activity of Polydim-I against ESKAPE pathogens could be attrib-
uted to the differences on lipid composition of bacteria presenting mechanisms of resistance
and sensitive ones [24,58], which have been compared since the 1970’s. Changes in net
charge, fluidity and thickness of the lipid bilayer can be expected together with the lipid com-
position alterations caused by the expression of some of the known mechanisms of resistance
[59]. Modifications in the lipid compositions of resistant bacteria might change the interac-
tion of the AMPs with the lipid matrix [55,56,59]. According to Lohner (2009), qualitative
and quantitative differences of membrane lipid compositions among microbes, and the
changes that occur due to the expression of resistance mechanisms is an important goal of
lipidomics, which will give support to a better understanding of membrane-AMP interac-
tions [55].

A probable, but not exclusive, mechanism of action of Polydim-1 is the destabilization of
the bacterial membrane by interaction with the lipid bilayer, in the same manner as other
AMPs, inducing the free flow of water and solutes inwards and outwards the cells, leading to
lysis. Therefore, the mechanisms of resistance, such as the production of inactivating enzymes,
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cannot affect the peptide action on the bacterial membrane. Polydim-I was effective 30 days
after infection induced in mice in a previous study, reinforcing the hypothesis that no mecha-
nism of resistance was induced during the experiment [31]. Since das Neves [31] raised the
hypothesis of possible pore formation, we further investigated the peptide structure and inter-
action with mimetic membranes to confirm the occurrence of that mechanism.

Polydim-I, with +2.5 net charge and mean hydrophobicity, 0.080, calculated according to
Eisenberg et al., 1984 [37], was found to exhibit helical and B-sheet structures at approximately
the same content, and it may aggregate in the absence of stronger electrostatic interactions
(Fig 2 and Table 4). This feature could be part of its selective performance. It binds to nega-
tively charged vesicles, as indicated in the zeta potential experiments, partially neutralizing its
charges (Fig 3). Polydim-I induced the disruption of the mycobacteria cell wall, as observed by
scanning electron microscopy, but did not present toxicity as no macrophage membranes
damage was observed [31]. Together these characteristics, low cytotoxicity and tendency to
aggregate in environments with low anionic character, as are mammalian membranes, suggest
that the selectivity of Polydim-I towards microbial membranes is related to differences in the
electrostatic interaction with membranes that leads or not to aggregation of the peptide. The
selective behavior of other wasp venom peptides from Polybia species was also correlated to
important electrostatic interactions [60].

In our experiments with artificial lipid bilayers, Polydim-I presented channel-like activity
as shown by the electrical measurements (Table 5 and Fig 4). Low concentration of the peptide
was crucial to obtain stable electrical pore recordings in the artificial bilayers. The pore con-
ductance under the applied V4 presented no significant differences between positive and
negative stimuli. The pores showed an ohmic I x V relation, and therefore the channel resis-
tance does not change with the voltage applied in the bilayer. The pores formed by Polydim-I
remain open for short periods of time (about 300ms), and have a higher probability to open
under positive voltage pulses.

The formation of conductive pores was previously described for other peptides isolated
from solitary and social wasp venoms, such as anoplin [61], HR-1 [39], eumenine mastoparan-
EF and-ER [34], and eumenitin, eumenitin-F and eumenitin-R [34,62]. Some of these wasp
peptides formed rectified pores, whose conductance (or resistance) changes according to the
Vhola (see [34] Rangel et al., 2011).

Polydim-I linked two compartments isolated by a lipid bilayer, allowing ions to pass
through. ITon movement across the formed pores result in measurable currents that were ana-
lyzed as conductance of those pores. The aim of this experiment was to show that the direct
interaction of the peptide with membrane lipids can be responsible, at least, for ionic unbal-
ance in the bacteria. Furthermore, pore formation in artificial lipid bilayers also indicates that
the peptide does not necessarily require a protein receptor in the membrane to interact with it.
It goes directly to the lipid matrix. Polydim-I formed pores of different conductance levels,
suggesting that several peptide molecules (and/or even clusters) organize to form larger pores,
with 100 times higher conductance than the average minimum observed. Lipid bilayer break-
down usually occurred a few seconds after larger pores incorporation. These observations also
corroborate the findings that indicated some peptide aggregation.

In our results the evidence of Polydim-I aggregation was found in four different experi-
ments: ATR-FTIR, CD spectroscopy, zeta potential determination and electrical measurement
of lipid bilayers. We have observed that MIC5, was 5 to 100 times lower than MIC, o, for most
of the ATCC sensitive bacteria strain. Besides the differences of lipid bilayer compositions
among bacteria used in our study and the electrostatic peptide interactions, the lower antimi-
crobial effect of Polydim-I in these ATCC strains at higher concentrations might be due to the
increasing aggregation in that condition [15]).

PLOS ONE | https://doi.org/10.1371/journal.pone.0178785 June 1, 2017 14/19


https://doi.org/10.1371/journal.pone.0178785

©'PLOS |oxe

Polydim-I antimicrobial activity against MDR bacteria

5 Conclusions

Despite of great advances in medicine, the continuously acquired domain over many diseases
is systematically threatened by the raising of severe infections’ incidence, caused by bacteria
with unprecedented adaptation and dissemination capabilities. In the present study, the wasp
peptide Polydim-I presented antimicrobial activity against standard bacteria strains deprived
of mechanisms of resistance, and against multi-resistant strains. Furthermore, the inhibition
of bacterial growth was more potent when the peptide was tested against strains expressing
elaborated mechanisms of drug resistance. Polydim-I was more potent on inhibiting the
growth of multi-resistant bacteria than commercial antibiotics. Our results also showed the
interactions of this peptide with mimetic membranes, indicating that at least one of the modes
of action would be pore formation in the bacterial membrane that would minimize the devel-
opment of resistance mechanisms as a membrane receptor is not necessarily required [55].
This set of experiments also suggests that the selective mode of action of Polydim-I towards
bacterial cells is possibly related to strong electrostatic interactions.

The significant difference of activity of the peptide against ESKAPE pathogens when com-
pared to ATCC strains indicates that studies on the differences of the membrane lipid composi-
tion between these bacteria could be important to the design of new drugs. Polydim-I activity
against many MDR pathogens seems to be an additional quality of this peptide, as it already
showed to be safe to mice in in vivo assays and against mammal cells in vitro, and effective on
both experimental models [31]. Polydim-I has a potential use as antimicrobial drug because it
has broad spectrum against MDR microbial, regardless their mechanism of resistance. More-
over, Polydim-I could be used as a protective layer in materials to avoid biofilm formation.

As pointed out by Mingeot-Leclercq and Décout [59] it is a major challenge “to shift from a
‘hit’ scaffold to a ‘lead compound™. This molecule can lead to the development of antibacterial
drugs against bacteria strains that causes high morbidity index in patients with infectious
diseases.
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ARTICLE INFO ABSTRACT

Background: Leishmaniasis threatens poor areas population worldwide, requiring new drugs less prone to re-
sistance development. Antimicrobial peptides with antileishmanial activity are considered among fulfilling al-
ternatives, but not much is known about the mode of action of membrane-targeting peptides, considering
promastigote and infected macrophage membranes. In a previous work, structural features of very active known

Keywords:

Decoralin

Antimicrobial peptides
Peptide-lipid bilayer interactions

NMR . . . . .
L ) peptides were prospected using molecular dynamics simulations.
Molecular dynamics simulations .. . .
. L Methods: Combining sequences of these peptides, analogs were designed. The structure of analog DecP-11 was
Aminophospholipids

validated by NMR. In vitro bioassays determined the peptide cytotoxicity toward mammalian cells, ICso values on
promastigotes and amastigotes, and membranolytic activity compared to Decoralin, one of the parent peptides.
With biophysical methods, the mechanism of interaction with membrane mimetic systems was investigated.
Results: The designed peptide exhibits potent cytolytic and membrane permeabilizing activities, and decreased
antileishmanial activity compared to the parent peptide. Interactions with lipid bilayers mimicking those of
promastigotes, infected macrophage and mammalian cells showed that these peptides strongly bind to vesicles
with intense lytic activity at low concentrations. Additionally, circular dichroism and light scattering experi-
ments showed changes in the secondary structure of peptides and in vesicle size, depending on vesicles com-
positions. Altogether they suggest that DecP-11 antileishmanial activity is impaired by the aggregation and that
aminophospholipids are probably involved.

Conclusions: DecP-11 potent cytolytic and membranolytic activities with lack of selectivity toward promastigote
model membranes warrant further structural studies to improve selectivity.

General significance: Strong interactions of peptides with aminophospholipids, abundant in parasite membranes,
potentially lead to aggregated forms impairing activity.

1. Introduction

Bioactive peptides are known for their structural features as low
molecular weight, cationicity and amphipathicity, which have been
extensively correlated to their antimicrobial, tumoricidal and hemolytic
activities [1,2]. Despite their different sources and sequences, they
usually share a common target, the phospholipid matrix of the cell
membrane [2,3]. This represents an advantage because membrane
compositions were conserved throughout evolution [2,4]. As a con-
sequence, mechanisms of resistance are harder to develop and justify
the efforts driven in the search for alternative antibiotics and anticancer

compounds with improved selectivity. Many of these peptides also ex-
hibit antileishmanial activity [5-11] and similarly, their mode of action
involves, among others, alterations of the plasma membrane perme-
ability (including pore-forming activity), which leads to cell death
[5,6].

The main lipids in eukaryotic cell membranes are the zwitterionic
phospholipids phosphatidylcholine (PC), its analog, sphingomyelin
(SPM), and phosphatidylethanolamine (PE) and the sterol, cholesterol
(Chol). At physiologic pH and healthy conditions, PC, SPM, and Chol
prevail at the outer leaflet of the membranes [2], while PE and ca. 10%
phosphatidylserine (PS) are found in the inner leaflet [12-14]. The lipid
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composition of Leishmania membranes differs from those of eukaryotes
[5,6]. This difference is the basis of the action of drugs like miltefosine,
an analog to lysophospholipids, in clinical use for visceral leismaniasis
[15,16]. The plasmatic membrane of the extracellular promastigote
form of Leishmania is densely covered by an anionic polysaccharide, the
lipophosphoglycan, which is responsible for the net negative charge of
its surface. Instead, the intracellular amastigote form exhibits mostly
glycoinositolphospholipids and anionic phospholipids that also ascribe
a negative surface charge to their membranes [6], and promote a pre-
ferential interaction with cationic antimicrobial peptides [10]. Ad-
ditionally, Leishmania membranes contain a mixture of sterols, pre-
dominantly ergosterol [17] instead of cholesterol found in eukaryotic
membranes [6]. Infected or non-infected macrophage membranes also
differ in relation to their lipid composition [18]. While basic knowledge
about antimicrobial peptides structure-function relationships and their
interactions with membranes is rapidly accumulating, much less is
known on how the subtle differences among lipid bilayers influence the
efficiency of cationic peptides [19].

Among antimicrobial peptides from wasp venoms, the undecapep-
tide Decoralin (PDB ID: 2N9A), in its amidate form [20], and the tet-
radecapeptide EMP-ER [21] showed antileishmanial activity on pro-
mastigotes, with ICso values of 11 and 20 puM, respectively. Widely
known as antileishmanials are the antimicrobial peptides found in
amphibian secretions as Phylloseptin-1 (19 residues) [11], Bombinin
H4 (20 residues) [22,23] and Temporins A and B (13 residues) [24,25],
which present ICsq values of 0.5, 1.7 and 8.5 pM, respectively. Previous
studies demonstrated that these peptides target the lipid membrane and
assume a helical conformation in the presence of membrane mimetics.
These observations and the need for alternative drugs targeting one of
the world's neglected diseases [6,7] lead us to focus on the search for
peptides of shorter chain length through an optimized study of struc-
ture-function relationships.

In the present work, we used molecular dynamics simulations (MD)
of peptides with known antileishmanial activity, Phylloseptin-1 (PH-1),
Temporin B (TB) and amidated Decoralin (DCN), to search for their
ubiquitous and remarkable structural characteristics and then, to design
a new peptide whose structural features could match those of the re-
ference peptides (Table 1). To verify if this objective was achieved, the
designed peptide, DecP-11, was submitted to a NMR structure determi-
nation in 30% trifluoroethanol (TFE) solution, which is considered an
environment that mimics the anisotropic character of lipid bilayers [26].
Then, this peptide was assayed for cytotoxicity (toward NCTC cells) and
antileishmanial activity in vitro (toward promastigotes and amastigotes)
in comparison to DCN, to a cyclic DCN analog and miltefosine. The re-
sults obtained in the bioassays lead to the investigation of peptides in-
teractions with vesicles, whose lipid compositions approximately mimic
those of promastigotes [22,27] infected macrophages [18] and mam-
malian erythrocytes [28,29]. We found that peptides strongly bind to
vesicles and their lytic activity is intense at low concentrations. Com-
bining circular dichroism (CD) and dynamic light scattering (DLS) re-
sults, that means, changes in the secondary structure of peptides and in
vesicle size observed at the different vesicle compositions, suggest that
the antileishmanial activity of DecP-11 is impaired by aggregation and
that aminophospholipids are probably involved.

Table 1

Sequences of the antileishmanial peptides used as references and the designed DecP-11,
with the respective net charge (z), mean hydrophobicity values (< H >) and hydro-
phobic moment, calculated according to Eisenberg et al., 1984 [30]. Positively charged
residues in bold.

z <H> n
DCN [20] SLLSLIRKLITyp2 +3 0.028 0.403
TB [24] LLPTVGNLLKSLLNp2 +2 0.195 0.307
PH-1 [11] FLSLIPHAINAVSAIAKHNyp2 +3 0.085 0.240
DecP-11 SWLSLIRKLINSLLyp2 +3 0.014 0.371

2862

BBA - General Subjects 1861 (2017) 2861-2871

2. Methods
2.1. Design of DecP-11

Molecular dynamics simulations were carried out in 30% 2,2,2-tri-
fluoroethanol solution as described in SI (2.1.1) and summarized in
Table SI1, for the peptides PH-1, TB and DCN. The characteristics of
their secondary structure profile were analyzed in relation to para-
meters that were considered important for antimicrobial activity as
length and stability of the helical stretch and amphipathicity [1,31].
Then, modifications to the DCN sequence were made and simulations
were performed until the sequence of DecP-11 was obtained, matching
the structural parameters found for PH-1, the most active peptide.

2.2. Peptide synthesis, purification and mass spectrometry analyses

Peptides were supplied by GenScript (Piscataway, NJ). Mass spec-
trometry analyses showed MW according to expected and purity above
97% for linear peptides and 80% for the cyclic Decoralin. Concentration
of peptides in the experiments was corrected according to their re-
spective data on purity.

2.3. Bioassays

2.3.1. Reagents

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT; thiazol blue), M-199 medium, RPMI-PR — 1640 medium
(without phenol red), Hank's balanced salts and others were obtained
from Sigma (Brazil). Dimethyl sulfoxide (DMSO) was obtained from
Merck (Brazil). SYTOX Green was purchased from Molecular Probes
(Invitrogen, Brazil).

2.3.2. Parasites, mammalian cells, and animal maintenance

Leishmania (L.) infantum (MHOM/BR/1972/LD) promastigotes were
cultured in M-199 medium supplemented with 10% fetal bovine serum
(FBS) and 0.25% hemin at 24 °C. Intracellular amastigotes forms were
obtained from the spleens of previously infected golden hamsters
(Mesocricetus auratus) by differential centrifugation. The macrophages
were collected from the peritoneal cavity of BALB/c mice by washing
with RPMI-1640 (without phenol red and supplemented with 10%
FBS). NCTC (clone L-929) murine conjunctive cells were maintained in
RPMI-1640 (without phenol red and supplemented with 10% FBS) at
37 °C in a humidified atmosphere containing 5% CO,. BALB/c mice and
Golden hamsters were maintained as described elsewhere [33]. Animal
procedures were performed with the approval of Research Ethics
Commission (CEUA IAL 02/2011) in agreement with the Guide for the
Care and Use of Laboratory Animals from the National Academy of
Sciences.

2.3.3. Activity of the peptides on leishmania promastigotes

DCN, DecP-11 and cDec peptides were dissolved in DMSO and
tested to the highest concentration of 100 uM in M-199 medium, sup-
plemented with 10% FBS. Briefly, promastigotes were seeded at
1 x 10° cells/well in 96-well microplates and incubated with peptides
for 48h at 24°C. Miltefosine was used as a standard drug.
Promastigotes viability was determined using the colorimetric MTT
assay as previously described [33].

2.3.4. Activity of the peptides on leishmania amastigotes

Briefly, 1 X 10° peritoneal macrophages/well were infected with
Leishmania (L.)-infantum amastigotes at 1:10 ratio (macrophage/amas-
tigotes) for 24 h at 37 °C, 5% CO,. Infected macrophages were in-
cubated with the peptides for 120 h at 37 °C in 5% CO,. Miltefosine was
used as standard drug. Finally, cells were fixed in methanol, stained
with Giemsa and 200 macrophages per concentration tested and control
were counted under a light microscope [33].
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2.3.5. Cytotoxicity against mammalian cells

NCTC clone L-929 cells were seeded at 6 x 10* cells/well in 96-well
microplates and incubated with peptides for 48 h (maximal con-
centration of 200 uM) at 37 °C in a 5% CO.. The viability of the cells
was also determined by MTT assay at 570 nm [33].

2.3.6. Plasma membrane permeabilization assays in L. (L.) infantum
promastigotes

The Sytox Green assay was performed to detect membrane altera-
tions in the permeability of the promastigotes plasma membrane [34].
Briefly, promastigotes were harvested at late exponential growth phase,
seeded at 2 x 10%/well in Hank's medium supplemented 10 mM glu-
cose and incubated with 1 uM SYTOX Green for 15 min in the dark.
Then, peptides were added at the ICyq value and the fluorescence in-
tensity was measured during 1h incubation, using the FilterMax
F5Multi-Mode Microplate Reader (Molecular Devices) with excitation
and emission wavelength set at 485 and 520 nm, respectively. Max-
imum permeabilization was obtained with 0.1% Triton X-100. Internal
controls consisted of untreated promastigotes and medium without any
cells as negative control and blank, respectively [34].

2.3.7. Statistical analysis

The 50% inhibitory concentration (ICso) against both forms of
Leishmania (L.) infantum and the 50% cytotoxic concentration (CCsg)
against NCTC cells were calculated using sigmoid dose-response curves
in Graph Pad Prism 5.0 software (GraphPad Software, San Diego, CA,
USA). The 95% confidence intervals of one representative assay are also
reported (in parentheses). At least two independent assays were per-
formed for each activity tested. The differences were statistically de-
fined by the two-tailed unpaired Students t-test, and an ANOVA test was
used to test its significance (P < 0.05).

2.4. Assays in mimetic membranes

2.4.1. Reagents

Avanti Polar Lipids (Alabaster, AL) supplied the phospholipids egg
sphingomyelin (eSPM), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
sodium salt (PG), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine, sodium salt, (PS). Sigma-Aldrich Co. (S. Louis, MO) supplied egg
L-a-lysophosphatidylcholine (L), cholesterol (Chol), ergosterol (Erg),
and 5,6-carboxyfluorescein (CF). All materials were used as supplied.
Other chemicals were of high quality analytical grade.

2.4.2. Large unilamellar vesicle (LUV) preparations

Films were made according to the procedures previously described
(Dos Santos Cabrera et al., 2014) [35] at the following lipid composi-
tions: PC/PS 82:18, 63:37 and 50:50; PE/PS 50:50 and 72:28; PC/PG
50:50; PEPSErg 47:28:25 (mimicking the membrane of the promasti-
gote) [22]; PCPEPSL 39:29:18:14 (mimicking the membrane of the
infected macrophage) [18], and 40:36:24 PC/eSPM/Chol (mimicking
an average red blood cell) [28,29]. Then, they were hydrated with
appropriate buffers (10 mM HEPES, containing 150 mM NaF, pH 7.4 for
the zeta potential experiments or 10 mM TRIS/HCl, with 1 mM
NayEDTA and 25 mM CF, pH 7.4 for the CF-filled LUVs) at room tem-
perature or at 40 °C when cholesterol or ergosterol was present, to give
lipid concentration around 10 mM. LUVs with a mean diameter of
125-130 nm were obtained after extrusion.

2.4.3. Zeta potential determination and size measurements

The binding of peptides was assessed through the changes in zeta
potential of the anionic LUVs with a Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, U.K.). Aliquots of vesicle suspension to
give a final concentration of 50 or 33.3 uM (for peptides with + 3 or
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+ 2 net charge, respectively) were added to buffered peptide solutions,
pH 7.4, in 1.5 mL plastic vials. Each preparation was equilibrated for
30 min at 25 °C. Next, each preparation was transferred to a disposable
cuvette for size evaluation and, afterwards, to a DTS1070 cell (Malvern
Instruments) for zeta potential measurement, considering water visc-
osity and refraction index of 0.8872 cP and 1.330, respectively [36].
Quantifying peptide partition from the aqueous media to lipid bilayers
reports the extension of the interaction. This was carried out according

to the method proposed by Freire et al. (2011) [36]:
Sfinal XLZpep ) .
& = 1+ Tl [P] where z,ep, and 2, are the net charges of peptide

and lipids, respectively; (gna and (o are the zeta potential values ob-
tained, respectively, at each peptide concentration and in the absence of
peptide; X; is the molar fraction of bound peptide; [L] and [P] the lipid
and peptide concentrations, respectively; and fp; the fraction of anionic
phospholipids in the vesicles. From this relation X; is determined and
partition constant (Kp) can be calculated from X; = #LV[LL[]L] [37].
2.4.4. Dye leakage

CF leakage experiments were performed using the Perkin Elmer
LS45 spectrofluorometer (Perkin Elmer, Beaconsfield, UK), at 25 °C,
with LUVs as previously described [35]. The percentage of CF release
was calculated using the following equation: % leakage = 100 x (F-
Fo)/(F100-Fo), where F is the observed fluorescence intensity, F, and
F100 correspond, respectively, to the fluorescence intensities in the
absence of peptides and to 100% leakage, as determined by the addition
of 20 pl of 10% Triton X-100 solution. F1o has been corrected for the
corresponding dilution factor.

2.4.5. Circular dichroism (CD) measurements

CD spectra were acquired for 20 uM peptide in buffer, in 40% TFE
and 8 mM SDS solution and in the presence of 100, 200 and 300 uM
LUV suspension in the different lipid compositions. Spectra were re-
corded from 260 to 200 nm with a Jasco-815 spectropolarimeter
(JASCO International Co. Ltd., Tokyo, Japan), at 25 °C, using a 0.5 cm
cell path length, averaged over eight scans, at a scan speed of 50 nm/
min, bandwidth of 1.0 nm, 0.5s response and 0.1 nm resolution.
Following baseline correction, the observed ellipticity (6 (mdeg)) was
converted to mean residue ellipticity ([©] (deg cm?/dmol)) using the
relationship [©] = 1000/(l ¢ n), where 1 is the path length in cen-
timeters, c is peptide millimolar concentration, and n the number of
peptide bonds. Contents of secondary structure elements were esti-
mated by CDSSTR program on the DICHROWEB online server.

2.4.6. NMR spectroscopy and molecular modeling

The lyophilized peptide was dissolved in 550 ul of a 30% tri-
fluoroethanol (TFE) perdeuterated aqueous solution (5% D,0) to yield
a concentration of 2.1 mM. After solubilization, small amounts of HCI
solution was added until pH = 5.1. All two-dimensional 'H-NMR ex-
periments were carried out on a Varian Unity 600 spectrometer oper-
ating at 599.887 MHz for 'H frequency, at 298 K. The proton chemical
shifts were referenced to 4,4-dimethyl-4-silapentane-1-sulfonate, DSS
(0.00 ppm). All two-dimensional experiments were acquired in the
phase-sensitive mode using the States method. The spectra width was
typically 6.6 kHz. Detailed information on spectra analysis and mole-
cular modeling are supplied as SI [38-42].

3. Results
3.1. Design of DecP-11
As described in SI, molecular dynamics simulations of peptides PH-

1, TB and DCN indicated the predominance of the a-helical pattern
(Figure SI1) with significant differences among them in the stability and
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Fig. 1. NMR and MD structures of DecP-11. a) Superposition of final 20 calculated
structures of the peptide in 30% TFE at 298 K, pH 5.1, displaying the backbone and the
hydrophobic amino acids in gray and the polar in green. b) Overlay of a representative
structure obtained from NMR (in green) and that obtained in MD experiments (in blue).
The C-terminals are shown at the bottom.

length of the helical stretch (Table SI2). Considering the features of the
peptide exhibiting the lowest inhibitory concentration (ICsp) in the
antileishmanial activity on promastigotes [11], PH-1, and those of DCN,
which exhibited a closer structure (Figure SI2a), small sequence mod-
ifications were made to DCN, considering also the features of TB. Then,
simulations were successively performed until DecP-11 was obtained.

Cyclic peptides have been considered more active than their linear
counterparts and could help to understand influences of the secondary
structure [43]. Thus, we simulated and tested a cyclic Decoralin (c-
Dec), whose features are included in Table SI2 and Figure SI1. As a
consequence of losing the amidation of the C-terminal, c-Dec has a
lower charge than DCN and does not exhibit an amphipathic structure
(Figure SI1).

3.2. NMR spectroscopy

The structure of DecP-11 was experimentally determined in 30%
TFE solution to verify if the designed characteristics could be obtained.
Sequential resonance assignments were performed based on the com-
bined use of two-dimensional TOCSY and NOESY. Table SI3 displays
the 'H-NMR chemical shifts. For the molecular modeling, 209 distance
constraints containing 64 medium range constraints were collected and
taken into account for structure calculation using UNIO. Along this
refinement the Target Function evolved from 18.92 + 0.04 A2 to
2.12 + 0.34 A% and the backbone RMSD from 0.26 + 0.18 A with no
NOE violation > 0.2 A. The 20 structures were energy minimized using
the Gromacs program to reach 10.0 kJ/mol. After minimization, the
bundle of structures was used to represent the solution three-dimen-
sional structure of DecP-11 in 30% TFE at 298 K and pH 5.1. It shows an
average content of 77.5% of a-helix configurations and the set of most
frequent structures (12/20) exhibit 11 residues (79%) in this config-
uration. Table SI4 shows the statistics of the structure calculation and
Ramachandran statistics for the final structures showing 100% of ¢ and
y angles in the most favored region. These experimental data were
deposited at BMRB under ID 27060. Also, comparing the RMSD values
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of the representative bundle of DecP-11 structures, (Table SI4, 0.26 A
for the backbone and 0.57 A for all heavy atoms), with those obtained
for the peptide DCN, (0.33 A e 0.69 A respectively [32], indicate that
the designed peptide presents less flexibility than its parent analog.

The amphipathic property of DecP-11 can be seen by the colored
structure with the K, R, S and N in green, at one side of the peptide and
I, L and W, in grey, at the other side, as displayed in the superposition of
the 20 final models of DecP-11 (Fig. 1). We also compared the NMR
bundle of 20 structures with a representative MD structure, which
showed good agreement. The average RMSD value between them is
0.98 A for the backbone and 2.41 A for all atoms, considering backbone
fitting. Table SI2 also shows a good agreement between simulated
structures and those experimentally obtained.

3.3. Antileishmanial activity and cytotoxicity of peptides

The antileishmanial activity of DCN, its analog c-Dec and DecP-11
was assayed in promastigotes and intra-macrophage amastigotes
(Table 2). DCN and DecP-11 showed ICsq values of 76 and 114 uM
against L. infantum promastigotes, and CCs, value of 62 and 18 uM
against NCTC mammalian cells, respectively. Miltefosine was used as a
standard drug and resulted in ICsq value of 16 UM against promastigotes
and intracellular amastigotes, with CCs, value of 241 uM. The peptides
DCN and DecP-11 are non-selective as they showed no activity against
the intracellular amastigotes and toxicity against the macrophages. The
c-Dec analog was completely devoid of activity toward these cells and
no toxicity was observed to macrophages.

Table 2
Biological activity of DCN, DecP-11 and c-Dec peptides.

Compound L.(L.) infantum L.(L.) infantum NCTC
promastigotes amastigotes
ICs0" (M) ICs0" (M) CCs0”(uM)
CI95% CI95% CI95%
DCN 76.2 NS 62.4
(67.33 - 86.20) (39.75-98.09)
DecP-11 114.7 NS 18.0
(100.3 - 131.1) (13.87-23.56)
c-Dec NA NA > 200
Miltefosine  16.7 16.4 241.4

(13.07-21.52) (15.45-17.46) (206.9-281.6)

CI95%: 95% confidence interval. NA: Not active (ICso > 100 puM); NS: Not selective.
@ 1Csp: 50% inhibitory concentration.
> CCs0: 50% Cytotoxicity concentration.

3.3.1. Plasma membrane permeabilization assays in L. (L.) infantum
promastigotes

The permeabilizing activity of peptides DCN and DecP-11 was as-
sessed by the measurement of the fluorescence of the Sytox Green dye.
The entrance of this dye requires severe damage to the plasma mem-
brane due to its relatively high molecular weight (Mw = 600 Da). Once
it achieves the cytoplasm, it binds exclusively to the nucleic acids en-
hancing its fluorescence. For both peptides, the rapid influx of Sytox
Green, leading to increased fluorescence, could be measured im-
mediately after the addition of peptides. At 90% inhibitory concentra-
tion, ICyo, the fluorescence intensity of DecP-11 was comparable to that
achieved in promastigotes, when they were completely permeabilized
by the treatment with a 0.1% Triton X-100 detergent solution. In con-
trast, DCN increased the fluorescence at a lower rate, reaching 64% of
the maximum intensity of the control (Fig. 2).

3.4. Assays in mimetic membranes

Aiming to improve our designing technique based on MD simula-
tions, to obtain a deeper insight into the structure-function
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Fig. 2. DCN and DecP-11 (200 uM) plasma membrane permeabilization of L. infantum
promastigotes. The entrance of Sytox Green dye was monitored by the increase of its
fluorescence (Ex. 485 nm, Em. 520 nm) during 1 h incubation with the peptides. Triton X-
100 was used to achieve maximum permeabilization.

relationships of the designed peptides in comparison to the synthetic
DCN, and to search for the reason of the lack of selectivity of DecP-11,
experiments with lipid vesicles mimicking the membranes of the pro-
mastigote, of the infected macrophage and of erythrocytes were carried
out. Since these mimetic systems are composed by three or four dif-
ferent phospholipids, a set of simpler LUVs made of two phospholipids
was also used to study their influence on the binding of the peptides.

3.4.1. Zeta potential and size measurements

To quantify the interaction of peptides with lipid bilayers, zeta po-
tential measurements were performed and using the mathematical model
proposed by Freire et al. (2011) [36] the lipid/water partition constants
(Kp) were calculated. Fig. 3 depicts the adsorption isotherms of peptides to
PEPSErg vesicles, considering the peptide concentration range in which no
signs of vesicles aggregation where observed. DecP-11 exhibits the more
efficient charge neutralization, especially on infected macrophage mimetic
membrane. DCN did not reach charge neutralization in the promastigote
mimetic membrane and c-Dec shows the lowest binding. Fig. 4 compares
the K, values determined for the anionic bilayers.

Considering that DCN and DecP-11 have the same net charge and a
relatively small difference in relation to their mean hydrophobicity, we
investigated the influence of the anionic character of the bilayers by de-
termining K, values in the presence of increasing concentrations of PS and
by substituting PS by PG. The increase in PS content showed poor effect on
the peptides' binding to these vesicles. Changing the anionic phospholipid
to PG significantly increased the binding of DCN, but not the binding of
DecP-11. Additionally, we tested the effects of changing PE by PC, which
showed a similar trend, this means a significant increase in DCN binding
and a limited effect on the binding of DecP-11. However, for vesicles
containing PE, when we reduced the content of PS, K}, values significantly
decreased for DecP-11 and had a limited effect on the binding of DCN.
Then, we compared these results with K}, values obtained with vesicles
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Fig. 3. Zeta potential isotherms and graphical method to determine the partitioning (K},)
of peptides in LUVSs, at 25 °C. a) Examples of isotherms of the peptides, for DCN (gray) and
DecP-11 (red) at 50 uM vesicles concentration and for c-Dec (black) at 33 uM LUVs. b)
Example of the graphical determination of K.

containing Erg, mimicking the promastigote membranes. This sterol seems
to have a limited effect on the peptides' binding. We also evaluated the
peptides' binding to vesicles mimicking infected macrophage membranes:
K, values for DCN remained at a comparable level with PC/PS 82:18 ve-
sicles (same anionic content), but for DecP-11 a significant decrease was
observed. The cyclic peptide, c-Dec, exhibited a poor binding to the ve-
sicles mimicking promastigote and infected macrophages, well correlated
to the results obtained in the bio-assays. Fig. 4 summarizes these results.
The determined K, values are of the same order already found for other
antimicrobial peptides with different lipid bilayers, inclusive by different
methods [37,44].

As a general trend, K}, values denote more intensive interaction of DecP-
11 with the different bilayers than DCN, except for PE/PS 72:28 and PE/
PS/Erg 47:28:25, where both peptides bind at equivalent levels. Overall it
suggests that besides the electrostatic interactions other physical-chemical
features of the zwitterionic phospholipids influence binding.

The changes in the size of vesicles induced by the presence of
peptides could indicate aggregation tendencies or a detergent-like me-
chanism of action. We observed that c-Dec does not induce changes in
size of vesicles in any of the compositions of the bilayers tested (data
not shown). However, DCN induces significant aggregation on PE/PS
50:50, PE/PS 72:28 and PE/PS/Erg, corresponding to the presence of
higher concentration of anionic lipids together with PE. DecP-11 in-
duces the highest aggregation in the presence of these LUVs, although
some less intense changes also occur in the remaining environments,
except with PC/PS 82:18 vesicles (Fig. 5).

3.4.2. Lytic activity
The permeabilization of lipid vesicles is an important feature of the
mechanism of action of some peptides, which target the phospholipid
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Fig. 6. Lytic activity of peptides observed after 15 min contact with 100 yM LUVs, at
25 °C. Dose response curves were fitted according to the sigmoidal Boltzmann model. a)
Kinetics of DCN in PCSPMChol, shown as an example. Dose response curves of peptides in
PCSPMChol and PCPEPSL. b) DCN and d) DecP-11. Dose response curves of peptides in
PEPSErg and PEPS. c¢) DCN and e) DecP-11.

matrix of the cell membrane and induce pores or defects in these mem-
branes. Fig. 6 demonstrates that DCN and DecP-11 are lytic to PEPSErg,
PCPEPSL and PCSPMChol and PEPS, while c-Dec (plots not shown) is not
lytic probably due to its poor binding to the same vesicles, as indicated by
the zeta potential experiments. DecP-11 presents the most intense lytic
activity, reaching almost 100% CF leakage with 5puM peptide or less.
Some of dose-response curves of this peptide and DCN exhibit a sigmoidal
dependence with the concentration of peptides [P] and a threshold ratio
with the lipid concentration [L], [P]/[L], can be inferred. Threshold [P]/
[L] in PEPSErg and PCPEPSL are for DCN 0.063 and 0.029, respectively
and for DecP-11 are 0.028 and 0.017 in the same vesicles. In the presence
of the zwitterionic PCSPMChol [P]/[L] is 0.007 for DCN. The dose re-
sponse curve for DecP-11 in this zwitterionic vesicle does not show a
sigmoidal dependence as well as the dose response curves for both pep-
tides in PEPS 72:28. It is important to mention that the intense lytic ac-
tivity was already observed below and around 5 pM peptide and at this
point the aggregation of vesicles was limited.

Comparing DCN and DecP-11, differences are limited to higher DCN
concentration required to achieve the same lytic activity. Both peptides do
not exhibit a selective behavior (Fig. 6b and d). Analyzing the activity of
these peptides in promastigotes model systems (Fig. 6¢ and e), they also
show a similar lytic behavior. Since the content of the anionic phospho-
lipid PS is the same in PEPSErg and PEPS 72:28, we could attribute the
increased lytic activity in the former model either to the presence of er-
gosterol or to the lower content of PE. Taking into account the respective
K, values, the latter possibility seems to be more probable.

3.4.3. Circular dichroism spectroscopy

CD experiments were performed in 40% TFE solution, in the presence of
SDS micelles and of different LUVs. Figure SI3 shows that in buffer DCN and
DecP-11 exhibit different spectra: the spectrum of DCN is compatible with
random coil structure while that of DecP-11 shows helical characteristics
with stronger absorption around 222 and 208 nm. The remaining different
environments, either anionic or zwitterionic, induce structure changes in
both peptides, most of them also featuring a helical pattern. In general,
DecP-11 displays higher molar ellipticity ([©]232nm) than DCN, which in-
dicates increased binding revealed in K, determinations. Table 3 sum-
marizes the contributions of several secondary elements to the obtained
spectra. The results obtained in TFE solution are in good accordance with
the structure profile determined in the NMR experiments, which showed 11
residues in a-helix. Although the different LUVs compositions have limited
effects on DecP-11 binding, the presence of PC seems to favor intense helical
conformations while the presence of PE, in the absence of PC, favor the
aggregated forms as indicated in the 3-strand contents (Table 3).

Some spectra also exhibit lower mean residue ellipticity values at
222 nm than at 208 nm, ([O]229,m < [Ola0snm), a feature attributed to an
aggregation tendency of the peptides in those environments [45]. This
tendency was observed for DCN in PEPSErg and for DecP-11 in
PCSPMChol. In the presence of PEPSErg and PEPS 72:28 LUVs, DecP-11
exhibit a much noisier and less characteristic spectra than observed in the
remaining conditions (Figure SI3, inset). As the deconvolution applied to
these spectra indicated a high content of B-strand, we assumed that intense
peptide aggregation is occurring, which agrees with the significant LUVs'
size increase (Fig. 5b and c). Comparing these spectra with those pre-
viously described for different kinds of B-strand structures [46], we found
that in the presence of PCPSErg LUVs the spectrum resembles that of anti-
parallel B-strands, while in PEPS it seems that a mixture of anti-parallel
and parallel -strands coexist. These are denoted by their more intense
absorption bands at approximately 227 nm and a wider range, from 230 to
210 nm, respectively.
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Table 3
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Contributions of the secondary structure elements to the spectra, as calculated from DICHROWEB [47] for DCN and DecP-11 in the different environments.

a-helix B-strand Turns Random

% DCN DecP-11 DCN DecP-11 DCN DecP-11 DCN DecP-11
Buffer 5 68 36 2 14 10 44 20

40% TFE 68 69 5 5 8 9 19 17

8 mM SDS 45 75 16 6 10 12 29 7
PCSPMChol* 17 71 29 5 10 11 44 13
PCPEPSL" 57 68 20 11 5 10 18 11
PEPSErg" 48 3 19 45 11 18 22 34
PEPS 72:28" 38 7 14 38 12 13 36 42

2 [LUVs] = 300 pM;
4. Discussion

The unusual features of the amastigote cell surface is on of the
obstacles to the development of drug candidates against Leishmania
[17]. The pathogen has the ability to develop mechanisms that bypass
its host defensive barriers [48], including the acquisition of some of the
hosts lipids and the expression of specialized molecules on the cell
surface considered determinants of virulence [17]. In this sense the role
of membrane in the interaction between the parasite and the host could
be seen as a focal point for drug targeting [49].

Insect secretions represent an abundant pond where peptides have
evolved with time and can be prospected. Antimicrobial peptides
combine features for an interesting antileishmanial drug candidate, as
membrane internalization — that would enable direct killing of the
amastigote — and low propensity for resistance development [50].
Peptides isolated from different sources as amphibians [11,36], insects
[20], and marine organisms [51] have shown antileishmanial activity.
These peptides presented potent activity at micromolar concentrations,
but often accompanied by hemolytic activity [23,45,52]. Thus, new
analogs have been designed by several approaches, including the
combination of part of sequences of very active peptides from different
species, in an attempt to add functionalities and subtract undesirable
effects. This approach seems promising as exemplified by CA(1-8)M
(1-18), a hybrid peptide with higher activity on Leishmania than ce-
cropin A without the hemolytic activity of melittin [52], its parental
peptides.

In this work we designed peptides based on structural parameters,
as obtained from MD simulations, from PH-1, TB and DCN, peptides
that showed antileishmanial activity. The alternative, DecP-11, that
exhibits structural parameters closer to those of the most active peptide
was synthetized and analyzed by NMR. It was further tested for its
antileishmanial activity in comparison to DCN and its cyclic version, c-
Dec. The designing of DecP-11 based on MD simulations showed good
agreement with the NMR determined structures with RMSD value of
2.17 A for all atoms.

DCN, c-Dec and DecP-11 were then analyzed for their cytotoxicity
against NCTC cells and their antileishmanial activities against L. in-
fantum promastigotes and intracellular amastigotes. In relation to mil-
tefosine, DCN and DecP-11 showed, respectively, 4- and 13-fold higher
mammalian cytotoxicity and decreased antileishmanial activity, 22%
and 15% that of the control drug, while the cyclization of DCN totally
abolished these activities. Cyclization had been described to improve
the biological activity of linear peptides by promoting intramolecular
hydrogen bonds and restricting conformations that increase membra-
nolytic activities [45,53]. However, the cyclization of the DCN caused a
severe loss of its binding capacity to mimetic membranes regardless the
lipid composition. Similar effects were found for magainin 2 and me-
littin, since cyclization significantly reduced their affinity to zwitter-
ionic phospholipid membranes and to a lesser extend to the negatively
charged ones [43]. Cyclization reduced the net charge of c-Dec com-
pared to DCN and abolished its amphipathic structure (Figure SI1),

2868

probably determining a significant loss of its binding capacity and thus
impairing the biological activity. Indeed, amine N-H groups in cyclic
peptides are thought to have a special function correlated with the
number of intramolecular hydrogen bonding and membrane diffusion
rates [53]. However, in the particular case of c-Dec, MD simulations
indicated that intramolecular H-bonds are not stable and that the area
inside the peptide ring is large enough (7.62 x 6.24 A%) to accom-
modate water molecules, which hydrogen bond to the N-H and C-O
groups.

DCN had already been tested for its antileishmanial activity against
L. major promastigotes exhibiting ICso of 11 uM and hemolytic activity
in human erythrocytes with ECsq of 79 uM [20], which is equivalent to
the CCso concentration on NCTC cells presently determined. In many
instances, the antileishmanial activity seems to be dependent on the
Leishmania species. In our study, the L. infantum promastigotes were
almost 7 times less susceptible than L. major under effect of DCN [20].
Differential inter-species susceptibility is expected, considering the
pathogens high metabolic variance and their abilities to survive in
distinct host tissues producing different pathogenicity, particularly cu-
taneous leishmaniasis to L. major or visceral leishmaniasis to L. infantum
promastigotes [54].

The intracellular influx of Sytox green dye caused by DCN and DecP-
11, likewise observed for Temporins (tested against L. donovani pro-
mastigotes) [24], indicates a typical effect of peptides targeting the
membrane [22,24,36]. Unexpectedly, DecP-11 showed a more potent
permeabilization effect than DCN on promastigotes. This finding sug-
gests different binding, and/or membrane perturbation characteristics,
or even the involvement of other events besides those related to the
membrane barrier function [1], which lead us to investigate peptide-
lipid bilayers interactions.

In terms of cationicity, DCN and DecP-11 possess the same charge
therefore electrostatic forces guiding the attraction can be ruled out.
However, the binding potential of DecP-11 is higher than that of DCN,
around 2- to 3-fold, in all kinds of model membranes tested, except in
PEPSErg, the promastigote mimetic membrane (Fig. 4), although
showing in every case a lower threshold [P]/[L] ratio. The calculated
mean hydrophobicity of both peptides is comparable, however in-
vestigating their respective retention times on RP-HPLC, we found that
DecP-11 requires a higher content of hydrophobic solvent to elute,
corresponding to a more hydrophobic compound [55]. Generally
speaking, differences in the binding potential and lytic activity between
DCN and DecP-11 could be attributed to the increased hydrophobic
character and longer chain length of the latter peptide. Nevertheless,
the faster dye intracellular influx of DecP-11 shown in promastigotes is
probably determined by an additional factor, the higher content of
aggregated forms. Within experimental error, variation in phospholipid
composition and of the anionic character little affects the binding ca-
pacity of both peptides. This excludes the possibility of different
binding potential and suggests that other contributions beyond the
electrostatic interaction are more significant for their biological activity
(Fig. 4).
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This is particularly true for electrically neutral membranes where
the reduced charge leads to the higher relevance of the hydrophobic
interactions [1] as indicated by the high cytotoxicity of DecP-11 toward
NCTC line cells and the hemolytic activity of DCN [20]. Also, the trend
exhibited in the threshold [P]/[L] ratio of the model systems, which
show lower values for the less charged LUVs, indicates that the lytic
activity is mainly influenced by the hydrophobicity of the peptides. In
agreement, DecP-11 showed the most intense lytic activity on zwitter-
ionic LUVs, mimicking erythrocytes, well correlated with its higher
cytotoxicity toward NCTC cells, while DCN showed a lower cytotoxicity
and lower lytic activity. Peptides able to lyse red blood cells are those
presenting high helicity and high permeabilizing efficiency on zwit-
terionic membranes [1]. Higher helicity and higher hemolytic activity
are characteristics found for bombinin H4 in relation to bombinin H2
[23].

DecP-11 was generated from PH1, TB and DCN, from which just
DCN exhibits some hemolytic activity [20], while the others are non-
hemolytic [56,57]. PH1 has positively charged residues at positions 7,
17 and 18, TB at position 10 and DecP-11, following DCN, at positions 7
and 8. The four peptides are amidated at the C-terminal meaning that
they all have another positive charge at the N-terminal (Table 1). Thus,
PH1 and TB have well distributed charges, while DCN and DecP-11 do
not. Additionally, we observed that their CD spectra in water are pre-
dominantly characteristic of random coil conformation (data not
shown), but while DCN maintains this conformation in buffer, DecP-11
exhibits a markedly helical pattern (Figure SI3). As thermodynamic
studies showed that helix formation involves a significant portion of the
interaction energy of magainin 2 with lipid bilayers [43], we checked if
this structural feature of DecP-11 would be responsible for the intense
lytic activity on the zwitterionic vesicles, by repeating the experiment
in the presence of enough urea solution to avoid the pre-formed helical
structure. We found that the lytic activity is not influenced by the
peptide starting the interaction either at a random coil or at a helical
conformation (Figure SI4). These structurally related observations
suggest that the charged residues of DecP-11, concentrated in the
middle of the chain and easily screened by the saline buffer, facilitate
stronger hydrophobic interactions with the acyl chains of phospholi-
pids. While this feature increases the lytic activity on zwitterionic LUVs
and the hemolysis, it also might prevent the peptide to reach in-
tracellular targets as would be the case with amastigotes inside mac-
rophages [58].

Peptides strongly bound to the bilayer might require much higher
concentrations to kill parasites and these concentrations would be cy-
totoxic to mammalian cells, abolishing selectivity. Neither DecP-11 nor
DCN showed selectivity toward the L. infantum forms relative to
mammalian cells. Actually DCN was as active toward promastigotes as
toward NCTC cells and DecP-11 was much more active toward NCTC
cells (Table 2). Important differences between the membrane lipid
composition of amastigotes and promastigotes as lower content of
metalloproteinase Gp63 and strongly reduced anionic lipopho-
sphoglycan coat [17,59] prompt the idea that amastigotes would be
more peptide-sensitive than promastigotes. In practice, Leishmania
amastigotes have proven more resistant than promastigotes to several
peptides [22,59]. In this concern, it must be kept in mind that amas-
tigotes have a lower cationic character and are localized inside an acid
parasitophorous vacuole. Therefore, besides the decreased electrostatic
attraction, the peptide has to cross another membrane and be compe-
tent in a highly acid environment [60].

Considering the mimetic systems of promastigotes and infected
macrophages, DCN and DecP-11 strongly bind and are lytic to them
(Fig. 4 and 6), exhibiting more intense permeabilization in the latter
model. Binding is less pronounced in the more complex models than in
the simpler two-components LUVs, but both peptides are less lytic on
PEPS 72:28. In the presence of these LUVs the dose-response curves do
not exhibit sigmoidal dependence, suggesting differences in their me-
chanisms of lysis, which possibly reflect the aggregation process
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indicated in the DLS and CD experiments.

The a-helix conformation of bioactive peptides, a secondary struc-
ture acquired by their interaction with membranes, has been correlated
with biological activity [1,2]. CD experiments determined that the a-
helix was the main pattern adopted, except for DecP-11 in the presence
of Leishmania promastigote mimetic membranes and the simpler model
PEPS 72:28. DCN and DecP-11, respectively with 11 and 14 residues in
the chain and exhibiting no signs of kinks in the MD and NMR ex-
periments, probably do not form intramolecular B-strands. Thus, we
assume that the spectra deconvolution indicating these structures are
probably the result of intermolecular interactions favored by some
LUVs compositions, especially those containing PE and PS. Light scat-
tering experiments also show that DCN induces aggregation on PE/PS
50:50, PE/PS 72:28 and PE/PS/Erg, corresponding to the presence of
higher concentration of anionic lipids together with PE. DecP-11 in-
duces the highest aggregation in the presence of these LUVs (Fig. 5) and
presents the highest (3-strand content (Table 3). Despite the intense
binding to promastigote mimetic membranes, the high content of f3-
strand structures in DecP-11 was probably crucial for its lower antil-
eishmanial activity in relation to DCN, which shows much lower B-
strand content (Table 3). In analogous peptides, whose structural dif-
ferences modulate aggregation in the presence of membranes, the in-
creased activity parallels their disassembly, as found for bombinins H2/
H4 against Leishmania [22] and for dermaseptins against bacteria [61].
Peptides aggregated in f-strands may be impaired in their disturbing
activity on membranes, or delayed to reach other targets in the Leish-
mania cells and thus exhibiting lower activity, as was the case in Gram-
negative bacteria for oligomerized mellitin [43].

PE is one of the major phospholipids in mammalian membranes that
turn exposed in the outer leaflet of bilayers, together with PS, when
cells are compromised [12,13]. And these lipids are abundant on pro-
mastigote, infected macrophages and amastigote membranes. DecP-11
shows strong binding affinity, regardless of the lipid composition of the
model systems, and we showed that this does not simply depend on the
electrostatic component involved, rather the presence of the amino-
phospholipids, PE and PS, exerts a specific role [14], inducing ag-
gregation that negatively influenced the antileishmanial activity of the
peptide at lower concentration.

5. Conclusion

In the present work, we validated by NMR the designed structure of
DecP-11, an analog of DCN. DecP-11 exhibits antileishmanial activity
toward L. infantum promastigotes and lacks selectivity toward mam-
malian cells. DecP-11 strongly partitions in anionic vesicles of different
compositions and charge density at equivalent levels indicating that
hydrophobic interactions prevail. It is lytic to promastigotes and to
anionic and zwitterionic phospholipid vesicles. However, the shorter
chain DCN, with similar partition coefficients and less intense lytic
activity, shows lower ICso value for promastigotes. This apparent con-
tradiction could be explained considering the differences induced by
the presence of the aminophospholipids PE and PS, in the absence of
PC, in the secondary structure of DCN and DecP-11 and the observed
aggregation behavior of DecP-11. In the environment mimicking the
promastigote membrane, the helical DecP-11 assumes mostly B-strand
structures and induces strong size increase of these vesicles. Peptides
aggregated in 3-strands may be impaired in their disturbing activity on
membranes, or delayed to reach other targets in the Leishmania cells
and thus exhibiting lower activity. Thus, the design of new antil-
eishmanial peptides should attempt to avoid sequences that are prone
to assume aggregated forms in the presence of aminophospholipids.
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ARTICLE INFO ABSTRACT

The antimicrobial activity of chitosan and derivatives to human and plant pathogens represents a high-valued
prospective market. Presently, two low molecular weight derivatives, endowed with hydrophobic and cationic
character at different ratios were synthesized and characterized. They exhibit antimicrobial activity and in-
creased performance in relation to the intermediate and starting compounds. However, just the derivative with
higher cationic character showed cytotoxicity towards human cervical carcinoma cells. Considering cell mem-
branes as targets, the mode of action was investigated through the interaction with model lipid vesicles mi-
micking bacterial, tumoral and erythrocyte membranes. Intense lytic activity and binding are demonstrated for
both derivatives in anionic bilayers. The less charged compound exhibits slightly improved selectivity towards
bacterial model membranes, suggesting that balancing its hydrophobic/hydrophilic character may improve ef-
ficiency. Observing the aggregation of vesicles, we hypothesize that the “charge cluster mechanism”, ascribed to
some antimicrobial peptides, could be applied to these chitosan derivatives.
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crop protection (Bautista-Banos et al., 2006). Regarding its anti-
microbial activity, the mechanism of action is influenced by intrinsic

1. Introduction

The demand for biodegradable and non-toxic antimicrobials is an
increasing field of research for controlling plant pathogens and a
variety of harmful microorganisms to human health. Chitosan has been
one of the most studied polysaccharides for this purpose. To provide
additional properties and applications to chitosan, the synthesis and
characterization of new derivatives has been extensively explored
through its functionalization with hydrophobic and hydrophilic groups
(Benediktsdottir, Gudjonsson, Baldursson, & Masson, 2014; Huo et al.,
2010). Special attention has been given to its use in antimicrobial
coatings (Kong, Chen, Xing, & Park, 2010; Rabea, Badawy, Stevens,
Smagghe, & Steurbaut, 2003), fungicides (Rabea et al., 2005; Radulescu
et al., 2015), bactericides (Li et al., 2011; Seo, King, Prinyawiwatkul, &
Janes, 2008), packaging materials (Gonzalez-Aguilar et al., 2009), and

parameters, such as the molecular weight, the degree of deacetylation,
the amphiphilic nature, the chelating ability and the physical state
(Kong et al., 2010). Also, its activity is dependent on the type of mi-
croorganism and other environmental conditions as pH and ionic
strength (Kong et al., 2010; Rabea et al., 2003).

In general, the antimicrobial activity of plain chitosan is more ef-
fective at pH « 6.0 due to protonation of the amino groups, which
provides water solubility and a positive charge density to the macro-
molecular chain, enabling stronger interactions with the cell membrane
of the microorganisms (Kong et al., 2010). Although the exact me-
chanism of action is unknown, it is well accepted that this interaction
may lead to the damage of the cell membrane and leaking of the in-
tracellular constituents (Jung, Kim, Choi, Lee, & Kim, 1999; Xing, Chen,

Abbreviations: PC, egg-phosphatidylcholine; PG, egg-phosphatidylglycerol; PS, phosphatidyl-i-serine
* Corresponding author at: Departamento de Quimica e Ciéncias Ambientais, IBILCE, UNESP, R. Cristévao Colombo, 2265, 15054-000 Sao José do Rio Preto, SP, Brazil.
E-mail addresses: danubiab4@hotmail.com (D.B. Martins), fabio.nasario@iqm.unicamp.br (F.D. Nasério), laizdacostasilva@yahoo.com.br (L.C. Silva-Gongalves),
verapoli@ibilce.unesp.br (V.A. de Oliveira Tiera), arcisio.miranda@unifesp.br (M. Arcisio-Miranda), mjt@ibilce.unesp.br (M.J. Tiera),

cabrera.marcia@gmail.com, marciap@ibilce.unesp.br (M.P. dos Santos Cabrera).

https://doi.org/10.1016/j.carbpol.2017.12.011

Received 28 July 2017; Received in revised form 21 October 2017; Accepted 5 December 2017

Available online 06 December 2017
0144-8617/ © 2017 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01448617
https://www.elsevier.com/locate/carbpol
https://doi.org/10.1016/j.carbpol.2017.12.011
https://doi.org/10.1016/j.carbpol.2017.12.011
mailto:danubiab4@hotmail.com
mailto:fabio.nasario@iqm.unicamp.br
mailto:laizdacostasilva@yahoo.com.br
mailto:verapoli@ibilce.unesp.br
mailto:arcisio.miranda@unifesp.br
mailto:mjt@ibilce.unesp.br
mailto:cabrera.marcia@gmail.com
mailto:marciap@ibilce.unesp.br
https://doi.org/10.1016/j.carbpol.2017.12.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2017.12.011&domain=pdf

D.B. Martins et al.

Liu, Cha, & Park, 2009). The activity may occur even at low con-
centrations («0.2 gL™") through the binding to negatively charged
surface of the microorganisms, causing agglutination, while for higher
concentrations the binding may also provide a positive surface main-
taining the cells in suspension (Sudarshan, Hoover, & Knorr, 1992).

The molecular weight is considered one the most important para-
meters for providing antibacterial and antifungal activity and has been
extensively studied (Seyfarth, Schliemann, Elsner, & Hipler, 2008).
However, the results found in the literature are controversial; they
depend on the physical state (in solution or solid coating) and the type
of fungi or bacteria used (Gonzalez-Aguilar et al., 2009; Guo et al.,
2008; Xing et al., 2008). For example, quaternary derivatives have been
reported to exhibit good antifungal activities against Botrytis cinerea
Pers. and Colletotrichum lagenarium, and the results indicated that high
molecular weight derivatives were more efficient than the low ones
(Guo et al., 2008). Also, high activity has been reported against Candida
species and Escherichia coli for oligomeric chitosans (Kulikov et al.,
2014).

Based on studies using phospholipid vesicles as model membranes it
has been shown that the interaction of chitosan with large unilamellar
vesicles resulted in positively decorated vesicles due to chitosan ad-
sorption onto the membrane. It is suggested that the adsorption process
involves both electrostatic and hydrophobic interactions (Quemeneur,
Rinaudo, & Pépin-Donat, 2008). Moreover, alterations in the vesicles
structure have been shown to take place by insertion of chitosan chains
into the membranes (Fang, Chan, Mao, & Leong, 2001; Mertins,
Cardoso, Pohlmann, & da Silveira, 2006; Mertins, Sebben, Pohlmann, &
da Silveira, 2005).

To produce highly active derivatives against bacteria species, the
attaching of hydrophobic groups (de Oliveira Pedro et al., 2013; Viegas
de Souza et al., 2013) and biologically active moieties is an important
strategy (Fernandez-Megia, Novoa-Carballal, Quifiod, & Riguera, 2007).
The limitation of hydrophobic derivatives is mainly due to their poor
aqueous solubility at neutral pH and quaternary derivatives seem to be
a good alternative to overcome this limitation (Rtnarsson et al., 2010).
We have previously shown that the interaction of chitosan and its N-
dodecyl and poly(ethylene glycol) derivatives with 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine vesicles altered the gel-liquid crystalline
phase transition temperature and decreased both the enthalpy and co-
operativity of the phase transition (de Oliveira Tiera, Winnik, & Tiera,
2010). These results indicate that adsorption on vesicles surface and
incorporation of these amphiphilic derivatives into the lipid bilayer
could lead to vesicles disruption and reorganization (Mertins & Dimova,
2013).

Considering the importance of microbial membranes as the target
for new drugs to avoid the rapid development of resistance mechan-
isms, we engineered cationic derivatives of chitosan with features that
could profit from this advantage for new antimicrobial or antitumor
agents. From highly deacetylated chitosans of low molecular weight we
prepared compounds that were subjected to a reductive amination re-
action with dodecylaldehyde, and subsequently quaternized with me-
thyl iodide to provide solubility at neutral pH. Then, we assessed the
antimicrobial activity toward Gram-positive and Gram-negative strains
and the cytotoxicity toward human cervical carcinoma cells. The results
obtained in the bio-assays lead us to investigate the interaction of the
precursors and derivatives with model membranes of different lipid
compositions that mimic bacterial (Lohner & Prenner, 1999; Matsuzaki,
Sugishita, Fujii, & Miyajima, 1995), tumoral (Dobrzyniska, Szachowicz-
Petelska, Sulkowski, & Figaszewski, 2005; Zwaal, Comfurius, & Bevers,
2005) and erythrocyte membranes (Lohner & Prenner, 1999). This
novel and embracing approach helps to understand the mode of action
underlying these activities of chitosan and derivatives, which are un-
derexplored and neither clear nor easy to comprehend (Verlee, Mincke,
& Stevens, 2017). Considering the hypothesis that the cationic charge of
these compounds will make them target the anionic membranes, we
determined their binding through zeta potential measurements. Then,
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their ability to disturb the model membranes was evaluated by the lytic
activity and changes of the lipid packing monitored in fluorometric
experiments. Using dynamic light scattering we verified the clustering
ability of the compounds. The results are discussed in relation to the
degree of substitution of the derivatives, which impart different hy-
drophobic/hydrophilic features, and interpreted under the light of the
mechanisms of action similarly proposed for cationic antimicrobial
peptides as the charge cluster mechanism (Epand, Maloy,
Ramamoorthy, & Epand, 2010). The high local density of cationic
charges in chitosans clusters anionic phospholipids away from the
zwitterionic ones, disturbing the barrier properties of the membranes,
promoting leakage and also recruiting other vesicles for charge neu-
tralization.

2. Experimental section
2.1. Materials

Chitosan, 85% DDA was purchased from Polymar Co., Fortaleza,
Ceard, Brazil. Dodecylaldehyde, methyl iodide, sodium cyanoborohy-
dride, deuterium chloride (35%) in deuterium oxide, deuterium oxide,
5,6-carboxyfluorescein (CF), diphenylhexatriene (DPH), cholesterol,
and 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium  bromide
(MTT) were purchased from Sigma Aldrich (St. Louis, MO). Egg L-a-
phosphatidylcholine (PC) and egg L-a-phosphatidylglycerol sodium salt
(PG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-i-serine sodium salt
(PS) and cardiolipin (CL) were supplied by Avanti Polar Lipids
(Alabaster, AL). Dulbeccés modified eagle medium (DMEM), fetal bo-
vine serum (FBS), 1-glutamine, and penicillin/streptomycin were pur-
chased from Life Technologies (Sao Paulo, Brazil). SpectraPore mem-
branes (Spectrum Laboratories, Rancho Dominguez, CA) were
employed for dialysis. All solvents and reagents were of high quality
analytical grade and used as received. Water was deionized or ultra-
pure.

2.2. Synthesis of the derivatives of chitosan

The synthesis is summarized in Fig. SI1. The derivatives were syn-
thesized using 98% deacetylated (by '"H NMR) and degraded chitosan
sample (CH2; Mw 12.0 kDa and Mw/Mn 1.34; Fig. SI2a), which was
obtained following a previously described procedure (Tiera et al.,
2006). Shortly, CH2 was subjected to hydrophobic modification
through reductive amination with dodecylaldehyde (Desbriéres,
Martinez, & Rinaudo, 1996), and the dodecylated derivative (CHDD)
was quaternized as detailed elsewhere (Rtinarsson, Holappa, Jonsdottir,
Steinsson, & Masson, 2008).

To produce a derivative containing 20% dodecyl groups (CHDD20),
0.5 g of CH2 was dissolved in a mixture of 90 mL acetic acid 2% and
50 mL ethanol. The pH was adjusted to 5.7 and, while stirring, 0.15 mL
of dodecylaldehyde dissolved in 20 mL ethanol was drop wise added to
the reaction mixture. It was continuously stirred for 24 h at room
temperature; sodium cyanoborohydride (6:1, NaCNBH3:NH.,,
mol mol™1) was added after the first hour. Thereafter, the reaction
mixture was precipitated by adding aqueous NaOH (1.0 molL™1),
centrifuged, washed with water and methanol and dried at 50 °C for
24 h (Table 1). The quaternization using methyl iodide (Rtnarsson
et al., 2008) was carried by dispersing 0.5 g of the CHDD20 in 25 mL
DMF/water (50:50) under vigorous magnetic stirring. Based on the
amino groups content of CHDD20, sodium hydroxide and methyl iodide
were added to the solution at equivalent ratios of 3:1 and 6:1, respec-
tively. Then, the mixture was stirred at room temperature and after
48 h the addition was repeated at the same ratio. This step was again
repeated twice to generate CH30 and three times for CH50. The pH was
monitored and maintained above 7.0 by addition of solid sodium hy-
droxide (Rinarsson et al., 2008). The reaction mixture was dialyzed
(using a membrane of 3500 g mol ™! MWCO) against water for 5 days
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changing the dialysis water twice a day. The product was freeze dried in
a lyophilizer (Thermo Electron Corporation, USA), and subsequently
purified in a Soxhlet system using chloroform to remove non-reacted
dodecylaldehyde. The derivatives were characterized by 'H NMR, re-
corded using a Bruker ARX-500 500 MHz spectrometer.

2.3. Preparation of chitosan and derivatives solutions

Chitosan derivatives (~1mg) were dissolved in acetic acid
0.01 mol L™ at the stoichiometric amount plus 10% excess considering
the fraction of protonable amine groups. The solution was kept under
stirring for at least 12 h at room temperature. This stock solution was
diluted with equal volume of buffer, Tris-HCl 30 mM for the dye
leakage experiments and biological tests or buffer citrate/phosphate
(10 mmol L™ 1C¢Hg07, 10 mmol L™ Nay,HPO,, 150 mmol L™ ! NaF) pH
5.5 for the biophysical experiments.

2.4. Bactericidal assay

The antimicrobial activity was assayed by the suppression of growth
of E. coli (DH5a strain, Invitrogen) and S. aureus (ATCC 25923) in-
cubated with different concentrations of chitosan derivatives. Bacteria
were grown in Luria-Bertani broth liquid medium to an ODggo of 0.3
(240 x 10° CFUmL™"). Samples were diluted to a concentration of
24 x 10°CFUmL™! and incubated for 3h at 37 °C with different
concentrations of chitosan derivatives. Next, the ODgqo of the samples
was measured in a Spectrophotometer Hitachi U-2910 (Hitachi High
Technologies, San Jose, USA) or in a FlexStation 3.0 (Molecular
Devices, Sunnyvale, USA).

2.5. Cell cytotoxicity

The cell toxicity was assessed by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reduction inhibition assay
(Berridge & Tan, 1993). Human cervical carcinoma (HeLa) cells were
cultured at 37 °C in humidified air with 5% CO, in DMEM medium
supplemented with 10% fetal bovine serum, 2mmol L ™! glutamine,
100 units mL ™" penicillin and 100 mg mL~! streptomycin. The cells
were plated at a density of 5000 cells per well in 96-well plates in
100 pL of culture medium. The cells were incubated for 24 h with the
desired concentration of chitosan derivatives. Next, 10 uL. of MTT
(10 mg mL™1) were added to each well. After 2h, 100 uL. of DMSO
were added to each sample that was incubated at room temperature
until complete cell lysis. The absorbance of the formazan was measured
at 570 nm in Ultra Microplate Reader EL 808 (Bio-Tek Instruments).

2.6. Self-association: determination of the Critical Aggregation
Concentrations (CAC)

The aggregation properties of chitosan and derivatives were in-
vestigated using pyrene as a probe in a Cary Eclipse — Varian fluores-
cence spectrometer, at 25.0 *+ 0.1 °C. Stock solutions were added to a
citrate/phosphate buffered solution of pyrene (5.0 x 10~7 mol L™ %;
pH 5.5) under magnetic stirring, and fluorescence spectra were re-
corded after each addition. The ratio between the fluorescence in-
tensities of peaks I (375nm) and III (386 nm) of pyrene emission
spectrum (I;/I3 ratio) was used to evaluate the polarity of the local
environment and to determine the CAC (Vieira, Moscardini, Tiera, &
Tiera, 2003). Pyrene was excited at 310 nm (slit 20 nm) and the
emission (slit 1.5 nm) was recorded from 350 to 550 nm.

2.7. Large unilamellar vesicle (LUV) preparations
Lipid films at the desired composition were prepared by mixing

aliquots of the stock solutions of phospholipids, evaporating the solvent
under a gentle nitrogen flow, and further drying under vacuum for at
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least 3 h. Then, films were hydrated with appropriate buffers (either
10 mmol L™ Tris-HCl, 1 mmol L™ ! Na,EDTA, containing 25 mmol L™ *
CF, pH 7.4 for the CF-filled LUVs, or 10 mmol L™ CgHgO,
10 mmol L™! Na,HPO,, 150 mmol L~ ! NaF, pH 5.5 in the biophysical
experiments) and vortex mixed at room temperature rendering solu-
tions around 10 mmol L ™! lipid concentration. The actual lipid con-
centration was confirmed by phosphorus analysis (Rouser, Fkeischer, &
Yamamoto, 1970). LUVs were obtained within a diameter range of
105-130 nm after 6 times extrusion through 400 nm pore size poly-
carbonate membranes (Nuclepore Track-etch Membrane, Whatman,
USA), followed by 11 times extrusion through 100 nm pore size poly-
carbonate membranes using a Liposofast mini-extruder (Avestin Inc.,
Ontario, Canada), at room temperature. LUVs containing entrapped
carboxyfluorescein (CF) were separated from free CF using a Sephadex
G25 M gel column (PD-10, GE Healthcare Life Sciences) and eluted with
Tris-HCl buffer containing 1 mmol L™! Na,EDTA and 150 mmol L™!
NaCl, pH 7.4. LUVs were used within 24 h of preparation, kept under
refrigeration (8 °C) and protected from light. Vesicle size was confirmed
by dynamic light scattering (DLS) with a Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, U.K.). LUVs of the following lipid com-
position (molar ratio) were prepared: 70:30 PC/PG, 50:50 PG/CL,
60:20:20 PC/PS/Chol and 100% PC, mimicking respectively the
membranes of Gram-negative and Gram-positive bacteria (Lohner &
Prenner, 1999; Matsuzaki et al., 1995), tumors (Dobrzynska et al.,
2005; Zwaal et al., 2005) and erythrocytes (Lohner & Prenner, 1999).

2.8. Dye leakage

Experiments were conducted in an ISS PC1 spectrofluorometer (ISS,
Urbana Champaign, IL, USA), at 25°C, using a 1 cm quartz cell. A
100 umol L~ ! suspension of CF-filled LUVs was obtained by diluting the
LUVs preparation with the 10 mmol L ™! Tris-HCl buffer, pH 7.4 de-
scribed above. An aliquot of the chitosan derivative stock solution was
added to the magnetically stirred vesicle suspension. CF fluorescence
intensity was monitored at 520 nm wavelength with a 0.5 slit width
(excitation wavelength 490 nm and 1.0 nm slit width). The percentage
of CF released was calculated as % leakage = 100 X (F — Fp)/
(F100 — Fo), where F is the observed fluorescence intensity, Fo and Fyq9
are, respectively, the fluorescence intensities in the absence of polyca-
tions and at 100% leakage, as determined by the addition of 20 uL of
10% Triton X-100 solution. F,oo has been corrected for the corre-
sponding dilution factor.

2.9. Size and zeta potential determinations

The Zetasizer Nano ZS (Malvern Instruments, Worcestershire, U.K.)
was used to determine aggregation of LUVs induced by the chitosan
derivatives and precursors, through its size mode and the corresponding
zeta potential changes to verify the binding of the same samples to the
LUVs. Chitosan derivative solutions were prepared in buffer, pH 5.5, in
plastic vials and an aliquot of the vesicle suspension was added to a
final concentration of 100 umol L™!. Each preparation was first equi-
librated for 30 min at 25 °C and then transferred to a disposable cuvette
for the size evaluation. Afterward, the same preparation was transferred
to a DTS10700 cell (Malvern Instruments) for zeta potential measure-
ment.

3. Results
3.1. Synthesis and characterization

Chitosan derivatives (Fig. 1) were prepared from CH2 sample in a
two steps process. I) After the reductive amination reaction with do-
decyl aldehyde, the 'H NMR spectra of the generated derivative,
CHDD20, exhibit three new signals after substitution by the dodecyl
group: a singlet at 1.30 ppm, corresponding to the protons of the methyl
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group on the dodecyl chain; a signal at 1.70 ppm corresponding to
protons in the hydrocarbon chain; and that at 2.15 ppm corresponding
to the methylene protons of the carbon atom linked to the amino group
of chitosan (Fig. 1b, CHDD20). The attachment of dodecyl groups to
CH2 framework alters the "H NMR spectrum most notably in respect to
the anomeric protons of substituted and non-substituted glucosamine
units. This signal undergoes a downfield shift from 5.34 to 5.47 ppm,
which results from substituted glucosamine rings. The integrated areas
of the signal at 1.30 ppm and those assigned to the anomeric protons of
chitosan chains at 5.20-5.60 ppm were used to calculate the degree of
substitution by DD by Eq. (1) (Desbriéres et al., 1996).

@

II) After the quaternization step, the reacted CHDD20 with CH;l,
produced two different methylated derivatives, CH30 and CH50, whose
'H NMR spectra are shown in Fig. 1c and d, respectively. The qua-
ternization reaction takes place on the free and dodecylated amino
groups as indicated in Fig. la. The degrees of substitution for di-
methylated (% GDM) and trimethylated units (% GTM) were estimated
from the signals appearing at 3.48 and 3.74 ppm. % GTM was estimated
taking into account the contribution of the trimethyl groups of both,
dodecylated and non-dodecylated units. The signal of trimethylated
amino groups overlaps the signal of the H-2 protons of the glucosamine
rings, appearing shifted to downfield in the range of 3.67-3.85 ppm
(Runarsson et al., 2007). Therefore, GDM and GTM were estimated
using the relationships 2 and 3 (Rinarsson et al., 2008).

Gy = e
Amx6 (2)
GTM = (AN(CH3)3 - 1)
A x10.8 3

where Ay refers to the signals at 5.40-5.90 ppm range due to the
anomeric protons of substituted and non-substituted glucosamine re-
sidues. The factor “—1” in Eq. (3) numerator subtracts the contribution
of the H-2 hydrogen signal, and the factors “6” and “10.8” refer to
protons of the dimethylated and trimethylated units, respectively. The
term 10.8 accounts for nine protons from trimethylated amino groups
plus the contribution arising from methyl groups inserted on dodecy-
lated amino groups.

To verify the importance of the hydrophobic moiety for the activity
of the chitosan derivatives a quaternized compound, MeCH2, was also
produced (Fig. SI2b). The 'H NMR spectrum of MeCH2 exhibited new
signals, most notably at 3.72, 3.47 and 3.29 ppm, corresponding to
trimethylated, dimethylated and monomethylated units, respectively,
that confirmed the methylation of deacetylated chitosan. The attach-
ment of methyl groups brings further changes in the resonances of
protons in close proximity to the substitution site, specifically, protons
H-1 and H-2 of the glucosamine unit. The anomeric proton signal un-
dergoes a downfield shift, from 5.3 ppm to 5.5 ppm, while the signal at
3.61 ppm shifts to 3.79 ppm. The substitution degrees for trimethylated
and dimethylated units were estimated using the relationships 2 and 3
and the monomethylated units were estimated using the relationship.

ANCH3
AH1X3

GDM =
@

As the quaternary derivatives, CH30 and CH50, were obtained at
mild reaction conditions, i.e., the reductive amination step was per-
formed at low temperature, pH 5.0 and the methylation step at room
temperature, we considered that polydispersity of the polymers were
kept under limited variation. The composition of chitosan intermediates
and synthesized derivatives are summarized in Table 1. Derivatives
mostly differentiate by the dimethylated and trimethylated contents as
shown in Table 1 and Fig. 1.
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Table 1

Physico-chemical properties of chitosan derivatives. % GTM, % GDM and % GMM are the
estimated contents of trimethylated, dimethylated and monomethylated units. % DD
stands for the content of dodecyl groups.

Polymer % GMM % GDM % GTM % NH» % DD
MeCH2 15.3 53.3 8.2 23.2 -
CHDD20 - - - 77.9 20.1
CH30 - 52.9 27.0 - 20.1
CH50 - 27.6 49.3 3.0 20.1

3.2. Amphiphilic properties

The interaction of amphiphilic polycations with cell membranes has
been shown to depend on their hydrophilic/hydrophobic balance pro-
viding higher antimicrobial activities by the appropriated adjustment.
This intrinsic property might strength the interaction with the cell
membrane and could also introduce intra- and intermolecular interac-
tions that affect antimicrobial activity. Derivatives of chitosan may
aggregate as a result of intra- and intermolecular association. At pH
around 5.5 and lower, derivatives are positively charged, and it is ex-
pected that self-association is driven by the hydrophobic effect. The I;/
I5 ratio of the fluorescence vibronic bands of pyrene report the onset of
aggregation of polydisperse samples (Philippova et al., 2001), and al-
lows the estimation of the critical aggregation concentration values
(CACs). They were graphically estimated, as shown in Fig. 2, from the
plots of I/I3 in the presence of increasing concentrations of the deri-
vatives, which show clear breaks due to self-association. For example,
CH30 and CH50 exhibit a steep decrease in the I;/I; ratios at
4.5 x 10" %and 31 x 10~ 3 gL', respectively, while for CH2 the CAC
under the same conditions is 57 gL_1 (Table 2). This illustrates how
differently the hydrophobic effect of dodecyl groups overcomes elec-
trostatic repulsion between positively charged groups, leading to the
formation of intra- and/or intermolecular aggregates at these con-
centrations.

When concentrations of chitosan and derivatives are above the re-
spective CAC values the interaction with cells and lipid bilayers may be
affected by aggregated forms being less available as they were in so-
lution (Kulikov et al., 2016).

3.3. Bio-assays

The antimicrobial activity of the derivatives CH30 and CH50 was
determined in comparison to their parent compounds, CH2 and
CHDD20, and a quaternized non-hydrophobic derivative, MeCH2,
against Gram-negative (E. coli) and Gram-positive (S. aureus), which are
representative of the most clinically important bacteria (Fig. 3). We

2.0

1.04 O MeCH2
B CHDD20
O CH30 %—QOQ;?SO
081 @ cHs0
0.6 L] T T
0.01 0.1 1

concentration (g.L")

Fig. 2. Fluorometric CAC determination of derivatives through 1;/1I5 ratio of the probe
pyrene, at pH 5.5.
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Fig. 3. Effect of chitosan derivatives concentration on the survival curves for E. coli (a)
and S. aureus (b), and on the viability of human cervical carcinoma cells (¢). Bacteria and
cells were incubated with different concentrations of chitosan derivatives for 3 h and
24 h, respectively. The survival rates were determined by the optical density in 600 nm
(OD 400) and the cell viability was assessed by MTT reduction.

observed that CH2 (Fig. SI3a) and MeCH2 do not exhibit antimicrobial
activity at any tested concentration, while the hydrophobic functiona-
lized derivative, CHDD20, is as active as CH30 and CH50 just against S.
aureus. However, when considering concentrations below
100 x 1073 gL~!, CHDD20 is more active than CH30 and CH50
against S. aureus, while against E. coli, CH30 is the most active.
Nevertheless, none of the compounds totally eradicated bacteria,
showing the minimum survival rate of 20% for E. coli. We must em-
phasize that the contact time of 3h is longer than previously
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determined as required for significant bacterial cell wall permeability
(Naberezhnykh, Bakholdina, Gorbach, & Solov’eva, 2009). Also, the
possible influence of iodide counter-ions was investigated along the
experiments with the chitosan compounds. The control experiments
show that at the maximum concentration of 4 x 10~2 g L™, it presents
very limited influence on cell viability or survival (Fig. SI3b). These
findings demonstrated that hydrophobic character and the presence of
cationic groups are equally important for the development of a broad
spectrum compound and that additional efforts are required in the
development of chitosan derivatives with optimum antibacterial prop-
erties. In this sense, investigating the possible forms of chitosan deri-
vatives interactions with lipid bilayers could positively contribute to
the design of improved compounds.

The cytotoxic activity of chitosan derivatives toward human cer-
vical carcinoma cells was assessed by the MTT assay. Fig. 3¢ shows that
MeCH2 and CH30 do not exhibit cytotoxicity at 200 x 1073 gL~
While CH2 (Fig. SI3a) and MeCH2 show small activity at half this
concentration, CH2DD20 reduces cell viability to 60% at concentrations
above 25 x 1073 gL~ Just CH50 shows significant cytotoxicity, re-
ducing the formazan production in a concentration-dependent manner.

The correlation between antimicrobial, cytotoxicity and physico-
chemical features as shown in Table 2 indicates that (1) the cationic
charge is important for bioactivity; (2) but, the hydrophobicity con-
ferred by dodecylation is even more important; (3) cationic charge and
hydrophobicity produce better compounds either as antimicrobials or
as tumoricidal agents; (4) the balance between cationicity and hydro-
phobicity obtained in CH30 is more suitable for the antimicrobial ac-
tivity while that balance obtained in CH50 is better for the tumoricidal
activity. Considering the CAC values, the concentration range in which
the antimicrobial and cytotoxic activities of chitosan and derivatives
were obtained include those where aggregated forms would be found in
solution. This means that chitosan derivatives start exerting activities in
their respective aggregated forms.

3.4. Interactions with membrane models

It has been demonstrated that chitosan is active at the cell surface of
bacteria and leads to permeabilization. Also, it has been demonstrated
that electrostatic and non-electrostatic interactions are important for
the antimicrobial activity (Verlee et al., 2017). Thus, it seems relevant
to investigate the activity of chitosan and its derivatives on model
membranes to understand their mechanisms of action.

3.4.1. Lytic activity

Investigating the lytic activity of our compounds will indicate if
they can target the cell membrane, permeabilize it and compromise its
barrier properties. CH30 and CH50 are lytic compounds at low con-
centrations towards LUVs made of PC and PC/PG (70:30 mol%, named
PCPG), while the lytic activity is moderate towards LUVs made of PC/
PS/Chol (60:20:20 mol%, named PCPSChol), and PG/CL (50:50 mol%,
named PGCL) (Fig. 4). In relation to the precursor CHDD20, CH30 and
CH50 exhibit much intense activity, except on PGCL, where an

Table 2

Physicochemical features and bioactivity of chitosan and derivatives. % GTM is the es-
timated contents of trimethylated units or charged units. CAC is the critical aggregation
concentration. % survival and % cell viability as obtained at 150 x 10 *gL™ %

Polymer % CAC E. coli S. aureus HeLa cells
GTM  (x10% gL % survival % survival % cell viability
CH2 - 57 14412 176+4 T7£3
MeCH2 8.2 77 97+4 91£10 74+£5
CHDD20 - 35 63+8 37+2 64+5
CH30 27.0 4.5 32+6 30+8 96+5
CHS50 49.3 31 51+4 6618 372

Highlighted in grey are the best results obtained by the derivatives.
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Fig. 4. The permeabilizing effect of chitosan derivatives in different membrane mimetic
systems as determined from the dye leakage of the entrapped CF. 100% leakage is that
induced by Triton. Dose-response curves obtained after 10 min contact time, at 25 °C with
LUVs made of (a) PC, (b) PC/PS/Chol (60:20:20 mol%), (¢) PC/PG (70:30 mol%), (d) PG/
CL (50:50 mol%).
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equivalent activity was observed. For MeCH2 limited lytic activity was
detected at concentrations above 50 x 102 g L™ !, while for CH2 (Fig.
SI4) some activity was found in PC and PGCL vesicles. CH30 and CH50
exhibit similar kinetic profile tending to a plateau after 5 min contact.
Nevertheless, 100% leakage is not achieved for any derivative. Strong
flocculation occurs in some cases above 5 min contact time with CH30
around 25 x 1073 gL™! and with CH50 above 14 x 10 3gL™! in
PCPG LUV. The dose-response curves indicate that the interaction of
these derivatives is not cooperative; the calculated Hill coefficients are
close to 1. CH30 exhibits more intense lytic activity than CH50 on the
anionic vesicles PCPG and PCPSChol and slightly less intense activity
on the zwitterionic PC. These observations suggest a more selective
performance of CH30, probably as a result of a more suitable hydro-
phobic/hydrophilic balance. Although CH50 shows more intense lytic
activity than CH30 on PGCL, both derivatives and precursors are much
less efficient in this vesicle that mimics Gram-positive bacteria mem-
branes. Bilayers containing cholesterol and cardiolipin are known for
being less fluid than those where these phospholipids are absent (dos
Santos Cabrera et al., 2012). Moreover, chitosan activity was reported
to be negatively influenced by cell membrane fluidity in experiments
with resistant fungi (Verlee et al., 2017). This could be the reason for
the lytic activity appearing quite similar in PGCL for CH50, CH30 and
CHDD20, while in PCPG the derivatives are significantly more efficient.

3.4.2. Zeta potential measurements

Once that our compounds are lytic to vesicles mimicking the
membranes of bacteria and tumors, zeta potential measurements will
indicate the importance of the electrostatic attraction and confirm that
binding occurs. For zeta potential measurements the permanently
charged compounds, CH30, CH50 and MeCH2, were considered. They
neutralize membrane charges by binding to the more fluid membranes,
PCPG and PC, with a significant preferential interaction with the an-
ionic one. Fig. 5 shows that increasing the concentration of chitosan
derivatives increase the initial electro-kinetic potential (y) as a con-
sequence of the polycation binding to the vesicles surface and neu-
tralization of charges. On PGCL, MeCH2 exhibits a more pronounced
charge neutralization effect, while in PCPSChol, CH50 is the more ef-
ficient, in good agreement with its superior effect in HeLa cells. CH30
shows poor binding to these less fluid bilayers. Their respective iso-
therms, as well as the dose-response curves of the lytic activity, suggest
that the partition of these chitosan derivatives depends on the fluidity
of vesicle compositions. This was confirmed when the interaction of
CH30 and CH50 was investigated on PC/PS/Ergosterol (40:40:20 mol
%) LUVs. In this environment that mimics C. albicans membranes and in
PCPG, CH30 and CH50 performed similarly (Fig. SI5). CH50 is more
efficient in promoting charge neutralization than CH30, as could be
expected from its higher cationic character, except on PGCL. Although
deprived of biological and lytic activities, MeCH2 shows efficient
charge neutralization in the anionic vesicles tested, and shows potential
reversal in PCPG and PCPSChol. For CH30, the potential reversal occurs
around 23 X 1073gL~"! in PCPG. At this concentration flocculation
was observed in the leakage experiments. With CH50 the isotherm
obtained in PCPG shows an abrupt increase in zeta potential at the
concentration around 5 x 10 3gL™!, and the potential reversal oc-
curs around 8 x 107 3g L™’ Also, flocculation was observed. Most
isotherms tend to a plateau, suggesting that compounds are ag-
gregating. The aggregation is supported by vesicle size measurements
(Fig. 6).

Whereas results of the bioassays clear indicate that CH30 would be
more efficient as an antimicrobial and CH50 more efficient as an an-
titumoral, and also that CH30 would be equally effective against Gram-
negative and Gram-positive bacteria, results using mimetic membranes
does not discriminate their action in the same way. The mechanism of
action of CH30 and CH50 seems to be directed by electrostatic inter-
actions. CH30 with lower cationic character is more lytic towards PCPG
and PCPSChol, the less anionic lipid bilayers, while CH50 is more lytic
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towards PGCL. Nevertheless, experiments with lipid vesicles were very
helpful to demonstrate that derivatives endowed with hydrophobicity
and net charges, as CH30 and CH50, were the most promising candi-
dates for further developments as antimicrobials.

3.4.3. Vesicle size determinations

The size variations of vesicles indicate the extent of aggregation that
our compounds could induce as a consequence of intense electrostatic
attractions or hydrophobic interactions. Fig. 6 shows changes in ve-
sicles size induced by the increasing concentrations of chitosan deri-
vatives. In the presence of PC vesicles, they show significant size in-
crease, except for MeCH2. Although CHDD20 induce significant size
increase at 20 x 103 g L™, poor lytic activity was observed in PC.
Thus, these data could be correlated to the lack of (or limited) strong
interactions; electrostatic in the case of CHDD20 and non-electrostatic
for MeCH2. Derivatives CH30 and CH50 are endowed with both types
of interactions.

In the presence of PCPSChol LUVs, MeCH2 induce the highest size
increase that may denote vesicles aggregation, at 10 x 10 > gL~
MeCH2 is followed by CH50, while CH30 and CHDD20 show moderate
size increase at 20 X 10~ 2 gL~ !, Nevertheless, just CH50 and CH30
show significant lytic activity at 50 x 10~ 3 gL~ ! in this model mem-
brane. And only CH50 showed cytotoxicity towards HeLa cells. The
CAC of CH30 and CHDD20 are below 20 x 10~ 2 g L™ . Taken together
these data suggest that a) CH30 activity is impaired by the lower
fluidity of cholesterol-containing bilayers, and by its aggregated state in
solution that hinders its binding, as seen in the zeta potential mea-
surements; b) CH50 activity is increased by the higher content of po-
sitively charged groups that enhances binding, and by a higher CAC
value; and c) the cationic MeCH2 strongly binds and aggregates vesicles
but the lack of hydrophobic character impairs its activity.

In relation to the bacterial model membranes, chitosan derivatives
induce intense size increase, denoting vesicles aggregation, in PCPG,
around 10 x 1073 gL™" concentration. Limited aggregation was ob-
served in PGCL. This could be attributed to three oppositely acting
conditions in PCPG and PGCL: a) the availability of plenty of anionic
groups (PGCL) to neutralize chitosan and derivatives positively charged
groups; b) strong remaining repulsion between LUVs (PGCL); and c)
reduced fluidity of PGCL LUVs.

4. Discussion

There are some recognized advantages when antimicrobials target
the membrane of cells, as their highly preserved features and essenti-
ality among several bacterial species throughout evolution, their ability
to act on the membranes of dormant bacteria and on biofilms, and their
decreased probability of resistance development (Mingeot-Leclercq &
Décout, 2016; Zasloff, 2002). Biophysical parameters of these mem-
branes rule the activity of membrane-active compounds as the amphi-
philic character, fluidity, intrinsic curvature and clustering of lipids
(Mingeot-Leclercq & Décout, 2016). Thus, to achieve an optimized in-
teraction, the antimicrobial compounds must be endowed with a spe-
cific balance between the hydrophobic and hydrophilic character,
which includes a significant content of cationic charges, and an accu-
rate evaluation of the molecular weight (Mingeot-Leclercq & Décout,
2016; Verlee et al., 2017).

Amphiphilic antibacterial aminoglycosides have been developed
from an old class of drugs, the aminoglycosides, as an alternative to
overcome the difficulties imposed by the emergence of resistant bac-
teria. This new class, which includes chitosan and derivatives, may be
made to target the anionic lipid bilayer of bacteria (Mingeot-Leclercq &
Décout, 2016; Verlee et al., 2017). The interaction starts with the
electrostatic attraction between protonated amino groups of chitosan
and derivatives and the negatively charged components of the bacterial
cell surface. This surface may become decorated with chitosan and be
permeabilized leaking the intracellular content (Naberezhnykh et al.,
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2009; Verlee et al., 2017; Wu, Long, Xiao, & Dong, 2016). The results of
the present work also point out to this mechanism of action, which has
been often associated with antimicrobial peptides. This class of sub-
stances has called the attention of researchers for over two decades
because its mechanism of action does not require specific receptors, and
thus also presents a different strategy to overcome the development of
resistance towards antibiotic therapy.

It has been reported that chitosan with approximately the same
characteristics of Mw and deacetylation degree as our CH2 exhibits MIC
around 200 x 1073 gL~ ! for S. aureus and E. coli at pH 6.9 (Kulikov
et al., 2016), however, in the present work we did not find anti-
microbial activity for CH2 even at 500 x 10~ 2 gL~ . It was also the
case with MeCH2, while the literature reports that fully quaternized
chitosan has higher antibacterial activity than the parent chitosan (Wu
et al., 2016). Nevertheless, CH30 and CH50 exhibited antibacterial
activity at comparable levels toward Gram-negative E. coli and Gram-
positive S. aureus, mimicked respectively by PCPG and PGCL. Accord-
ingly they presented lytic activity in these lipid vesicles, although being
more intense in PCPG. CH50 also exhibited cytotoxic activity towards
Hela cells. This set of activities was not displayed by their precursors,
although the hydrophobic CHDD20 showed similar antibacterial ac-
tivity towards S. aureus. Thus, it justifies and encourages studies in-
volving modifications of natural chitosan that focus on fine-tuning
hydrophobic and electrostatic interactions.

As pointed out for chitosan-resistant fungi (Verlee et al., 2017), the
differences found in the interaction of the presently developed deriva-
tives with lipid bilayers also evidence characteristics already described
for chitosan, as the impairment effect of membrane fluidity on the
membrane-related activity. Binding and lytic activity of CH30 and
CH50 were reduced when bilayers contained cholesterol or cardiolipin,
lipids that strongly influence membrane packing and fluidity. Also, for
Gram-positive bacterial membranes, which contain cardiolipin, it was
demonstrated that a mutant lacking the outer layer rich in teichoic
acids had impaired chitosan activity (Verlee et al., 2017). Moreover,
exposure to chitosan caused important morphological changes in the
cell wall (Kulikov et al., 2016). These findings evidence the importance
of strong electrostatic interactions as a way to overcome the membrane
reduced fluidity. Although deprived of antibacterial activity, our pre-
cursor, MeCH2, with a high CAC value, showed increased binding on
PGCL bilayers probably as a result of the high availability of positively
charged groups. For many antibacterial compounds, including chitosan,
the antibacterial activity depends on solubility (Kulikov et al., 2016).
For Gram-negative bacteria, studies demonstrated that chitosan dis-
turbs the inner membrane and induces leakage. Accordingly, we found
that on PCPG LUVs, binding of CH30, CH50 and MeCH2 are compar-
able; however, MeCH2 shows much reduced permeabilization and lacks
activity toward E.coli (Verlee et al., 2017).

The literature is rich in relation to the antitumoral activity of chit-
osans, however in this field of application chitosan is mostly used as a
carrier or nanoparticle. However, its appeal as a pH-responsive com-
pound could equally be of interest to our compounds, considering that
the mechanism where the target is the membrane could be verified.
Cancer cells expose increased content of anionic PS in the outer leaflet
of the cytoplasmic membrane, favoring electrostatic interactions (Zwaal
et al.,, 2005) as in the case of antibacterial activity. Other appealing
features of chitosan should be considered as its facilitated adsorption at
the cancer cell membrane due to electrostatic interactions and to the
presence of secondary and tertiary amino groups, and the abundant
possibilities of hydrogen-bonding that enhances for longer the adhesive
effect (Suarato, Li, & Meng, 2016). From our set of compounds, CH50
was the only derivative endowed with significant activity toward HeLa
cells. It has already been reported that chitosan may bind non-cova-
lently with cholesterol (Verlee et al., 2017), suggesting the importance
of other interactions besides the electrostatic. We also verified that the
presence of cholesterol in the lipid bilayers, turning them less fluid,
reduced the binding and lytic activity of the derivatives on the model
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membrane PCPSChol, despite the presence of 30% anionic PS. CH50 is
the derivative that most strongly binds and neutralizes the charges of
PCPSChol, although it is not the most efficient as a membranolytic
compound in this vesicle.

The kinetics of the lytic activity observed for CH30 and CH50 re-
sembles those found for antimicrobial peptides, however the dose-re-
sponse curves are different: lytic antimicrobial peptides usually exhibit
a sigmoid shaped curve and a cooperative behavior (Cabrera et al.,
2014; dos Santos Cabrera et al., 2009), while the present chitosan de-
rivatives do not. The stronger effect of CH50 than that of CH30 on PC
vesicles is also compatible with the effect of highly charged cationic
peptides. For those peptides, the increased charge abolishes the selec-
tive behavior towards anionic bilayers (Dathe, Nikolenko, Meyer,
Beyermann, & Bienert, 2001). Significant similarities with lytic peptides
behavior are also found in the effects of the present chitosan derivatives
on the zeta potential isotherms, except for the potential reversal ob-
served at lower concentration. Aggregated particles probably made of
chitosan and phospholipids were denoted by the size increase and also
visually observed. This finding and the fact that our chitosan deriva-
tives do not reach 100% leakage of vesicles content oppose to the
features generally attributed to the detergent-like mechanism (Henzler
Wildman, Lee, & Ramamoorthy, 2003). This mode of action was re-
cently attributed to nanocapsules of chitosan.>? However, the features
exhibited by our derivatives suggest that their mode of action could be
attributed to the formation of chitosan/phospholipids aggregates and is
comparable to the charge cluster mechanism, which was recently as-
cribed to peptides with high positive charge density (Epand, Maloy,
Ramamoorthy, & Epand, 2010). Another characteristic of these peptides
that promote charge cluster is the fact that the ratio between MICs in S.
aureus to E. coli is above 1, which we also found in our chitosan
compounds. A kind of charge clustering was also proposed for sup-
ported chitosan derivatives with antimicrobial activity (Li et al., 2011).
Fig. 7 summarizes the sequence of events that were observed and cor-
related with this mechanism.

5. Conclusions

CH30 and CH50 differentiate by the number of charged groups in
the polymer chain, which is higher in CH50. Both derivatives exhibit
antimicrobial and cytotoxic activities, which are increased in relation to
the precursor compounds. The experiments with model membranes
evidenced that these amphiphilic chitosan derivatives show strong af-
finity for phospholipid bilayers, capable of inducing significant lytic
activity at concentrations around 10 X 10" 3gL~!, when vesicles
composition was of higher fluidity, or around 40 x 1073g L™, for
vesicles containing cardiolipin or cholesterol. Although the mechanism
of the antimicrobial activity of chitosan and derivatives are not well
understood, the leakage of intracellular compounds has already been
observed (Fernandes et al., 2014; Rabea et al., 2003). One of the pro-
posed mechanisms associates the electrostatic interaction between ca-
tionic groups of chitosan and the anionic groups of the membrane that
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Fig. 7. Model of the lytic activity of chitosan deri-
vatives. The electrostatic attraction between qua-
ternary chitosans, acting as aggregates, binds them
to the vesicles surface, clusters anionic phospholi-
pids, disturbs the lipid packing, leaks vesicles’ con-
tent, attracts or extracts the anionic phospholipids
from the opposite layer and also attracts and packs
other vesicles as denoted by the size increase. The
clustering of vesicles hinders the total leakage of
vesicles’ content.

induce the leakage of the cell contents (Fernandes et al., 2014; Li et al.,
2011). This interaction that starts from electrostatic attraction and
targets the phospholipid matrix of cell membranes has been often as-
sociated to antimicrobial peptides and represents a strategy to over-
come the mechanisms of bacterial resistance. The results of the present
work point out to the advantages of parallel investigation of chitosan
derivatives effects on the lipid bilayer of cell membranes and suggest
that besides improving the hydrophobic/hydrophilic balance of com-
pounds, modifications that increase CAC and reduce aggregated con-
tents could improve efficiency.
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ARTICLE INFO ABSTRACT

Keywords: Curcumin, a polyphenol molecule, presents a wide range of biological activities as antioxidant, anticancer, anti-
Curcumin inflammatory, antimicrobial and wound healing. Although some strengths attributed to curcumin derive from
Cholesterol

promiscuous biological activity, possibly because curcumin can interfere on many membrane located processes,
knowledge of underlying interactions are lacking. Mammalian cell membranes characteristically contain 25 to
50% cholesterol/phospholipid ratio; however, most studies involving lipid bilayers and curcumin consider pure
phosphatidylcholine and compare effects of curcumin on membranes with those of cholesterol. We investigated
the interaction of curcumin with lipid bilayers containing cholesterol mimicking mammalian cells, and used
spectroscopy techniques to determine partition coefficients, rigidity parameters and lytic activity. We found that
curcumin partitions into different lipid bilayers (10* order coefficients that vary by less than a factor of two),
containing cholesterol or not, and in the presence of sphingomyelin or phosphatidylserine. Curcumin decreases
rigidity in all tested compositions, except that containing 40% cholesterol in which it increases the lipid packing
order. In addition, curcumin induces leakage from giant unilamellar vesicles on a cholesterol concentration
dependent way. Our results are compatible with the hypothesis of curcumin interaction with membranes being
modulated by the liquid disordered phase and by the coexistence of liquid-ordered/liquid disordered phases. In
bilayers containing cholesterol, curcumin assumes a more superficial location, drastically stiffens the 40%
cholesterol bilayer and decreases the lytic effect. Our study may help researchers in the analysis of the biological
effects of curcumin and curcumin-derived formulations by calling the attention to the discriminating role of the
cholesterol content.

Lipid bilayer effects
Phospholipid membranes
Lipid/water partition coefficients
Large and giant vesicles

1. Introduction

The polyphenol curcumin has been intensively studied in the past
years due to its broad range of reported activities going from anti-
oxidant, anticancer, anti-inflammatory, anti-mutagenic, anti-angio-
genic, anti-fungal, antimicrobial and wound healing activities [1, 2].
The antioxidant activity is attributed to the ability of curcumin mole-
cule of donating hydrogen ions and of neutralizing reactive oxygen
intermediates [3]. Since oxidative processes are related to the devel-
opment of many diseases as the coronary, cancer and aging-derived
neuropathology [4-6], the applicability of curcumin has been in-
tensively speculated [7-9], however, far from a consensus. Recently,
Nelson et al. [10] showed that there is no evidence of success on pla-
cebo-controlled clinical trials of curcumin and they consider, after

reviewing the medicinal chemistry aspects of curcumin, that it is an
unstable, reactive, promiscuous, non-bioavailable compound and,
therefore, a highly improbable lead [10]. In this controversial scenario,
the study of mechanisms involved in curcumin biological activities
clearly demand further efforts [11, 12] and a biophysical approach in
these studies could be enlightening.

In general, the biological effects of curcumin have been explained
by the binding and/or interference with enzymes, receptors, transpor-
ters and signal transduction systems. Nevertheless, these important
mechanisms mostly occur in membrane environments, both inside and
through lipid bilayers, and this could be the link among apparently
unrelated structures and processes [12, 13]. Actually, evidence is ac-
cumulating towards curcumin activity being related not only to a single
isolated target but also to the modulating role of the membrane [12,
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14-17]. While there are reports of variable distribution of curcumin
across different tissues, they could be also attributed to several ex-
perimental shortcomings [10].

Being a highly hydrophobic molecule, curcumin, with an octanol/
water partition coefficient (logP) around 3 [5], and endowed with po-
tential to form many hydrogen bonds - intrinsic features of its amphi-
pathicity - it is not surprising that strong interactions with lipid bilayers
were found [13, 18, 19]. Studies by Andersen's and Huang's groups [11,
13, 19, 20] found, emphasized or suggested the following important
features. (1) At concentrations of the order of 100 uM, curcumin ex-
hibits destabilization effects on membranes, but at much lower con-
centrations it modulates the function of membrane proteins. (2) Ap-
parently, no active sites in proteins were identified to be targeted by
curcumin and its action is attributed to disorders in the membrane. (3)
Curcumin has a high partition coefficient in relation to the bilayer. (4)
Curcumin thins the lipid bilayer by increasing the membrane area. (5) It
starts partitioning to the interface and at higher concentrations
stepwisely inserts into the acyl chain region, keeping its monomeric
state. (6) Curcumin decreases lipid bilayers stiffness. Other groups de-
monstrated that as a consequence of curcumin partition into lipid bi-
layers, certain membrane properties as the fluidity and the phase
transition temperature are affected [21, 22]. In addition, curcumin in-
duces fusion of lipid raft domains by modifying the boundary between
the ordered and disordered phases [23]. In addition, it was recently
found, theoretically and experimentally, that curcumin either (a) lies on
the bilayer head group region, acting as a “carpet”, forming a steric
barrier and thus stiffening the bilayer, or (b) inserts into the membrane
core and increases fluidity oppositely to cholesterol (Chol) condensing
effect. Moreover, membrane hydration modulates fluidity, which in-
creases at the higher hydration levels [12].

Studies involving the bioactivity of phytochemicals range above
hundreds per year and are of fundamental importance for under-
standing the mechanism of interaction with membranes and supporting
new ways of delivery to cells [5, 24-26]. To be bioavailable, drugs must
bind to specific targets and/or to cell membranes and in some way
permeate this barrier. It has been demonstrated that curcumin reduces
the energy required to cross lipid bilayers and increases channel activity
of proteins [11] suggesting its use as a supporting drug in more complex
treatments. In addition, Chol related diseases were reported to affect
membrane fluidity in a similar way as reported for some phytochem-
icals, including curcumin [27]. However, studies involving curcumin
and lipid bilayers have mostly been carried out with pure phosphati-
dylcholine (PC). In the present work, we focused on the role of Chol in
the interaction of curcumin and lipid bilayers, mimicking the ubiqui-
tous composition of mammalian membranes, by determining its parti-
tion coefficients, effects on membrane rigidity and lytic activity of
curcumin. Results are discussed considering that the mixture of lipids in
these bilayers are present either in the liquid disordered (l4) phase or in
the in liquid-ordered/liquid-disordered (1,/15) coexistence of phases.
We propose that the cholesterol content has a discriminating role on the
mode of interaction of curcumin, modulated by the coexistence (or not)
of different lipid phases in the bilayer, which differently modify the
partitioning, the rigidity and the lytic effect.

2. Materials and methods
2.1. Chemicals

Avanti Polar Lipids (Alabaster, AL) supplied phospholipids 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine ~ (PC),  1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylserine  (PS), sphingomyelin (Egg,
Chicken, SPM), cholesterol (Chol) and 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(7-nitro-2,1,3benzoxadiazol-4-yl) (ammonium
salt) (NBD-PE), used as supplied. Sigma-Aldrich Co. (S. Louis, MO)
supplied curcumin and chlorophyll a. Other chemicals were high-
quality analytical or spectroscopic grade.
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2.2. Preparation of the curcumin solution and buffers

The curcumin solution was freshly prepared in amber glass vials by
diluting around 1.2mg of the 2h oven-dried sample at 55-60 °C in
1.5 mL dimethylsulfoxide (DMSO) and kept protected from light. DMSO
was used due to the limited solubility of curcumin in aqueous media
[13], and was kept below 0.7% in experiments to avoid detrimental
effects on the vesicles [20]. Curcumin solutions in water are affected by
lower solubility at pH < 7 and lower stability at alkaline pH values.
Thus, experiments were carried out at pH 7, in buffers containing NaCl
(or NaF for DLS experiments) at the physiological concentration of
150 mM, either in 20 mM Hepes for large unilamellar vesicles, LUVs
[20], or in 10 mM Tris/HCL for giant unilamellar vesicles, GUVs. In the
latter case, to avoid osmotic pressure effects, the osmolarity of the su-
crose (inside GUVs) and buffer solutions (outside) were checked with
an osmometer (Osmette A 5002, Precision Systems, Inc., USA) and
carefully matched.

2.3. Vesicles preparation

Lipid stock solutions in chloroform were mixed to give the following
compositions: PC (100%), PC/Chol 80:20, PC/Chol 60:40, PC/SPM/
Chol 60:20:20, PC/PS/Chol 60:20:20. LUVs could additionally contain
chlorophyll a and giant GUVs contained the zwitterionic fluorescent
probe NBD-PE, both at 0.5% (mol). To obtain lipid films, the stock
solutions were evaporated under nitrogen flux in round-bottomed test
tubes. Next, they were dried under vacuum for 3h to remove solvent
traces.

2.3.1. LUVs

To obtain LUV suspensions around 5 to 10 mM lipid concentration
for spectroscopy experiments, the phospholipid films were hydrated
with Hepes buffer at room temperature or for vesicles containing Chol
or SPM above 40 °C/50 °C, respectively. Suspensions were extruded 6
times through 400 nm polycarbonate membranes and then 11 times
through 100 nm membranes in the Avanti Mini extruder. LUVs that had
been refrigerated and protected from light were used within 24 h of
preparation. The vesicle size was confirmed by dynamic light scattering
(DLS) with a Zetasizer NanoZS (Malvern Instruments, Worcestershire,
U.K.), showing an average diameter of 125 to 130 nm (polydispersity
index ranging from 0.09 to 0.14). Lipids concentration was determined
by the accurate weighing of each lipid or of the vacuum dried film.

2.3.2. GUVs preparation by spontaneous formation

Phospholipid films in the desired composition (around 1 mg) were
pre-hydrated for 20 min at 60 °C with N,-saturated water. Each tube
was sealed and kept at 37 °C for at least 12 h; then 3 mL of 0.3 M sucrose
solution was added, and the tube was resealed and left at 37 °C for an
additional 24 h period. GUVs, appearing as a cloud suspended in the
solution, were harvested into a polystyrene tube [28].

2.4. Determination of partition coefficients (Kp)

Spectrophotometric titrations were carried out in the presence of
buffer or LUVs of different composition, at 25 °C, first, to obtain the
molar absorptivity constants (¢) and then, the adsorption isotherms of
curcumin, which will allow the determination of the Kp. PMMA cuv-
ettes (Sarstedt ref. 67755) of 10 mm path length were used, since they
showed less undesirable curcumin binding to the walls than quartz
cuvettes. To avoid unnecessary contact of curcumin with the aqueous
environment, which favors binding to the cuvettes' walls, the order of
aliquots addition was buffer, vesicle suspension, and curcumin solution.
At each aliquot added, either of the curcumin stock solution, in the
experiment to determine &, or of the vesicle suspension to determine Kp,
an absorption spectrum was recorded from 320 to 650 nm with a
UV-Vis spectrophotometer Shimadzu UV2600 model (Shimadzu Corp.,
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Japan). Duplicate experiments were performed. Spectra were corrected
for changes due to vesicles addition and scattering effects (titration of
vesicle suspension in the absence of curcumin), and for dilution effects
to curcumin concentration and for the baseline. The second derivative
was obtained to determine the wavelength of maximum absorbance
[13]. The molar absorptivity (¢) was determined for the buffer and each
vesicle composition (100 pmol~L’1) in the curcumin concentration
range of 0 to 20 umol-L ~* from the intensity (Abs) data. These experi-
ments indicated that to avoid deviation of the Beer-Lambert law,
probably due to insolubility effects of curcumin, Kp should be de-
termined at 12.2umolL~' for the different vesicles compositions,
whose concentrations ranged from 0 to around 600 pmolL ™. K, was
determined by fitting plots with [29]

)

where Abs(L), Absy and Abs,.x are, respectively, the absorbance in the
presence of LUVs, in the absence, and the maximum absorbance ob-
tained; [L] is the phospholipid concentration; Kp is the molecular lipid/
water partition coefficient, and y; being the molar volume of the lipid
[29].

AbSpax
AbSO

Abs(L) _ |
AbS()

KpyL [L]
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2.5. Chlorophyll and curcumin fluorescence anisotropy

Experiments were performed in an ISS PCl spectrofluorometer
(Urbana Champaign, IL, USA) equipped with Glan-Thompson polarizers
in the excitation and emission pathways set at 90° and 0°, respectively,
during 21 iterations. Fluorescence spectra were collected at 25 °C.
Experiments were performed according to two different conditions: (1)
for chlorophyll anisotropy: excitation and emission wavelength were
set at 430 and 678 nm with bandwidths at 2 nm and 1 nm, respectively,
and PMMA cuvettes (Sarstedt ref. 67755) were used [30]. LUVs sus-
pension at 50 pmolL. ™! phospholipid concentration, whose films con-
tained the lipophilic fluorescent probe chlorophyll a, were titrated by
adding aliquots of the curcumin solution. The probe (chlorophyll) is a
reporter of the order of the phospholipid acyl chains [30]. (2) For
curcumin anisotropy: excitation and emission wavelength were set at
425 and 560 nm, respectively, with bandwidths at 2nm, and a 1 cm
path length quartz cell was used. A 12.2 umol'L.~! curcumin solution
was titrated by adding aliquots of LUVs suspension. At each titration
step, either in the experiment with the probe chlorophyll or in the ex-
periment with curcumin, the fluorescence anisotropy (r) was calculated
using the equation r = (F|| — GFL) / (F|| + 2GFL), where F|| is the
fluorescence emission intensity parallel to the excitation plane, FL is
the normal component to the same plane, and G is the instrumental
factor.

2.6. GUVs observation

Aliquots of the vesicle suspension were diluted into Tris/HCI buffer.
An observation chamber of 120 pL. was constructed from a common
microscope slide, a coverslip, and a 2-mm-thick Teflon spacer. GUVs
solution was pipetted into the chamber and left to settle down before
observation. The differences in refractive index and density, between
sucrose inside and buffer solution outside the vesicles, provided the
required contrast for observation under the phase contrast microscope
(Zeiss Axio Vert. Al equipped with CCD camera Axiocam IC-Zen Lite
2012, Jena, Germany) and stabilized GUVs by gravity. Curcumin so-
lution was added to the observation chamber with a conventional mi-
cropipette to final concentrations of 22.2, 12.2 and 6.1 umolL ™",
Bound curcumin molar fraction is given by Xgc = Kp[curcumin] [31]. A
minimum of 20 vesicles with diameters ranging from 20 to 50 ym were
individually considered for observation under 40 X phase contrast ob-
jective, at each lipid composition, during 30 min. At the end of each
observation, fluorescence images (Burner Mercury HBO 50 AC lamp
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and 460-490 nm excitation filter) were taken to monitor other possible
morphological changes. Vesicles loosing contrast were counted to cal-
culate the number of events (% of total number of observations). Before
the addition of curcumin solution, GUVs were observed in a control
experiment.

2.7. Turbidity measurement

Absorption spectra collected for the £ determination (see Section
2.4) were analyzed for their relative change in turbidity at 500 nm in
relation to the spectra obtained in the absence of curcumin [32]. A
correction for the absorbance of curcumin in buffer was applied.

2.8. DLS experiment

The Zetasizer Nano ZS (Malvern Instruments, Worcestershire, U.K.)
was used in its Dynamic Light Scattering (DLS) mode to determine the
changes in LUVs size induced by curcumin as a complement to the
turbidity measurement. Aliquots of curcumin solution were added to
plastic vials containing Hepes buffer and an aliquot of the vesicle sus-
pension to a final concentration of 100 umol-L ~!. Each preparation was
equilibrated for 30 min, at 25 °C, then transferred to a disposable cuv-
ette (DTS10700 cell, Malvern Instruments) for the size evaluation.

3. Results

3.1. Curcumin strongly partitions to phospholipid bilayers containing
cholesterol

The binding of curcumin to phospholipid bilayers was demonstrated
through the marked blue shift observed in the fluorescence spectra
when a curcumin solution was titrated with large unilamellar vesicle
suspensions (LUVs). In buffer, the emission spectrum of curcumin ex-
hibits a peak at 560 nm (Fig. 1A). As soon as a LUV aliquot is added, the
emission intensity increases constantly in the range of 50-500 umol-L ~*
lipid concentration for PC, PC/Chol 80:20 and 60:40 compositions,
while the peak is displaced towards lower wavelength (A) values
(Fig. 1B). Blue shift and fluorescence intensity increase of curcumin
spectra were associated with its interactions with environments of
lower viscosity and lower polarity [33]. Our observations indicate that
curcumin partitions to these vesicles, moving from the polar environ-
ment of the aqueous buffer to the non-polar region of the lipid bilayers.

3.1.1. Fluorescence anisotropy of curcumin

Curcumin fluorescence anisotropy showed increased values with the
addition of lipid suspension, due to a slower rotational diffusion of the
curcumin-membrane complex as compared to curcumin alone. For ex-
ample, anisotropy values for curcumin in PC:Chol 60/40 range from
0.15 in the absence of lipids to 0.39 at 1.6 mmol'L.™' phospholipid
concentration, close to the maximum theoretical value [34]. Fig. 1C
also shows curcumin partitioning to the membranes and confirms that
the content of Chol modulates this process. Changes in curcumin ani-
sotropy values followed the order PC < PC/Chol 80:20 < PC/Chol
60:40, reflecting that curcumin lays in a more restricted environment
caused by the higher Chol content. Experiments performed by Filippov
and collaborators [35] show that increasing Chol content reduces the
lateral diffusion coefficient of DMPC (dimyristoylphosphatidylcholine)
bilayers, while the addition of curcumin to DMPC/Chol mixtures
slightly reduces the lateral diffusion. This is in agreement with our
findings showing that curcumin, highly partitioned into PC bilayers,
exhibits a low anisotropy in the absence of Chol and a very high ani-
sotropy at 40% Chol, reflecting its reduced mobility in this bilayer of
reduced lateral diffusion characteristics.
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Fig. 1. Curcumin partitioning to LUVs of different lipid composition. (A) Examples of fluorescence spectra of curcumin (12.2 umol-L " ') in the presence of increasing
concentration of phospholipids [L], at 25 °C, pH 7, obtained with LUVs made of PC/Chol 80:20. (B) Spectral shifts, A\, of the maximum fluorescence intensity peaks.
(C) Average fluorescence anisotropy of curcumin under LUVs titration. (D) Curcumin (12.2uM) absorption spectra in buffer (maximum wavelength,
Amax = 428 = 1nm) and in the presence of LUVs at 100 pmol'L ™! (Apax = 425 + 1nm), 25 °C. (E) Example of curcumin Kp determination in the presence of PC
LUVs. Average Kp was found to be (4.9 = 0.3)- 10*M~1; R-values correspond to the correlation coefficient of the fit. (F) Calculated molecular lipid/water partition

coefficients, Kp, values for curcumin.

3.2. Determination of curcumin partition coefficients

The molecular lipid/water partition coefficients (Kp) in vesicles of
different lipid composition were determined considering the effects of
Chol levels, at 20 and 40% (mol/mol), and of the presence of SPM or of
the anionic phospholipid PS. Although bioavailability studies in hu-
mans indicate that 0.1 to 4pumolL ™! is the plasmatic concentration
range of flavonoids [36], we considered the concentration effect of
membranes and the solubility parameters of curcumin, limited to
25umol-L ™! [13, 19, 201, to define the range of concentrations to be
tested. Depending on the environment, the graphical determination of &
values had to be limited to 0 to 12 or 0 to 15 pmol-L~* due to deviation
from the Beer-Lambert law that possibly denotes aggregation. Jasim
and Ali [37] found that this same limited solubility range depends on
the solvent used. Curcumin spectra in 20 mmolL~! Hepes buffer,
containing 150 mmolL~! NaCl, exhibits a maximum absorption at
428 + 1nm, and ¢ values of (15.4 + 0.5)-10°M ™ 'cm ™! were de-
termined (Fig. SI1a). The process of obtaining ¢ values for curcumin is
exemplified in Fig. SI1b and c. Table SI1 shows the wavelength of the
maximum absorption (A.x) and € values, which increased significantly
in the presence of the different vesicles in relation to that obtained in
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buffer. Curcumin molar absorptivity has been reported in the range of
20,000 to 50,000 M~ ! cm ™! in most solvents [5].

The interaction of curcumin with phospholipid bilayers can be de-
scribed similarly to its interaction with the surfactant sodium bis(2-
ethylhexyl) sulfosuccinate [38]. The aqueous spectra of curcumin
shows a peak at 425 nm and a shoulder at 360 nm, which correspond to
absorption bands of diferuloyl and feruloyl groups, respectively [38]. At
low lipid concentration (26.2 pmol'L~ 1), some contact of curcumin with
water occurs as denoted by the shoulder at 360 nm in the spectra (Fig.
SI1d). By increasing the lipid to curcumin ratio the absorbance in-
creases, blue shift is observed and the shoulder disappears, because of
the curcumin hydrophobic interactions with the apolar region of the
acyl chains. This event is observed at approximately 50 ymol-L ™! lipid
concentration, which means a molecular ratio around 4:1 PC/curcumin.
Fig. 1D shows that in the presence of vesicles of different lipid com-
positions (lipid to curcumin ratio > 6) spectra do not exhibit the
shoulder observed in their absence at 360 nm, and the maximum ab-
sorbance corresponds to the diferuloyl peak.

Fig. 1E (complemented by Fig. SI1d and e) illustrates the graphical
determination of Kp for PC vesicles, in the absence of Chol, and Fig. 1F
compares the average Kp values obtained for the remaining vesicle
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Fig. 2. Bilayers rigidity parameter. The fluorescence anisotropy, r, of the probe
chlorophyll incorporated in distinct LUVs compositions under curcumin solu-
tion titration, at pH 7 and 25 °C. Vesicle concentration was kept at 50 pmol-L ~*
and samples were incubated previously to the measurements during 4 h in the
dark.

compositions. These results showed that curcumin partitions into these
lipid bilayers four orders of magnitude more than into the aqueous
environment with physiological salt content. In addition, Chol at 20%
does not reduce curcumin partitioning in relation to PC vesicles, but at
40% Chol Kp values are significantly reduced. Higher ordered lipid
bilayers are known to reduce Kp values in comparison to the less or-
dered and flexible ones [33]. The presence either of 10% PS or of 20%
SPM also affects curcumin partitioning, reducing it to comparable levels
as 40% Chol does. At pH7, curcumin exhibits a slightly negative
character [39], which can contribute to electrostatic repulsion towards
the anionic PS and the reduced affinity for these vesicles. The equiva-
lent partitioning of curcumin towards the PS and the SPM containing
bilayers may underlie some of its promiscuous activities as the lack of
selectivity between normal versus cancer cells [10].

3.3. Curcumin stiffens bilayers with 40% Chol

Fig. 2 shows the fluorescence anisotropy of chlorophyll that can
report the disturbing of the lipid packing order on the distinct lipid
bilayers promoted by increasing concentrations of curcumin. The in-
crease of average anisotropy, r, reflects an increased acyl chain order,
indicative of higher lipid bilayer rigidity, while the decrease of r sug-
gests that the lipid packing order is decreased. In the absence of cur-
cumin the average values of r showed to be dependent on the increase
of the Chol fraction (r = 0.019 + 0.001 for PC and r = 0.046 + 0.009
for PC:Chol 60/40, for example). The higher Chol content in the ab-
sence of curcumin leads to higher average anisotropy values of bilayers
because of the Chol effect of increasing the membrane stiffness by de-
creasing molecular free-volumes and by increasing the lipid acyl chains
order [35]. The data for PC vesicles showed an initial fluctuation fol-
lowed by an anisotropy reduction as long as the curcumin concentra-
tion was increased. It suggests that curcumin disturbed the lipid bilayer
by reducing its packing order. MD simulation results in DMPC showed
that curcumin increases the presence of water molecules in the bilayer
[12]. In addition, a tendency to decrease the hydrocarbon chain order,
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indicating more flaccid bilayers, was observed in this simulation and in
POPC bilayers simulations [11]. However, in POPC/Chol 60:40 our
experiments showed higher r values. At this condition, average aniso-
tropy had a pronounced growth along curcumin titration indicating
that the molecule increased the lipid packing order. The presence of
SPM and Chol each at 20% showed the same effect as observed with
PC/Chol 80:20. Regardless of the vesicle composition, at 20% Chol,
curcumin does not increase the anisotropy or it does not stiffen lipid
bilayers, but at 40% Chol, increasing curcumin concentration produces
higher anisotropy values.

3.4. Curcumin preferentially lyses the more flaccid GUVs

Focusing in the lipid compositions that showed the most striking
features, GUVs were composed of PC, PC/Chol 80:20 and 60:40 to
observe morphological changes. At the phase contrast observation
GUVs show a bright circular surface, which delimits each GUV and
represents the lipid bilayer. The brightness is due to the difference of
the refractive index between the solutions inside and outside the ve-
sicles. Monitoring this brightness along with curcumin interaction we
observed that the shine is reduced and the phase contrast is lost as the
inner content leaks and mixes with the outside environment (Fig. 3).
Fluorescence images did not show other possible morphological
changes as buds or lipid aggregates. In the absence of curcumin, GUVs
were observed during 30 min, as control references (complemented in
Fig. SI2), and showed to be stable.

Our experiments showed that curcumin has a membranolytic ac-
tivity inducing leakage from GUVs, regardless of the lipid composition.
At the curcumin concentration of 6.1 |1mol~L’1 (Xgc = 0.29 and 0.30
for PC and PC/Chol 80:20, respectively), 39% of the PC vesicles under
observation lost phase contrast within 30 min, while for GUVs made of
PC/Col 80:20 leakage was observed for 24%. This is indicative of de-
fects impairing the barrier properties of the lipid bilayer. The loss of
phase contrast was not accompanied by vesicles changes in mor-
phology. It means that the spherical circumference and vesicle size
were kept unchanged during the whole process. Differences in time
efflux were also found for each GUV composition. Among vesicles that
lost phase contrast, those composed of PC, in great majority, showed
total loss within 15 min of observation, while those of PC/Chol 80:20
exhibit the same effect after 25 min. The number of GUVs made of
PC:Col 60/40 that lost phase contrast was considerably reduced, for
example, at 12.2 pmol-L ™! curcumin (Xgc = 0.37), 5% of vesicles were
observed loosing contrast during the observation time. These findings
indicate that the presence of Chol with its membrane condensing effect
delay or severely impair the sucrose efflux.

3.5. Does curcumin show some kind of detergent-like activity?

For vesicles made of PC and PC/Chol 80:20 we observed that cur-
cumin induces lysis of GUVs and decreases stiffness in LUVs, while for
those vesicles made of PC/Chol 60:40 the opposite was observed in
both cases. Additionally, bilayers containing 40% Chol, PS or SPM ex-
hibit similar anisotropy in the absence of curcumin, but in the presence
of curcumin they show a different profile. While the former increases
the anisotropy the latter two, decrease. These events suggested a pos-
sible detergent-like effect of curcumin, depending on Chol concentra-
tion. The solubilization process of LUVs can be followed through
changes in the light scattering [32, 40]. Fig. 4A shows the effect of
increasing curcumin concentration on the turbidity of vesicles suspen-
sion in relation to the turbidity observed in the absence of curcumin.
Among zwitterionic LUVs the relative turbidity decrease follows the
order  PC/Chol 60:40 > PC/SPM/Chol  60:20:20 > PC/Chol
80:20 > PC, while with the anionic PC/PS/Chol LUVs there is a tur-
bidity increase. These effects could be attributed either to a solubili-
zation effect or size change. However, DLS experiments (Fig. 4B) show
that there is no size change, except a limited increase of size of the 40%
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Fig. 3. Curcumin effect by single vesicle observation.
Examples of phase contrast and fluorescence micro-
scopy images of GUVs observed for 30 min. Under
phase contrast, single vesicles were accompanied
followed by the acquisition of the sample fluores-
cence images. Experiments were carried out at room
temperature. Control, experiment performed in the
absence of curcumin for PC GUVs (see additional
controls in Fig. SI2). (A) PC GUV in the presence of
6.1 umol'L. ™! curcumin (Xgc = 0.29). (B) PC/Chol
80:20 GUV in the presence of 6.1 ymol-.~ " curcumin
(Xpc = 0.30). (C) PC/Chol 60:40 GUV in the pre-
sence of 12.2 umol~L’1 curcumin (Xgc = 0.37). The
size bar represents 10 pm.

t= 30 min

t=0min t=15min t=30 min

t= 30 min

t=15min t= 30 min

t= 0 min

Chol LUVs that might reflect some curcumin aggregation on the vesicle
surface at the 15umol'L.™! curcumin concentration. These light scat-
tering experiments indicate that curcumin exerts a detergent-like effect,
which is apparently independent of the lipid packing order, without
affecting vesicles size.

4. Discussion

Although Chol is an important component of animal cells, ranging
from 25 to 50% cholesterol/phospholipid ratio, and standing out under
health and disease conditions [41, 42], most research on the interac-
tions of curcumin and lipid bilayers do not take into account the pre-
sence of Chol. In the present work, model membranes containing either
20 or 40% Chol were taken as mimetic systems for mammalian mem-
branes representing, approximately, the physiological limits [41], and
the interaction with curcumin was investigated with a biophysical ap-
proach.

t= 30 min

2325

4.1. In 40% cholesterol bilayers, curcumin further increases the lipid
packing order

Similarities and divergences on the influence of Chol and curcumin
in membrane properties were discussed in several works [12, 26, 27].
Ingélfsson et al. [11] found that besides curcumin other phytochemicals
are located in the bilayer/solution interface, suggesting a common
mechanism. By molecular dynamics simulations, they showed that
curcumin lies in the backbone region, which is the same region where
Chol is normally located [42]. Another very recent work advanced by
proposing two models for curcumin interaction with PC lipid bilayers:
one, where curcumin establishes hydrogen bonds with head groups,
lying on the interface with the aqueous environment when the bilayer is
dehydrated; and another, where curcumin reaches the acyl chain re-
gion, similarly to Chol, but contrarily to it, does not stiffen the bilayer.
Instead, it makes the bilayer more flaccid and increases the presence of
water molecules in this region [12]. These different effects, dependent
on the bilayer hydration level, where attributed to the presence of salts,
buffer solutions or macromolecular solutes. We found that Chol, as a
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Fig. 4. Curcumin detergent-like and size effects investigation. (A) Relative
turbidity change (at 500 nm) of LUVs suspension (100 pmol-L ~ ! phospholipids)
induced by increasing curcumin concentration, at 25 °C. (B) Determination of
LUVs size variation using DLS.

macromolecular solute, at 20% concentration in POPC bilayers practi-
cally does not affect the interaction of curcumin, which partitions at the
same ratio (Fig. 1F), slightly decreases the anisotropy (Fig. 2), meaning
some fluidization effect, confirmed by the decrease in the relative tur-
bidity (Fig. 4A). The large blue shift observed in the fluorescence ex-
periments (Fig. 1B) is compatible with curcumin being embedded in an
environment of higher viscosity and lower polarity [33] as proposed for
bilayers at higher hydration level [12]. When Chol concentration was
raised to 40%, the effect was similar to that observed with dehydrated
bilayers as, a more superficial location, a decreased partitioning
(Fig. 1F) and exhibiting the stiffening effect (Fig. 2). At Chol con-
centrations around 30%, the lateral diffusion of lipids in membranes is
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significantly decreased due to a smaller free area/lipid, which would
impair the embedding of curcumin molecules [35]. Taken together
these fluorescence spectroscopy results raised the question of curcumin
having a preferential partitioning to bilayers in the liquid disordered
phase (1g).

4.2. The membranolytic activity of curcumin increases in vesicles at a liquid
disordered phase

Curcumin concentrations as low as 6 pmol-L ™!, around 0.30 bound
mole fraction, were found to induce leakage from PC and PC/Chol
80:20, although to a lesser extent in vesicles containing Chol. This kind
of event is characteristic of molecules that promote defects on the
barrier properties of membranes as exemplified by antimicrobial pep-
tides [28, 43, 44], and it was observed for curcumin in this work for the
first time, to the best of our knowledge. Differences in the leakage ki-
netics due to the presence of Chol were also found. The lytic effect was
practically abolished for vesicles containing 40% Chol, even at
22.2 ymol'L ™! curcumin (0.74 bound mole fraction). It suggests that
Chol in some way hinders the curcumin-membrane interaction, de-
monstrated by the delay and decrease in the lytic activity, and is
probably related to the effect of Chol modulating the rigidity of mem-
branes. Once that curcumin strongly partitions to these vesicles and
exhibits intense blue-shift, the practical absence of the lytic effect is
compatible with curcumin acting as a protecting carpet on the surface
of the membrane as postulated by Alsop et al. [12].

4.3. Cholesterol contents modulates curcumin mode of interaction in lipid
ordered/disordered bilayers

Fig. 1F shows that the different bilayers used in this study could be
divided into two groups in relation to the partitioning of curcumin: one
with higher Kp values and the other one with around half these values.
Main differences among these groups are related to higher anisotropy
(Fig. 2), higher phase transition temperature (Tm), PS with +14 °C and
—1 net charge, and zwitterionic SPM with Tm around 40 °C. Higher Tm
temperatures are associated with less fluid membranes. In addition,
SPM has high affinity for Chol, both packing tightly in ordered domains
and these effects are recognized to influence other interactions [45].

The differences in curcumin interactions with lipid bilayers can be
discussed in terms of the 1,/1; phase coexistence, which we believe
sheds new light to the effects of curcumin on lipid bilayers. Almeida
et al. [46] obtained the binary and ternary phase diagrams for mixtures
of POPC, egg SPM and Chol. For the binary mixtures PC/Chol 80:20 and
PC/Chol 60:40 at the temperature of 25°C, the diagram shows the
coexistence of 1, and 14 phases. POPC has a Ty, around —2 °C, but can
form 1, phase in the presence of Chol either below or above the T,
enabling phase separation. Chol concentration to form exclusively a 1,
phase would be above 45%, thus at the concentrations we considered,
membranes will exhibit the coexistence of 1,/14 phases [46]. For the
mixture PC/SPM/Chol 60:20:20, we observed a decreased partition
coefficient, much like that found for PC/Chol 60:40, and the ternary
diagram indicates the 1,/14 coexistence region or the “rafts region”. Chol
is known for inducing the phase separation between low (POPC) and
high Ty, lipids (SPM), especially at room temperature, and can interact
preferentially with SPM (higher hydrogen bonding potential). These
effects give place to the 1,/14 phases coexistence [46-48]. Considering
the interaction of these bilayers with curcumin, evidence was found
showing that it modulates the structure of lipid rafts by localizing at the
interface of the 1,/14 phases with probable interactions of its hydroxyl
groups and the phospholipid head groups [23]. Tsamaloukas and col-
laborators [45] have described similar effects when they explored the
interactions of Triton X-100 on the organization of bilayers as PC/Chol,
PC/SPM, PC/Chol/SPM and pure PC. They found partition coefficients
according to the following order PC > PC/SPM = PC/Chol > PC/
Chol/SPM. They suggested that the reduction in Triton X-100
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Fig. 5. Schematic representation of curcumin action. Model of the mechanism for the cholesterol modulation of curcumin interaction with lipid bilayers.

interaction with PC/Chol/SPM in comparison to the other lipid com-
positions occurs because the interactions involved at SPM/Chol con-
tacts oppose to Triton X-100 incorporation, implying that SPM/Chol
interactions are energetically more favorable. Taken together we sug-
gest that gradually reducing the PC content, either in vesicles con-
taining 40% Chol or 20% SPM and 20% Chol, or 20% Chol impairs the
preferential interaction of curcumin with PC and reduces the lytic ac-
tivity in relation to that observed in PC. Fig. 5 illustrates our suggested
mechanism for the cholesterol modulation of curcumin interaction with
lipid bilayers. In model membranes containing either 0% or 20% Chol
bilayers are less ordered, as indicated by the chlorophyll probe, and
curcumin extensively partitions. In the presence of 40% Chol, a more
ordered lipid packing is indicated by the results of the anisotropy of the
chlorophyll probe, partitioning is reduced and curcumin assumes
mostly a more superficial location.

Although curcumin targeting proteins and the different components
of the membrane cannot be excluded by the present work, curcumin
certainly affects lipid bilayers features, by strongly partitioning into
them (10* K values) and reducing the anisotropy (except at 40% Chol
concentration), even for those with an anionic character. There are
reports of variable distribution of curcumin across different tissues at-
tributed to several experimental shortcomings, in the preparation of
samples, in the use of high concentrations — above critical aggregation
concentration — and in the detection assays [10]. Besides improving
experimental conditions when required, our results point to the need of
considering different Chol levels in the analysis of these tissues and
other biological effects.

5. Conclusions

Several phytochemicals have been studied for their potential as
drugs, as templates for drug design or nutraceuticals, however in-
vestigation of the molecular mechanisms underlying their biological
activities have not been keeping the same pace. Curcumin is one of the
most searched, and once its effects on membranes were appreciated,
comparisons with the role of Chol in membranes were straightforward
done. Nevertheless, results presented in this work provide evidence of a
modulating effect of Chol on curcumin-lipid bilayer interaction. The
partitioning of curcumin into lipid bilayers revealed strongest affinity
for PC and PC/Chol 80:20, which was reduced either by increase of
Chol to 40%, or by the presence of 20% SPM, or even by 10% PS. Blue
shifts of curcumin fluorescence showed that in the presence of Chol
curcumin binds at a more superficial location. Moreover, anisotropy of
the probe chlorophyll revealed that, except for the bilayer containing
40% Chol, curcumin increases bilayer flaccidity. Curcumin also showed
a membranolytic mechanism by inducing the leakage of the internal
content of GUVs, which is reduced by increasing the content of Chol.
We propose that in vesicles containing 40% Chol (or even 20% Chol
plus 20% SPM) where the 1,/14 phases coexist, curcumin, with a pre-
ferential location on the interface of those phases and a preferential

interaction with PC, will be impaired in the partitioning, and in the lytic
activity. This proposal was based on the fact that at 40% Chol, phos-
pholipids packed in a higher order accommodate less curcumin mole-
cules at a more superficial location, further increasing the packing,
reducing flaccidity, and almost abolishing lysis. On the opposite side of
the highly disordered PC vesicles, curcumin partitions more and deeper,
attracting more water molecules into the bilayer [12], with the effects
of increasing flaccidity and exerting detergent-like effects, which lead
to an increased lytic activity.
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large unilamellar vesicle
giant unilamellar vesicle
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