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RESUMO
S-palmitoilacdo € uma modificacdo proteica postitamhal que consiste na adicdo de acido
palmitico a residuos de cisteina através de ligaéip@&ster, regulando assim a localizacéo
subcelular e fungéo das proteinas palmitoiladascipalmente a insercdo em membranas por
conferir hidrofobicidade. Objetivo desta tese fmlizar um estudo global da S-palmitoilacéo
em Trypanosoma cruziAnalisein silico identificou 15 proteinas contendo o motivo DHHC
ou DHYC em um dominio rico em cisteina, além dédesgtransmembrana, indicando que
estas proteinas podem ser DHHC palmitoil transésrg®ATs) deT. cruzi Os genes
codificantes para estas proteinas (TcPATs 1-1@niddentificados e amplificados por PCR,
exceto para TcPAT1 (TcHIP, ja caracterizada) e TidPAnegativa no PCR). Formas
epimastigotas foram transfectadas para expressas Pdsionadas a etiqueta FLAG e a
localizagéo subcelular foi examinada por microsgoge fluorescéncia, sendo a maioria
localizada na regido anterior do parasita, proxanainetoplasto, compativel com complexo
de Golgi, bolsa flagelar e/ou vacuolo pulsatil. &sma estratégia identificou duas palmitoil
tioesterases (PPTs) e cruzj ambas com localizacao dispersa por todo o coogoadasita.
Também foi desenvolvida uma metodologia de isolamde amastigotas intracelulares por
cavitacao, os quais foram utilizados em ensaicendecitose, tratamento com um inibidor de
S-palmitoilacéo (2-BP) e palmitoil protedmica. Ibagdo de diferentes formas de cruzi
com 2-BP interferiu em diversos eventos biolégigusrfologia, endocitose, diferenciacéo e
infeccdoin vitro), indicando que S-palmitoilacdo € uma modificab@muimica importante
para o parasit&Ensaios poAcyl Biotinyl Exchang@ABE) em epimastigotas permitiram obter
dados sobre a palmitoil protedbmica Becruzi (abordagem PalmPISC), sendo identificadas
3097 proteinas, das quais 466 (15%) de alta cardid€p<0,01). Destas, 35% (152) tinham
funcdo desconhecida e 13% (59) eram de metaboligstes dados podem auxiliar na
compreensao da fungdo da S-palmitoilacdoTeroruzi uma vez que diversas proteinas de
interesse podem estar palmitoiladas e envolvidagrgrartantes vias metabdlicas, tais como

endocitose, sinalizacéo celular e movimento flagela

Palavras-chave: Trypanosoma cruzi S-palmitoilacdo, PATs, PPTs, cavitagdo, 2-BP,
palmitoil protedmica.
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ABSTRACT
S-palmitoylation is an important post-translatiopedtein modification consisting in addition

of palmitic acid to cysteine residues, thus allagpihe subcellular localization and function of
palmitoylated proteins to be regulated, princip&ljyinserting these proteins in membrane by
hydrophobicity assembly. Aim of this thesis was perform a global study of S-
palmitoylation inTrypanosoma cruzihe etiologic agent of Chagas disedsesilico analysis
allowed to identify 15 proteins containing the DHHE DHYC motifs in a cysteine-rich
domain, in addition to transmembrane regions, tindécating that these proteins may be
PATs of T. cruzi Genes encoding these proteins (TcPATs 1 to 15 waentified and
amplified by PCR, except for TcPATL1 (TcHIP, alreatharacterized) and TcPAT6 (negative
on PCRs)T. cruziepimastigotes were transfected to super-expresPATs fused to FLAG
tags and the subcellular location of PATs was datexd by fluorescence microscopy, most
of them showing localization in the anterior regiointhe parasite, close to the kinetoplast,
compatible with Golgi complex, flagellar pocket contractile vacuole. The same strategy
was used identify two palmitoyl thioesterases (BPIRsT. cruzi both with subcellular
location dispersed throughout the body of the pira# methodology was developed to
isolate intracellular amastigotes by cavitation @nelse parasites were used in endocytosis
assays, treatment with 2-bromopalmitate (2-BP, qual8itoylation inhibitor) and palmitoyl
proteomics. Incubation of differefit cruzidevelopmental forms with 2-BP affected several
biological events (morphology, endocytosis, différ@tion and infectionn vitro), indicating
that palmitoylation is an important modificationr fthe parasite. Acyl Biotinyl Exchange
(ABE) assays in epimastigotes allowed to obtaira det the palmitoyl proteomic (PalimPISC
approach) off. cruzi,with 3097 proteins identified, 466 of them (15%)high confidentiality

(p <0.01). From these, 35% (152) had unknown fonctiand 13% (59) were part of
metabolic pathways. The data could help future istuchiming to characterizae the S-
palmitoylation function inT. cruzj since several target proteins could be palmitegland
involved in important metabolic pathways, such adoeytosis, cell signaling and flagellar

movement.

Key words: Trypanosoma cruziS-palmitoylation, PATs, PPTs, cavitation, 2-BRJmpitoyl
proteomics
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I. Introducédo

1.1. A doenga de Chagas

A doenca de Chagas, também conhecida como tripamidase americana, afeta
6 a 7 milhdes de pessoas no mundo, principalmemténmérica Latina (OMS, 2017).
Além disso, cerca de 70 milhdes de pessoas est@wess sob risco de infec¢ao (Pérez-
Molina e Molina, 2017). Esta enfermidade, causaela protozoario hemoflagelado
Trypanosoma cruzi (Euglenozoa: Kinetoplastea), foi descrita pelo méd pesquisador
brasileiro Carlos Chagas (1878-1934), que també&toreo complexo ciclo de vida deste
parasito (Chagas, 1909).

A doenca de Chagas apresenta as fases agudai@acmase aguda inicial se
manifesta por 4 a 8 semanas, sendo geralmentéasatica, com deteccdo do parasito
em exame de sangue e com sintomatologia variadespecifica. Cerca de 1 a 5% dos
pacientes podem apresentar sintomas severos nadaga, como miocardite aguda,
efusdo pericardial e meningocefalites, com risco nderte de até 0,5%. Apés
aproximadamente trés meses a parasitemia dimioupa&asito permanece latente em
tecidos, dando inicio a fase cronica assintomats&mapém chamada de indeterminada.
Apds 10-30 anos da fase aguda, cerca de 30-40%atientes podem desenvolver
quadros clinicos tipicos da doenca como cardioniep@ problemas digestorios e/ou
neurologicos (Pérez-Molina e Molina, 2017).

Existem dois farmacos disponiveis para o trataomm@aidoenca: o nirfutimox (uso
interrompido no Brasil) e o benzonidazol. Amboseapntam baixa eficacia na fase
cronica e efeitos colaterais exacerbados, alémidrem cepas do parasito resistentes a
ambos os farmacos (Filardi e Brener, 1987; MurfRoenanha, 1998; Urbina, 2010).
Diante desta problematica, é necessaria a busdarppias alternativas para a doenca de
Chagas, bem como investimento em linhas de pesqusaisem elucidar a biologia

celular doT. cruz a fim de encontrar novos alvos terapéuticos.

1.2. OTrypanosoma cruz

O protozoaridl. cruzi pertence a familia Trypanosomatid@eitros protozoarios
patogénicos também pertencem a esta familia, combraicei (causador da doenca do
sono na Africa) e diversas espécies_dshmania (que causam as leishmanioses). Os
tripanossomatideos possuem caracteristicas moidakgeculiares e especificas, sendo

a principal delas a presenca do cinetoplasto, @gide da mitocondria onde se localiza
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uma grande quantidade de DNA (k-DNA). Estes parasifio uniflagelados e seu flagelo
emerge de uma bolsa flagelar que alterna suazacalo (anterior ou posterior) de acordo
com a forma evolutiva do parasito. A bolsa flagskmpre acompanha o cinetoplasto
(De Souza, 2002).

A regido anterior do corpo db cruz (de onde o flagelo emerge) € de extremo
interesse no estudo da biologia celular deste poatio, pois neste local se concentram
os portais de endocitose (bolsa flagelar e comptEtdstomal/citofaringe) e exocitose
(complexo de Golgi e bolsa flagelar), os quais esepntam processos vitais para a
sobrevivéncia do parasito (De Souza, 2009).

OT. cruz possui um ciclo de vida complexo, com alternaeniae um hospedeiro
invertebrado e um vertebrado, podendo infectarralifies espécies de mamiferos,
inclusive humanos (Figura 1.1). No tubo digestdiachospedeiro invertebrado (insetos
hemipteros da subfamilia Triatominae) o parasitesgnta pelo menos duas formas
evolutivas distintas: epimastigotas (replicativas) tripomastigotas metaciclicas
(infectivas), além de formas intermediarias. J&hnepedeiro vertebrado ocorrem as
formas amastigotas intracelulares (replicativasfectivas) e as formas tripomastigotas
sanguineas (infectivas) (De Souza, 1984). Recemtengemonstrou-se que formas
epimastigotas recém diferenciadas sao infectivdsapedeiro mamifero, tanito vitro
guantoin vivo (Kessler et al., 2017), representado assim um noyelo para estudos
que visem compreender a interacdo parasito-céldpdueira. Além da transmisséo
vetorial também pode ocorrer transmisséo trangfiasi@ongénita ou oral, esta ultima
caracterizada pela ingestao de alimentos contawsne@m o parasito (como extrato de
acai), sendo essa via atualmente a principal regpehpor surtos agudos da doenca de
Chagas no Brasil (Steindel et al., 2008; Couraf@¥,i2010; Carter et al., 2012).



Stagesiin insect vector

Stagesiiniverntebratelhost:

Figura 1.1. O ciclo de vida doTrypanosoma cruz. O ciclo de vida do parasito € complexo,
alternando entre hospedeiro mamifero e inseto .vé&tor hospedeiro mamifero, as formas
principais sdo as amastigotas intracelulares (afplas e infectivas passivamente caso
engolfadas pelos macrofagos) e tripomastigotasusa@gs (infectivos). No inseto vetor, as
principais formas sao os epimastigotas (replicatesanfectivas se recentemente diferenciadas) e
os tripomastigotas metaciclicos (infectivos). Adalot de Texeira 2012 (Fonte de acesso: Atlas
didatico, disponivel em http:// labspace.open.dc.uk  mod/
resource/view.php?id=459540&direct=1).

As formas evolutivas d&. cruzi possuem organelas comuns as outras células
eucarioticas, e outras especificas (Figura 1.2)itAcondria Unica do parasito se estende
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por todo o corpo celular e concentra o k-DNA neetoplasto. O complexo de Golgi esta
sempre localizado lateralmente ao cinetoplastaegeio da bolsa flagelar (De Souza,
2002). Como na maioria das células eucariéticaspmplexo de Golgi d&. cruzi possui
uma regido de entradais (Cis Golgi Network) associada a uma cisterna do reticulo
endoplasmatico, e uma regido de sdidans (Trans Golgi Network) rica em vesiculas
exociticas (Figueiredo e Soares, 1995). Tambéntiaskna bolsa flagelar encontra-se
um sistema osmo-regulador, formado por um vacuUohratil alimentado por diversos
tubulos coletores (Girard-Dias et al., 2012). Azieras da via glicolitica se concentram
em glicossomos (Michels e Opperdoes, 1991). O®eaaldissomos séo organelas ricas
em calcio e fosfato e possuem pH acido, estandeepres em maior quantidade em
epimastigotas (Docampo e Moreno, 1999). Os reseowogs sao organelas peculiares de
epimastigotas e amastigotas intracelulares, |laddz na porcdo posterior da célula,
concentrando a reserva de nutrientes ingeridosmuwcitose (Soares e De Souza, 1988;
Soares e De Souza 1991; Soares et al., 1992; 8atiat., 2015).

_ Cinetoplasto  Corpiisculo Bolsa Complexo do
Mitocondria basal  flagelar vaciiolo contratil

Rede de tibulos
e vesiculas

Reservossomo

Acidocalcissomo

Reticulo i Citostoma
endoplasmatico NUCle0  complays  Citofaringe Microttibulos
de Golgi subpeliculares |

Flagelo —e

Estrutura

paraflagelar

Axonema

Figura 1.2. Esquema estrutural de epimastigota d&. cruzi. O parasito possui organelas
comuns de células eucariotas (nucleo, reticulogadmatico, mitocéndria, complexo de Golgi)
e também organelas e estruturas especificas (gpicwss, reservossomos, cinetoplasto e
complexo citdstomalcitofaringe). Fonte: Atlas didaithttp://labspace.open.ac.uk/mod/resource/
view.php?id=459544-

1.2.1. A endocitose effrypanosoma cruz

A endocitose eni. cruzi esta bem descrita em formas epimastigotas e ajotsi
(Soares e De Souza 1991; De Souza et al., 200%t8at al., 2015). Em formas
epimastigotas, a mais estudada, existem dois paltagéndocitose de macromoléculas: a

bolsa flagelar, como descrito em outros tripanosdimaos, e o citéstoma, que é



especifico de formas epimastigotas e amastigotasto®toma € uma invaginacao da
membrana plasmatica na regiao anterior da cékaastida por microtibulos especiais e
que penetra na célula atingindo a regido nuclearmdndo o0 complexo
citostoma/citofaringe (Milder e Deane, 1969; Girlids et al., 2012; Alcantara et al.,
2014). Macromoléculas sdo rapidamente internalzagla pequenas vesiculas que
brotam a partir da citofaringe e/ou da bolsa flagel

Macromoléculas ingeridas possuem um destino figpéefico emrl. cruz: os
reservossomos (Soares e De Souza, 1988; SoareS@uRe, 1991). Estas organelas séo
classificadas como compartimentos pré-lisossomaendosomos tardios, devido ao pH
acido em torno de 6,0, mantido por uma bomba d®pstATPase tipo P (Soares et al.,
1992; Vieira et al., 2005) e também devido a presele enzimas lisossomais, tais como
a cruzipaina, a principal cisteina proteinasd.deuzi (Cazzulo et al., 1990; Soares et
al., 1992). A reserva energética dos reservoss@mmmsumida durante o processo de
diferenciagdo in vitro (metaciclogénese) de epimastigotas para tripogudas
metaciclicos (Figueiredo et al., 1994; Soares, 1%@ueiredo et al., 2004). Os
reservossomos também estocam lipideos, formandmisdes lipidicas, além de
armazenar grandes quantidades de colesterol (Sm@resSouza, 1988; Sant'/Anna et al.,
2008; Pereira et al., 2011).

1.3. S-palmitoilacéo
1.3.1. Definicado

S-palmitoilacdo € uma modificacdo pos-traduciomegbibteinas descrita ha mais
de 30 anos que consiste na ligacdo covalente de @ailmitico (C:16) a residuos de
cisteina atraves de ligacao tioéster (Linder e Bases, 2003). Esta modificacdo regula
a localizacdo subcelular, a estabilidade, a aneonagm balsas lipidicas, a funcéo, a
agregacao e a interacdo das proteinas modificadapiteinas efetoras (Aircart-Ramos
et al., 2011), principalmente por conferir hidrafotbade e inserir as proteinas alvo em
membranas. Existem trés sitios de palmitoilacapgstos: tipo 1) padrdao “X-CC-X";
tipo 2) padrdo “CXXC”; tipo 3) padrdo randémico “XC Analises protedbmicas dos
alvos da S-palmitoilacdo em diferentes organisraosrevelado uma grande variedade
de substratos, envolvidos em diversas fungbesaceli(Roth et al., 2006; Emmer et al.,
2011), tais como trafego de vesiculas e endocitosgje indica a importancia desta

modificacao.



A S-palmitoilacéo de proteinas esta envolvida emsgssos tais como localizacéo
em membranas e trafego vesicular (Aircart-Ramoal.et2011), os quais sdo muito
importantes para a internalizacdo de macromoléculigacdo a receptores e
direcionamento de proteases e macromoléculas afizadas via endocitose. Em
mamiferos a S-palmitoilacdo esta envolvida na etmkecem células cardiacas (Lin et
al., 2013) e fibroblastos BHK (Hilgemann et al. 12D no transporte retrégrado do
receptor de manose-6-fosfato céation-independenteC@vmick et al., 2008), na
endocitose dependente de balsas lipidicas (Tankamdfnudson, 2006; Kim et al.,
2013; Oddi et al., 2017) e na reciclagem do receaggdransferrina diférrica (Alvarez et
al.,1990).

1.3.2. Metodologias de Estudo

A primeira metodologia para detectar proteinas pailadas utilizou palmitato
tritiado seguido de imunoprecipitacéo e revelagsuch radiacdo, o que podia durar dias
ou semanas. Por esta técnica foi detectada a Stpiédigéo das proteinas H-ras e G-alfa-
s (Wedegaertner e Bourne, 1994; Baker et al., 2003 alternativa mais recente é a
técnica ABE Acyl Biotinyl Exchange), que utiliza a propriedade da hidroxilamida de
clivar a ligacéo tioéster entre a cisteina e océpamitico, seguido da substituicdo por
biotina e enriquecimento utilizando estreptavidiigura 1.3), o que permitiu identificar
muitas proteinas palmitoiladas por abordagens @mutas (Drisdel e Green., 2004; Wan
et al., 2007). Outra abordagem € o uso do acideogaécinil 17-octadecindico (17-
ODYA: 17-octadecynoic acid) (Martin e Cravatt, 2009). O 17-ODYA é inicialment
incorporado em célulds vitro em sitios enddgenos de S-palmitoilacdo. Em se@sda
células séo lisadas e as proteinas palmitoiladaac@ladas a etiquetas azida {Ni®r
click chemistry, um método de conjugacéao de pequenas moléculas eromaéculas,
no caso especifico catalisado por cobre. As prasefralmitoiladas sdo detectadas por
fluorescéncia em géis, por conjugacdo da azida mmtamina, ou enriquecidas por
conjugacdo da azida com biotina, o que também permbiordagens protedmicas. As
técnicas ABE e 17-ODYAlick chemistry possuem suas vantagens e desvantagens,
detectam perfil similares de proteinas e sdo melhlizadas em combinacéo (Jones et
al., 2012; Matrtin, 2013).
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Figura 1.3. Enriquecimento de proteinas palmitoilads pela metodologia “Acyl-biotinyl
Exchange” e andlise protedmicaEsta metodologia possui trés passos: (i) bloqueti livres
com N-etilmaleimida (NEM); (ii) clivagem das ligagd tioésteres cis-palmitoil com
hidroxilamina e; (iii) marcacdo dos tidis expost@sultantes com biotina-HPDP. Apds a
marcacdo, as proteinas marcadas séo purificadamlemas de afinidade com estreptavidina,
identificadas por espectrometria de massas (MSA#Bpalisadas por bioinformatica. Modificado
de Wan et al., 2017.

Técnicas mais avancadas envolvangle-cell in situ imagining (Gao e

Hannoush, 2014), baseada elitk chemistry com uso de anticorpos primarios para
deteccdo de proteinas especificas, geracdo deorgosccontra S-palmitoilagdo com
aplicacado em prote6mica (Fang et al., 2016) e miellie ABE utilizando alteragdes no
protocolo (PalmPISC, do inglésPalmitoyl Protein Identification and Ste
Characterization), na qual a etapa de tripsinizacéo é antecipagesso de biotinilizacao

para que os sitios de S-palmitoilagdo sejam ideatibs (Yang et al., 2010).

1.3.3. Enzimas envolvidas

As zDHHC palmitoil transferases (PATs) sdo enzingage realizam a S-
palmitoilacdo (Greaves e Chamberlain, 2011). Egtadeinas sdo transmembrana,
possuem um motivo de ligacdo ao zinceH§g}, o motivo catalitico aspartato-histidina-
histidina-cisteina inserido em um dominio rico emsteina (CRD-DHHC) ao lado
citosolico das enzimas e normalmente estdo lockizao complexo de Golgi, organela
que parece ser o centro de S-palmitoilacdo datasdlircart-Ramos et al., 2011). Para
transferir o grupo palmitato-CoA as proteinas ah®PATSs primeiramente sofrem auto-
palmitoilacdo (Figura 1.4) (Fukata et al., 2016ptMos estruturais como DPG e TTxE
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estdo presentes (Merino et al., 2014), embora mAcaihba 0 seu papel para a
funcionalidade destas enzimas. Normalmente, as BRA®:umerosas nos organismos,
como por exemplo 9 e@iargia lamblia (Merino et al., 2014), 12 e brucel (Emmer

et al., 2011) e 17 erheishmania major (Goldston et al., 2014). Entre as enzimas, a
conservacao de aminoacidos se concentra proxinmo&wo DHHC, com o consenso
“Cx2Cx3(R=K)PxRx2HCx2Cx2Cx4DHHCxW(V=I)XNC(I=V)Gx2N3F" (Mitchel et
al., 2006).

Autopalmitoilacao Transferéncia
Lamen - v
1 1
I :
, - '->
o
DHH HC < DHH( HC DHH HC
Citosol ,l%
Substrato

Figura 1.4. Transferéncia de &cido palmitico pela®HHC palmitoil transferases
(PATSs). Primeiramente as PATs sofrem autopalmitoilacdoneseguida transferem o
acido palmito ao substrato através de uma ligagaster entre um residuo de cisteina e
o acido palmitico. Essa modificacdo confere hidrafiolade, determina localizacdo em
membranas e a funcéo das proteinas modificadadfibéatb de Fukata et al., 2016.

As palmitoil tioesterases (PPTs, do ingfEmitoyl-protein thioesterases) sao

enzimas que fazem a depalmitoilacdo (Lin e Conjb2ad5). Elas pertencem a
superfamilia das serino hidrolases (SH, do ingbése hydrolases) caracterizadas por
conter um sitio ativo de serina usado para a hgdrélo substrato, podendo clivar 2011).
Os substratos das PPTs sédo menos conhecidos de das PATs (Lin e Conibear, 2015).
A existéncia de ciclos de S-palmitoilacao/despaliaitdo introduziu um novo conceito
na literatura: S-palmitoilacéo dinamica (Fig 1.6pfibear e Davis, 2010).

almitoil CoA
PAT

.
>
—

PPT

M/\/C';ﬂ\/ /\-/ /\/

Figura 1.5. S-palmitoilacdo dindmica. Ciclos rapidos de S-palmitoilacdo pelas PATs e
despalmitoilacéo pelas PPTs conferem dinamismasanesdificacdo. Modificado de Young et
al., 2012.



1.3.4 Inibicdo da S-palmitoilacéo
O 2-bromopalmitato (2-BP, Fig 1.6), um analogo dbmtato, € um conhecido

inibidor da S-palmitoilacéo (Webb et al., 2000)idfem dois mecanismos propostos para
0 mecanismo de acéo do 2-BP: inibicao direta daksRA bloqueio da incorporacéo do
acido palmitico por competicdo covalente direta patmitato (Davda et al., 2013). Foi
sugerido que 2-BP também inibe as PPTs, pois dificw ciclo de S-palmitoilacdo da
proteina GAP-43 ao nivel da despalmitoilacdo esequentemente, sua cinética de
associacdo a membrana (Pedro et al., 2013). 2-B# jdilizado em diversos estudos
(Webb et al., 2000, Emmer et al., 2011, Alonsd,e2@l2 Davda et al., 2013), mas sua
alta toxicidade torna imprescindivel a busca parosocompostos para utilizacdo em
enfermidades relacionadas a S-palmitoilacdo, taisocas doencgas neurodegenerativas,
como Huntington, Alzheimer e Parkinson (Cho e RaBQl16). Estudos recentes
demonstraram compostos em potencial, tais comooogastos V (Jeannings et al.,
2009) e os compostos 13, 14 e 25, os quais sékapipas bis-ciclicas que inibem a auto-
S-palmitoilacéo de Erf-2, uma PAT 8ecerevisae, e seu alvo Ras (Hamel et al., 2016).

_ 28P:2-Bromopalmitato

Er

Figura 1.6. Estrutura quimica de 2-bromopalmitato.Note a presenca de um grupo bromo no
carbono 14 do acido palmitico. Modificado de Hastadl., 2016.

1.4. S-palmitoilacdo em protozoarios Apicomplexa ipanossomatideos

A S-palmitoilagcdo estd descrita effoxoplasma e Plasmodium spp. (filo
Apicomplexa), com estudos globais envolvendo asPé&abordagens protedmicas que
identificaram proteinas palmitoiladas (Frénal et2013; Jones et al., 2012; Caballero et
al.,, 2016). EmToxoplasma, estudos protedmicos foram realizados utilizand@EA
(Caballero et al., 2016) e 17-OD Y&tk chemistry (Foe et al., 2015) e muitas proteinas
com provavel funcdo na invasdo celular foram idieatias, indicando que a S-
palmitoilacdo pode ter um papel chave na intergg@@sito-célula hospedeira. Um
estudo global das palmitoil transferases de préteas do grupo Apicomplexa revelou
gue a maioria das enzimas esta localizada no cample Golgi e que uma delas, a
TgDHHCY7, é essencial para a invaséao celular (Fedral, 2013). Além disso, tratamento
com o inibidor 2-BP (50 e 100 uM) alterou os preossde deslizamentgl{ding) prévio
ainvasao e de invaséo (Alonso et al., 2012).



Uma grande variedade de proteinas foi identificamdPlasmodium falciparum
utilizando ABE eclick chemistry, envolvidas em diversos processos biologicostaiso
transporte/secrecdo (SNAREs e RABs), desenvolvionem formas esquizontes e
invasdo (Jones et al., 2012). O tratamento com ,2aiei3mo em baixas concentracdes,
inibiu a invasdo em eritrécitos e afetou fortememtperfil da palmitoil proteémica,
principalmente em relacdo a proteinas relacionadasasao (Jones et al., 2012). Um
estudo global das PATs & berghel demonstrou que algumas apresentam localizacoes
importantes na interacdo com a célula hospedaigacdmo no complexo de membranas
interiores (IMC, do ingléner Membrane Complex) (PfDHHC3) e roptrias (PfDHHC7)
(Frénal et al., 2013).

Em protozoarios tripanossomatideos, a S-palmitdagsta melhor descrita em
T. brucei, e pouco descrita efin cruz (ver item 1.5 abaixo) leeishmania spp (Goldston
et al., 2014). Ent. brucei, por RNAI, a TbPAT7 foi caracterizada como respoespela
palmitoilcdo da calflagina (Emmer et al., 2009). &@mestudo posterior do mesmo grupo,
realizando palmitoil protebmica apos ABE, foram niifecadas 132 proteinas
estatisticamente significantes, muitas delas eid@a$vem sinalizacéo (p. ex. calflaginas),
proteases (p. ex. calpainas e precursores deneigigitease), trafego de vesiculas (p.ex.t-
SNARE), e outras proteinas de superficie, de mambeade metabolismo de lipideos
(Emmer et al., 2009). Nesse mesmo estudo, 2-BRiiaibrescimento em 50% (£) em
formas prociclicas (a 197 uM) e sanguineas (a 226do parasito (Emmer et al., 2009).
A presenca de S-palmitoilacao ja foi caracterizaieoutras proteinas debrucei, tais
como (glicosilfosfatidilinositol fosfolipase C-rewate (Fergunson, 1992; Doerrler,
1996), proteinas semelhantes a calpainas (Liu,2Gl0), metacaspase 4 (Proto et al.,
2011) e uma proteina componente da membrana ext&ionitocondria (POMP39)
(Albisetti et al., 2015).

Em Leishmania sabe-se apenas que um grupo de proteinas, demtmniarailia
de proteinas de superficie aciladas hidrofilicasSeIP-2, é palmitoilado e miristoilado
(Denny et al., 2000) e que major possui 20 genes codificadores para possiveis PATs

em seu genoma (Goldston et al., 2014).

1.5. S-palmitoilagao enrypanosoma cruz
EmT. cruzi apenas uma possivel PAT (TcHIP) foi estudada $Baét al., 2013),

apesar da existéncia de 15 possiveis PATs coddscath seu genoma (Goldston et al.,
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2014) A TcHIP possui 0 motivo aspartato-histidina-tir@sicisteina (DHYC), que ja
demonstrou ser funcional eSaccharomyces cerevisae (Roth et al., 2002) e dominios
anquirina, tipicos em palmitoil transferases (fhadilet al., 1999). A TcHIP é expressa
em diferentes formas evolutivas Tlecruzi e a sua localizagéao subcelular € no complexo
de Golgi (Batista et al., 2013). Entretanto, aimd® houve o estabelecimento de sua
funcdo no parasito. Duas proteinas sdo sabidamesitaitoiladas emT. cruz:
Trypanosoma cruz Flagellar Calcium Binding Protein (TcFCaBP) (Maric et al., 2011),
envolvida em mobilidade, & cruz fosfatidil inositol fosfolipase C (TcPI-PLC) (Mars

et al., 2010), envolvida em evasao ao sistema irdorf@spedeiro.

[I. Justificativa

Pelo descrito acima fica evidente que pouco se sabre a S-palmitoilacdo em
T. cruzi e seu papel em processos envolvidos na biologigpatasito, apesar da
palmitoilacdo certamente poder influenciar fungdgsortantes para a sobrevivéncia do
parasito, tais como trafego de vesiculas, endaitoinfectividade. Neste sentido, o
objetivo geral desta tese foi realizar uma anagk#bal da S-palmitoilacdo neste
patogeno, tanto em relacdo a caracterizacdo danaDHHC palmitoil transferases
gue podem realizar este processo, assim como thagqgiktioesterases, que revertem a
reacdo, quanto em relacdo as proteinas que sadgaldas. Para isto, ferramentas de
genética reversa foram implementadas, como aag#diz dos vetores plasmidiais da
plataforma pTcGW (Batista et al., 2010; Kugeratskial. 2015) para determinar a
localizacdo subcelular das DHHC palmitoil trans$esaTambém foi realizada analise
do efeito do inibidor de S-palmitoilagdo 2-BP narfologia, crescimento, fisiologia,
diferenciacéo e infectividade decruz. Além disso, foi utilizada a metodologia ABE e
sua melhoria PalmPISC para enriquecimento de paepalmitoiladas, seguida de
andlise protedbmica (Yang et al., 2010).

Uma etapa importante nesta tese foi o desenvohtone padronizagcdo de um
método fisico com base na cavitacdo para lisalatinfectadas e obter amastigotas
intracelulares viaveis e purificados, o que peumializar ensaios bioldgicos envolvendo
endocitose e palmitoilacdo em amastigotas intréarelst.

Os resultados obtidos nesta tese foram organizaddsscritos em forma de
capitulos, conforme artigos publicados, submeteem desenvolvimento.

11



lll. Referéncias Bibliograficas

AIRCART-RAMOS, C. et al. 2011. Protein palmitoytati and subcellular trafficking.
Biochemical and Biophysical Actal808: 2981-2994.
Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/21819967

ALBISETTI, A. etal. 2015. A component of the mitmndrial outer membrane proteome
of T. brucei probrably contains covalent bound fatty ackesperimental Parasitology.
155:49-57.

Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/25982629

ALCANTARA, C.L. et al. 2014. Three-dimensional stture of the cytostome-
cytopharynx complex ofrypanosoma cruzi epimastigotesJournal of Cell Science
127: 2227-2237.

Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/24610845

ALONSO, A.M. et al. 2012. Protein palmitoylatiorhibition by 2-bromopalmitate alters
gliding, host cell invasion and parasite morpholagyroxoplasma gondii. Molecular
and Biochemical Parasitology184:39-43.

Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/22484629

ALVAREZ, E. et al. 1990. Girones N, Davis RJ. Intidn of the receptor-mediated
endocytosis of diferric transferrin is associateithvihe covalent modification of the
transferrin receptor with palmitic acidThe Journal of Biological Chemistry.
265:16644-16655.

Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/23980666

BATISTA, C.M. et al. 2013. Identification and subo&r localization of TcHIP, a
putative Golgi zDHHC palmitoyl transferase ®fypanosoma cruzi. Experimental
Parasitology.134:52-60.

Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/23428831

BATISTA, C.M. et al. 2015Trypanosoma cruz intracellular amastigotes isolated by
nitrogen decompression are capable of endocytosiscargo storage in reservosomes.
PLOS ONE. DOI:10:e0130165

12



Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/26057 331

BATISTA, M. et al. 2010. A high-throughput cloning system for reverse gersetn
Trypanosoma cruzi. BMC Microbiology. 10: 259.
Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/20942865

BAKER, T.L. et al. 2003. Distinct rated of palm#aturnover on membrane bound
cellular and oncogenie II-RaBhe Journal of Biological Chemistry.278: 19292-19300.
Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/?term=12642594

CABALLERO M.C. et al. 2016. Identification of newalmitoylated proteins in
Toxoplasma gondii. Biochimical and Biophysical Acta.864:400-408.
Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/26825284

CARTER, Y.L. et al. 2012. Acute Chagas disease netarning travelerAmerican
Jounal of Tropical Medine Hygiene.87:1038-1040.
Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/23091 392

CAZZULO, J.J. et al. 1990. Some kinetic propertiésa cysteine proteinase (cruzipain)
from Trypanosoma cruzi. Biochemical and Biophysical Actal1037: 186-191.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/2407285

CHAGAS, C. 1909. Nova tripanozomiaze humana: estwibiore a morfolojia e o ciclo
evolutivo do Schizotrypanum cruzi n. gen., n. sp., ajente etiolojico de nova entidade
morbida do homenMemodrias do Instituto Oswaldo Cruz 1: 159-218.

Disponivel em: kittp://www.scielo.br/pdf/mioc/vin2/tomo01(f2) 159& pdf>

CHO, E. e PARK, M. 2016. Palmitoylation in Alzheirize disease and other
neurodegenerative diseasebarmacological Research111:133-151.

Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/?term=27293850

CONIBEAR, E. e DAVIS, N.G. 2010. Palmitoylation addpalmitoylation dynamics at
a glanceJournal of Cell Sciencel123:4007-4010.

13



Disponivel emzhttps://www.ncbi.nlm.nih.gov/pubmed/21084560

COURA, J.R. e VINAS, P.A. 2010. Chagas diseasevaworldwide challengéNature.
465: 56-57.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/20571554

DAVDA, D. et al. 2013. Profiling targets of theawmersible palmitoylation inhibitor 2-
bromopalmitateACS Chemistry and Biology.8:1912-1917.
Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/23844586

DE SOUZA, W. 1984. Cell biology ofrypanosoma cruz. International Review of
Cytology. 86:197-283.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/6368447

DE SOUZA, W. 2002. Basic cell biology offrypanosoma cruzi. Current
Pharmaceutical Design8: 269-285.
Disponivel em: ttps://www.ncbi.nlm.nih.gov/pubmed/11860366

DE SOUZA, W. et al. 2009. Electron microscopy amtbbochemistry analysis of the
endocytic pathway of pathogenic protozBeogress on Histochemical Cytochemistry.
44 67-124.

Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/19410686

DENNY, P.W. et al. 2000. Acylation-depedent protexport inLeishmania. The Jounal
of Biological Chemistry.275: 11017-11025.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/10753%04

DRISDEL, R.C. e GREEN, W.N. 2004. Labeling and mjiiging sites of protein
palmitoylation.Biotechniques.36:276-285.
Disponivel em: <ttps://www.ncbi.nlm.nih.gov/pubmed/14989692

14



DOCAMPO, R. e MORENO, S.N. 1999. Acidocalcisome:nAvel Ca 2+ storage
compartment in trypanosomatids and apicomplexaasas.Parasitology Today.15:
443-448.

Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/10511686

DOERRLER, W.T. et al. 1996. Acylation of GlycosaylinPhosphatidylinositol
Revisited.The Journal of Biological Chemistry.271: 27031-27038.
Disponivel em:<ttps://www.ncbi.nlm.nih.gov/pubmed/8900192

EMMER, B.T. et al. 2011. Global analysis of protgpalmitoylation in African
trypanosomestukaryotic Cell. 10: 455-463.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/21193548

FANG, C. et al. 2016. Identification of palmitoyak transfitional endoplasmic reticulum
ATPase by proteomic technique and Pan antipalnatmyl antibody.Journal of
Proteome Researchl5: 956-962.

Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/26865%13

FERGUNSON, M.A. 1992. Site of palmitoylation of &gspholipase C-resistant
glycosyl-phosphatidylinositol membrane anctginchemical Journal.284:297-300.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/13180627

FIGUEIREDO, R.C. e SOARES, M.J. 1995. The Golgi ptar of Trypanosoma cruz
epimastigote formslournal of Submicroscopic Cytology and Pathology27: 209-215.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/7757947

FIGUEIREDO, R.C. et al. 1994. The reservosomes pimastigote forms of
Trypanosoma cruz: occurrence during in vitro cultivatio®arasitology Research80:
517-522.

Disponivel em: ttps://www.ncbi.nlm.nih.gov/pubmed/7809603

FIGUEIREDO, R.C. et al. 2004. Reservosome: an eytdoccompartment in
epimastigotes forms of the protozoaidrypanosoma cruzi (Kinetoplastida:

15



Trypanosomatidae). Correlation between endocytdsiatrients and cell differentiation.
Parasitology. 129: 431-438.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/15521631

FILARDI, L.S. e BRENER, Z. 1987. Susceptibility andatural resistance of
Trypanosoma cruz strains to drugs used clinically in Chagas dise@sansactions of
the Royal Society of Tropical Medicine and HygieneB81:755-759.

Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/3130683

FOE, I.T. et al. 2015. Global analysis of palmitdgld proteins imoxoplasma gondii.
Cell Host and Microbe. 18: 501-511.
Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/26468%52

FRENAL, K. et al. 2013. Global analysis of apicoeyan protein S-acyl transferases
reveals an enzyme essential for invasitmaffic. 14:895-911.

Disponivel em: <https://www.ncbi.nlm.nih.gov/pubmed/23638681

FUKATA, Y. et al. 2016. Local palmitoylation cyclesd specialized membrane domain
organizationCurrent Topics on Membranes.77: 97-141.

Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/26781831

GAO, X. e HANNOUSH, R.M. 2014. Single-ceh situ imaging of palmitoylation in
fatty-acylated proteindNature Protocols.9: 2607-2623.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/25299157

GIRARD-DIAS, W. et al 2012. On the ultrastructusajanization oflrypanosoma cruz
using cryopreparation methods and electron tomdgyrafiistochemistry Cell Biology.
DOI: 10.1007/s00418-012-1002-8.

Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/22872316

GOLDSTON, A.M. et al. 2014. Acylation in trypanosatias: an essencial process and
potential drug targefrends in Parasitol. 30: 350-360.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/24954 %95

16



GREAVES, J. e CHAMBERLAIN, L.H. 2011. DHHC palmitbfyansferases: substrate
interactions and (patho)physiologytends on Biochemistry Science36:245-253.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/21388&13

HAMEL, L.D. et al. 2016. Identification of proteipalmitoylation inhibitors from a
scaffold ranking libraryCombinatorial Chemistry and High Throughput Screenng.
19: 262-274.

Disponivel em: <ttps://www.ncbi.nlm.nih.gov/pubmed/?term=27009891

JENNINGS, B.C. et al. 2009. 2-Bromopalmitate an@-2vydroxy-5-nitro-benzylidene)-
benzol[b]thiophen-3-one inhibit DHHC-mediated pabyiation in vitro. Journal of
Lipid Research.50:233-242.

Disponivel em: sattps://www.ncbi.nlm.nih.gov/pubmed/18827284

JONES M.L. et al. 2012. Analysis of protein palngiedion reveals a pervasive role in
Plasmodium development and Pathogen€sd.Host and Microbe.12:246-258.
Disponivel em: ttps://www.ncbi.nlm.nih.gov/pubmed/22901544

KESSLER, R.L. et al. 2017. Recently differentiaggimastigotes fronirypanosoma
cruz are infective to the mammalian hostolecular Microbiology. 104:712-736

Disponivel em: ttps://www.ncbi.nlm.nih.gov/pubmed/28240%90

KIM, K.S. et al. 2013. DJ-1 Associates with lipiafts by palmitoylation and regulates
lipid rafts-dependent endocytosis in astrocytiaman Molecular Genetics.22: 4805—
4817.

Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/23847646

KUGERATSKI, F.G. et al 2015. pTcGW plasmid vectdr& version: a versatile tool
for Trypanosoma cruzi gene characterizatioMem Inst Oswaldo Cruz.110: 687-690.

Disposivel em: fttps://www.ncbi.nlm.nih.gov/pubmed/26200713

17



LIN, D.T. e CONIBEAR E. 2015. Enzymatic protein a@pitoylation by acyl protein
thioesterase®Biochemistry Society and Transactions43:193-198.
Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/25849%16

LIN, M.J. et al. 2013. Massive palmitoylation-dadent endocytosis during
reoxygenation of anoxic cardiac musaeife. DOI: 10.7554/eLife.01295
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/24282237

LINDER, M.E. e DESCHENES, R.J. 2003. New insighit®ithe mechanisms of protein
palmitoylation.Biochemistry. 42: 4311-4320.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/12693927

LINDER, M.E. et al. 2013. Massive endocytosis teggd by surface membrane
palmitoylation under mitochondrial control in BHKibfoblasts. eLife. DOI:
10.7554/eLife.01293.

Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/24282236

LIU, W. et al. 2010. Expression and cellular lozation of calpain-like proteins in
Trypanosoma brucei. Molecular and Biochemical Parasitology169: 20-26.

Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/19766148

LONG, J.Z. et al. 2011. The metabolic serine hyakes and their functions in
mammalian physiology and disea€éemistry Reviews.111: 6022-6063.
Disponivel em: <https://www.ncbi.nlm.nih.gov/pubmed/21696217

MARIC, D. et al. 2011. Molecular determinants oliaty membrane localization of
Trypanosoma cruzi flagellar calcium-binding proteinThe Journal of Biological
Chemistry. 286:33109-33117.

Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/21784841

MARTIN, B.R. 2013. Chemical approaches for profilirdynamic palmitoylation.
Biochemical Society Transactions41: 43-49.
Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/23356256

18



MARTIN, B.R. e CRAVATT B.F. 2009. Large-scale pioifg of palmitoylation in
mammalian cellsNature Methods. 6:135-138.
Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/19137606

MITCHELL, D.A. et al. 2006. Protein palmitoyatiory la family of DHHC protein S-
acyltransferasegournal of Lipid Research.DOI: 10.1194\jir.RG0007.JLR200.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/16582420

DE PAULO MARTINS, V. et al. 2010. Acylation-depemdeexport of Trypanosoma
cruzi phosphoinositide-specific phospholipase C to tterosurface of amastigotéche
Journal of Biological Chemistry. 285:30906-30917.

Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/20647312

McCORMICK, P.J. et al. 2008. Palmitoylation consroécycling in lysomal sorting and
traffincking. Traffic. 9:1984-1997.
Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/18817523

MERINO, M.C. et al. 2014. Identification @iardia lamblia DHHC proteins and the
role of protein S-palmitoylation in the encystatiprmocessPLOS Neglected Tropical
DiseaseDOI: 8: e2997.

Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/25058647

MICHELS, P.A. e OPPERDOES, F.R. 1991. The evolargnorigin of glycosomes.
Parasitology Today.7: 1005-1009.
Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/15463459

MILDER, R. e DEANE, M.P. 1969. The cytostome ®fypanosoma cruzi and T.
conorhini. The Journal of Protozoology.16:730-737.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/5362390

MURTA, S.M. e ROMANHA, A.J. 1998.In vivo selection of a population of
Trypanosoma cruzi and clones resistant to benznidaz&arasitology.116:165-171.

Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/95090626

19



ODDI, S. et al. 2017. Palmitoylation of cysteine54df CB; receptor affects ligand-
stimulated internalization and selective interactiwith membrane cholesterol and
caveolin 1Biochimica and Biophysica Acta.1862: 523-532.

Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/28215%12

OMS (Organizacdo Mundial da Saud€hagas disease (American tipanosomiasis).
Fact sheet. Marco 2017. Disponivel em:

< http://www.who.int/mediacentre/factsheets/fs340femAcesso em 14 nov 17.

PEDRO, M.P. et al. 2013. 2-Bromopalmitate reducetem deacylation by inhibition of
acyl-protein thioesterase enzymatic activitRsOS ONE. DOI:8:e75232.
Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/24098372

PEREIRA, M.G. et al. 201Ilrypanosoma cruzi epimastigotes are able to store and
mobilize high amounts of cholesterol in reservosdipid inclusions.PLOS ONE.DOI:
10.1371/journal.pone.0022359.

Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/21818313

PEREZ-MOLINA, JA. e MOLINA, |. 2017. Chagas diseas Lancet.
DOI:10.1016\S0140-6736(17)31612-4.
Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/28673423

PROTO, W.R. et al. 201Trypanosoma brucei metacaspase 4 is a pseudopeptidase and
a virulence fatorThe Journal of Biological Chemistry.286: 39914-39925.
Disponivel em:<ttps://www.ncbi.nlm.nih.gov/pubmed/2194925

PUTILINA, T. et al. 1999. The DHHC domain: a nevwglly conserved cysteine-rich
motif. Molecular and Cellular Biochemistry. 195: 219-226.
Disponivel em: ttps://www.ncbi.nlm.nih.gov/pubmed/10395686

ROTH, A.F. et al. 2006. Global Analysis of Protddalmitoylation in YeastCell.
125:1003-1013.
Disponivel em: sttps://www.ncbi.nim.nih.gov/pubmed/16751307

20



ROTH, A.F. et al. 2002. The yeast DHHC cystein&rdomain protein Akrlp is a
palmitoyl transferaselournal of Cell Biology. 159: 23-28.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/12370247

SANT ANNA, C. et al. 2008. New insights into the rpbology of Trypanosoma cruz
reservosomeMicroscopic Research and Tecnique/l1: 599-605.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/18452391

SOARES, M.J. 1999. The reservosom@yfpanosoma cruzi epimastigotes: an organelle
of the endocytic pathway with a role in metacycloggs. Memoérias do Instituto
Oswaldo Cruz.94: 139-141.

Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/10677701

SOARES, M.J. e DE SOUZA, W. 1988. Cytoplasmic osjl@s of trypanosomatids: a
cytochemical and stereological studyournal of Submicroscopic Cytology and
Pathology.20: 349-361.

Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/3135%13

SOARES, M.J. e DE SOUZA, W. 1991. Endocytosis dtidabeled proteins and LDL
by Trypanosoma cruzi. Parasitology Research77: 461-468.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/1656428

SOARES, M.J. et al. 1992. Identification of a lafge-lysosomal compartment in the
pathogenic protozoofrypanosoma cruz. Journal of Cell Science.2: 157-167.

Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/1500438

STEINDEL, M. et al. 2008. Characterizationlof/panosoma cruz isolates from humans,
vectors, and animal reservoirs following na outkrefacute human Chagas disease in
Santa Catarina State, Brafiiagnostic Microbiolology and Infectious Disease0: 25-
32.

Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/17889480

21



THANKAMONY, S.P. and KNUDSON, W. 2006. Acylation @D44 and its association
with lipid rafts are required for receptor and lwahan endocytosidhe Journal of
Biological Chemistry. 45: 34601-34609.

Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/16945930

URBINA, J.A. 2010. Specific chemotherapy of Chaghsease: Relevance current
limitation and new approache&cta Tropica. 115:55-68.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/19900395

VIEIRA, M. et al. 2005. Role for a P-type H+-ATRa@ the acidification of the
endocytic pathway ofrypanosoma cruz. Biochemical Journal. 392: 467-474.

Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/16149%15

WAN, J. et al. 2007. Palmitoylated proteins: pweafion and identificationNature
Methods. 2: 1573-1584.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/17585299

WEBB Y.et al. 2000. Inhibition of protein palmit@tlon, raft localization, and T cell
signaling by 2-bromopalmitate and polyunsaturatattyf acids. The Journal of
Biological Chemistry.275:261-270.

Disponivel em: ttps://www.ncbi.nlm.nih.gov/pubmed/10617614

WEDEGAERTNER, P.B. e BOURNE, I.I.R. 1994. Activatiand depalmitoylation of
Gslalpha].Cell. 77: 1063-1070.
Disponivel em: sttps://www.ncbi.nlm.nih.gov/pubmed/7912657

YANG, W. et al. 2010. Proteome scale characteopadf humam S-acylated proteins in
lipid raft-enriched and non-raft membrank®lecular and Cellular Proteomics.9: 54-
70.

Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/19801377

YOUNG, F.B. et al. 2012. Putting proteins in thgliace: palmitoylation in Huntington
disease and other neuropsychiatric disedegress on Neurobiology97:220-238.
Disponivel em: dttps://www.ncbi.nlm.nih.gov/pubmed/22155432

22



IV. Capitulo 1

Revelando as enzimas do ciclo da S-palmitoilacaandimica de proteinas

em Trypanosoma cruz

A primeira parte desta tese teve como objetivotiiear as enzimas envolvidas
no processo de palmitoilagédo, as PATSs, e no proassiespalmitoilagdo, as PPTs em
T. cruz. Foi possivel identificar 15 possiveis PATs e Z&#Ro genoma do parasito.
Todos esses genes foram amplificados, com excexd@®AT6 (negativo na PCR) e
clonados na plataforma Gateway utilizando o vetoexpressao de proteinas €ngruzi
pTcGWFLAG, com excessdo da TcPAT1 (TcHIP, ja caréada pelo grupo). Foi
possivel obter epimastigotas transfectantes resegst@ G418, com excessdo da TcPATA4.
A localizagdo da maioria das TcPATs foi na regiéteaor, proOxima ao cinetoplasto,
compativel com complexo de Golgi, bolsa flagelaueyacuolo osmo-regulador do
parasito. J&4 as PPTs tiveram localizag&o dispetsaprpo do parasito. Estes dados estao
compilados em um manuscrito submetido como Shartr@aenication a revista indexada
Memorias do Instituto Oswaldo Cruz, com fator deaicto 2,605 (Qualis CB-I: B1).

4.1. Objetivo
Identificar enzimas envolvidas na S-palmitoilac&oTe cruz e analisar sua localizacao

subcelular.

4.2. Objetivos especificos

1. Realizar uma busca em banco de dados gen6micasdeatificar possiveis DHHC
palmitoil transferases em cruz;

2. Construir vetores plasmidiais epissomais parapessao das enzimas candidatas
fusionadas a etiquetas FLAG para determinagcaoaddizacao subcelular ein cruz;

4.3. Artigo Submetido

Autores: Cassiano Martin Batista, Felipe Saad,&tee Pini Costa Ceccoti, Iriane Eger,
Maurilio José Soares

Titulo: Revealing the enzymes of the dynamic prot&-palmitoylation cycle in

Trypanosoma cruz
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Summary

Dynamic S-palmitoylation of proteins is the additi@f palmitic acid by zDHHC
palmitoyl transferases (PATS) by thioester linkagad depalmitoylation by palmitoyl
protein thioesterases (PPTs). A putative PAT (TcPATas been previously identified in
Trypanosoma cruz, the etiological agent of Chagas disease. Here we demab@she
presence of other 14 putative TcPATs and 2 PPTRearparasite genomé. cruz cell
lines expressing TcPATs and TcPPTs plus a FLAGatahe C terminus were produced
for most enzymes, with positive detection by indiranmunofluorescence. Our data
indicate that a dynamic S-palmitoylation machinésy overexpressed if. cruz

epimastigotes.

Key words: Dynamic S-palmitoylation]rypanosoma cruz, protein expression
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Dynamic protein S-palmitoylation concern the adufitof palmitate to cysteines
of the modified protein by zDHHC palmitoyl transdses (PATSs) thought thioester
linkages and depalmitoylation by palmitoyl protéimoesterases (PPTs) (Conibear &
Davis 2010). Protein S-palmitoylation cycles proenttte insertion of target proteins into
membranes, regulating their localization and fuorc{iLinder & Deschenes 2003).

PATSs are key transmembrane enzymes, with cysteshelomains in the DHHC
motif (CRD-DHHC domain), in addition to DPG and TH structural domains (Greaves
& Chamberlain 2011). PATs are involved in diverseldgical processes in several
organisms, such d$omo sapiens cancer (Ducker et al. 2004) and neurological disga
(Young et al. 2012; Cho & Park 2016), yeast endusigt (Feng & Davis 2000),
Cryptococcus neoformans virulence (Santiago-Tirado et al. 201%jjardia lamblia
encystation (Merino et al. 2014) and invasion inicAmplexa (Frénal et al. 2013).
TbPAT?7 is responsible for flagellar localization oélflagin in the trypanosomatid
protozoanTrypanosoma brucei (Emmer et al. 2009).

PPTs belong to the serine hydrolases family, ase &undant in number than
PATs and are characterized by the presence ofi@esactive site for hydrolysis of the
substrate, being able to cleave amide, ester aoelstier bounds (Long & Cravatt 2011).

Goldston et al. (2014) identified, lnysilico search, 15 PATSs in thigypanosoma
cruzi genome, as opposed to 1ZTirbrucel and 20 inLeishmania major. However, up to
now only one PAT has been characterized.ioruz, the etiological agent of Chagas
disease: TcHIP, or TcPAT1 (Batista et al. 2013PA¢€1 is a 95.4 kDa Golgi protein
expressed in different developmental stages gb#nasite, with a modified DHYC motif
(Batista et al. 2013). Such modified motif is fuootl in the homologue Akrlp enzyme

of Saccharomyces cerevisae (Roth et al. 2002).
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It has been recently shown that dynamic proteiral&oylation is involved in
life cycle progression and virulence in some pa#imig protozoa (Brown et al. 2017).
However, no evidence of global PATs or PPTs exjprassas been yet reported Tn
cruzi. Thus, aim of this work was to verify the expressiof dynamic protein S-
palmitoylation enzymes ifi. cruzi Dm28c (Contreras et al. 1988) epimastigote forms.
An insilico search for PATs was made in thecruzi genomic data base (TritrypDB), in
parallel with nucleotide BLAST alignment (nBlast-BC Bethesda, MD, USApf T.
cruzi genes with the well characterizBaerevisiae PAT genes that encode for Erf2 (with
DHHC-CRD maotif) (Lobo et al. 2002) and Akrlp (wibHYC-CRD motif) (Roth et al.
2002). As a result, 15 PATs genes were found, idanto that formerly identified by
Goldston et al. (2014). Size of these genes védreed 768 (TCPAT7) to 2610 base pairs
(TcPAT1) and the resulting protein products werevieen 30 and 95.4 kDa. Use of the
software TMHMM Server v. 2.00enter for Biological Sequence Analysis, CBS, Lyngby,
Denmark) and Phyre2 software (Kelly et al. 20159)icl predicts transmembrane regions
and do 3D protein models, allowed to determine these proteins had three (TCPAT2
and 6) to seven (TcPAT5) transmembrane domainuuddyy pFAM software (Sanger
Institute, Cambridge, UK) to predict protein donginh was found that only TcPAT1 had
the DHYC motif, while the number of cysteines closé¢he DHHC/DHY C motif varied
from 5to 9. Only TcPAT4, TcPAT10 and TcPAT14 hadhDPG and TTxE structural
motifs. On the other hand, TcPATs 5 and 9 had tdrdyDPG motif, while TcPATs 1, 7
and 8 had only the TTxE motif (Fig. 1). Sequenanidy between the TcPATSs is very
low, between 14.2% and 26.83%, as assessed usitiglenalignment in Clustal Omega.

Using Phyre2 software, predicted 3D models werainbd for all TcPATs and

TcPPTs. All predicted 3D models were similar foPRd's, except for TcPATL1 (larger
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and with ankyrin repeats). TcPPT1 and 2 were d#fgrent from each other. All 3D
models had 100% confidence. (Fig. 2).

Aiming to produce transfectant cell lines Bf cruzi epimastigotes expressing
TcPATSs plus a FLAG tag at the C terminus (FLAGCged) TCPAT), the genes were
amplified using specific primers (Table 1) with oetbination sites for the Gateway
cloning platform (Thermo Fischer Scientific, WalihaMA, USA) by using the entry
plasmid vector pDONR 221 and the destinaffonruz vector pTcGWFLAGC (Batista
et al. 2010; Kugeratski et al. 2015). All geneseveloned, except TcCPAT6 and TcPATL1
(that is already characterized). Three-daydolctuzi epimastigotes were transfected with
a Gene Pulser XCell BIORAD electroporator (BIORABc Hercules, CA, USA),
selected with 500 pg.mtG418 and maintained with 250 pg.rhaf the same antibiotic,
as previously described (Batista et al. 2010). Teveésistant cell lines could be selected,
with the exception of TCPATA4.

For subcellular localization by indirect immunoftescence assays (IFA),cruz
transfectants wereashed twice in PBS, fixed for 10 min with 4% paraialdehyde,
adhered to 0.1% poly-L-lysine coated coverslipsmaabilized with 0.5% triton/PBS,
and incubated for one hour at 37°C using a mousdlag antibody (Sigma-Aldrich St.
Louis, MO, USA) diluted 1:4000 in incubation buffd?BS pH 7.4 containing 1.5%
bovine serum albumin). After three washes in PB8,9amples were incubated in the
same conditions with a secondary goat anti-mousibaaty coupled to AlexaFluor 594
(Thermo Fischer Scientific, Waltham, MA, USA) diat at 1:600 in incubation buffer.
The samples were washed three times with PBS, atedldor 5 min with 1.3 nM Hoechst
33342 (Sigma-Aldrich St. Louis, MO, USA) and theverslips were mounted with
Prolong Gold antifading agent (Thermo Fischer SdienWaltham, MA, USA). The

slides were observed in a Nikon Eclipse E600 epitacence microscope. As a result,
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TcPATs 3, 5, 8, 11, 12, 14 and 15 were locatednagesdots at the anterior region of the
parasite, close to the kinetoplast and the flag@itecket (Fig. 3). The positive reaction
was frequently found lateral to the kinetoplastjclirsuggests Golgi, flagellar pocket or
vacuole complex localizations. TcPAT2 labeling agnee as strong dots distributed
throughout the cell body, suggestive of localizatio some cytoplasmic organelle (Fig.
3). This was expected, since PATs are usually fairide endoplasmic reticulum, Golgi
and plasma membranes (Ohno et al. 2006). Integhgtimost PATs with 4
transmembrane domains (5 out of 7) were at thaiantegion located. Furthermore, 8
of 15 TcPATs have anterior region localization. AGR3 presents perinuclearlabelling
(Fig 1), suggesting endoplasmic reticulum local@atNo positive reaction was detected
for TcPATs 7, 9, 10 (Fig. 3). Transcriptomic datanh TritrypDB showed that TCPATs
7 and 9 are expressed in metacyclics trypomassgatel not in epimastigotes, so
epimastigotes maybe regulating these genes expne3®chnique limitation could be an
explanation for these negative results also, sr@esmembrane proteins could be of low
expression level. These results indicated thagastleight TCPATSs are overexpressed in
T. cruzi epimastigotes.

In order to characterize TcPPTs, a genomic dataclseaas performed as
described above, and two genes were identifiedl€Tab TcPPT1 is an 843 base pairs
gene and the product (30.2 kDa) is homologu.teapiens acyl-protein thioesterase-1
(APT1) and lysophospholipase genes, which are waebiin cytosolic and lysosomal
protein depalmitoylation (Long & Cravatt 2011). PFIRT2 is a 951 base pairs gene and
the product (35.5 kDa) is homologueHio sapiens acyl-protein thioesterase-2 (APT2),
involved in cytosolic depalmitoylation (Long & Crat¢ 2011). Primers were then

designed for isolation and amplification of thesags (Table 2).
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The same steps described above for TcPATs weretagaebduceT. cruz cell
lines expressing TcPPTs plus a FLAG tag at ther@iteis (FLAGC tagged TcPPTS).
Resistant cell lines expressing TcPPT1 and TcPP&i2 welected with 500 pg.mL
(G418. After IFA in the same conditions as descridledve, both TcPPTs showed strong
labeling dispersed through the cell body, sugggsilcytoplasmic localization (Fig. 4),
indicating thatT. cruzi epimastigotes overexpressed both TcPPTs, in tipected
cytoplasmic localization.

In conclusion, our data indicate that a dynamictgmo S-palmitoylation
machinery with PATS and PPTs is present.irruz. Future studies will be crucial to
determine the importance of this machinery forgheasite survival. Palmitoylation and
depalmitoylation of proteins can play an importasie in this parasite, in events as
diverse as nutrition, protein traffic, different@t, host-cell interaction and infection

establishment.

ACKNOWLEDGEMENTS
The authors thank the Program for Technological dlyment in Tools for
Health-PDTIS-FIOCRUZ for use of its facility (Comdal and Electronic Microscopy

Platform RPTO7C) at the Instituto Carlos Chagasiftip-PR, Brazil.

AUTHORS CONTRIBUTIONS
CMB planned the experiments, designed the PATsganperformed part of the
cloning experiment, selectdd cruz cell lines and wrote the first manuscript drafs F

performed cloning and IFAs. SC made PPTs primeagdesd cloning. IE helped to plan

31



the experiments and revised the manuscript. MJ8ateed the study and edited the final

form of the manuscript. All authors read and apptbthe final manuscript.

REFERENCES

Batista CM, Kalb LC, Moreira CM, Batista GT, EgerSoares MJ 2013. Identification
and subcellular localization of TcHIP, a putativelg zDHHC palmitoyl transferase of
Trypanosoma cruz. Exp Parasitol 134: 52-60.

Batista M, Marchini FK, Celedon PA, Fragoso SP Bt&CM, Preti H, Ozaki LS, Buck
GA, Goldenberg S, Krieger MA 2010. A high-throughmloning system for reverse
genetics infrypanosoma cruzi. BMC Microbiol 10: 259.

Brown RW, Sharma Al, Engman DM 2017. Dynamic pnot8ipalmitoylation mediates
parasites life cycle progression and diverse mashanof virulenceCrit Rev Biochem
Mol Biol 52: 145-162.

Cho E, Park M 2016. Palmitoylation in Alzheimerisehse and other neurodegenerative
diseasesPharmacol Res 111: 133-151.

Conibear E, Davis NG 2010. Palmitoylation and deypialylation dynamics at a glance.
J Cdll i 123: 4007-4010.

Contreras VT, Araujo-Jorge TC, Bonaldo MC, ThomaBErbosa HS, Meirelles MN,
Goldenberg S 1988. Biological aspects of the DM@B8ae of Trypanosoma cruz after
metaciclogenesis in chemically defined metdam Inst Oswaldo Cruz 83: 123-133.
Ducker CE, Stettler EM, French KJ, Upson JJ, Si@ith 2004. Huntingtin interacting
protein 14 is an oncogenic human protein: palmitmylitransferaséncogene 23: 9230-

9237.

32



Emmer BT, Souther C, Toriello KM, Olson CL, Eptir@L., Engman DM 2009.
Identification of a palmiytoyl acyltransferase reqd for protein sorting to the flagellar
membraned Cell Sci 122: 867-874.

Feng Y, Davis NG 2000. Akrlp and the type | caskimases act prior to the
ubiquitination step of yeast endocytosis: Akrlpegquired for kinase localization to the
plasma membrandlol Cel Biol 20: 5350-5359.

Frénal K, Tay CL, Mueller C, Bushell ES, Jia Y, (Bdorge A, Billker O, Rayner JC,
Soldati-Favre D. 2013. Global analysis of aplicexaln protein S-acyl transferases
reveals an enzyme essential for evasioaffic 14: 895-911.

Goldston AM, Sharma Al, Paul KS, Engman DM 2014ylation in trypanosomatids:
an essential process and potential drug taifgends Parasitol 30: 350-360.

Greaves J, Chamberlain LH 2011. DHHC palmitoyl $farases: substrates interactions
and (patho)physiologyirends Biochem Sci 36: 245-253.

Kelly LA, Mazulin S, Yates CM, Was MN, Sternberg 12015. The Phyre2 web portal
for protein modeling, prediction and analy$\sture protocols 10: 845-858.

Kugeratski FG, Batista M, Inoue AH, Ramos BD, KeegVA, Marchini FK 2015.
pTcGW plasmid vectors 1.1 version: a versatile tfwl Trypanosoma cruzi gene
characterizationMem Inst Oswaldo Cruz 110: 687-690.

Linder ME, Deschenes RJ 2003. New insights into thechanisms of protein
palmitoylation.Biochemistry 42: 4311-4317.

Lobo S, Greentree WK, Linder ME, Deschenes RJ 208entification of a Ras
palmitoyltransferase iBaccharomyces cerevisiae. J Biol Chem 277: 41268-41273.
Long JZ, Cravatt BF 2011. The metabolic serine blades and their functions in

mammalian physiology and disea€fem Rev 111: 6022-6063.

33



Merino MC, Zamponi N, Vranych CV, Touz MC, Ropold&A014. Identification of
Giardia lamblia DHHC proteins and the role of protein S-palmitbga in the
encystation procesBloSNegl Trop Dis 8: €2997.

Ohno Y, Kihara A, Sano T, Igarashi Y 2006. Intrddal localization and tissue-specific
distribution of human and yeast DHHC cysteine-domain-containing
proteins.Biochim Biophys Acta 1761: 474-483.

Roth AF, Feng Y, Chen L, Davis NG 2002. The yeablHT cysteine-rich domain
protein Akrlp is a palmitoyl transferaskeCell Biol 159: 23-28.

Santiago-Tirado FH, Peng T, Yang M, Hang HC, Dagiih 2015. A single protein S-
acyl transferase acts through diverse substratdetewmine Cryptococcal morphology,
stress tolerance, and pathogenic outcd?heS Pathog 11: e1004908.

Young FB, Butland SL, Sanders SS, Sutton LM, Hayeéh2012. Putting proteins in
their place: palmitoylation in Huntington diseas®l abther neuropsychiatric diseases.

Prog Neuraobiol 97: 220-238.

FIGURE LEGENDS

Figure 1. Identification and in silico analysis of Trypanosoma cruzi PATSs. Fifteen

TcPATs were identified, with predicted molecularasdrom 30 to 95.4 kDa. All were
transmembrane and contains DHHC motif, with theepkion of TcPAT1 (DHYC). S1-
SN: passages thought the membrane; kDa: molecwdaghivof the predicted protein;

TTXE and DPG: structural motifs.
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37.6 kDa

Figure 2. Predicted 3D models offrypanosoma cruzi PATs and PPTs.Software

Phyre2 was used. All 3D models were with 100% atarice.
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TcPATs

Figure 3.Localization of FLAG tagged PATs inTrypanosoma cruzi epimastigotes by
immunofluorescence assayControl: wild type epimastigote. Blue: Hoechsirsteg of
nucleus (n) and kinetoplast (k) DNA. Red: PAT labgl(arrow) with AlexaFluor 594.

Bars =5 um.
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TcPAT5

TcPAT9

Kn

TcPAT13

Figure 4. Localization of FLAG tagged PPTs inTrypanosoma cruz epimastigotes by
immunofluorescence assayControl: wild type epimastigote. PPTs were labefredced
with AlexaFluor 594. Nucleus (n) and kinetoplast [KNA were labeled in blue with
Hoechst. DIC: Differential Interference Contrasipwing the parasite morphology. Bars

=5um.
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Table 1. Primers used for PAT isolation from gDNA @fypanosoma cruzi (clone

Merged

Dm28c) epimastigotes F'= forward primer; R'= rexee@imer.

PAT/ Gene ID FIR (5-3)
TCPAT1/ * ATGCAGGTGTTTGGCGCTCGGATG
ACGGCGTTCATCTTTCACCT
TcPAT2/ ATGCCACAGACTAACAGCACGGAATGG/

TcCLB.506297.250 GGGTTCTCTGACTTCATGCGC

TcPAT3/ ATGGGGCCCATACGCGTTGAAAGAG/

TcCLB.510899.50 CACCTGCGTGGCACACAACT

TcPAT4/ ATGTCAGGTTTCTGGTCTGTTCAGC/

TcCLB.508479.200 CACCTCTGCTGTTTCAACGACAATAT
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TcPATS/

TcCLB.509029.170

ATGTCCGGAGAGACTTTTGCTTG/

CTCATATTTCATCCTCCGTTCTCCT

TcPAT6/

TcCLB.506177.40

ATGCGGTCATCTATGTTGCTGCTTTT/

TTCCTCCTTCATCTCCTCCTCGCT

TcPAT7/

TcCLB.510687.130

ATGGATGAATCAAACGACGCG/

CACGTCATTCTCAGCGTTTCG

TcPATS/

TcCLB.511897.19

ATGGGTAAGATTTTTGAAATGGAGGT/

CCGTATCAAATCAACAAGAGTTCTCC

TcPATY/

TcCLB.509769.33

ATGGATTGCGTGGTAGGTATGCGGAAT/

AACTAGAGCCTCAGTGTTCAACCAC

TcPAT10/

TcCLB.508239.40

ATGATGTCATTGTTATCACGATGGG/

CACAAGGTCGGCGTCATCG

TcPAT11/

TcCLB.511823.50

ATGTCGTTGCTTTGTTGTGATCC/

GTCATATTTGGGTGAAATGGGTG

TcPAT12/

TcCLB.506855.10

ATGGGGTCGTTGATTCCGC/

CACCGGCAACATCACCTCATC

TcPAT13/

TcCLB.510747.18

ATGAATGTACCCACTTCATCCAGTCCGAT/

CACATAAAACTCGGCGTTTTCC

TcPAT14/

TcCLB.511153.60

ATGGAGTCCGTGGAAGTGCTAGT/

TGCGATGATGGGGCTCTTATT

TcPAT15/

TcCLB.509105.20

ATGCGGTGCTGTGGGCG/

CATACCACCAGATCCGGGAAGCGAC

*(Batista et al. 2013).
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Table 2. Identification, in silico analysis and primer design ofTrypanosoma cruz
PPTs PPT: Palmitoyl thioesterase; BP: Number of basespleDa: molecular weight of

the predicted protein; F': forward primer; R’: rege primer.

PPT/Gene ID BP | kDa FIR (5-3)

TcCLB.506797.70 | 843 | 30.2] ATGATCGGAACGCCGATAGAAAACT/

(TcPPT1) AGCCTTGGACTCAATCGCCGGCAATACCT

951 | 35.5| ATGCTTCTGCAGGACGTTATTGGAG/
TcCLB.504149.55 GAGTCTCGATTTGTAGCCCTTTCCTG

(TcPPT2)

4.4. Conclusao Capitulo 1

- ApoGs buscas em bancos de dados genémicos, fomtificedas 15 possiveis DHHC
palmitoil transferases (PATS) e duas palmitoil sieeases (PPTs) emcruz.

- Todas as TcPATs e TcPPTs, exceto TcPAT1 e TcPAdGm clonadas no vetor
pTcGWFLAG.

- Foi possivel obter parasitos transfectantes darimados genes alvos, exceto para
TcPATA4.

- A maioria das TcPATs concentrou-se na regiaersmt de formas epimastigotas,
compativel com a localizagdo de complexo de Galtgidbflagelar e/ou vacuolo contratil;

- A localizacéo das PPTs foi dispersa pelo citopkas
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V. Capitulo 2
Obtencao de amastigotas intracelulares por cavitaga

A segunda parte da tese foi a obtencdo de formastayotas intracelulares
isoladas por descompressao do nitrogénio (cavifggia uso em ensaios bioldgicos, tais
como endocitose, incubacdo com o inibidor de paitagdo 2-BP e palmitoil
protedmica. Foi possivel obter uma populacéo viayelrificada de amastigotas isoladas
por esta técnica, com marcacgao positiva de Sspd,puoteina especifica da superficie
destas formas. ApOs realizar ensaios de endocitoéecomprovada a atividade
endocitica, com co-localizacdo de transferrina edthumina com cruzipaina nos
reservossomos destas formas. Estes resultados putalinados na revista PLOS ONE
(Fator de impacto 2.806, Qualis CB1: B1).

O efeito do inibidor de palmitoilacdo 2-BP sobreamsastigotas isolados estao
descritos no Capitulo 3 e os dados sobre a palmitatieémica no Capitulo 4.

5.1. Objetivo

Obter amastigotas intracelulares viaveis por ce&iidgara estudos de endocitose.

5.2. Objetivos especificos

1.Otimizar a presséo e o tempo necessario paralsdula hospedeira e isolar o parasito
intacto;

2. Realizar imunofluorescéncia indireta com o marcaggpecifico de superficie de
amastigotas intracelulares Ssp4;

3. Realizar ensaios de endocitose.

5.3. Artigo publicado

Autores: Cassiano Martin Batista, Rafael Luis Keisdtiane Eger, Maurilio José Soares
Titulo: Trypanosoma cruz intracellular amastigotes isolated by nitrogenoagression
are capable of endocytosis and cargo storage énv@somes

Revista: PLoS One. 2015 Jun 9;10(6):e0130165.1doi:371/journal.pone.0130165.
Fator de impacto (2016): 2.806 (Qualis CB-I: B1)

41



GIPLOS |one

Crogs Mark

¥ TR T e

EDF'EN ACCESS

Ciabon Bateis M, Masier AL, Bgerl Soams M)
(2015) Trypanazoma cael infracelusr Amasigoss
Isoited by M irogen Decomprassion Am Capabils of
Endocyisis and Cargo Siormge in Reserasomes.
PLoS OME 10¢6] =01301 &5, doe 1001 57 jpurnal.
poene 1130165

Academic Ediior: Bdacio Cunha-Mein, Urseesityof
S0 Paio, BRATE

Received Femuay 23, 2015
Accapled: May 18, 2015
Published: Juned, 2015

Copyright: © 2015 Bateta et &l The isan apan
aess afce detibuled undar e temns of e
Craates Commons Attbuion Licenss which pemis
wrestricied use, disirbu ton, and repnod udon n any
medum, prosided Tie arigingt autor and snoms as
coadiad.

Data Avalahifity Statement: All reecert dib o
within the paper and i Supporing nformaton fes

Fundinge Ths work v s supoared by Coomanacin
ida Aperisgramento de Pessadl de Mives Supenor
(CAPES), Goresiho Mackonal da Dessmobiman o
Centifim & Tecnoligeo (P} and Fundagio
Cawaitdo Car {Rodur]. The fundas had no mia n
study desgn, data coiecion and ansheis, decaan o
puibdEh, o pregarainn of e manascipl.

Compsing Inlemsts: The auhors navs dedasd
st no competng inesets adst

RESEARCHARTICLE

Trypanosoma cruzi Intracellular Amastigotes
Isolated by Nitrogen Decompression Are
Capable of Endocytosis and Cargo Storage in
Reservosomes

Cassiano Martin Batista'™* | Rafasl Luis Kessler™, Iriane Eger’, Maurilio José Soares’

1 Laboraténo de Biologia Celular, Instiuto Caros ChagasHocne-FR, Cuntiba, Parana, Brazil,
2 Lahoratanio de Gendmica Funconal, Instituio Caros Chagas!/Rocruz-PR, Curitiba, Parand, Brazl,
3 Deparameanio de Biclogia Geral, Unfversidads Estedua de Ponta Groass, Ponta Grosss, Parana, Brazil

& Thess autnors confnibuted eqguslly 1o this waork.
# cassianombatists @ gmail.com

Abstract

Epimastigote forms of Thpanosama cruzi (the aticlogic agent of Chagas disease) internal-
iz and store extracellular macromolecules in lysosome-related organelles (LROs) called
resenosomes, which are positive for the cysteine protease cruzipain. Desplite the impor-
tance of endocytosis for cell proliferatiocn, macromolecule intemalization remains poorly un-
darstood in the most clinically relevant proliferative form, the intracellular amastigotes found
in mammalian hosts. The main cbstacle was the lack of a simple method to isclate viable in-
traceliular amastigotas from host celis. In this work we dascribe the fast and efficiant isola-
tion of viable intracellular amastigotes by nitrogen decompression {cavitation), which
allowed the analysis of amastigote endocytosis, with dire ot visualization of internalized
cargo inside the cells. The method routinely yielded 5!1ﬂ7anmsﬂguta&—vﬂm typical shape
and positive for the amastigote marker Sspa—irom 51 10% infected Vero cells (48h post-in-
fection). We could visualize the endocylosis of fluorescently-labeled transferrin and albumin
by isolated intracellular amastigotes using immunofluorescence micrscopy | howaver, only
transfemin endocytosis was detectad by flow cytometry (and was also analyzed by western
bilotting ), suggesting that ama stigotes intemalized relatively low levels of albumin. Transfer-
fin binding to the surface of amastigotes (at 4°C) and its uptake (at 37°C) were confirmed by
binding disscciation assays using acetic acid. Importantly, both transferin and albumin co-
localized with cruzipain inamastigote LROs. Our data show thatisolated T. cruzi intracedlu-
lar amasigotes actively ingast macromaol ecules from the environment and store them in cr-
zipain-positive LROs functionally related to epimasfigote resenosomes,
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Introduction

The internalization of extracellular macromolecules by eukaryotic cdls ocours by clathrin-med-
ated or clathrin-independent endocytosis [ 1-4]. In the protoeoan parasite Tryparnozoma criet
(Euplennzoa: Kinetoplastea), a hemoflagdlate that canses Chagas disease in humans [5-£], endo-
cytic events are well characterized in epimastigotes, proliferative forms found in the insect vector,

T, crusi epimastigntes ingest macromolecules via endocytic vesides formed at two special -
ized cortical structures located at the anterior of the cell: the optostome/ cyto pharynx com plex
and the flagellar poclket membrane [5 6, 9]. After endocytosis, intemalized macromolecules
are directed to lysosome-related structures (LROs ) called reservosomes, and co-localize with
cruripain, the major cysteine protanase in T. oruzi [5 10-12]. All T crezi developmental
forms have LROs, asshown by the co-localization of serine carbypeptidase, cruzipain and
chagasin in axenic epimastigotes, intracellular and tissue culture-derived amastigotes, and try-
pomastipotes ohtained from cultore supernatants {13]. However, contrary to the role of reser-
vosomes in epimastigotes, it is possible that the LROs ofintracellular amastigotes may not be
used for the storage of extracellular macromaleculss internalized by the parasite [13].

The tron transporter transferrin [14] is a key molecole internalized by T, cruzi epimasti-
gotes. In try panosomatids, transferrin obtained by endocy tosis is the main source of iron ions
that are essential for DMA replicition, anticcidant defense, mitochondrial respiration and also
for the synthesis of the modified base '’ [15]. Previows works indicate that transferrin uptake
in epimastigotes ocors by receptor-mediated (but clathrin-indepen dent) endocytosis, mainly
through the cytostome/Cytopharynx [6,16], while albumin internalization eccursby clathrin-
depmdent endocytosis at the flagdlar podoet membrane [6-8].

While endocytosis by T. ouz epimastipotes has been studied in detail, the endocoytic activity
of proliferative intracellular amastigotes —the most clinically rdevant form of the parasite—is
poorly understood. Morphologically, the presence of a cptostome [17] and of LROs with large
electron-lucent rods [13] (similar to the reservosomes found in epimastigotes [8,18]) suggest
that endocytosis is likely to occurin the amastigote form. However, sndocytosis has rardy bemn
detected in intracdlular T. cruzi amastigotes.

A pionecing stady in 197 3 showed that intracellnlar T, oz “spheromastipotes” (Lie., amas-
tigote-like forms) incorporated melanin granules from chick embryo pigmented epithelial
cells, via the cytostome [19], Also, T, ouzi amastigotes express receptors for human transferrin
[20], and require iron for growth in axenic conditions [21], in peritoneal macrophages in vitro,
and inmice [22]. Amastigotes internalize holo-transferrn (Le., iron-loaded transferring, as
shown by the inability of acid treatment to dissodate amastipote-bound holo-transferrin at
37*C, when endocytosis is active, while diszociation ocours readily at 4°C, when endocytosis is
blocked [20]. However, these authors could not den onstrate the intracellular localization of
the internalized transferrin. More recently, Waghabi and co-workers (2005 ) showed that intra-
cdlular amastigotes internalize transforming growth factor-f (TGF-§) from host cardiomyo-
cytes (by a poorly characterized process of receptor-madiated endocytosis), and that TGE-f
uptake is important to regulate the intracellular life cycle of the parasite [23], Nevertheless, the
exact localization of the internalized TGF-f could not be determined. Finally, an ultrastructural
study showed a few surface-bound transferrin-gold complexes in amastigotes collected from
the supernatant of infected Vero cell cultures, but again no intracellular labeling was found [5].

The difficulty in detecting endocytosis in intracdlular anzastigotes is likely due to the fact
that endocytic assays are technically challenging in this life opde form. When assays are per-
formed using infected cefls, labeled tracers are first taken up by the host cells and, therefore, are
mostly unavailable for uptake by intracellular amastigotes in the host cell cytoplasm [24], Per-
forming endocytosis assays with isolated amastipotes may represent an interesting alternative,
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Intracellular amastigotes can be isolated directly from infeaed spleen and liver [25] or from in-
fected tissue culture cells [26, 27] by density gradient cen trifogation (using metr amide and/ or
Percoll). Density gradient-based protocols are, however, very laborious and involve several me-
dium changes, which can lmd to a considerable loss of parasite viability, A different protoool,
adapted from a method to purify T. cruzi metacyclic trypomastigotes [28, 29], wsed anion-ex-
change chromatography to separate T. ouzi intracellula r amastipotes from cell debris and try-
pomastigotes, after needle-based disruption of infected alls [30]. Although this is a robust
option to purify amastigotes in a lerger sale, chromatography is also ime consuming, and the
positively-charped resin may induce changes in the parasite’s surface glymoonjugates.

In the present work, we introduce a rapid cavitation procedure to isolate T crizi amasti-
gotes from Vero cells. In this protool, cavitation by nitrogen decompression is followed bya
few centrifugation steps (but no density gradients), allowing the rapid purification of viable in-
tracellular amastigotes that are competent for endocytosis. Flow cytometry, fluorsoence mi-
croscpy and western blotting analyses demonstrated that the T. cruzd amastigotes isolated
using this new methodology were capable of internalizing transferrin and albumin from the ex-
tracellular milien, and that these molecules were directed officiently to LROs. Importantly, we
detected co-localization of ingested transterrin and albumin with cruzipain, in LROs. Our data
also suggest that the LROs of T, cru g intracellular amastigotes correspond to reservosomes,

Materials and Methods
Heagents

BCIP-NET Color Development Substrate was purchased from Promega Corporation
(Madison, W1, USAL Alkaline phophatase (AP)-conjugated rabbit anti-goat lgG and AP-con-
jugated rabbit ant-mouse IgG were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Holo-transterrin, bovine serume albumin, Boswel Park Memorial Institnte- 1640
(RPMI-1640) medium, Dulbecon's modified Fagle medium (DMEM ) and anti-transferrin goat
Igs were purchased from Sigma-Aldrich (St Louis, MO, USA). Bench Mark Protein Ladder,
alhumin-Alexa 488, transferrin-Aleca 633, Hoechst 33342, poat anti-moose antibody coupled
to AlexaFluor 488 or 594, and rabbit anti-goat antibody coupled to AlexaFluor 594 were par-
chased from [nvitrogen-Life Technologies (Carlsbad, CA, USA) Prolong Gold antifade reagent
was purchased from Molecular Probes-Life Technologies (Eugene, OR, USA). Fetal bovine
serum {FBS | was purchased from Cultilab Ltda (Campinas, 5P, Brazil). The anti-Ssp4 2C2
monoclonal antibody [30] was ldodly provided by Dr, Rmato Mortara (UNTFESP, Brazil},

Parasites

Culture epimastigote forms of Trypamosorma cru s cdone Dm28c [31] were maintained by week-
ly passages inliver infusion tryptose (LIT) mediom [32] supplemented with 10% heat-inacti-
vated fetal bovine serum (FBES), at 28%C.

In vitro-derived T. cruzi metacyclic trypomastigotes were ohiained by incobating epimasti-
gotes in TAUIAAG medium, according to a previonsly described maacyclopmesis (e, epi-
mastigote-to-trypomastigote differentiation) protocol [33] After 72 h of cultivation in this
medium, ~80% of the cells in the supernatant were trypomastigotes.

Vero cdls {ATCC CCL-81) were maintained in 75-cm” cell culture fasks (Corning Incorpo-
rated, Corning, WY, USA), in RPMI medivm supplemented with 5% FBS, at 37°C (in a humidi-
fied 5% CO; atmosphere}. Cals were infected with i witro- derived metacydic trypomastigotes
(at a ratio of 10 parasites/odl}, 24h after passage After 4 hof interaction, bost cell monolayers
were washed with PBS (to remove non-adherent parasites) and then incubated in the same
conditions with 7-10 m] DM EM mediom supplemented with 10% FBS for four days, when
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trypomastipote prodoction peaked. Then, culture supernatants were collected, and cell-derived
try pornastigotes that had been rdeased into the supanatant were harvested by centrifugat ion
at 3,000g, for 15 min

Aooenic amastigotes were obtained by in vitro amastipopenesis [ 34]. Briefly, trypomastigotes
were oollected from the supernatant of infected Vero cell coltures (4-days post-infection), washed
with PBS and incubated inhigh glumse DMEM medium, at pH 5, and 37°C (n a humidified 5%
CO; atmosphere]. After 24 hours, almost 100% of the cdls had an amastigote shape,

Isolation of T. cruzi intracellular amastigotes by nifrogen cavitation

To isolate intracellular amastigotes from host cells, fve culture flasks with 1x10 infected Vero
cdls gach were washed three timeswith PES (under gentle agita ion}, 48 hours post-infection
(ie., at the peak of intracdlular amastigote replication), to eliminate contamination with extra-
cdlular amastigotes. Then, cultures were trypsindzed for 10 min at 379, and the trypsinization
was halted by the addition of cold FBS 1:1 (viv). The infected odls in suspension were lysad by
nitrogen decom pression (cavitation), in a 4639 cell disruption vessd (Farr Instrument Compa-
my, Moline, IL, USA}, using 180 psi pressure, for 5 min, Intact Vero cells were removed by oen-
trifugation at low speed (10 mun, 800g}, and intracdlular amastigotes were recovered from the
supernatant. Cell debris were removed from the amastipote fraction by three centrifugation
steps at 2,000p for 5 minutes, to produce a supernatant of isolated intracellolar amastigotes,

Endocytosis assay

Isolated intracellular amastigotes, axenic amastigotes and culture epimastigotes {positive con-
trol} were subjected to a previously desaibed endocytosis assay [5], using %108 parasites for
Aow cytometry analyzes, 5x10% for fluorescence microscopy studies and 107 for western hlot-
ting. Bricfly, after 15 min under stress in PBS at 25%C, parasites were incubated with 50 pgfml
transferrin- AlexaFluor 633 oralbumin-AlexaFluor 488, for 30 min, at 37°C (amastigotes) or
28°C (epimastigotes). Alternatively, parasites were incubated at 4°C to allow transferrin bind-
ing without internalization [6], or the retention of albumin in the flagdlar podeet [10]. MNega-
tive control cells were incubated in the absence of labded trans ferrin or albumin,

Transferrin disscciation assay
Membrane-bound transferrin was dissociated using a previously described method [17],
with modifications. Parasites were subjected to endooytosis assays as described above (using
50 pg/ml transferrin-AlexaAuor 633) and then incubated for 55 at 4£°C with 025 M acetic aad/
0.5 M sodium chloride, pH 3.5, after which the pH was quickly nentralized with 1 M sodium
acetate, Transferrin dissociation from the parasite’s surface was analyzed by western blotting
and flow cytometry, as deseoribed below.

Western blotting.  For western blotting, 1w epimastigotes or isolated intracellular amas-
tigotes that had been subjected to endocytosis and transternin dissociation assays (wsing
125 pgfml transferrin-AlexaFluor 633 ) were washed, ressuspended in 15 pl PBS + 5 pl. dena-
turing buffer (final concentration: 40 mM Tris-HCIpH 6.8, 1% S5D5, 2.5% A-mercaptoetha-
nol, 6% glycerol and 0.005% bromophenal blue), boiled for 5 minand then vortexed. Samples
were run on 10% SDS-PAGE gels, and then transferred (by wet transfer} onto nitrocellulose
membranes (Hybond €, Amorsham Biosciences, Budkinghamshire, United Kingdom ) accord-
ing to standard protocols [35]. Membranes were blocked in blocking buffer (5% non-fat milk!
0.05% Tween-20 in PBS), which was also used for all antibody incubations, After bloding,
membranes were incubated for 2 h with an anti-transferrin goat antiserom (1: 200, dilution ),
and then for 1 h with @ moose antiserom against ToGAPDH (1:5000 dilution) [36]. After 3
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washes with 0.05% Tween-20/PBS, membranes were incubated for Th with AP-conjugated rab-
bit anti-goat (1:7000 dilution} and AP-conjugated rabbit anti-mouse (1:500 dilution} lg( anti-
bodies; washed 3 tmes with 0.05% Tween 20/PBES, and reactive bands were visualized using the
BCIP-MEBT solution, according to the manufacturer's instructions. The Bench Mark Protein
Ladder {10-220 kDa) was used to determine molecular weights,

Transferrin band densitometry was performed using the Image] 1.45s software (National
Institute of Mental Health-MIMH, Bethesda, Maryland, USA). Integrated band densities esti-
mated by Image] were used to caloulate the ratics between the signal at 28°C (epimastigotes) or
37°C (amastigotes) and that at 4°C, for both untreated and acetic acid-treated parasites,

Flow cytometry

Live parasites that had internalized transferrin- AlexaFluor 633 or albumin- AlexmFluor 488
were analyzed in a FACSAria 1T flow cytometer (Becton-Didiinson, San Jose, USA), using 660/
30 and 53030 nm band-pass filters, respectively, A total of 20,000 events were acquired in the
regions of the FSC x55C plot previously shown to correspond to parasites [37]. Data analysis
was performed using the Flow]o software (Flowlo, Ashland, OR, USA), and the normalized
median fuorescence intensities of ransferrnin and albumin were aloalated as the ratios be-
tween the median fluorescence intensities of treated and untreated cells, Statistical analy sis was
perfiirmed wsing the software GraphPad Instat (GraphPad Software Inc, La Jolla, CA, USA), by
ANOVA followed by Tukey-Eramer multiple comparisons test.

To detect the amastignte-spedfic surface protein Sspd [18], in vitro-derived metacyclic try-
pomatigotes and amastigotes (intracellular and axemic) were washed twice in PBS and fived for
15 min in 4% formaldehyde. Cdls wore then incubated for 30 min at 28%C with an anti-Ssp4
monocknal antibody [38] diluted to 1:3200, in PBS (pH 7 2). Samples were washed with PBS
and incubated for 30 min at 28%C with a goat anti-mouse secondary antibody coupled to Alexa-
Fluor 488 (1:1000 in PBS). Cells were washed with PBS and immediately analyzed by Sow cp-
tometry (as described above), using a 530/30 nm band pass filter. In paralld, anti-Sspd stained
cdls were adhered to poly-L-lysine mated slides and observed under a Nikon EG00 epifluores-
omce microscope (MNikon Instruments, Tokyo, Japan).

Immunofluorescence microscopy

To detect native cruzipain, isolated amastigotes and culture epimastigobes were washed twice
in PBS, fxed for 30 min with 4% paraformaldehy de, permebilized for 5 min in 0.5% Tritonin
PBS, and incubated for2 h at 37%C with 50 pg'ml anti-cruzipain menoclonal antibody (CZP-
3509 [29]), in PBS. Samples were then washed three times in PBS and incobated, for 2 hat
37C, with a goat anti-mouse secondary antibody coupled to AlexaFluor 488 diluted to 1:600 in
‘incubation buffer’ (PBS with 1.5% BSA)

To co-localize transferrin- AlexaHuor 633 or albumin-AlexaFluor 488 with cruzipain, para-
sites that had been subjected to endooytosis assays were fixed for 30 minin 4% paraformalde-
hyde and permeabilized for 5 min with 0.5% Tritonin FBS, For co-localization with
transferrin- AlexaFluor 633, sam ples were incubated with both CEP-315.09 (50 pp/ml) and the
anti-transferrin goat antiserum (to enhance the AlexaFluor 633 signal; diluted to 1:150 in incu-
bation buffer}, washed three times in PBS and then incubated with goat anti-mouse-AlecaFluor
488 (to detect cruripain} and rabbit a.riti-Euat—AlL‘.uF]J.mr 504 (to deted transferrin) second-
ary antibodies (diluted w 1600 in incubation buffer). For m-localization with albomin-Alexa-
Fluor 488, samples were inoubated with CEP-315.19 and then with a goat anti-mouse-
AleaFluor 594 secondary antibody (nsing the same dilution con ditions mentioned above).
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After antibody incobationss, all sam ples were washed three times in PBS, incubated for 5
min with 1.3 nM Hoechst 33342, mounted with Prolong Gold antifade reagent and examined
under a Mikon Eclipse E60{ epifluorescence micoscope.

Results and Discussion

Rapid and efficient isolation of viable T. cruzi intracellular amastigotes by
nitrogen decompression

T. cruzi epimastigote forms internalize albumin and transferrin and store these molecules in
reservosomes, the late endocytic organdles in this parasite stage [5,8]. In contrast, little is
known about the endocytic activity of the proliferative intracdlular amastigote form, which
prevails in chronic chagasic patients and represents the most clinically relevant form of this
parasite [40], Thus, the aim of our study was to analyze the endocytic activity of amastigotes by
using transferrin and albumin as probes.

Given that the study of endocytosis by intragellular amastigotes is hindered by the concomi-
tant endocytic activity ofhost odls, we first attempted to male fluorescent-labeled endocytic
tracers avatlable to amastigotes directly in the host odl's cytoplasm, using mild detergent treat-
ments (with saponin and bysolectthin) of infected cells; however, host cells were killed by the Jow-
est detergent concentrations required for transfecrinentry into the cytoplasm (data not shown .

Therdore, we devdoped a protocal to isalate viable, endocytosis-competent intracdlular
amastigotes from infected host cells, using nitrogen decompression {alse known as nitrogen
cavitation ). Nitrogen decompression is an effective method for lysis and homogenization of
od] suspensions [41], and is based on oxygen-free nitrogen dissolution under high pressure.
After a sudden release of the pressure, nitrogen "bubbles out’ from the solution, including the
cdl imterior, culminating in plasma membrane disruption. Depending on the cell type, higher
pressures (leading to higher nitrogen dissolution} are needed for effedtive lysis. Mammealian
odls are successfully disrupted after the release of 250-500 psi of pressure, while smaller cells
with a resistant cell wall, such as bacteria, need around 1,500 psi [41]. Trypanosomatids have a
sub-pdlicular anrset of microtubuoles that maintains parasite shape and provides resistance to
mechanical pressure [42]. Heor, higher pressures are required to dismupt T. crust cells by cavi-
tation, when compared with those needed to lyse mammalian cdls, and we explored this differ-
ence efficiently to release intracdlular amastigotes from infected cells.

Cell disruption by nitrogen decom pression alowed the release of ~5x1 {7 arnast igotes per
5x10% infected Vero cells (NIH 3T3 fibroblasts and H9C2 myoblasts were also used successfully
for intracellular amastigote isolation; data not shown). Morphological analysis by light micros-
copy showed that the parasites obtained by nitrogen cavitation had the typicml amastigote
shape (Fig 1A), Flow oytometry analysis of parasites labeled for the amastigote-spedfic surface
protein Ssp4 showed that isolated intracellular amastipotes had strong Ssp4 expression, similar
to that observed in axenic amastipotes (Fig 1B}, while trypomastigotes and epimastigotes did
not express Sspd. These data confirmed that the isolated parasites were indeed amastigotes. In-
terestingly, isolated intracellular amastigotes had a narrower profile of Sspd expression than
axenic amastigotes, indicating that axenic amastigotes constitute a more heterogeneous popu-
lation formed by parasites in a variety of differentiation stages.

Infected Vero cells containing intracellular amastigotes were morce susceptible to cavitation
than uninfected ones, and could be lysed effectively with as little as 180 psi, a condition that did
not affect intracdlolar amastigotes (51 Fig). Flow optomdry using a GFP-Auorescent T, ozt
clone [43] showed that, after cavitation, almaost all infected Vero cells were disrupted, rdeasing
GFP-positive vighle mtracellular amastigotes (51 Fig). In contrast, uninfecdted Vero cells could
only be lysed efficiently after the rdease of 350—400 psi, which also disrupted -25% of
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decomprassion 2nd diferential centrifugation. Note that most cells nave the typical amastigote shape. Scals bar, 10 pm. (B} Fiow cylometry analysis of
axenic and isolsied inracelulsr smastgoles, cuflure epimastgoles and i wito -demed trypomastigoles lsbeled with an antibody against Sspd, a specific
amastigole marker. Trypomastgoles and epimastigoles had low levels of fluorescence signal (possibly due 1o auto-flucrescence), whils axenic and
intrecediular amastigoies showed highertluorescence indensdy. (C) Immunofiuorescence mioroscopy of isolated infracellular amastigoiss labeled with an
antHS spd antiserum (greean, in @-d}, or with the ant-cruzipsin monocionad antibody C2P-315.09 green, ine-h). The nuclsus (amow) 2nd the ane oplzst
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=signal is found speciically in yaosome relaled organelles postenior 1o the nucleus. Scale bars, 5 pm.
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intracellular amastigotes (not shown). Hence, by pedforming nitrogen cavitation at 180 psi,
onlyinfeded cells were disrupted, resulting in increased recovery of intact amastipotes and a
reduction in the amount of odl débris, which could be removed easily by successive washes
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Fig 14 ). We used a 5-min cavitation period routinely, and longer cavitation periods (10 min}
did not increase parasite yield (data not shown].

Weconfirmed the expression of Ssp4 by indirect immunoflucrescence, and also to analyzed
the localization of the reservosome/LEO marker cruzipain in intracellular amastigotes (Fig
1C). We observed a strong Ssp4 signal on the cell surface of isolated intracdlular amastigotes
(Eig 1C), aspreviously described for extracellular amastigotes obtained from the transforma-
tion of blood orcell culture try pomastigotes [38]. The anti-cruzipsin monoclonal antibody
CEP-315.19 recognized an LRO-like structure postenior to the nucleus (Fig 1C), a ocalization
compatible with that of LROs [13],

Previously desaribed methods for the isolation of T, criezi amastigotes are laborious and in-
volve several medium changes andfor anion-exchange chromatography [25-29], with consid-
erable loss of parasite viability and likely changes in the amastigote surface glycoconjugates
(due to the interaction with the positively-charged resin). The nitrogen decompression method
for intracellular amastigote isolation described here is easier and faster than previowsly de-
scribed protocols, and yidds viable amastigotes efficiently, and s likely to represent an excd-
lmnt tool for studies on different aspects of imastigote biology.

Isolated intracellular amastigotes internalize fluorescently-labeled
transferrin

Muost data sugpestive of endocytosis by amastipotes is indirect [19-23]. Soares and De Souza
(1991 ) showed direct evidence of transterrin binding to the s orface of cdl-derved amastigotes,
but not of transferrin internalization, sugpesting a low levd of endocytic activity by amastipotes
[5]. In our work we have also tried to visualize transferrin endocytosts directly by transmission
electron microscopy (TEM) inisolated intracellular amastigotes, but no intracellular transfer-
rin-gold complexes were ohserved (data not shown). These results were likely due to the rela-
vy low endocytic activity of amastigotes, compared with that of epimas tigotes, where @rgo-
gold complexes can be readily detected by TEM. Thus, we attempted to detect endooytosis in
isolated intracellular amastipotes by more sensitive techniques than TEM, such as wistern blot-
ting and flow cytomery.

Using western blotting, we confirmed the presence of holo-transferrin (MW 76-81 kDa) in
protein extracts of amastigotes and epimastigotes {positive control cells} subjected to a tmnstferrin
uptake assay (Fig 2). The anti-ToGAPDH antiserum used as a loadng control recngnized a polby-
peptide of the corred molecularwaght (40 kDa) inall T cruzi developmental forms (Fig 240

Whole cell extracts of isolated intracellular amastigotes incubated at the endocytosis -per-
missive tem perature of 37°C (likely to indude both surface bound and internalized transferrin)
contained more transferrin than extracts of parasites incubated at 4°C, when endocy tosis does
not oocur and, thus, only surface- bound transferrin should be detected (Fig ZA). After a rapid
(5s) acetic acid treatment, which leads to the dissociation of surface-bound transferrin [20],
holo-transferrin levels in amastigotes mogbated at 37*C remained similar to those observed
without acetic acid treatment. In epimastigotes, transferrin lomlizes inside the Aagdlar podoet
and the cytostome/crtopharynx complex, and then accumulates in the reservosomes [5.8].
While the intracdlular pool of labeled transferrin is not accessible to acdtic acid treatment, this
treatment is expeaed to remove most surface-bound transferring in parasites incubated at 4°C,
In this study, we chserved a residual signal after acetic acid treatment in parasites incubated at
4°C (Eig 2A), probably due to surface- bound transfernin that could not be readily removed
from to the mteror of the cytostome/cytopharynx or from the flagellar pocket (Eig ZA). Densi-
tometry analysis showed that the ratio between the transferrin signal at 28°C and that at 44C
was higher for parasites treated with acetic add compared with untreated parasites (Fig 2B), in

49



@.PLOS | GNE Endooyiosis in Isoleted T. cnizf Amastigotes

A

WESTERN BLOT ANTI-
FOMCEAL TRANSFERRIN

Translmmin - 4°C I8%C 4°C 269G - 4°C aPC NPT Translemn - 4°C 205G $°C 39°C - 4°C 370 4°%C 370

P OABMIGASE - - - 8 % - = o= . 4

' -T:GqPDHP!-'-_' - —
e

TSOaled (MACE LT Epimasiny =y
amasiig ol
12y
|
0+ o T
|
Bl
51
|
it o
5l
-
al ]

Epimasligotes Isolated nbracellular
amastigotes ac=iceso aod teatmeni

Fig2. Westemn blotting analysis of transferrin-AlexsFluor 633 uptake in isola®d Trvps nosoms cruzi
intrecel lular amestigotes. (A} Detecton of holo-transtemin (using ant-ransis min go a1 antisemm) in total
prodEin extracs of isclated intraceliular amastigoles and spimastigoies (pos e control for endocyiosis)
endocytosis assays at different temperatures. The panel on the st shows the Ponceau-stained membrane
use d for ransiemin immunc-iotting anshesis (on e ight). The proiein band with approsximately 80 k0s
comesponds o transterrin, Protein exirect from isolsed intrece luler amastigotes incubated with frenstemin at
3G showed a strong band, indicating transiemin intemalzation. TeGAPDH {40 kDs jwas used 55 3
loading coniml. {B) Ratios between the integraied densities of the transtemin band &1 28 or 370 and 4°C (Y-
axis}, based on messurements perlommed wsing Image.d.

10,137 1 oumat pon 2 1 30165, 9002

agreement with the hypothesis that add reatment removed the pradominanty surface-bound
transferrin at 4°C, while the internalized transferrin prevalent in parasites incubated at 37°C
was resistant to acid treatment,

Owerall, the western blotting data sugpest that transferrin hinds to the surface of amastigotes
(at 4 and 37C}and is internalized by parasites (at 37C). A positive control for endocytosis
using epimastigotes (at an endocytosis-permissive temperature of 28°C, instead of 37%C)
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showed a very similar pattern to that observed for amastigotes, supporting our interpretation
ofthe amastigote data.

Isolated intracellular amastigotes have higher intracellular levels of
labeled transferrin than axenic amastigotes

Flow cptometry analysis provided further support to the notion that transferrin is internalized
by isolated intracdlular amastipotes, since the transferin-AlexaFluor 633 signal in these para-
sites increased significantly (p-<0.001 } when endocytic assays were performed at the endocoyto-
sis-permissive temperature 374C, compared with samples incubated at 4%C (Fig 3A ). The
Auorescence signal increased in cdls incubated at 4°C, compared with controls without trane-
ferrin, inline with the western bloting data that suggest that binding of transferrin to the sur-
face of isolated intracellular amastigotes ocours at this temperature. The transterrin-Alexa Fluor
633 signal decreased after acetic acid treatment in isolated intracellular amastigotes incubated
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at 4°C, and also in those incubated at 37°C. However, the fluorescence intensity of cells incu-

bated at 37°C and treated with acetic acid remained higher than that of cells incubated at 4%C,
but not subjected to acid treatment (Fig 3A). These results sugpest that a considerable propor-
tion of the labeled transterrin in cells incubated at 37°C was found in internal organdles and,

thus, was resistant to acid treatment {Fig 3A).

Similar results were obtained fora positive control for endocytosis using epimastigotes (at
an mndocytosis-permissive tem perature of 28°C, instead of 37°C): the Auorescence signal was
higher incells incubated at 28°C, when compared with those morhated at 4%C (Eig 34). Also,
acetic acid treatment decreased the fluorseence intensity in both @ees, although a higher sig-
nal remained in cells incubated at 37°C, indicating transferrin internalization.

Interestingly, we observed a relatively low fuorescence signal inaxenic amastigntes incobat-
ed at 37C, similar to that seen in cells incubated at 4°C (Fig 3A). These data indicate that axe-
nic amastigotes ingest only a limited amoont of transferrin and, therefore, do not reprsent a
refiable modd for studies on T owezi endocy tosis, Normalized medians of the floorescence
peaks showed that the endocytic activity ishigher in epimastigotes than in isolated intracdlular

amastigntes, while axenic amastipotes showed only minimal endocytic activity {Fig 3B),

Labeled transferrin co-localizes with cruzipain in lysosomal-related
organelles (LROs) of isolated intracellular amastigotes

['o cxamine the destination of the internalized transferrin, isolated intracdlular amastigotes
were subjected to endocytosis assays and then processed for immun ofluorescence for the detec-
tion of transferrin and also of cruzipain, a marker of LROS (Le, the reservosomes), the final
destination of internalized transferrin in epimastigotes. In positive control cdls (epimastigotes)
incubated at 4°C, only crusipain was detected in the reservosomes, lomted at the posterior end

of the cell (Fig 44 and 410}, while transferrin was found at the anterior md of the aell (likely

DIC

Cruzipain Transferrin  Merged

B 28°C 4
Fig 4. Fluorescence microscopy analysis of trens min-AlexaFluor £33 endocytosis by Trypanosoms crus e pimastigotes. Cells wers ill':l'MEd o
inges transferrin and were then isbeled with an ant-benafemin antibody (in red) and with the ant-crusipein maAb C2P-315.00 (CZP;in green). At4°C nooo-
loc aiization wes obaened (A}, whils transtemin and cruzipsin co-docalzed 2t the posteniorn region of the osll 2 fter incubation 21 28°C (B}, reswulting in yeliow
staining of the resenmsomes. The nucleus (armow) 2nd kinstoplast (armownead) are siained with Hoschst 33342 (in blus). DIC, differential interfersnce
contrast Scale hars, 5 pm.
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Fg5. Fluorescence microscopy anatysis of trans & min-AlexaFluor 633 endocytosis by isolated intraceliular amastigotes of Trypenosoms cruzl,
Calis were allowe d 1o ingest trensterrmin-Alexa Fluor 833 and wers fhen incubated with anti-ransiemin antinody (in red) 2nd ant-cruzpeain mab (C2P-315.09;
ingresn). (A -8} Bolated intrace lulsr amastigotes incubated without transterrin at 4 °C or 37°C, showed no transtemin labeling (negafive conirol), whils

oru Zipain was locaied & the posienior region of the ceil. (G} lsolaled intreceliular amastigotes incubated with fransie mn at 4" C. No co-localizstion with

T Eipain was obssrved. {0 lsolsted intreceliulsr amastigotes incubated with ranste min 2137 C. Co-localizaton with cruzipain wes obsenved a1 he posisnor
region of e cell. (E-F} lsolated in raceliular amastgotes incubated with transferin 140 and 370 and then subjecied 1o acefic anid ireatment Mo co-
localization of transfermin with cruzipsin was observed at4*C (E}, while oo-iocaiizs ion with cruzips inoccunmed &t the poseniar region &t 37°C (F. The nudeus
[} and the kanetoplast (k) were sieined with Hoschst 33342 (in biue}. DIG, differential intererence contrast. Scale bars, 25 um.

doi: 10137 oernal pone (130165 9005

corresponding to the cytostome) and in dense spots close to the nuclens, likely corresponding
tor the bottom of the optopharynx [9.17,44]. Inepimastipotes incubated at 28°C there was co-lo-
calization of transferrin with cruxipan at the reservosomes (Eig 48 and 41}, as previouwsly
shown [11,12,39].

As expected, transferrin labeling inisolated intracellular amastgotes (4 or 37°C) was not in-
tense, but was clearly detectable in most cdls, Mo co-localization with croxipain oocurred at
4°C: transterrin labding was prominent at a discrete spot close to the nocleus and the kineto-
plast (corres ponding to the lo@tion of the bottom ofthe cptopharyne ), while cuzpain lol-
ized to the posterior region of the cell (Fig 54 and S8). In contrast, we detected co-localization
of transferrin and cruripain in LROs at the posterior region of the oell, in amastigotes incubat-
ed at 37, although co-lomlization was not clear inall cells (Bg SC and 510, A similar result
was obtained when amastigotes were subjected to endocytosis assays and then treated with ace-
tic add (Fig 5E and 5F). These data indicate a low level of protein uptake; nevertheless, internal-
ized transferrin was ddivered to (and stored in) cwipain- positive LROs at the posterior of
the cell,

Ingested albumin co-localizes with cruzipain in isolated intracellular
amastigotes, confiring a storage function for amastigote LROs

To examine the internalization of a different endocytic marker, we analyzed the uptalee of albo-
min-AlexaFluor 488 complexes byisolated intracdlular amastigotes, using flow cytometry. As
expected, we ohserved an intense fluorescence signal indicative of albumin internalization in
epimastigobes (Le. positive control cells) incubated with Albumin-AlecaFloor 488 at 28°C; this
signal was significantly higher (p< 0,001 } than that ohserved in controls cells inanbated at 4°C
ornot given the labded tracer (Fig 6). However, only a weak albumin-AlecaFluor 488 Aoores-
ceno signal was detected in isolated intracdlular amastigotes, regard less the experimental con-
dition (Fig), indicating minimal endocytosis of albumin by this developmental form.

Diespite the failure to detect albumin-AlecaFluor 488 inter nalization by Sow cytometoy, we
could detect endocytosis of this labded racer by isolated intracellular amastigotes using fluo-
rescenoe microscopy (Fig 7 however, labding was relatively weak and not observed in all cells.
Control experiments with epimastigotes showed that, at 4*C, abumin- AlexaFluor 488 com-
plexes were oocasionally found at the Sagellar pocket region, but did not co-localize with crme-
pain in the reservosomes (Fig 7A), However, at 28°C albumin and cndpain co-localized in
reservosomes, as shown here for the first ime (Fig 7B). Stmilar results were obtained with tso-
lated intracellular amastipotes: at 4°C no co-loalization was chserved (Hy 70), while at 37°C
alvmin and cruxipain occasionally oo-lo@lized at LRO= (Fig 700, At both temperatures croei-
pain was also detected in the anterior region of od], maybe ev rowte to LROs and/orto the se-
cretory pathway, These results, combined with the low cytometry data, indicate that
amastigotes are capable of albumin wptake, albat only at low levels,

Thus, contrary to the suggestion that amastigote LROs are not boma fide componentsof the
endocytic pathway [ L3], our findings show that T. orud amastigote forms internalize
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Fig 7. Fluorescence microscopy anahysis of albumin-AlkexaFiluor 468 endocytosis by isolated intracel lutar a mastigotes of T. crus, Cells wers
sliowed 1o ingest 2bumin-AlexaFluor 488 fin green) and wers then izhetsd with the anti-oruzipsin man G2 P-315D9 {in red). In epima stigotes (A} and
is0lated intreceliular amastigotes (C} incubaied 2t 4°C, we did not observe co-ocalizaton of albumin (211 e anienor end of the cell, nearest 1o the ke oplast
—} =nd cruzgpain (a1 he postenor end of e cell, nearest 1o the nucleus—ny). Incontrast, in spimastigoies (B} 2nd isclated intracellular amastigoles (0}
incubated at endocylosis-pemmissive temperatures (28°C or3 70, respectively}, we oslectied co-incalization of albumin and cruzipsin at the posiEnorn region
ot the cedl, The muckewus (n} and kinstop las1 (K} are sizined with Hoschst 33342 (in blus). DIC, diferential interierencs contrast. Scale bas, 5 pm,
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macromolecoles and target ingested cargo to cruzipain-positive LRO= To our lnowledge,
these data represent the first direct evidence that amastigote LROs correspond to the reservo-
somes observed inepimasgote forms (Fig 8

Conclusions

Hist cell lysisby nitrogen decom pression (cavitation) allows rapid and effident isolation of vi-
able T. errizi intracellular amastigntes that have the typical amastigote shape and are positive
for the amastignte-spedfic antigen Ssp4. Our data show that isolated intracdlular amastipotes
of T. cruzi display endocytic ativity, although at lower levds than epimastigotes. Also, we
shorw that internalized cargo (transferrin and albumin) accumulates in amastigote LROs, a

clear indication that these orpandles are funcionally rdated to the reservosomes observed
in epimastigotes,
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* = Albumin

* = Transferrin

| *=Cruripain

Fig . Schematic model of transfemrin and albumin uptake by isolated Trypsnosoms cruzd intracellular
emastigoies. As in epimastigodes, transtermin uplake by amastigotes ooours mainly through the oriosiome
oo phanmx complex (Cy ). Atter intemalization, transiernn is direcied 1o the resevosomes (R}, wher i is
slored iogether with lysosomal proteases such as cruzipain (Cz), the major cysieine protess e of this pamaie.
Albumin (A} is intemalized via the flageliar pocket region, but albumin endocytic actvity is low. The
destinaton of ingesied macromalecules is the reservosomes.
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Supporting Information

51 Fig. Flow cytometry analysis of imtracellular amastigotes release by nitrogen cavitation.
Density plots showing the distribution of cell populations before and after Vo cdl bysis by
nitrogen decom pression at 180 psi, compared with the profile obtained after trypsinization,
but before nitrogen decompression. Vero cell coltures were infected with a GFP-expressing
(GFP+) T, cruzi cell line, to verify host odl dismupion and amastigote (Ama) release, Almost
all infected Vero cells were disrupted after avitation, rdeasing GFP+ amastigotes. Cell gates
are marked in the plot on the right.

(TIF)

Acknowledgments

The authors thank the Program for Technological Development in Tools for Health-PDTIS-
FIOCRUZ for use of its facdities (Flow Cytometry Platform BFTOSL and Confocal and Decon-
volution Platform RFTO7C at the Instinate Caros Chagas/Fiocruz-PR, Brazil). The authors
also thank Dr. Alexandre Dias Tavares Costa for aitical reading of the manuscript.

Author Contributions

Conceived and designed the ecperiments: [E MJS. Performed the experiments: CMB RLE. An-
alyzed the data: CMEB RLK [E MJS. Contributed reagents/materials/analysis tools: MJS. Wrote
the paper: CMB RLEK IE MJS

57



@'PLOS |one

Endomyiosisin | solxed T. cnel Amastigoies

References

2.

10.

1.

13

14.
15.

17.

18

18,

Mayor 5, Pagano RE. Pathways of clathrin-indepand ent endocytose. Nat Rev Mol Cell Biol. 2007, 8:
603612 PMID: 1 TE006ER

Lundmark B, Cartsaon SR, Driving membrans curesturs in cizhin-dependent and clsthnin-ndepen-
oent endonyiosis. Sem Cell Devedop Biol. 2010; 21: 383-370.

Mayor 5, Faron ARG, Donaldson JG. Ta funin-independent pathways of endocyloss. Cold Spring Hamb
Perspect Biol. 2014 ; & 2016758, dol: 10,1 801 oshperspect 3016758 PMID: 24E30511

Kirchhausan T, Owen O, Hamison SC . Molecular structure, tunction, and dynamics of dathnin-mediated
memiprane traffic. Cold Spring Harb Persped Bilol. 2014; & 2016725, doi: 10. 110 8cshperspect
016725 PMID: 24 TESEZD

Soares M, De Souza W. Endocytosis of godd-iab sled proteins and LDL by Trypancsome ozl P aras-
ol Aes. 1901; T 461—468. PMID: 1656428

Figusiredo RO, Soares MJ, Low lemperna turs blocis fluid-phass pinccylosis and recepior-medisied en-
gocytosts in Tpanosoma ol epimastigotes. Parastol Res. 2000; 86 413118, PMID: 10838515
Halb LT, Frederico ¥ CA, Batists CM, Eger |, Fragoso 5P, Soares M. Clafhrnin espression in Trgpano-
=o0me cru@. BMC Cell Biol. 2014; 15: 23. doi: 10. 118674 71 £ 121-15-25 PMID: 24947310

De Souza W, Sant Anna £, Cunha-e-Silva ML, Bisctron microscopy and cytoche mistry anatysisof the
endocyiic pathway of pathogenic protozoa, Prog Histochem Cylochem, 2000, 44: 67124, doi: 10,
1016 proghi. 2008 01.001 PMID; 19410686

Alcantzra CL, Vidal JC, de Souza W, Cunha-s-Siha NL. The three-dimensional structure of fhe cyios-
ome-oytophaneme of Tpancsoms one epimastinotes. ) Call Sa. 2014, 12722372237 doi: 10,
22420005 135401 PMID: 248000945

Paoro-Carrsino |, Atias M, Miranda K, De Souza W, Cunhs-e-Silva NL. Tiypanosoms ol epimastoote
endocytic pathways cergo enters the oytostome and passes throlgh 2n early encosn mal network e
fore o mge in resendosomes. BurJ Cell. 23000; Biol T 85869, PMID: 199583150

Soares WU, Souto-Padrin T, De Souza W, kentification of 2 large pre-lysosomal comparment in the
pathogenic protozoon Tpenosomacnua. J Cell Sci 1902, 2157167

Cazzule A, Cazzuto Fransse MC, Martinez J, Franke oe Cazzulo BM. Some bnetic propertes of 2 cys-
feine profeingss {cruzipain) from Trypanosoms cruzdl, Biochem Biophys Acte. 1900, 1057, 186191,
PRID: 2407245

Sant"Anna C, Parussing F, Lourengo D, De Souza W, Cazzulo JJ, Cunhna-e-Siva ML, All Tnpanczoma
i deve b pmenta! forms present lysosome-related organelise. Histochem Cell Biol. 2008, 1350
11871198, dod: 10. 10073004 15-008-0486-8 PMID: 186586100

Bothwed H, Charon AW, Cook 0, Finch GH. Iron meteho lism in man. Ondord: Biaciowed], 1975

Tayiar MO, Kelty JM. inon metabolism in typenosomatios sna s cnecist role ininfection. Parsstol.
2010; & B80T,

Coréa JA, Atellz GC, Batista MM, Soares M. Transismin uptake in Tnpanosoma ol is impaired by
interierence on oot me-asaccited oyinskaleton slameants and stabity of membrane cholesterd,
Dt miot oy obstruction of clathnin-dependent e ndocyios is. Exp Parasiol. 2008, 119: S8-68. doi: 10,
10964 sxppans 2007 12010 PMID: 14254187

MilderA, Dezne MP. The cylostome of Tiypanosoma cma and T. conorind. J Protozool, 1964; 16:
T30-737. PMID: 5362500

Sant"Anna C, Pereira MG, Lemgruber L, De Souza W, Cunhz-s-Siha ML, Mew insights into the mor-
phology of Tiypancsoms ozl resenosome. Microsc Aes Tech. 2008; TH: 508605 dol: 101002 s
20502 PMID: 18452191

Meyer H, De Souza W, On the fine structure of Trypanceoma cnuzd in Tissue cutturs of pigment spifnsl-
um from the chick embiyo. Uptake of melzn in granules by the parasite. J Prolozool. 1975, 20: 500
503, PMID: 4 128552

Lima MF, Villatta F. Trypanosoms ouzl receplors for human trans femin and their role. Mol Biochem
Parasfind. 1990; 36: 245252 PMID: 2163049

Loo WG, Lalonds RG. Rode of inom in intreceliular growth of Typanosoms o). Indect Immun. 1384, 45
T25-T30. PMID: g381312

Ledonde ARG, Hofein BE. Fode of inonin Trypanosoma o infection in mice. J Olin Ireest. 1984, T3
4T047E. PMID; 8421677
‘Waghabi MG, Keramidas M, Bailly 5, Degrave W, Mendonga-Lima L, Soeiro MM, 213l Uiptaks of host

cell ransjorming growth oo Ff by Thypancsoma crun amastigoles in cando my ooy tes: poienta] rode in
paresie cycle compistion. Am J Pathol. 2005; 167 9031003, PMID: 16102635

58



@PLOS | ONE

Endocyiosis in lsolsled T. ol Amastigoies

3.

1.

Mayie KM, Le AM, Kamed D. The intracellular raficking pathway of ransfermn. Biochim Biophis Acta.
2012; 1820; 2654—281. doi; 10,1016/ bhagen 201 108,000 PMID: 21858002

Abranamachn 1A, Katzin AM, Milder BV, A method for isolsing Tnpenosoma crud amastigols s fom
soiesn and inver using two-siep discontinuous gradient centrifugation. J Parasiol. 1983, B3 437430,
PID: 343576

Villzhta F, Kierszenbaum F. Growith of isclsied a mastigotes of Tiypanozoms o incetHree medium. J
Prodoznod. 1983, 20: 570-576. PMID: 8516025

de Canalho TLU, De Souzs W. Saparaton of amastigotes and fnypomastigoies of Thypanosoms cug
from cutured celis. Z Para stenid. 1983, 60: 5T1-575. PMID: §356671

Marques AF, Natayesu ES, Almedds |C. Purfication of extracefiular 2nd intreceliulzr amastipotes of
Trypan ozoma oz from mammalian host-niecisd cells. Prodocol Exchange, 2001, dod: 1010587
protex 2011 265

de Sousa MA. A simple method to purdy biclogically and antigeracally pie senved bloodstream npo-

mastigoies of Trypamosoms cua using DEAEcellulose columns. Mem Inst Oewaldo Cnuz. 1983, T8:
317333, PMID: 6361445

Contreras VT, Arague W, Deigado VE. Tpsnosomacrusl; metaoyclogenssia o wino—|, Changes in
the properiies of metcydic typomastigotes maintainsd in e l2bo miony by different methods. Mem
Ireat Orgwraioo Cruz. 1994, 8 253280, PMID: TBESSSY

Conteras VT, Arsdje-Jormge TG, Bonaloo MO, Thomaz N, Baroosa HE, Goldenbeng 5. Biclogical as-
pects of the D28 clone of Typanosoma o a fie rmetacycogenssis in chemics iy defined media,
Mem Inst Cewaldo Cnuz. 1958; B35 123133, PMID: 3074257

Camango EP. Growth and dilerentiztion in Trypanosoms oz, | O egin of metecyclic frypanosomes in
fiquid media. Aev inst Mead Trop 880 Paulo. 1964; & 83100,

Contreras VT, Salles JM, Thomas N, MorslCM, Goldenberg 5. in wiro diflerentiation of Trypanosoma
oL under oh emically gefined condibons . Mol Biochem Parasiol. 1885, 16: 315327, PMID: 3803408

Heméndes-Dsonio LA, Manguez-Dulfas G, Florencio-Maninez LE, Ballesteros-Rodsa G, Marinez-C al-
willa 2, Manning-Cels RG. Improved methcd for by witno seco naany amastigogenssis of Trypanosoms
cruzi: momphometnica | and molecular anstysis of intermediate developmental forms. J Biomed Biotech.
2010 Articls 1D 285842 10 pages.

SamirookJ, Frsch EF, Maniatis T. Delection and anatysis of proteins expressed from cloned genes.
In Molecular coning: A laborstony manusl Vol. 3, 2nd edition. Wondburny, Cold Spring Harbor Labora-
fory Press; 1888, pp. 60-74.

Gradia DF, Aau K, Umaki AC, de Souza FS, Probst CM, Comrea A, etal. Chamctedzation of a movel
OigHiike ATPa22 in the protozosn Trypanosoms oz, IntJ Parastol. 2008; 39; 4858 doi: 1000164,
iipara 200605 010 PMID: 1873637

HKessler AL, Soaes M, Probst O, Kibeger MA. Thypanosoms cnuel responss o siend biosynthesis in-
hibiois: morphophysiolo gical alterations leading 1o cell death. PLOS ONE. 3013; 8(1): =55447. doi:
10.1 571 foumal pone 005 5487 PMID: 25563504

Andrews MW, Hong KE, Robbins ES, Mussenzweig V. Stage-specific sudace antigens expressed dur-
ing the momphogenesis of versorats forms of Tgpanoeoma crud. Exp Parastiol. 1967, 64 474484,
PIID: 3315736

Batista OM, Mededros L, Eger |, Soares MJ. mab C2P-315.09: an anf-recomibinsnt ¢ zpain mono-
clonal antibody thatspecifically lzbels he resenosomes of Tpanozoms ozl epimas tigotes. Blomed
Rasint 2014; Artice 107 14745, 9 pages.

Lirbing JA. Specific chemomherapy of Cnages dise ase; relevancs, cumant limilatons snd newap-
proaches. Acta Tropica. 2010; 115: 5568, doi: 10. 10164 actatropdca. 2008, 10,023 PMID: 18800305
Simpson AJ. Disruption of cuttured cells by nitrogen cavitation. Cold Spring Harb Protoc. 2010; doi: 10,
1101 i oot 5513

D= Souza W, Bleciron microscopy of tnfpanosome- A histoncal wiew, Mem inst Oswaldo Cruz . 2008,
103: 313325, PMID: 1 BEEOSES

Kessier AL, Gradia OF , Pontello Rampazzn R de C, Lourenga EE, Fidéncio M, Manhaes L, et al,

Stz ge-reguizted GF P Expression in Trypanosoms o spplication s from hostparasils interaclions o
drug soreening. PLOS OME. 2013; 8B e67441. dob: 1001 371 donurnad pone 0067 441 PMID: 23840703
Ramos TC, Freymliler-Hea palsinen E, Scheniman 5. Thee-dimensional recon siruction of Trypano-
s0ima cruzl epimastigoies and onganete distribution along the cell division cyde. Cylometry A 2011,
79 538544, dol: 10,1002 vio5 21077 PMID: 29567937

59



5.4. Concluséo Capitulo 2

- Foi padronizado o isolamento de amastigotasaelutares dd. cruz por cavitagao.

- Amastigotas isolados foram positivos para o ndocaspecifico de amastigotas Ssp4.
- A atividade endocitica foi comprovada em amasdigintracelulares isolados por

cavitacdo, com co-localizagcéo de cruzipaina, tearsh e albumina nos reservossomos.
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VI. Capitulo 3
Tratamento de Trypanosoma cruzi com 2-bromopalmitato altera

morfologia, endocitose, diferenciacéo e infectividie

Apos a padronizacdo do isolamento de amastigut@selulares, a proxima parte
da tese teve como objetivo analisar os efeitos rdoidor de S-palmitoilacdo 2-
bromopalmitato (2-BP) sobr&. cruzi. Como resultados: 1) o valor desgCHe 2-
bromopalmitato foi estimado em 130 uM em formasmastigotas (48h), 216 nM em
tripomastigotas metaciclicos (24h), 242 uM em aigaists intracelulares isolados por
cavitacdo (24h) e 262 uM em tripomastigotas deural{4h); 2) a incubacdo de
epimastigotas com 2-BP na concentracdo estimada Qb por 48h alterou (a) a
localizacdo de TcFCaBP, uma proteina de flageladaatente palmitoilada; (b) a
morfologia: presenca de grandes vacuolos trangl@aid regido posterior e alteracdes
na ultraestrutura do complexo de Golgi; 3) a ertdseei de transferrina e albumina foi
inibida em aproximadamente 90%; 4) a metaciclogéf@sinibida em até 90%; 5) a
infectividade foi reduzida em até 75% dos tripongashs metaciclicos obtidos do
experimento de diferenciacdo e 45,5% para tripdgaas de cultura tratados. Estes
dados estdo compilados em um manuscrito submet&losia BMC Cell Biology (Fator
de 2,405 (Qualis CB-I: B1).

6.1. Objetivo
Analisar os efeitos do inibidor de S-palmitoilagdbromopalmitato (2-BP) sobiie

cruz.

6.2. Objetivos especificos

1. Determinar o valor de &d (concentragdo que inibe 50% da proliferacao) &®2m
T. cruz;

2. Avaliar alteracées na morfologia, endocitose, raifpracdo, na diferenciacédo e na
infectividade de€T. cruzi apés o tratamento com 2-BP

3. Verificar alteracdes na localizagdo de proteiramoiladas apés tratamento com 2-
BP.

6.3. Artigo Submetido
Autores: Cassiano Martin Batista, Rafael Luis Keisdtiane Eger, Maurilio José Soares
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Abstract

Background. Palmitoylation is a post-translational protein nficdtion that adds
palmitic acid to a cysteine residue through a thii@elinkage, promoting membrane
localization, protein stability, regulation of emagtic activity, and the epigenetic
regulation of gene expression. Little is known nahsimportant process in the pathogenic
protozoanTrypanosoma cruz, the etiological agent of Chagas disease.

Results. The effect of 2-bromopalmitate (2-BP, a palmittigia inhibitor) was analyzed
on different developmental forms ®fypanosoma cruz. The 1Gdy/48h value for culture
epimastigotes was estimated as 130 uM. Thed2€h value for metacyclic
trypomastigotes was 216 nM, while for intracellidanastigotes it was 242 uM. Our data
showed that 2-BP altefis cruzi: 1) morphology, as assessed by bright field, scaend
transmission electron microscopy; 2) mitochondnegmbrane potential, as shown by
flow cytometry after incubation with rhodamine-123) endocytosis, as seen after
incubation with transferrin or albumin and analybis flow cytometry/fluorescence
microscopy; 4)in vitro metacyclogenesis; and 5) infectivity, as shownhbgt cell
infection assays.

Conclusion.Our results indicate that 2-BP inhibits key cellytrocesses dt. cruz that

may be regulated by palmitoylation of vital protein

Key words: 2-Bromopalmitate, 2-BP inhibition, differentiationendocytosis,

palmitoylation, Trypanosoma cruzi
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Background

Palmitoylation is a post-translational protein nfigdtion that consists in addition
of palmitic acid to a cysteine residue through @ekter linkage. This modification
promotes membrane localization, regulation of eratyenactivity, regulation of gene
expression and protein stability [1-3]. Palmitoidat is a reversible, dynamic
modification regulated by enzymes that either ti@npalmitic acid to a target protein
(palmitoyl acyltransferases: PATS) or cleave thedster linkages between palmitic acid
and the modified proteins (palmitoyl protein thitezases: PPTs) [4]. Palmitoylation
represents an important modification in cells ghaety of organisms, such as mammals
[5-7], yeasts [8,9], fishes [10], plants [11,12damematodes [13]. This modification is
well characterized in humans, as it is strongllaed in Huntington’s disease and other
neuropsychiatric diseases [14,15] and cancer Ré&lnitoylation was also recorded in
pathogenic protozoa, includinfpxoplasma gondii [17], Plasmodium falciparum [18]
andTrypanosoma brucei [19].

2-bromopalmitate (2-BP), a palmitate analoguea igell-known inhibitor of
palmitoylation [20]. There are two proposed mechians for the 2-BP action: direct
inhibition of PATs or blockage of palmitic acid mrporation by direct covalent
competition with palmitate [21]. It has been sudgdsthat 2-BP also inhibits PPTs,
disturbing the acylation cycle of the protein GAR-&t the depalmitoylation level and
consequently affecting its kinetics of membraneoaission [22]. Incubation of the
apicomplexar. gondii with 50 uM 2-BP efficiently altered parasite moopdgy, gliding
and host cell invasion [23]. In the African trypaomeT. brucei, the calculated 163
values were 197 uM for the procyclic form and 228 for the bloodstream life form
[19]. However, no 2-BP or global palmitoylation dies have been reported yet for

Trypanosoma cruzi, a protozoan parasite that causes Chagas disehagn America.
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Two T. cruz proteins are known to be palmitoylated: TcFCaB#|,[#hich is
involved in parasite motility, and TcPI-PLC [25]hwh is involved in evading the host
immune system. Only one putative PAT has been ifteohtin this protozoan
(TcHIP/TcPAT1), localized in the Golgi complex dffdrent life stages [26]. However,
other still unidentified proteins should be alsolnptoylated in T. cruz, and
palmitoylation is probably involved in diverse togical functions. A recent review on
protein acylation in trypanosomatids with a focasnoyristoylation and palmitoylation
suggested that protein acylation represents anestirg target for the development of
new trypanocidal drugs [27]. Indeed, cruzi N-myristoyltransferase (TCNMT), an
enzyme that catalyzes the attachment of myrisiat tacan N-terminal glycine residue of
proteins, has been validated as a potential chesragikutic target ifi. cruz mammal
stages [28].

The aim of this study was to assessithetro effect of 2-BP oT. cruz. The data
presented here show that this inhibitor alters pheasite morphology, endocytosis,
differentiation and infectivity and suggest the om@ance of palmitoylation for parasite

survival and its involvement in crucial biologigalocesses.

Methods

Reagents

Trypan Blue,Dulbecco’s Modified Eagle Medium (DMEM), penicillif10,000
units), streptomycin (10 mg/mL), trypsin from pareipancreas, 2-bromopalmitate (2-
BP), dimethyl sulfoxide (DMSO), potassium chloridaopidium iodide, RNase A,
carbonyl cyanide 3-chlorophenylhydrazone (CCCPJjdae orange, Giemsa stain,
formaldehyde, paraformaldehyde, glutaraldehyde cHsiestaining solution and poly-L-

lysine were purchased from Sigma-Aldrich (St. LouMO, USA). Transferrin-
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AlexaFluor 633, Albumin-AlexaFluor 488, rhodamin23l goat anti-mouse IgG
AlexaFluor 488 conjugate, goat anti-mouse 1gG AlMar 594 conjugate and Prolong
Gold were purchased from Molecular Probes/Life Tebhgies (Eugene, OR, USA).
Potassium ferrocyanide, Permount, sodium cacodytast@ium tetroxide and PolyBed-
812 resin were purchased from Electron Microscopier®es (Hatfield, PA, USA).

Sodium dodecyl sulfate (SDS) was purchased fronwligiiotecnologia (Alvorada, RS,
Brazil). Fetal bovine serum (FBS) was purchasedmfréibco/lnvitrogen/Life

Technologies (Eugene, OR, USA). Nonidet 40 (NP8} purchased from Anresco

Laboratories (San Francisco, CA, USA).

Vero cells

Vero cells (ATCC CCL-81) were maintained at 37°@fcnt cell culture flasks
(Corning Incorporated, Corning, NY, USA) in DMEM diam supplemented with 10%
FBS in a humidified 5% Cg@atmosphere. For weekly seeding, the cell monotayere
washed twice with PBS, trypsinized and the detackells were collected by
centrifugation for 5 minutes at 8&@. The cells were then inoculated af télls/flask in

fresh DMEM medium and kept as described above.

Trypanosoma cruzi

Culture epimastigote forms @f cruzi clone Dm28c [29vere maintained at 28°C
by weekly passages in Liver Infusion Tryptose (Liig¢dium[30] supplemented with
10% heat-inactivated fetal bovine serum (FBS).

In vitro-derived metacyclic trypomastigotes were obtained ibcubating
epimastigotes in Triatomine Artificial Urin@ AU/TAU3AAG) medium, according to a

previously described metacyclogenesis (i.e., efig@e-to-trypomastigote
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differentiation) protocol [31], with a yield of appximately 50%. Metacyclic
trypomastigotes were purified with a DEAE-cellulasgdumn as previously described
[31].

Cell-derived trypomastigotes were obtained fromovell cultures infected with
in vitro-derived metacyclic trypomastigotes, at a ratid@d parasites/cell. After 4 h of
interaction the host cell monolayers were washeall ®BS to remove the non-adherent
parasites. Infected cells were then incubatedifodays in 10 mL of DMEM medium
supplemented with 10% FBS, when trypomastigote yctdn peaked. The culture
supernatant was collected, and the cell-deriveghotnastigotes released into the
supernatant were harvested by centrifugation fomib at 3,009. The parasites were

then used for the experiments and to maintainrtfexiion cycle.

Determination of ICso value for 2-BP

A 100 mM 2-BP stock solution was prepared in DM3$8e solution was filtered
through a 0.22-um Millipore filter (Merck Millipor€o, Tullagreen, CO, Ireland) and
stored at 4°C. After dilution in culture medium,etibMSO concentration in the
experiments never exceeded 1%, and it did not tgfi@@site growth.

To calculate the concentration of 2-BP that irtieithi 50% growth of the
epimastigote cultures (k348h), the parasites (¥L) were incubated at 28°C with
different concentrations of 2-BP (25 to 400 pMbialogical triplicates. Cell counts were
made after 48 h with a Neubauer chamber. The ptpaldensity was calculated and the
death percentage was estimated relative to theatett control (LIT medium with 1%
DMSO), generating dose-effect curves. The Compus®ftware [33] was then used to

calculate the ley/48hvalue by using the death percentage for each 2dBleentration.
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For morphological analysis, the parasites weregs®ed for bright field, scanning and
transmission electron microscopy as described helow

To calculate the 16y24h for metacyclic and cell-derived trypomastigotéhe
parasites (1%cells/mL) were incubated with different concentas of 2-BP (0.1 to 175
UM for metacyclic trypomastigotes; 0.1 to 400 pM dell-derived trypomastigotes) in
biological triplicates. After 24 h at 28°C (or 4ah37°C for culture trypomastigotes, to
avoid differentiation into extracellular amastigditee forms) the parasite number was
counted in a Neubauer chamber and the death pageentas calculated relative to the
untreated control (culture medium with 1% DMSO)eT@ompuSyn software was used
to calculate the I§value.

To calculate the 16 value for intracellular amastigotes, 24-hour-allected
Vero cell cultures (10cells/mL) were incubated with 2-BP (0.4 to 125 Limbiological
triplicates in a humidified 5% CQOatmosphere. After 24 and 48 h of treatment, the
infected host cells were lysed by nitrogen decosgion [34] and the number of released
amastigotes was counted in a Neubauer chamberld&iopudensity was then compared
to the untreated control (medium with 0.125% DMSTHe CompuSyn software was
used to calculate the d€value. The number of released trypomastigotes \Wwas t
evaluated after 72 h of treatment (96 h of infectio

The 1Gdy24h for intracellular amastigotes was calculated withrifred
amastigotes obtained from 48-hour-old infectedscellltures, by lysing the host cells
with nitrogen decompression [34]. After three stepsentrifugation at low speed to
remove the Vero cells, the purified intracellularastigotes were incubated at 37°C with
DMEM medium in 6-well plates (approximately “1arasites/well) in a humidified 5%
CO, atmosphere. This cell suspension was centrifufjed 30 min to remove remaining

intact Vero cells and new DMEM medium (containirdgigional 1000 units penicillin
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and 100 pg/mL streptomycin) was added. The puriBethted intracellular amastigotes
were then incubated for 24 h with 2-BP (0.4 to $0@) in biological triplicates. The

CompuSyn software was used to calculate thev&ue.

Cytotoxicity to Vero cells

To calculate the cytotoxicity for Vero cells (6f24h), 18 cells/mL were
cultivated in 6-well plates in biological tripliczd. After 24 h, the cultures were washed
twice with PBS and incubated at 37°C with differeatcentrations of 2-BP (75 to 300
HM) in a humidified 5% C@atmosphere. After 24 h of treatment, cell cultunese
washed twice with PBS, trypsinized, washed in DMEMdium, stained with Trypan
blue (0.02% final concentration) for cell viabilignalysis and counted in Neubauer
chamber. The percentage of dead cells was estinekative to the untreated control
(culture medium with 0.3% DMSO). The CompuSyn saftevwas used to calculate the

CGCso/24hvalue.

Flow cytometry of T. cruzi epimastigotes treated with 1Go/48h
2-BP

Flow cytometry experiments were performed with aCSAAria-Il (Becton-
Dickinson, San Jose, CA, USA). A total of 20,00@m¢ were acquired in the region
previously identified as corresponding To cruzi epimastigotes [35]. The data were
analyzed using the FlowJo software package (Flodbland, OR, USA).

For cell cycle assays, parasite DNA was staingd priopidium iodide (PI1). The
2-BP treated epimastigotes (28x@ls) were washed twice in PBS, incubated with ce

cycle buffer (3.4 mM Tris-HCI, 30 pg/mL PI, 0.1% NB, 10 mM sodium chloride,
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700U/L RNAse, pH 7.6) and immediately analyzed gsan610/20 nm bandpass filter.
Cell debris and doublets were excluded using ahvidarea gate. The Dean-Jett-Fox
algorithm of FlowJo was used to estimate the peagenof cells in the G1, S and G2/M
phases of the cell cycle.

For mitochondrial membrane potential analysis, 2-Beated epimastigotes
(2x1® cells) were washed twice in PBS and then incubdbed15 min at room
temperature with 10 pg/mL rhodamine-123. After twashes with PBS, the parasites
were analyzed using a 530/30 nm bandpass filteCZ&t 100 uM for 5 min was used
as a positive control of the mitochondrial membrpo&ential destabilization [36]. The
relative mitochondrial membrane potential was daeteed by considering normalized
median ratios (treated/control) of the fluorescelex®l. The normalized fluorescence
medians were used for statistical analysis.

For cell viability assay, 2-BP treated epimagegowere washed twice in PBS,
incubated for 5 min at room temperature with Pu(#mL) and then analyzed without
washing. Positively stained cells (610/20 nm basd#ter) were considered dead.

For acid compartment analysis, the 2-BP treateshagtigotes (2x10cells) were
washed twice in PBS, incubated for 15 min at roemgerature with 5 pg/mL acridine
orange, washed twice with PBS and then analyzed)@s695/20 nm bandpass filter. The
normalized fluorescence medians were analyzed ssided above [35]. In parallel,
parasites were adhered to glass slides and visdahzth epifluorescence microscopy

using a B-2A (long pass emission) filter (Nikon,i@gda, Japan).

Endocytosis assays

Epimastigotes were incubated for 4 h withlsd@8h 2-BP, washed twice in PBS

and subjected to a previously described endocysssiay [34,37] using 2xiparasites
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for flow cytometry analysis or 5x#@ells for fluorescence microscopy studies. After 1
min under stress in PBS at 25°C, the parasites weubated for 30 min at 28°C with 50
pag/ml transferrin-AlexaFluor 633 or albumin-AlexaBl 488. Negative control cells
were incubated in the absence of labeled transferrialbumin. For flow cytometry,

living epimastigotes were analyzed using 660/20 2B@/30 nm bandpass filters for
transferrin-AlexaFluor 633 or albumin-AlexaFluor 8&cquisition, respectively. The
normalized median fluorescence intensity of tramsfeand albumin was calculated as
the ratio between the median fluorescence interdittyhe treated and untreated cells.

Data acquisition and analysis was performed asitbescabove [34].

2-BP treatment during in vitro metacyclogenesis

Mid log-phase epimastigotes were collected and sitdxinto various treatments
with 130 uM 2-BP during metacyclogenesis: (a) Calnfive days in LIT/0.13% DMSO
and then incubation for 2 h in TAU and 72 h in TAAAS media without 2-BP; (b) Pre-
stress: five days in LIT medium with 46€48h 2-BPfollowed by incubation for 2h in
TAU without 2-BP; (c) Stress: five days in LIT madi and then 2 h in TAU medium
containing with 1Gy/48h 2-BP; and (d) Post-stress: five days in LITdmam, stress for 2
h in TAU medium and incubation for 15 min in TAU3&Awith ICs¢/48h 2-BP.

After 2-BP treatments the cells were washed twite PBS to remove 2-BP and
incubated for 72 h in TAU3AAG medium. The parasiteshe supernatants were then
collected and counted in Neubauer chamber to obtaen ratio of metacyclic
trypomastigotes / epimastigotes per mL. For mormpiokl analysis, the parasites were

processed for light microscopy.

Infection assays
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Metacyclic trypomastigotesbtained from 2-BP treatments during metacyclogenes
(see above) were used to infect Vero cells. Brjelfty metacyclic trypomastigotes were
incubated with 1®Vero cells and after 24 h noninvasive trypomaségavere removed
by PBS whashes. After 6 days, the infected cultwerse washed with PBS and the
released trypomastigotes were collected from theS P/ centrifugation. The
trypomastigotes were then counted and processdiyjfivrand fluorescence microscopy
analysis.

In other experiment, cell-derived trypomastigotiest twere previously treated with
ICs0 2-BP were used to infect Vero cells. Briefly, flaasites (2x10cells/mL) were pre-
incubated for 4 h with 1652-BP (262 uM), washed twice with PBS, counted inlb&ier
chamber and then incubated for 2 h witli 46hered Vero cells. Non-adherent parasites
were then washed out with PBS. Four days afteciitfe the released trypomastigotes
were collected, counted in Neubauer chamber ancepsed for light and fluorescence
microscopy. Vero cell cultures infected with untezhtrypomastigotes were used as a

control.

Light microscopy

The parasites were adhered for 10 min to 0.1% pélysine coated slides, fixed
for 2 min at room temperature with methanol, aiedrand then incubated for 30 min at
room temperature with Giemsa stain. The samples ten washed with MilliQ water
and mounted with Permount. After 24 h the slidesewebserved with a Nikon E600

microscope (100x objective) in bright field mode iimage acquisition.

Fluorescence microscopy
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To detect the native TcFCaBP, epimastigotes ancayetic trypomastigotes
were incubated with the respectived@alue of 2-BP, washed twice in PBS, fixed for 20
min with 4% formaldehyde and incubated for 1 haatnn temperature with incubation
buffer (1.5% BSA/PB$. This step was followed by incubation for 1 h3aC with a
primary mAb 25 monoclonal antibody against TcFC4BB8], which was diluted to
1:1000 in incubation buffer. The samples were tha&shed three times in PBS and
incubated for 1 h at 37°C with a secondary goat-ranuse antibody coupled to
AlexaFluor-488 or AlexaFluor-594 (1:600) in incuioat buffer.

To co-localize transferrin-AlexaFluor-633 or albumflexaFluor-488 with
cruzipain (CZP), the epimastigotes subjected teetiuocytosis assays were fixed for 30
min in 4% paraformaldehyde and permeabilized fori® with 0.5% Triton in PBS. For
co-localization of CZP/transferrin-AlexaFluor-63the samples incubated with CZP-
315.D9 mADb (at 50 pg/m[B9], were washed three times in PBS and then @ai@aowith
a secondary goat anti-mouse-AlexaFluor-488 antif@dy00 in incubation buffer). For
the co-localization with CZP/albumin-AlexaFluor-48Be samples were incubated with
CZP-315.D9 mAb and then incubated with a secondaay anti-mouse-AlexaFluor-594
antibody.

After antibody incubations, all samples were washlece times in PBS,
incubated for 5 min with 1.3 nM Hoechst 33342, vestwice in PBS and twice in MilliQ
Water, mounted with Prolong Gold anti-fading reagard then examined under a Nikon

Eclipse E600 epifluorescence microscope.

Scanning electron microscopy

Parasites were washed twice in PBS and fixedLforat room temperature in

2.5% glutaraldehyde in 0.1 M phosphate buffer, pH The fixed parasites were washed
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twice in 0.1 M cacodylate buffer and then adhem@dl min at room temperature to
0.1% poly-L-lysine coated coverslips. The non-adtarells were washed out twice with
0.1 M cacodylate buffer and the adhered cells wleea incubated for 15 min at room
temperature with 1% osmium tetroxide diluted in BlTacodylate buffer. The samples
were washed three times with 0.1 M cacodylate Ipaifiel dehydrated in a graded acetone
series (30%, 50%, 70%, 90% and 100% acetone, ®aah). This step was followed by
critical point drying in a Leica EM CPD300 and gslouttering in a Leica EM ACE200.
The samples were visualized in a JEOL JSM-6010 FLAISscanning electron

microscope at 20 kV.

Transmission electron microscopy

Parasites were washed twice in PBS and fixed toirl2.5% glutaraldehyde in
0.1 M phosphate buffer at room temperature. Thedfigarasites were washed twice in
0.1 M cacodylate buffer and then post-fixed with @&mium tetroxide / 1.6% potassium
ferrocyanide / 5 mM Cagldiluted in 0.1 M cacodylate buffer for 30 min a@om
temperature. The samples were washed three timés OM M cacodylate buffer,
dehydrated in a graded acetone series (5 min irb@0,70, 90 and 100%) and then
embedded in PolyBed812 resin. Ultrathin sectionsevabtained in a Leica EM UC6
ultramicrotome, collected on copper grids, congdstith uranyl acetate and lead citrate

and then visualized in a JEOL 1400Plus transmissieciron microscope at 90 kV.

Statistical Analysis

All experiments were performed in independent lgadal triplicates. Statistical
analysis was performed using the software Graphf&sdt (GraphPad Software Inc, La
Jolla, CA, USA) for ANOVA followed by a Bonferrora’'multiple comparisons test.
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Results

Effect of 2-BP on differentT. cruzi developmental forms

The 1Go/48 h value of 2-BP for culture epimastigotes wsttneated as 130 uM
(Fig 1A). The estimated Kg value (IGo/24h) of 2-BP for metacyclic trypomastigotes
was 216 nM (Fig 1B), while for cell-derived trypostigotes it was 262 uM (Fig. 1C).

The cytotoxic effect (C€y/24h) of 2-BP on Vero cells was calculated befbee t
assays with intracellular amastigotes, and itsregd value was 138 puM. Concentrations
higher than 200 uM killed 100% of the host cells. éffect on number and morphology
of intracellular amastigotes was observed afteor248 h of treatment of infected Vero
cells with up to 125 pM 2-BP (data not shown). Heere 125 uM 2-BP enhanced the
intracellular differentiation into trypomastigoterins. Isolation of intracellular forms by
nitrogen decompression after 24 h of treatment sldoweveral trypomastigote-like
stages, characterized by the presence of a baokilast close to the nucleus (Additional
file 1: Figure S1). There was an increase of apprately 40% in the number of released
trypomastigotes after four days of infection (72ohtreatment) when compared to
untreated cultures.

Finally, intracellular amastigotes were isolatednirthe host cells by nitrogen
decompression and were then incubated with diffecencentrations of 2-BP. In this

case, the estimateddg24h value was 242 uM (Fig. 1D). This high concatnn could
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explain why we failed to calculate thesiGralue for intracellular amastigotes (no effect

up to 125 pM).

Mislocalization of TcFCaBP after incubation with 2BP

Epimastigotes and metacyclic trypomastigotes wesed respectively for 48 or
24 h with their 2-BP 1€ values and then incubated with a monoclonal adyitagainst
TcFCaBP, a flagellar calcium-binding protein knoterbe palmitoylated [24, 37]. While
untreated epimastigotes (Fig. 2A) and metacyclpdmastigotes (Fig. 2C), showed
prominent flagellar labeling, the 2-BP-treated dbst their flagellar labeling and

showed a disperse reaction throughout the cell ipbys. 2B and 2D).

Morphology, viability and physiology of T. cruzi epimastigotes

were altered by treatment with 1Cso/48h 2-BP

2-BP treated epimastigotes had translucent vasuailéhe posterior region and
were occasionally linked by the flagella (insetdigs. 3A and 3B). Scanning electron
microscopy showed a leakage of intracellular maketi the flagellar pocket region (Figs
3A and 3B). Transmission electron microscopy sholaegk electron lucent vacuoles at
the posterior cell region and Golgi alterationg§-i3C and 3D).

To certify that the large vacuoles observed bytlighd transmission electron
microscopy were reservosomes (acidic pre-lysosargdnelles found at the posterior
end ofT. cruzi epimastigotes), 2-BP-treated epimastigotes wengbiated with acridine
orange. Analysis by flow cytometry showed a 2-fattrease in the median red
fluorescence intensity peak (Additional file 2: &iig S2, left panel). Using fluorescence

microscopy, a strong red labeling was found incétmes at the posterior region of the
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treated cells (Additional file 2: Figure S2, righdnel), thus indicating that these large
vacuoles corresponded to reservosomes.

The size (FSC) and granularity (SSC) of 2-BP-tdaepimastigotes were
analyzed by flow cytometry, and they showed siatfly significant increases of
approximately 13% and 11% <0.0012 and $0.007), respectively, compared to the
control (Figs 4A and 4B). There was no significdifterence in the distribution of cells
in the different cell division cycle stages (Gla®l G2-M) between the treated and the
control parasites (Fig. 4C).

In mitochondrial viability assays with rhodamine3]2he normalized median of
the fluorescence peaks in the stained cells demie$is% (50.001) in the 2-BP-treated
epimastigotes (Fig. 4D), showing that the mitoch@idpotential was altered by the
palmitoylation inhibition although only 1.5% of tippulation was dead after 48 h of

incubation with 2-BP (Fig. 4E), thus indicating tiaost parasites were viable.

Endocytosisin T. cruz epimastigotes is hindered by 2-BP

Epimastigotes were treated for 4 h with 130 uMR2-®ashed and then incubated
for 30 min in LIT medium containing endocytic markeTwo different tracers were used:
transferrin (mostly internalized via the cytostoraayl albumin [40].

Incubation with transferrin-Alexa 633 and analysydlow cytometry showed that
2-BP treated parasites had low endocytic activifjh an approximately 90% reduction
in the normalized 633 fluorescence median (Fig.. 5AYorescence microscopy showed
that untreated cells internalized transferrin pdlgti in co-localization with the
reservosomal marker cruzipain (Fig. 5B). On theepttand, transferrin fluorescence was

reduced in 2-BP parasites and no co-localizatiah wruzipain was observed (Fig. 5C).
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Treated epimastigotes incubated with albumin-Ale¥88 showed an
approximately 90% reduction in normalized 488 fesmence (Fig 6A). Fluorescence
microscopy showed no co-localization with cruzipamd little alboumin was ingested

(Figs. 6B and 6D).

Trypanosoma cruzi metacyclogenesis is altered by 2-BP

The metacyclic trypomastigotes/epimastigotes ra@s evaluated after 72 h in
the supernatant of the TAU3AAG differentiation medi(Fig. 7A). While in the control
this ratio was approximately 5:1, for 2-BP-treapedasites the ratio ranged from 0.5:1
(2-BP in pre-stress medium) to 2.5:1 (2-BP in migtss medium) (Fig. 7B). Incubation
with TcFCaBP mAb showed that all treatments (2-BIpre-stress, stress or post-stress
media) led to mislocalization of this flagellar peim, which was found at the parasite
surface, but not at the flagellum.

Morphology of parasites from the culture supern@tamas analyzed by light
microscopy. Metacyclic trypomastigotes were abuhdarthe untreated control (Fig.
7C). When 2-BP was added to pre-stress assaysefimrastigotes prevailed (Fig. 7C)
and the few detected metacyclic trypomastigotesvgenaller, with their nucleus and
kinetoplast closely located. When 2-BP was addeithe¢ostress and post-stress assays,
round cells prevailed and the few detected metacytlypomastigotes were

morphologically similar to those of the controldFvC).

Infectivity of T. cruz trypomastigotes is altered by 2-BP

Trypomastigotes obtained from the TAU3AAG supernetaof the 2-BP
metacyclogenesis assay were used to infect Vels. c®ix days after infection, the
released trypomastigotes were counted and theifgarasnber was compared to that of
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trypomastigotes collected from Vero cell culturésittwere infected with untreated
parasites. There was a significant inhibition ia tlumber of released trypomastigotes for
all 2-BP treatments, ranging from 48.5% to 75% (Big).

Light microscopy showed round-shaped, smaller dmnckér parasites with a
round nucleus in all treated groups when compavetieé control trypomastigotes (Fig.
8A). Released trypomastigotes from the control@edstress assays were incubated with
TcFCaBP mAb and were visualized by fluorescenceoscopy (Fig. 8B). In the control
parasites protein localization was enriched inrthisigella (Fig. 8B), while in the
trypomastigotes from the 2-BP experiments the Ipadbn was diffuse on the cell
surface or was partially located at the flagell@nmbrane (Fig. 8B).

In another experiment, cell-derived trypomastigatese treated with 165 2-BP
(262 uM) and then used to infect Vero cells. As txperimental point (before infection),
aliquots of the treated and untreated (controlpdrgastigotes were incubated with the
TcFCaBP mAb. In untreated trypomastigotes the iagjelas in the flagellum, while in
treated parasites the labeling was diffuse in fteptasm, with a few trypomastigotes
presenting flagellar labeling (Fig. 9A, “beforeection”). After four days of infection the
released trypomastigotes were collected and inedhaith the TcFCaBP mAb. The same
result was obtained: while in trypomastigotes fritra control experiment the labeling
was in the flagellum (Fig.9A, “after infection™) trypomastigotes obtained from the the
2-BP treatment assay the labeling was diffuse im tlytoplasm, with a few
trypomastigotes presenting flagellar labeling (R4, “after infection”). The released
trypomastigotes were counted and their numbers wengpared. There was a 45.5%
inhibition in the number of released parasiteshe treatment assay (Fig. 9B). The

morphology of the released parasites from the rireat assay was analyzed by light
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microscopy, showing round-shaped, smaller, thicke#is with a rounded nucleus, when

compared to the control trypomastigotes (Fig. 9C).

Discussion

Protein palmitoylation promotes membrane local@atregulation of enzymatic
activity, regulation of gene expression and prostability [1-3]. Many palmitoylated
proteins are important for diverse aspects of pghesis in eukaryotic parasites,
including differentiation into infective life cyclstages, biogenesis and tethering of
secretory organelles, assembling the machinery pogvenotility and targeting virulence
factors to the plasma membrane [41]. Here we agdlyhe effect 2-BP, a palmitate
analogue that inhibits palmitoylation, on the diffiet life stages of the pathogenic
protozoanT. cruz.

T. cruzi culture epimastigotes incubated with 130 uM 2-BB(48h) did not
show flagellar localization of TcFCaBP (a flagellprotein that is known to be
palmitoylated), which is in agreement with the datdained withT. cruzi TcFCaBP
palmitoylation-deficient mutants (C4A am&lN) [24], thus indicating that 2-BP also
inhibits palmitoylation inT. cruzi epimastigotes. TcFCaBP was also mislocated in
metacyclic and culture trypomastigotes that weoailiated with an 165 value of 2-BP
(216 nM and 262 uM, respectively), thus demonstgatihat palmitoylation is an
important modification for protein localization T cruz.

Incubation of infected Vero cells for 72 hours wiRBP resulted in a 40%
increase in the number of released trypomastigtitesspossible that 2-BP treatment led
to deregulation of metabolic pathways (e.g., engmgyluction, nucleotide metabolism,
pteridine biosynthesis and/or fatty acid oxidationjhe host cells or in the intracellular

parasites, which are key processes for the parasitacellular development [42],
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accelerating the parasite intracellular differaemia cycle. Indeed, several enzymes and
transporters for the above mentioned metabolicvpayb were already identified in the
T. brucel palmitoylome [19].

2-BP-treated epimastigotes showed marked morgleabalterations. The large
vesicles close to the Golgi complex that were olekrby transmission electron
microscopy could be a result of inhibition of paioyiation, leading to accumulation of
depalmitoylated proteins in vesicles at the trangghetwork, since it is known that the
Golgi compartment acts as a hub for palmitoylaf@8). It is possible that the vesicles
observed close to the Golgi could leave the flaggibcket by exocytosis, thus forming
the extracellular material observed by scanningteda microscopy.

Internalization of transferrin and albumin was imited in the 2-BP-treated
epimastigotes. Our data on transferrin inhibitiom ia agreement with a former work on
the inhibition of diferric transferrin receptor-matkd endocytosis that is associated with
palmitoylation of the transferrin receptor [44]y#suggesting that the transferrin receptor
of T. cruz is palmitoylated. Indeed, the existence of a fieamis receptor inl. cruzi has
been proposed [45], but this receptor has beelyetatentified. Our data indicate that
the two endocytic portals @t cruz epimastigotes, the cytostome and the flagellakgioc
[37,46], are deficient for transferrin/albumin imtalization when palmitoylation is
inhibited. Accordingly, the pellet of 2-BP-treatepimastigotes was paler than that of the
control parasites (data not shown), indicating tineated parasites were deficient in
incorporating hemin from the LIT medium.

The translucent vacuoles observed by light micrpgcat the posterior end of
epimastigotes corresponded to the large, electroentt vacuoles found by transmission
electron microscopy. Incubation with acridine orarghowed an approximately 99%

increase of the fluorescence signal by flow cytognand a stronger red labeling by

82



fluorescence microscopy at the posterior cell endicating that these large vacuoles
correspond to the reservosomes, acidic organéisatcumulate ingested proteins [46].
The lower endocytic capacity of 2-BP-treated epiimgates resulted in the appearance of
these less dense reservosomes.

It has been proposed that the content of reservesasnmetabolized during the
metacyclogenesis process [47]. Considering tha2#BP-treated epimastigotes had poor
endocytic activity, we analyzed the effect of inatibg epimastigotes with 2-BP before
metacyclogenesis (pre-stress assay). As a resedtetl epimastigotes had a decreased
ability to differentiate (up to 75%). Light micragzy showed that some resulting
metacyclic forms had a nucleus close to the kidasipindicating that the development
of the differentiation process was affected. Thamefit seems that epimastigotes bearing
reservosomes with low protein content have decceapéitude for the differentiation
process.

All morphological alterations found in 2-BP stredsgpimastigotes indicate that
inhibition of palmitoylation was highly detrimentédr differentiation and infectivity.
When the resulting metacyclic trypomastigote formese submitted to an infection assay,
the percentage of released trypomastigotes decdr&ase 48.5% to 25%, demonstrating
that the inhibition of palmitoylation interfered thiparasite infectivity, possibly due to
loss of surface proteins involved in host cell iatdions. Metacyclic trypomastigotes
obtained from the pre-stress metacyclogenesis sassaye used to infect Vero cell
cultures. As a result, released trypomastigotes @fter 10 days without treatment with
2-BP) still showed TcFCaBP mislocalization and eacdkinetoplast morphological
alterations, which could contribute to reduce thenher of released parasites.

We submitted cell-derived trypomastigotes treatéth Wso 2-BP to a host cell

interaction assay to determine whether the inlubiof palmitoylation could result in
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reduced infectivity. The number of released trypstigates decreased 45.5% in the
treated group, demonstrating that the inhibitiopammitoylation interfered with host cell
interactions. Compared to the control trypomaségpthe treated trypomastigotes had
round-shaped, smaller, thicker cell bodies with cund nucleus, together with
mislocalization of TcFCaBP. These results furthedicate that palmitoylation was
altered in the treated trypomastigotes.

Our data on global palmitoylation inhibition by Pemopalmitate show that such
inhibition deregulate$. cruz growth, viability, morphology, endocytosis, diffateation
and host cell interaction/infectiviiy vitro, which are crucial biological processes for the
parasite survival. The next step is to identify aratidate the biochemical pathways
involved with palmitoylation that lead to theseeadtions by proteomic and reverse
genetic approaches. Future studies focusing ochtieacterization of these pathways are
also paramount to understand the role of palmitmyadependent protein localization in
parasite survival.

Some palmitoylation inhibitor compounds have bdesady described [48], and
one of them, Compound V (CV) behaved similarly 4BR, in that it inhibited all four of
the DHHC proteins tested. 2-BP and CV inhibitedoaaylation of the PAT enzyme,
which is tightly correlated with the ability to trefer palmitate to substrate [49]. Future
works with these specific palmitoylation inhibitcagainstT. cruzi could elucidate the

role played by palmitoylation in the parasite lifgcle.

Conclusions

2-bromopalmitate treatment inTrypanosoma cruzi alters morphology,

endocytosis, differentiation and infectivitwhich suggests that palmitoylation is an
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important cellular process that may be a good tdogéurther cellular/molecular biology

studies.
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Figure legends

Figure 1. Effect of 2-BP on differentTrypanosoma cruz developmental forms.

(A) Effect on epimastigotes. ¥ value was estimated as 130 uM. n=3, p<0.001. (B)
Effect on metacyclic trypomastigotes.s#24h value was estimated as 216 nM. n=3,
p<0.001. (C) Effect on culture trypomastigotessoldh value was estimated as 262 uM.

n=3, p<0.001l. (D) Effect on isolated intracelluamastigotes. 16=242 pM. n=3,

p<0.001.
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Figure 2. Localization of TcFCaBP in Trypanosoma cruzi epimastigotes and
metacyclic trypomastigotes after 2-BP treatment.

(A-C) Negative control (CTL), showing flagellar localizat (in red) of TcFCaBP in
epimastigotes (A) and trypomastigotes (C). Nucland kinetoplast are stained with
DAPI (blue). (B-D) Incubation with 130 uM 2-BP hiekd flagellar localization of

TcFCaBPn: nucleus; k: kinetoplast; f: flagellum. Bars=5 pum

TcFCaBP ‘__' TcFCaBP

Epimastigote
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Figure 3. Morphological alterations of Trypanosoma cruz epimastigotes treated with
ICsd/48h 2-BP.

(A-B) Scanning electron microscopy of control (Ada2-BP-treated (B) parasites. Note
the extracellular leakage at the flagellar pockegian of treated epimastigotes (arrows).
Insets (bar=5 pum): bright field microscopy of Gienstained parasites. Control parasite
(in A) showing the characteristic elongated shdpgted parasites (in B) were larger,
with large vacuoles and were adhered by their lagéC-D) Transmission electron
microscopy. Control epimastigote (C) showing thpidsl elongated morphology. A
representative Golgi complex is shown in the inBéBP-treated parasites (D) presented
large electron lucent vacuoles at the anteriofarpows) and Golgi complex alterations
(arrow in inset). N: nucleus; K: kinetoplast; FRxgellar pocket; G: Golgi complex; R:

reservosome; M: mitochondrion. Bars=5 pm.
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Figure 4. ICs0/48h 2-BP treatment Effect onTrypanosoma cruz epimastigotes as
assessed by flow cytometry.

(A) Forward scatter (FSC) analysis of control (CHod treated parasites, showing the
larger size of the treated epimastigotes. (B) Sater (SSC) analysis of CTL and 2-BP
parasites, showing an increase _in_granulosity. @)l cycle analysis, showing no
difference between CTL and 2-BP treated paragitéisd different cell cycle stages. (D)
Mitochondrial potential analysis by rhodamine-1&3wing a decrease in the membrane
potential for 2-BP-treated epimastigotes; 100 uMGQGEC positive control. (E) Cell
viability analysis of CTL and 2-BP parasites bymdium iodide, showing a few dead

cells in 2-BP-treated cultures.
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Figure 5. Transferrin-AlexaFluor 633 endocytosis isaltered in Trypanosoma cruz
epimastigotes by 2-BP treatment.

(A) Flow cytometry analysis showing that transferinternalization was inhibited after
4 h of treatment with 2-BP. ***: p<0.001. (B) Coatrcell: co-localization of internalized
transferrin (TF-633) with cruzipain (CZP) in resesomes by fluorescence microscopy.
(C) Parasites treated for 4 h with 2-BP showindlnorescence signal for transferrin. n:

nucleus; k: kinetoplast. Bars=5 pm.
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Figure 6. Albumin-Alexa 488 endocytosis is alteredin Trypanosoma cruz

epimastigotes by 2-BP treatment.
(A) Flow cytometry analysis showing that albumiteimalization was inhibited after
treatment for 4 h with 2-BP. ***: p<0.001. (B) Caeat: Co-localization of internalized

albumin (ALB-488) with cruzipain (CZP) in reservoses by fluorescence microscopy.
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(C) Parasites treated for 4 h with 2-BP showind@juarescence signal of albumin (no co-

localization with cruzipain). N: nucleus; k: kinptast. Bars=5 pm.
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Figure 7. Metacyclogenesis ofrypanosoma cruz is inhibited by 2-BP treatment.

(A) Schematic view of the metacyclogenesis expenialalesign. (B) Ratio of metacyclic
trypomastigotes/epimastigotes after 72 h in theeswugdant of TAUSAAG medium; the
ratio decreased in all treatments, when compar#tetantreated control. *: p>0.005; **:

p<0.005; ***: p<0.001. (C) Giemsa-stained cellsleoted in the supernatant showing
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morphological alterations after the different treanhts. n: nucleus; k: kinetoplast. Bars=5

pm.
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Figure 8. 2-BP treatment during metacyclogenesistalrs Trypanosoma cruz host cell
infectivity.

(A) Number of released cell-culture trypomastigdteé$L and 2-BP-treated groups) after
Vero cell infection, showing a reduction of approzately 45.5% to 75% for the treated
groups when compared to the control parasites. 1*=3p<0.001. Released cell-culture

trypomastigotes (CTL and 2-BP-treated groups) asialized by light microscopy

99



showing morphological alterations, such as smaller and round nucleus, compared to
the control parasites. n: nucleus; k: kinetopRats=5 um. (B) Localization of TcFCaBP
of Trypanosoma cruz trypomastigotes released from Vero cells infeoteth 2-BP-
treated metacyclic trypomastigotes (pre-stressgrdiiTL: Negative control showing a
strong labeling in the flagellum. 2-BP: Treatedgsites showing cellular (arrowhead)

and partial flagellar (arrow) labeling. n: nuclekskinetoplast; f: flagellum. Bars=5 pm.
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Figure 9. 2-BP treatment of culture trypomastigoteswith ICso 2-BP alters
Trypanosoma cruz host cell infectivity.

(A) 2-BP treatment before infection altered TcFCdBigellar localization in parasites
obtained before and after infection. (B) Note thecrdase in number of released
trypomastigotes four days after infection. *: p3.(C) Giemsa staining of released
trypomastigotes showing morphological alteratiamsnucleus; k: kinetoplast. Bars=5

pm.
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Additional Files

Additional file 1: Figure S2. 48h-old Trypanosoma cruz intracellular parasites

isolated by cavitation after 24 hours with 125 uM ZBP. A) Control isolated amastigote
incubated in DMEM medium with the vehicle DMSOM125%;B) Treated parasite
showing an intermediate morphology similar to tnyastigotes, but with kinetoplast
close to the nucleus (transition form); C) Treatearasite showing the typical

trypomastigote form. N= nucleus; k= kinetoplast&8abum.
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Additional file 3: Figure S3. Characterization of aid compartments in control
(CTL) and 2-BP-treated epimastigotes after acridineorange (AO) staining.Note the
increased AO fluorescence signal in 2-BP paragléds panel), which corresponds to

increased fluorescence in large vacuoles at theeposcell end (right panel). Bars=5
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6.4. Concluséo Capitulo 3

- Os valores de @4 de 2-bromopalmitato foram estimados em 130 pM ermds
epimastigotas (48h), 216 nM em tripomastigotas aieliaos (24h), 242 uM em
amastigotas intracelulares isolados por cavitagdh)(e 262 uM em tripomastigotas de
cultura (4h).

- A incubacao de epimastigotas, por 48h, com 2-8amcentracdo estimada pelaoCl
alterou a localizacdo de TcFCaBP, uma proteindéadelb sabidamente palmitoilada.

- A morfologia: apareceram grandes vacuolos traihé na regido posterior, além de
alteracdes na ultraestrutura do complexo de Golgi.

- A endocitose de transferrina e albumina foi idébem aproximadamente 90%.

- A metaciclogénese foi inibida em até 90% (no grppe-estresse).

- A infectividade foi reduzida em até 75% dos tnastigotas metaciclicos obtidos do

experimento de diferenciacéo e 45,5% para tripagaas de cultura.
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VII. Capitulo 4

Palmitoil prote6mica de Trypanosoma cruz

Esta parte da tese teve por objetivo identificastgdgnas palmitoiladas em
diferentes formas evolutivas de cruzi e foi realizada no laboratorio do Dr. David
Morgan Engman no Cedars-Sinai Medical Center (Logefes, CA, EUA) durante o
periodo de Doutorado Sanduiche por seis meses @@otubro de 2017) com bolsa
PDSE CAPES (Processo 88881.135788/2016-01). Atesirzamcadn silico da palmitoll
protedmica de formas epimastigotas da cepa YT.deruz foi realizada e foram
identificadas 3097 proteinas, das quais: 15% fatamalta confianca (p<0,01), 130 (4%)
tiveram média confianca (p<0,05) e 2501 tiveranxdaonfianca (p>0,05). No grupo
com alta confianca, 6% continham o motivo de miiiatdo MG e, apds predizer a
funcéo, 35% das proteinas identificadas continhamg&o desconhecida, 13% eram de
metabolismo, além de proteinas de sinalizacaoaredutie trafego.

Para a palmitoil protedbmica de formas amastigotaadgelulares, células H9C2
foram infectadas com a cepa Y Tecruzi e um total 1,2x10amastigotas intracelulares
foram isolados, com uma pureza de 98% (contamine@dn2% de células hospedeiras
intactas ou formas tripomastigotas). As amostrasrdastigotas e de tripomastigotas
concentradas estdo preservadas em freezer -80eta@ wstilizadas futuramente para
analise de palmitoil protedmica através do promwmatd PalmPISC em colaboracdo no
laboratério do Dr. David Morgan Engman.

Como estes resultados ndo estdo compilados em fdemaanuscrito, seréo
descritos a seguir em formato tradicional com ohigo, objetivos, material e métodos,

resultados e discussao e conclusdes os dadossbtido
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7.1. Introducéo

O sequenciamento de genomas ndo é o suficiente ghaeamger muitos dos
processos hioldgicos. Deve-se saber, por exempéis groteinas estédo realmente sendo
expressas, quando e em quais niveis esta expregsfice e quais Sao as suas
modificacbes pos-transcricionais, possibilitadas pmalise dos transcritos de RNAmM
(transcriptbmica) e, ap0s mais avangos, a anatiseodjunto de proteinas expressas a
partir do genoma (protedmica) (Revisado por HumpSenith, 2015).

A definicdo do termo protedmica surgiu no ano d@®51¢omo sendo a
caracterizacdo em larga escala do conjunto deipasteexpressas em uma célula ou
tecido (Wasinger et al., 1995). O proteoma néotéties e depende das condicbes e
estimulos a que o organismo € exposto. Sendo aaspmtedmica visa 0 estudo da
estrutura, funcdo e o controle dos sistemas bioddgiela analise das varias propriedades
das proteinas, incluindo também os estudos da sei@uéabundancia, atividade e
estruturas das proteinas expressas por uma césém como as modificagdes,
interacdes e translocacdes sofridas pelas protéRegsado por Humphery-Smith,
2015).

A protebmica consiste basicamente em extrair, agpguantificar e identificar
proteinas. Quando essas proteinas sédo intacesno abordado é protedmitgp down
e quando a analise é dos seus peptideos, ela é@dhata proted6michottom up. Na
protedmicaotton up, ha a digestdo da proteina intacta, sendo odeegtanalisados por
espectrometria de massas (Han et al., 2008).

A protedmicatop down tem sido empregada para o estudo da S-palmitoilaca
palmitoil proteébmica. S&o duas as principais abgeda: 1) a técnica ABEAEyl Biotinyl
Exchange) utiliza a propriedade da hidroxilamida de cliaatigacdo tioéster entre a
cisteina e o0 acido palmitico, seguido da subsétuipor biotina e enriquecimento
utilizando estreptavidina (Figura 1.3) (Wan et 2007); 2) o uso do &cido graxo alcinil
17-octadecindico (17-ODYA: 1@ctadecynoic acid) aliado aclick chemsitry (Martin e
Cravatt, 2009). Recentemente, houve uma melhorialadagem ABE utilizando
alteracbes no protocolo para espectrometria deasndBPalmPISC, do ingl@zalmitoyl
Protein ldentification and Ste Characterization), na qual a etapa de tripsinizacdo é
antecipada ao passo de biotinilizacdo para queitms sle S-palmitoilacdo sejam
identificados (Figura 7.1) (Yang et al., 2010).
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Figura 7.1. Comparacdo entre a preparacdo de amosis para Acyl-biotinyl
Exchange (ABE) e Palmitoyl Protein ldentification and Site Characterization
(PalmPISC). Na preparacgdo por ABE original, a amostra € mipada apos a coluna de
afinidade da biotina com estreptavidina-agarospeptideos da proteina inteira séo
enriquecidos e eluidos, permitindo apenas a idesmt#io de proteinas. Na preparacdo
PalmPISC a amostra é tripsinizada logo apos anidengao dos tidis resultantes da quebra
da ligacao tioéster entre a cisteina e o acido ifiabn Assim, apds cromatografia de
afinidade com estreptavidina-agarose apenas peptiteindos da ligacéo entre a biotina
e estreptavidina sdo enriquecidos e eluidos, eadizacéo dos sitios de S-palmitoilagdo
é revelada além da identificacdo de protéinas. fibadio de Yang et al., 2010.

A tabela 7.1 compara dozenove estudos de largdaesm palmitoil protedmica
apos busca no PubMed (NCBI). Destes, onze foramamiferos, cinco em protozoarios
patogénicos, dois em plantas e um em levedurage Testudos utilizaram ABE ou
derivados, e seis utilizaram 17-ODYoNek chemistry. Apenas um dos estudos usou
ambas as técnicas (Jones et al., 2012) e 212 mast&iram enriquecidas mutualmente.
O numero de proteinas identificadas variou de 2is{ikik et al., 2008) a 641 (Collins et
al., 2017). Apenas dois estudos identificaram sitie palmitoilacdo, variando de 168
(Yang et al., 2010) a 906 (Collins et al., 2017#eZE estudos realizaram validacdo dos
dados, confirmando a palmitoilacdo experimentalmelet uma proteina (Nievas et al.,
2018; Caballero et al., 2016; Foe et al., 2015; sleynet al., 2013; Jones et al., 2012;

Dowal et al., 2011; Kostiuk et al., 2008), um grujgoproteinas (Morrinson et al., 2015;
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Chesarino et al., 2014; Martin e Cravatt, 2009 dKat al., 2008; Roth et al., 2006) ou

utilizando outras técnicas de protedmica, taisc@hAC (Martin et al., 2012).

Tabela 7.1. Estudos de palmitoil prote6mica em laa escala em diversos

organismos.
Modelo de estudo Método N° de protein&alidacao Refs
identificadas\sitios
Trichomonas ABE 363\- TvTSP8 Nievas et
vaginalis al., 2018
Mus musculus SSABE* 641\906 - Collins et
(cérebro) al., 2017
Rattus norvegicus | ABE e acil ABE 241\- - Edmonds
(cérebro) RAC** Acil RAC 144\ et al.,
2017
Toxoplasma gondiii ABE 401\- ROP5 Caballero
et al.,
2016
Cultura celular de ABE 450\- - Srivastava
Populus et al.,
trichocarpa 2016
T. gondii 17-ODYA\ 282\ AMA1l Foe et al.,
Click 2015
chemistry
Homo sapiens ABE 280\- 6 Morrinson
(células T) et al.,
2015
H. sapiens (em 17- 174\ - Colguoun
infeccdo com HIV)| ODYA\click et al.,
chemistry 2015
M. musculus 17- 563\- 6 Chesarino
(fibroblastos e | ODYA\Click et al.,
células dendriticas) chemistry 2014
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Arabidosis thaliana ABE 600 LRR-RLK Hemsley
et al.,
2013
Plasmodium ABE\17- ABE 111 (alta | 202 Jones et
falciparum ODYA-click confianga) \- proteinas al., 2012
chemistry 17-ODYA\click | enriquecidas
chemistry 82 (alta| mutualmente
confianca\- (alta e média
confianga)
PfGAD45
M. musculus 17- 165 (117 alta | Todas por Martin et
(Células T) ODYA\Click confianca) SILAC al., 2011
chemistry
H. sapiens PalmPISC 215\ TLT-1 Dowal et
(plagquetas) al., 2011
Trypanosoma ABE 124\- - Emmer et
brucei al., 2011
H. sapiens (balsas | PalmPISC 398\ 168 - Yang et
lipidicas) al., 2010
H. sapiens (Células| 17-ODYA- 125\- Familia Martin e
T Jurkat) click 3FAM108 Cravatt,
chemistry 2009
R. norvegicus 17-ODYA- 21\- HMG65 Kostiuk et
(mitocondria do click al., 2008
figado) chemistry
R. norvegicus ABE 268\- 21 Kang et
(células neurais) al., 2008
Saccharomyces ABE 47 26 Roth et
cerevisiae al., 2006

*Do ingléssite specific ABE, permite a identificacdo de sitios de palntaigho.
** Sem uso de biotina no lugar do acido palmitiaaoluna de afinidade € baseada em
beads de tiopropil, que tém afinidade com os lixiies pos clivagem com hidroxilamida.

Nenhuma palmitoil protedmica foi realizada dncruzi e pela palmitoilagéo

poder estar envolvida em diversos processos bméglo parasito, o objetivo desta parte
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da tese foi realizar a palmitoil protedmica de egstigotas dé. cruz, através da técnica
PalmPISC.

7.2. Objetivo
Analisar a protedmica de proteinas palmitoiladaspmastigotas d&. cruz.

7.3. Objetivos especificos

1. Padronizar e realizar o enriquecimento de prosepadmitoiladas pela metodologia
“Acyl-biotinyl Exchange”, com a melhoria da técnica (PalImPISC);

2. ldentificar as proteinas palmitoiladas enriquesipar espectrometria de massas (LC-
MS/MS);

3. Analisar por bioinformética o perfil das familiagss proteinas identificadas em
epimastigotas dé. cruzi, com validagdo dos dados.

7.4. Material e Métodos
7.4.1. Preparo de amostras para PalmPISC
Este protocolo de PalmPISC para analise de palmpitatie6mica foi gentilmente
cedido pelo Dr. Wei Yang (Yang et al., 2010), o lgdasenvolveu a abordagem
PalmPISC e esta em colaboracdo com o laboratoriar doavid Engman.
Reagentes
- Solucao neutra quebradora de pontes TCEP a (Fevte)
- N-etilmaleimida (Pierce)
- Hidroxilamina a 50% (Sigma)
- Biotina-HPDP (Pierce)
- Esferas (beads) de estreptavidina-agarose deagitecidade (Pierce)
- Dimetilformamida (Sigma)
Tampdes utilizados
- Tampé&o M: 50 mM HEPES, 10 mM NaCl, 5 mM Mg@.1 mM EDTA, pH 7,4
- Tampao 4SB: 50 mM Tris-HCI, 4% SDS, 5 mM EDTA, pH4
- Tampao 2SB: 50 mM Tris-HCI, 2% SDS, 5 mM EDTA, pH4
- Tampao de diluicdo: 50 mM Tris-HCI, 150 mM NaQ@R% Triton X-100, 5 mM EDTA
- Tampao de equilibrio: 50 mM Tris-HCI, 150 mM NaQJ2% Triton X-100, 0,1% SDS,
5 mM EDTA
- Tampéao de lise: Tris-HCI 80 mM, SDS 4%, pH7.4
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- Hidroxilamida neutra 4 M: Diluir a hidroxilamineom ddhO, usar 36,5% HCI para
ajustar o pH para 7,4; adicionar volume apropriddaddHO para uma concentracao
final de 4 M. Este tampéao pode ser estocado a 4f@pitos meses.

Outras solucdes necessarias a serem preparadas tas

-3,33 M N-etilmaleimida: Misturar etanol e N-etillaBnida na proporcdo de 1,6&
etanol por mg de N-etilmaleimida.

- 4 mM Biotina-HPDP em dimetilformamida: 2,2 mg tetina-HPDP por ml de
dimetilformamida.

- Tampao Biotina-HPDP/HA (mL): 333 uL 4 M biotina-HPDP + 333.L 4 M de
hidroxilamina + 26,7.L 10% Triton X-100 + 306,3L ddHO

- Tampao Biotina-HPDP/HAmML): 333uL 4 M biotina-HPDP + 333L 0.1 M Tris-HCI
pH 7,4 + 26,1l 10% Triton X-100 + 306,aL ddH.O

Enriquecimento de proteinas para SDS-PAGE e Westerblot

As formas epimastigotas foram lisadas com tampadsde(5x o volume da
amostra) suavemente homogeneizadas em vortex, eemard. Os lisados foram
estocados a -80°C até o uso.

A amostras em um tubo foram misturadas e a coragur de proteina
determinada por Bradford. Adicionar volume apragwi@o tampéo 4SB para ajustar a
concentracdo de proteina para 5,0 mg/mL.

As proteinas foram precipitadas por metanol/clarafo. Para cada replicata,
comecar com 1,0 mg de proteina e precipitar conamadficloroformio de acordo com o
seguinte: para cada 200 de solu¢éo de proteina, foram adicionadosi808e metanol,
vortexado por 5 segundos, adicionado ib@e cloroférmio, vortexado por 5 segundos,
adicionado 400uL de ddHO, vortexado por 5 segundos. As amostras foram
centrifugadas a 16.000xg por 10 min a temperatutz@ente (TA). As solu¢des de cima
e de baixo foram removidas, sem perturbar a femechrmédia (proteinas). As amostras
foram centrifugadas novamente a 16.000xg por 16reEgs em TA e 0 sobrenadante
residual removido.

Para a reducao de proteina por TCEP, o pelletateipas foi redissolvido com
100 pL/tubo do tampéo 4SB por incubagéo repetitiva a&C3@6r 10 min e vortexando
(como descrito acima). Depois da solubilizacdo detapdo pellet, foram adicionados
292 pl do tampéo de diluicdo e as amostras hoarpateess em vortex por 5 segundos. Em

seguida, foram adicionados 8 ml do tampao neutebmguior de pontes TCEP a 0,5M
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(concentracao final 10 mM), as amostras foram wardas por 5 segundos e incubadas
em TA por 30 min sob agitagao orbital.

Para a alquilacdo de residuos de cisteina ndotpdados, foram adicionados 6
ml de N- etiimaleimida 3,33 M em etanol para caa@stra, seguido da incubacéo por
2,5 h em agitacéo orbital em TA.

As amostras foram divididas em dois tubos, idergdfas como HA(+) e outro
como HA(-). Foram realizadas 4-5 precipitacfes esthanol\cloroférmio sequenciais
para remover o excesso de N-etilmaleimida, confateserito acima.

O pellet foi redissolvido com tampédo 4SB (como des@cima) usando 50
uL/tubo. Para os tubos HA(+), foram adicionados mbde tampéo biotina-HPDP/HA
para os tubos HA(-) adicionar 150 ml de tampé&oimeeHPDP/HA. Foram realizardas
precipitacbes em methanol\cloroformio sequenciars pemover o excesso de biotina-
HPDP.

Os pellets foram redissolvidos com o tampao 23B pL/tubo (mesmo
procedimento descrito acima). Foi adicionado o &onge diluicdo 1,330L para cada
tubo, vortexado por 5 segundos e incubado em TA3Panin em agitacéo orbital. As
amostras foram centrifugadas a 16.000xg por 5 minT&. O sobrenadante foi
reservado.

As esferas de estreptavidina agarose de alta cigciforam equilibradas. O
frasco contendo as esferas por 5 vezes foi invegimtiimente e 100L do conteudo foi
transferido para cada tubo Eppendorf. Um mL do Gomge equilibrio foi adicionado
para cada tubo, sendo eles invertidos por 5 vessdrifugados a 200xg por 1 min e
descartados os sobrenadantes. O passo de lavagepetado por duas vezes adicionais.

O sobrenadante de proteinas reservado anteriorfioeirnsferido para os tubos
contendo as esferas de alta capacidade de estdapgaagarose equilibradas, incubados
em TA por 1 h em agitacao orbital, centrifugadaz0@xg por 1 min e descartado o
sobrenadante. As esferas com tampao de equililmio/tlbo foram lavadas por um total
de seis vezes. Para lavagem, foi repetido o despara equilibrar as eferas de
estreptavidina agarose.

Para a eluicédo das proteinas enriquecidas, foicadido 20QuL TCEP a 20 mM
em tampao de equilibrio para cada tubo e os mesmokados em TA por 30 min em
agitacao orbital, centrifugados a 200xg por 1 minaasferidos sobrenadante (0 mais
completo possivel) para limpar os tubos Eppendafo depois, as amostras foram

centrifugadas a 200xg por 2 min e o sobrenadaatesferido, encostando nas esferas,
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para limpar os tubos Eppendorf. Foram adicion&fiisul. metanol para cada tubo,
vortexados por 5 segundos, adicinado 150 ml defdiomio, vortexados por 5 segundos,
adicionar 40QuL de ddHO, vortexados por 5 segundos e centrifugados &A8¢por

10 min em TA. A fase alta foi descartada sem tadase média. Foiram adicionados 800
ml de metanol para cada tubo, vortexados por %esmntrifugados a 16.000xg por 10
min em TA. O sobrenadante foi descartado e secoaropor 10 min em TA. Foram
adicionados 1@L de tampéao de corrida redutor 1x para cada twmmrtexados por 10
segundos. Agora as amostras estdo prontas par&®80E-e western blot, ou, em larga
escala, para LC-MS\MS.

7.4.2. Andlisan silico das proteinas identificadas no palmitoil protea®mdormas
epimastigotas deé. cruz

Apoés analise estatistica por ANOVA com ajuste dmfBrroni baseada na
intensidade LQF (do ingl@sabel-free Quantification), as proteinas identificadas foram
separadas em trés grupos: 1) alta confianca (pxO¥dia confianca (p<0.05) e baixa
confianca (p>0.05). Em seguida, apenas as proteimggsupo de alta confianca foram
selecionadas para uma analisailico mais detalhada tais como a checagem da presenca
destas proteinas em outras protedmicas ja pubsicamd. cruz, a presenca do motivo
MG na sequencia aminoacidica, que indica a N-roitéstao de proteinas e, com auxilio
do bando de dados de tripanossomatideos TritrypPBtein BLAST, foi realizada a
analise de Gene Ontology (GO terms) e busca de lbgogie dominios para predicéo da
funcdo. Importante ressaltar que as proteinas étipas sem dominios conservados e
homologia com proteinas conhecidas foram anotawtas de funcéo desconhecida.

7.5. Resultados e Discussao
7.5.1. Palmitoil proteoma de epimastigotad deruz, cepa Y

Depois do protocolo PalmPISC para espectrometnaagsas e analise dos dados
por bioinformatica, um total de 3097 proteinas roradentificadas em formas
epimastigotas: 466 (15%) com alta confianca (p<0,030 (4%) com confianca média
(p<0,05) e 2501 com baixa confianca (p>0,05), depeianalise estatisca por ANOVA
com ajuste de Bonferroni (Figura 7.2). No grupoatta confianca, 29 proteinas (6%)
continham o motivo de miristoilacdo MG (Figura 7.2 miristoilacdo € outra
modificacdo lipidica de proteinas, onde um acidaxgrsaturado de 14 carbonos é

adicionado a uma glicina N-terminal, sendo catdis@or uma Unica N-miristoil
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transferase (Heng et al., 201B)oteinas podem ser miristoiladas e palmitoilassdo
assim determinada sua localizacdo e fungdo (Gedsagman, 1999). Nao foi possivel
identificar os sitios de palmitoilacdo. Mais amastserdo corridas para este fim.

Statistical Confidence of Proteins in Identified in T. cruzi Epimastigote Palmitoylome

(29 (6%)
motivo MG)

4%)

® High p<0.01
u Moderate p<0.05

= Low p>0.05

Figura 7.2. Proteinas identificadas na palmitoil ppteémica de formas epimastigotas
de Trypanosoma cruzi por PalmPISC. Das 3097 proteinas identificadai6 (15%)
eram de alta confianca (p<0,01), 130 (4%) de cogéanédia (p<0,05) e 2501 de baixa
confianca (p>0,05). No grupo de alta confiancap@feinas (6%) continham o motivo
de miristoilacdo MG.

Apés analises adicionain silico do grupo de alta confianca, a determinacdo da
funcéo protéica foi baseada nos dominios e na paags® (homologia) com proteinas
de funcao conhecida. Um total de 152 (35%) destaeipas possui funcao desconhecida
(proteinas hipotéticas), seguido de proteinas dabuksmo (59 proteinas, 13%), de
sinalizacédo celular e de trafego de vesiculas (&iguB8). Como mais de 50% do genoma
deT. cruz codifica para proteinas hipotétiq&sd Sayed et al., 2005¢, de se esperar que
proteinas hipotéticas representem uma boa poramnteg qualquer proteoma, 0s outros

grupos, tais como metabolismo e trafego, sao edperauma palmitoil protedbmica.
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Predicted Function of High Confidence Proteins in T. cruzi Epimastigote Palmitoylome
<0.01 for adjustP (Bonferonni Correction)

= Unknown

= Metabolism
= Cell Signalling
= Trafficking

“ ® Post-translational modifications
I| = Transporter
| = Protealysis

® RNA processing
= Translation
= Cytoskeleton

S o \ \ u Flagellum

" N ‘._".I il
L

= Protein folding
= Protein-protein interactions
= Ribosome assembly
» Spliceosome
= Chromosomal
= DNA repair
Epigenetics
u Mitochondrion biogenesis
= Transposon
= Autophagy
= DNA Replication
= Mitosis
= Motility
s Nuclear biogenesis
= Peroxisome biogenesis
Redox
= RNA aditing
Apoptosis
Transcription

& Transcriptional control
w Amino acid repair

= ER biogenesis

= Membrane

w Osmoregulation

Figura 7.3. Predicdoin silico de fungéo das proteinas identificadas por PaImPISC
com alta confianca A funcéo foi predita com base em conservacéo emomi

A perspectiva futura € realizar a validacdo do®dad que envolve a selecdo de
10-20 proteinas identificadas no grupo de altaiaopé para estudos confirmatoérios, os
guais envolvem a geracdo de OGMs contendo protetmasetiquetas para realizar (a)
PalmPISC (SDS-PAGE, western blot), (b) imunofluoéeia apds tratamento com 2-
BP para verificar alteracdo de localizacdo, (c)apdd nos residuos de cisteina e (d)
nocaute por CRISPR-Cas9 ou recombinagao génica.

7.5.2. Palmitoil proteoma de amastigotas intraeaedd

Células H9C2 foram infectadas com a cepa YTderuzi e um total 1,2x10
amastigotas intracelulares foram isolados por ae&d (Batista et al., 2015), com uma
pureza de 98%, sendo a contaminacao com 2% deséospedeiras intactas ou formas
tripomastigotas (Fig 7.4). O proximo passo seréizaao protocolo de PalmPISC com
estas amastigotas e a analise dos dados, aléntidicéia. Os pellets estdo mantidos em
freezer -86C.
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Figura 7.4. Populacao de amastigotas intracelularesolados pos cavitacao que seréo
utilizados para PalmPISC.C=cinetoplasto; N= Nucleo. Barra=5 pum.

7.5.3. Palmitoil proteoma de tripomastigotas deucal

Também temos 5,6 x 1@ipomastigotas de cultura com 80% de pureza, 2@

de amastigotas extracelulares (Figura 7. 5) Rréxpasso sera realizar PalmPISC e
analise e validacéo dos dados.
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Figura 7.5. Populagéo de tripomastigotas de culturaqjue serdo utilizados para
PalmPISC. C=cinetoplasto; N= nucleo. Barra=5 um.
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7.6. Concluséo Capitulo 4

- ApOs realizar PalmPISC de formas epimastigotascefza Y deT. cruzi foram
identificadas 3097 proteinas: 15% foram de altdiaoga, 4% tiveram média confianca
e 2501 tiveram baixa confianca.

- No grupo com alta confianca, 29 proteinas (6%ifinbam o motivo de miristoilacéo
MG.

- 152 (35%) proteinas identificadas continham fongé&sconhecida, 59 (13%) eram de

metabolismo, além de proteinas de sinalizacaoaredutle trafego.
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VIIl. Discussao Geral

Esta tese teve por objetivo realizar uma analisbajlda S-palmitoilacdo em
cruz, tanto em relacdo as proteinas que sao palmiésijagianto em relacédo as enzimas
DHHC palmitoil transferases (que podem realizae psbcesso) e palmitoil tioesterases
(que desfazem o processo).

Apesar da S-palmitoilacdo ser uma modificacéo itapbe em varios organismos
modelos, nenhum estudo global foi realizado atéomemnto emT. cruz. Uma das
abordagens de estudos globais em S-palmitoilagécecoe a identificagdo das enzimas
envolvidas no processo, revelando suas localizag@ibselulares. ldentificamos 15
TcPATs e 2 PPTs no parasito, e apos etapas degelonaransfeccédo e selecdo de
organismos geneticamente modificados (OGMs), saaditacoes foram estudadas por
microscopia de fluorescéncia. A localizacao das $édncentrada na regido anterior era
esperada, por ser esta uma regido onde ocorremosvenportante de trafego de
proteinas, transporte de vesiculas, bem como ende@ exocitose, processos nos quais
S-palmitoilacdo esta envolvida em outros organis@@sa localizacdo das PPTs dispersa
pelo citoplasma também era esperada, pelo fatordipas palmitoiladas serem
destinadas a varias localidades dentro ou forahldac Este € um estudo inicial destas
enzimas. O proximo passo sera realizar estudosofais, tais como nocaute génico e/ou
mutacdes direcionadas no sitio ativo das enzim@glando sua relevancia para a
biologia do parasito.

Nesta tese também foi desenvolvida uma metodolpgia isolamento de
amastigotas intracelulares, para posteriores estbanogicos, tais como endocitose,
incubagd@o com inibidor de palmitoilagédo e palmipridtedmica. Foi possivel obter uma
populacdo viavel e purificada de amastigotas issgubr esta técnica, com marcacao
positiva de Ssp4, uma proteina especifica da domedestas formas. ApOs realizar
ensaios de endocitose, foi comprovada a atividadieagtica, com co-localizacdo de
transferrina e/ou albumina com cruzipaina nos vesesomos destas formas.

Uma outra abordagem utilizada em estudos globaisSgbalmitoilacdo é o
tratamento com o inibidor de S-palmitoilacdo 2-bopaimitato (2-BP) e analise dos
efeitos nas células. Sabe-se que 2-BP é citotépiodanto ele é usado apenas para
estudar a S-palmitoilacdo. Como este reagente rfonaaado enT. cruz, focamos em
analisar seu efeito em diferentes formas do cielovida, na morfologia, endocitose,
diferenciagao e infectividade. 2-BP demonstroutefem todas as formas analisadas.
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Interessantemente, o sclem tripomastigotas metaciclicos foi em escala mentar,
indicando que a S-palmitoilagdo possui alguma fanggortante nessas formas. Por
microscopia eletronica de transmissao observamtsaedes na ultraestrutura do
complexo de Golgi. Uma hipotese é que inibicdo gel&itoilacdo estaria afetando a
ultraestrutura do Golgi por acumulo de proteina® n@almitoiladas. Formas
epimastigotas foram incubadas com 2-BP na congédrastimada pelo &lde 2-BP
por 4 horas. Apés avaliagdo por citometria, foigbeal verificar que a endocitose de
albumina e transferrina foi inibida em 90% das leéluindicando que a S-palmitoilacéo
possui um papel importante na endocitose nestesifmmraComo a endocitose esta
relacionada ao processo de diferenciacao de foemiasastigotas para tripomastigotas
metaciclicas (metaciclogénese), testamos o efeit@-BP durante a diferenciagdo. A
diferenciacao foi alterada em até 90%, indicand® a&j$-palmitoilacdo possui um papel
importante neste processo. Os tripomastigotas mebtas oriundos destes tratamentos
também foram menos infectivos (em até 75%). Trimiigatas de cultura tratados com
0o Clo especifica destas formas foram até 45,5% menostivds. Portanto, S-
palmitoilacdo pode estar relacionada com a infetsde deT. cruz. Como 2-BP é
citotoxico, 0 proximo passo pode ser a busca dadimies de S-palmitoilacdo mais
especificos pard. cruzi, como possiveis candidatos a abordagem terapéétiém
disso, nossos dados podem ser usados para congaragé dados proteGmicos,
ajudando a desvendar o papel da S-palmitoilacdahagia doT. cruz.

Por fim, um estudo global importante sobre S-palitaitdo € a palmitolil
protedmica, onde proteinas com esta modificacaalsatificadas. Com esta abordagem
é possivel caracterizar as diversas funcdes dénStpitgacao na célula. Analise silico
demonstrou que 466 proteinas com diversas fungdescqnhecidas, metabolismo,
trafego, entre outras) tem grande potencial densepalmitoiladas em formas
epimastigotas d&. cruzi. Assim, o préximo passo é a validagdo dos dadgmbioitoil
proteoma de epimastigotas de cruzi. Além disso, temos pellets congelados de
amastigotas intracelulares isolados por cavitac&oipemastigotas de cultura, que
aguardam o seu processamento para realizar PalmdPi@htificacdo das proteinas e

dos sitios, além da validagéo.
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IX. Concluséo final

Consideramos que a relevancia desta tese foi inesiudos gerais sobre a S-
palmitoilacdo de proteinas €émcruzi. Os dados gerados nesta tese podem servir de base
para estudos posteriores que visem compreendacaduwa S-palmitoilacdo na biologia
do parasito, tendo em vista que: (a) este protazgerssui a maquinaria enzimatica
necessdria para a realizacdo desta modificacatramfissional; (b) a inibicdo por 2-BP
alterou diversos eventos biolégicos importantesa par sobrevivéncia do parasito
(endocitose, diferenciacéo e infectividade), edfeersas proteinas de interesse podem
estar palmitoiladas e envolvidas em importantes matabolicas, tais como endocitose,
sinalizacdo celular e movimento flagelar, uma ver @lguns destes alvos foram

identificados por palmitoil proteGmica.
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