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RESUMO

O termo proteoformas refere-se a todas as formas moleculares na qual variantes
proteicas codificadas por um Unico gene podem ser encontradas, incluindo mudancas
devido a variacdo genética, splicing alternativo e modificacbes cotraducionais e pos-
traducionais (MCTs e MPTSs, respectivamente). Em Echinococcus granulosus, o agente
causador da hidatidose cistica, a caracterizacdo de proteoformas ainda ndo foi
sistematicamente abordada e pode revelar mecanimos moleculares relevantes para o
estabelecimento do parasito nos hospedeiros intermediarios. A caracterizacdo tanto de
proteoformas da frutose-bifosfato-aldolase (FBA) e enolase, potencialmente moonlighting,
como de outras proteoformas expressas em fracdes subcelulares do estagio larval deste
parasito foi realizada. Em relagdo as enzimas glicoliticas, vérias evidéncias indicam a
EgFBA1 e a EgEnol como sendo proteinas moonlighting: (i) as localizagdes ndo usuais
destas proteinas no tegumento de protoescolices e em produtos de excrecdo/secrecdo (ES)
in vivo (liquido hidatico) e in vitro; (ii) caracteristicas estruturais destas proteinas, com
destaque para a identificacdo de um sitio de ligacdo a F-actina na estrutura da EQFBAL,;
(iii) a habilidade destas proteinas de interagirem com Vvérias proteinas ndo relacionadas a
glicolise. Em relacdo ao repertorio de proteinas expressas em fragdes subcelulares, fragdes
nucleares e citosolicas de protoescdlices de E. granulosus foram analisadas através de
protedmica top down e bottom up. De modo geral, 525 proteinas foram identificadas, sendo
224 e 156 proteinas exclusivamente detectadas em fracfes nucleares e citosolicas,
respectivamente. Além da identificacdo de proteinas, nossa abordagem de protedbmica top
down também permitiu a caracterizacdo de MCTs e MPTs, destacando a excisdo da
metionina N-terminal e a acetilacdo N-terminal como modificagdes conservadas nas
proteinas de E. granulosus. Nossos resultados representam as primeiras evidéncias de
funcOes alternativas realizadas por enzimas glicoliticas em E. granulosus e sugerem que
proteinas multifuncionais devem desempenhar papéis importantes na interacdo parasito-
hospedeiro. Os proteomas nuclear e citosélico de protoescélices também foram descritos,
revelando novos aspectos da biologia do parasito, incluindo proteoformas com MCTs e
MPTs, as quais devem desempenhar papéis criticos na regulacdo de processos celulares

deste parasito.
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ABSTRACT

The term proteoforms refers to all molecular forms in which the protein product of
a single gene can be found, including changes due to genetic variation, alternatively
spliced RNA transcripts and co-translational and post-translational modifications (CTMs
and PTMs, respectively). In Echinococcus granulosus, the causative agent of hydatid
disease, the characterization of proteoforms has never been systematically addressed and it
may reveal molecular mechanisms underlying the parasite biology. Here, the
characterization of fructose-bisphosphate aldolase (FBA) and enolase proteoforms,
potentially moonlighting, and also, the identification and characterization of proteoforms
expressed in subcellular fractions of E. granulosus larval stage were performed. In relation
to the glycolytic enzymes, several evidences indicate EgFBAl1 and EgEnol as
moonlighting proteins: (i) their unusual locations in protoscolex tegument and in in vivo
(hydatid fluid) and in vitro excretory/secretory (ES) products; (ii) their structural features,
highlighting the F-actin binding site in the EQFBAL structure; (iii) their ability to interact
with several proteins non-related to glycolysis. In relation to the repertoire of proteins
expressed in subcellular fractions, nuclear and cytosolic fractions from E. granulosus
protoscoleces were analyzed by top down and bottom up proteomics for protein
identification and characterization. Altogether, 525 proteins were identified, with 224 and
156 proteins exclusively detected in nuclear and cytoplasmic fractions, respectively.
Besides protein identification, our top down approach also provided CTMs and PTMs
characterization, highlighting N-terminal methionine excision and N-terminal acetylation
as conserved modifications in E. granulosus proteins. Overall, our results provided the first
experimental evidences of alternative functions performed by glycolytic enzymes in E.
granulosus and suggested that multifunctional proteins might play important roles in host-
parasite interplay. We also provided the description of nuclear and cytosolic proteomes
which revealed new aspects of parasite biology, highlighting proteoforms with CTMs and
PTMS which might be playing critical roles in regulating cellular processes occurring in

this parasite species.
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1. INTRODUCAO

1.1 Proteoformas

O sequenciamento de genomas revelou que nao existe uma relacéo entre o nimero
de genes e a complexidade fenotipica, sugerindo que parte da complexidade dos sistemas
biolégicos poderia estar relacionada com variagBes proteicas (Patrushev & Minkevich,
2008; Pruitt et al., 2007). Em nivel de DNA, RNA e proteina, a complexidade pode ser
gerada atraves de variacOes alélicas, splicing alternativo, modificagdes cotraducionais e
pos-traducionais (MCTs e MPTs, respectivamente) (Smith et al., 2013). Estes eventos
criam proteinas distintas que modulam uma ampla variedade de processos bioldgicos,
desde sinalizacéo celular até regulagdo génica.

A andlise protedmica surgiu como uma ferramenta essencial para revelar a
complexidade das variantes proteicas (Mann & Kelleher, 2008). Neste contexto, a
espectrometria de massas emergiu como uma plataforma-chave para a anélise proteémica,
com 0s propositos de identificar proteinas e caracterizar alteragdes relacionadas com a
producdo de diferentes variantes proteicas (Olsen & Mann, 2013). Essencialmente, duas
abordagens contrastantes referidas como bottom up e top down tém sido utilizadas para
atender estes propdsitos (Kellie et al., 2010). Na abordagem bottom up, as proteinas sdo
digeridas usando tripsina ou outras proteases, e 0s peptideos gerados sdo entdo analisadas
por cromatografia liquida acoplada a espectrometria de massas em tandem (LC-MS/MS).
Na abordagem top down, a identificacdo de proteinas é obtida diretamente da fragmentacédo
de proteinas intactas (Ahlf et al., 2013). Quando disponivel, a top down fornece dados mais
ricos tanto para a identificagdo precisa como para a caracterizagdo da composicao
molecular (Kelleher et al., 2014; Tran et al., 2011).

A disponibilidade de tecnologias para capturar a variabilidade proteica tem gerado
uma nomenclatura diversa para referir-se a complexidade de proteinas. Esta variabilidade
tem sido chamada de diferentes maneiras, incluindo formas, isoformas, e variantes
proteicas (Prabakaran et al., 2012; Smith et al., 2013). Isoformas € um termo amplamente
utilizado, mas geralmente de forma incorreta, conforme a definicdo estabelecida pela
International Union of Pure and Applied Chemistry (IUPAC), para a qual isoformas

referem-se a variantes produzidas devido a diferencas genéticas e ndo a diferencas em
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nivel proteico (Schliiter et al., 2009). Recentemente, o termo proteoformas foi proposto
para designar todas as diferentes formas moleculares nas quais produtos proteicos de um

unico gene podem ser encontrados (Figura 1) (Smith et al., 2013).

Nuamero de acesso no Uniprot

Sequénciacancnica | G |
- ; Conjunto de
Protesiise endogena . [N > - sequéncias
Splicing f - primarias
: X
= 58R —5 -
SNPs 109 W—C o
Mutagoes \, 5K —» acetilagdo . Caracteristicas
Modificagoes [ 2568 — fosforilagao sitio-especificas
e A . 43Y —» fosforilagao
postraducionais — 201 K— monometilagao -/ -
1 oo ofo 1 Proteoformas
o) b CH,
. : i
AT P S f | . | -3 j Todas as fontes de

variagao proteica

Figure 1. Origens do termo proteoforma para descrever a variabilidade biolégica. O UniProt é um
banco de dados néo redundante, de modo que existe um esforgo para manter um inico nimero de acesso para
cada gene. SNP, polimorfismo de nucleotideo tnico (do inglés single nucleotide polymorphism). Modificado
de (Smith et al., 2013).

A caracterizacdo de proteoformas nem sempre € um processo trivial. Para tornar
este cenario ainda mais complexo, outro aspecto a ser considerado dentro do universo de
proteoformas sdo as proteoformas moonlighting, as quais exibem propriedades
multifuncionais (Jeffery, 2009). Os avangos na instrumentacdo em espectrometria de
massas devem cada vez mais favorecer a captura da complexidade proteica. Considerando
que as proteoformas sdo reguladoras primarias de funcdes celulares, esforcos para a
caracterizagdo delas séo fundamentais para entender mecanismos moleculares associados a

diferentes processos bioldgicos.
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1.2 Proteinas moonlighting

Proteinas moonlighting consistem em uma classe de proteinas multifuncionais na
qual uma Unica cadeia polipeptidica realiza multiplas funcbes (Jeffery, 1999). Desde a
definicdo do termo moonlighting, centenas de proteinas com esta propriedade tém sido
identificadas nos trés dominios da vida (Henderson & Martin, 2014; Mani et al., 2015).
Exemplos conhecidos de proteinas moonlighting incluem diversas classes de proteinas,
como receptores, enzimas, fatores de transcricao e proteinas ribossémicas. Entre as fungdes
moonlighting destas proteinas destacam-se regulacdo transcricional, ligacdo a receptores,
funcBes relacionados com apoptose e outras funcdes reguladoras (Khan et al., 2014; Mani
etal., 2015).

As proteinas moonlighting conhecidas utilizam diversos mecanismos para troca de
funcBes (Jeffery, 2009). Algumas proteinas podem ter funcdes diferentes quando expressas
em diferentes locais no interior da célula. Por exemplo, véarias proteinas citosolicas séo
também encontradas na superficie celular, onde elas podem funcionar como receptores
(Kunert et al., 2007; Luo et al., 2009; Modun et al., 2000). Outras proteinas moonlighting
trocam de funcdo quando sdo secretadas (Niinaka et al., 1998), quando sofrem MPTs (Pal-
Bhowmick et al., 2007) ou quando formam complexos multiproteicos (Zheng et al., 2003).

Muitas das proteinas multifuncionais conhecidas sdo enzimas altamente
conservadas e, especialmente enzimas envolvidas na glicdlise tém sido descritas com
funcGes moonlighting (Huberts & van der Klei, 2010). Existem evidéncias de que 7 de 10
enzimas da via glicolitica exibem atividades moonlighting (Sriram et al., 2005).
Dependendo do organismo, as funcdes alternativas das enzimas glicoliticas podem variar
desde funcdes estruturais e reguladoras (Gancedo & Flores, 2008; Starnes et al., 2009;
Torres-Machorro et al., 2015) até, em organismos parasitos, funcdes de interacdo com e
invasdo do hospedeiro (Ginger, 2014; Gomez-Arreaza et al., 2014; Karkowska-Kuleta &
Kozik, 2014).

1.3 Fun¢Ges moonlighting em parasitos

Em relacdo a parasitos, o conceito de fun¢des moonlighting € interessante, uma vez
que a simplificacdo biologica é uma das principais caracteristicas geralmente associadas

com a adaptacdo ao parasitismo (Collingridge et al., 2010). A extensa descricdo de
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proteinas moonlighting em bactérias torna claro que elas sdo uma das principais
beneficiarias deste mecanismo de evolucdo (Henderson & Martin, 2011). Mas, proteinas
multifuncionais também tém sido descritas em muitos outros parasitos e muitas delas
desempenham papéis cruciais para interacdo com seus hospedeiros (Gémez-Arreaza et al.,
2014; Marcos et al., 2014).

Dentre as proteinas j& descritas como tendo fungdes moonlighting em organismos
parasitas, destacam-se enzimas da via glicolitica, como a frutose-bifosfato-aldolase (FBA)
e a enolase. Alem de apresentarem func¢des ndo glicoliticas na regulagdo do citoesqueleto,
no transporte celular, na transcricdo e na apoptose (Diaz-Ramos et al., 2012; Pancholi,
2001), estas enzimas desempenham papéis importantes em processos-chave na biologia de
organismos parasitas, como motilidade, adesdo e invasdo, entre outros (Jewett & Sibley,
2003; Marcos et al., 2014; Pomel et al., 2008). Essas proteinas também apresentam
capacidade de ligagdo a macromoléculas do hospedeiro, como o plasminogénio (Bernal et
al., 2004; Diaz-Martin et al., 2013; Marcilla et al., 2007), cuja ligacdo promove a
degradacdo de componentes de matriz extracelular, sendo essencial para a disseminacdo de
bactérias e fungos nos tecidos do hospedeiro (Chaves et al., 2015; Haile et al., 2006;
Nogueira et al., 2010) e, no caso de helmintos, parece contribuir para o estabelecimento
dos parasitos no hospedeiro (de la Torre-Escudero et al., 2010; Marcilla et al., 2007),
impedindo a formacdo de codgulos ao redor dos parasitos (Ramajo-Hernandez et al.,
2007). Adicionalmente, enzimas glicoliticas tém sido comumente identificadas no
tegumento e nos produtos de excrecdo/secrecdo (ES) de diversos parasitos, onde
apresentam propriedades antigénicas e de interagdo com o hospedeiro (de la Torre-
Escudero et al., 2010; Harnett, 2014; Liu et al., 2012; Zhang et al., 2014).

Enzimas da via glicolitica de Echinococcus granulosus, como a FBA (EgFBA) e a
enolase (EgEnNo), foram identificadas em diferentes componentes do cisto hidatico (Aziz et
al., 2011; Cui et al., 2013; Monteiro et al., 2010). Estudos protedmicos detectaram a
presenca das proteinas EQFBA e EgEno em protoescolices, camada germinativa e liquido
hidatico, demonstrando também, em alguns casos, carater antigénico para estas proteinas.
A presenca de proteinas como essas na camada germinativa (principal interface com o
hospedeiro) e no liquido hidatico (produtos de ES) de E. granulosus, inclusive fora do
contexto intracelular comumente associado a componentes da via glicolitica, sugere a

participacdo dessas enzimas em outros processos fisiologicos, dentre os quais aqueles de
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interacdo com o hospedeiro.

1.4 Echinococcus granulosus

O género Echinococcus pertence a classe Cestoda (ordem Cyclophyllidea, familia
Taeniidae). As duas principais espécies de importadncia médica e veterinaria sdo E.
granulosus e Echinococcus multilocularis, que causam, respectivamente, a hidatidose
cistica e a hidatidose alveolar (McManus & Thompson, 2003). Devido a distribuicéo
cosmopolita e o importante impacto tanto na salde de seres humanos como de animais
domeésticos, E. granulosus é considerada a espécie mais relevante (Romig, 2003).

Uma importante caracteristica da biologia do E. granulosus é que ele apresenta
consideravel variabilidade genética (Alvarez Rojas et al.,, 2014; McManus, 2013).
Atualmente, dez genoétipos sdo reconhecidos (G1-G10), sendo alguns considerados até
mesmo espécies diferentes, referidos conjuntamente como Echinococcus sensu lato (s. I.)
(Alvarez Rojas et al., 2014). Uma nova proposi¢cdo taxondmica retétm o nome E.
granulosus sensu stricto (s. s.) para G1-G3. A variacéo intraespecifica em E. granulosus (s.
I.) deve estar associada com diferentes padrbes de ciclo de vida, especificidade aos
hospedeiros, taxas de desenvolvimento, antigenicidade, dindmica de transmisséo,
sensibilidade a agentes quimioterapéuticos e patologia (McManus, 2009; Thompson &
McManus, 2002).

Como todos os cestddeos, as espécies do género Echinococcus requerem dois
hospedeiros mamiferos para completar os seus ciclos vitais (Romig, 2003). No caso de E.
granulosus, o verme adulto vive no intestino delgado do hospedeiro definitivo, que
geralmente é o cdo doméstico. Os ovos eliminados pelo verme adulto sdo infectivos para
os hospedeiros intermediarios que, em geral, sdo ungulados domeésticos (especialmente
bovinos, ovinos e suinos). O homem é infectado acidentalmente, devido ao manuseio de
hospedeiros definitivos contaminados e & transferéncia de ovos das méaos para a boca, ou
ainda pela ingestdo de alimentos contaminados (Eckert & Deplazes, 2004). Nos
hospedeiros intermediarios, 0s ovos eclodem liberando a oncosfera, que, nas visceras do
hospedeiro (geralmente figado ou pulmdes), se diferencia na forma larval patogénica do
parasito, 0 metacestodeo ou cisto hidatico, causando a hidatidose cistica. O ciclo vital de E.
granulosus € fechado quando os protoescélices, formas pré-adultas do parasito presentes

no interior do cisto, sdo ingeridos por um hospedeiro definitivo, podendo diferenciar-se em

17



vermes adultos (Figura 2).
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Figure 2. Ciclo vital do E. granulosus. (1) O verme adulto vive no intestino delgado do hospedeiro
definitivo (principalmente o cdo doméstico). (2) As proglétides gravidas liberam os ovos, 0s quais sdo
eliminados nas fezes. Ap6s a ingestdo por um hospedeiro intermediario adequado (bovinos, ovinos, o
homem, etc.), os ovos eclodem no intestino delgado e liberam a (3) oncosfera que penetra na parede do
intestino e migra através do sistema circulatorio para varios 6rgaos, especialmente figado e pulmdes. Nestes
6rgdos, a oncosfera diferencia-se em um (4) cisto hidatico o qual aumenta gradualmente de tamanho,
produzindo (5) protoescolices no seu interior. O hospedeiro definitivo é infectado pela ingestdo de cistos
existentes nos 6rgdos dos hospedeiros intermediérios. Apds a ingestdo, os (6) protoescélices evaginam,
fixam-se a mucosa intestinal e se transformam em vermes adultos. Os seres humanos séo infectados pela
ingestdo de ovos, com a liberagdo de oncosferas no intestino delgado e o desenvolvimento de cistos (4) em
varios orgdos. (Fonte: http://www.cdc.gov/parasites/echinococcosis/biology.html).

O cisto hidatico é unilocular e pode alcancar um tamanho grande, de 20 cm de
didametro ou até mais (Rogan et al., 2006) (Figura 3A). A cavidade do cisto é preenchida
com um liquido, denominado liquido hidatico, o qual é uma mistura complexa de
moléculas derivadas do parasito e componentes do soro do hospedeiro (Holcman & Heath,
1997; Juyi et al., 2013). A camada mais interna do cisto, a camada germinativa, &€ uma
camada celular indiferenciada proliferativa, responsavel tanto pela formacdo de

protoescélices (Figura 3B), como pela sintese da camada laminar, uma camada mais

18


http://www.cdc.gov/parasites/echinococcosis/biology.html

externa, acelular, rica em carboidratos (Diaz et al., 2011). Os protoescdlices surgem a partir
de evaginacdes decorrentes da proliferacdo e diferenciacdo de células de qualquer regido
da camada germinativa (Galindo et al., 2002). Estas se diferenciam em uma regido anterior
(com ventosas e aculeos) e uma regido posterior ou caudal (indiferenciada) bem no inicio

do processo de crescimento.

Figure 3. Estagio larval do parasito E. granulosus. A: Aspecto macroscopico de um cisto hidatico em
pulmdo bovino (foto de A. Teichmann); B: Protoescélices liberados de um cisto hidatico (foto de J. A.
Debarba).

Durante a formacdo do protoescélex, diferentes tipos celulares desenvolvem-se e
organizam-se em territdrios celulares com fungdes especificas (aculeos, ventosas, etc.)
(Galindo et al., 2002; Galindo et al., 2008). Além da base proliferativa, o0 aumento no
tamanho das células e a secrecdo de material extracelular devem estar envolvidos durante o
processo de formacdo de protoescolices, os quais geralmente sdo liberados no Iimen do
cisto. O desenvolvimento de protoescolices é particularmente interessante devido a
capacidade de diferenciacdo em duas direcGes desta forma do parasito, dependendo do
hospedeiro: (i) se ingerido por um hospedeiro definitivo, um protoescélex se desenvolvera
em um verme adulto; (ii) se a ruptura de um cisto no hospedeiro intermediario produzir a
disseminacdo de protoescdlices, cada um deles se desdiferenciara, dando origem a novos
cistos, chamados de cistos secundarios (Zhang et al., 2005). A elucidacdo das bases
moleculares desta plasticidade de desenvolvimento é central para o entendimento da
natureza do parasitismo em cestdédeos (Thompson & Jenkins, 2014; Thompson & Lymbery,
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2013).

1.5 Hidatidose cistica

A hidatidose cistica, uma zoonose comum em animais de pecuaria, também é um
problema de salde publica humana, especialmente em paises em desenvolvimento
(Mandal & Mandal, 2012). Ela é considerada uma das 17 doencas negligenciadas
priorizadas pela World Health Organization (WHO)
(http://www.who.int/neglected_diseases/diseases/en/). A distribuicdo global da hidatidose

mudou pouco desde 2010 (Figura 4) e, a América do Sul estd entre uma das areas
consideradas altamente endémicas. Os custos anuais associados com a hidatidose cistica
sdo estimados em US$ 3 bilhGes, incluindo custos para tratamento de casos e perdas na
producdo pecuéria (Budke et al., 2006). Em regides nas quais a hidatidose é considerada
endémica, a incidéncia em humanos pode exceder 50 casos por 100.000 pessoas-ano
(Mandal & Mandal, 2012). Na pecuaria, a taxa de hidatidose encontrada em abatedouros
em areas hiperendémicas da América Latina variam de 20 a 95% dos animais abatidos
(Moro et al., 2011).

O diagnostico precoce da hidatidose cistica é dificil, uma vez que a doenca é
tipicamente assintomatica por um longo periodo depois da infeccdo (Moro & Schantz,
2009). O diagnostico é geralmente baseado em dados epidemiolédgicos e na combinacédo de
métodos radiolégicos e imunodiagndstico. Apesar de limitacdes associadas a
disponibilidade restrita de antigenos melhor caracterizados, os métodos imunoldgicos
ainda sdo as alternativas mais eficientes para a deteccdo da infeccdo pelo estagio larval
(Siracusano et al., 2012a). Além disso, os testes sorologicos oferecem vantagens em
relacdo aos radiolégicos, incluindo o diagndéstico e tratamento precoces, 0s quais poderiam
aumentar a eficiéncia da quimioterapia (Zhang et al., 2012). Recentemente, a purificacdo
do antigeno 5 (Ag5) nativo e a utilizagdo em imunoensaios demonstrou-se como um
método imunodiagnostico promissor (Pagnozzi et al., 2014). A caracterizagdo limitada do
repertorio antigénico do parasito também limita o desenvolvimento de vacinas, embora
algumas proteinas com potencial para utilizagdo em vacinagdo contra a hidatidose cistica
ou contra a hidatidose alveolar ja tenham sido identificadas (Alvarez Rojas et al., 2013;
Larrieu et al., 2013).
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Figure 4. Distribuicao geografica de E. granulosus e da hidatidose cistica (WHO 2012, adaptado).

1.6 Interacdes Echinococcus-hospedeiro

O cisto hidatico é provavelmente a maior estrutura parasitaria alojada em tecidos de
mamiferos e a sua localizacdo e imunogenicidade resultam num grande potencial para
desencadeamento de uma resposta inflamatdria por parte do hospedeiro (Siracusano et al.,
2012b). Contudo, o cisto hidatico é capaz de sobreviver por décadas no corpo do
hospedeiro intermediario, devido a secrecdo e exposi¢do na sua superficie de moléculas
que neutralizam ou modulam a resposta imune do hospedeiro (Siracusano et al., 2012a). O
repertorio global de proteinas expressas no estagio larval patogénico de E. granulosus tem
sido revelado por varios estudos protedmicos tanto do nosso grupo como de outros (Aziz et
al., 2011; Chemale et al., 2003; Cui et al., 2013; Monteiro et al., 2010). Porém, a
caracterizacdo mais aprofundada de proteinas ainda é bastante focada em proteinas
imunodominantes (Siracusano et al., 2008; Zhang et al., 2012) como o antigeno B (AgB)
(Jiang et al., 2012; Monteiro et al., 2012) e o antigeno 5 (Ag5) (Li et al., 2012; Pagnozzi et
al., 2014), os quais estdo entre os componentes imunodominantes presentes no liquido
hidatico, onde sdo encontrados os produtos de ES do parasito (Aziz et al., 2011; Monteiro
et al., 2010; Virginio et al., 2012).
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Além de proteinas imunodominantes, varias outras tém sido identificadas nos
componentes de interacdo de E. granulosus com o hospedeiro (no liquido hidatico e na
camada germinativa) (Aziz et al., 2011; Monteiro et al., 2010). Surpreendentemente,
diversas proteinas intracelulares, como a tiorredoxina-peroxidase, a actina, a 14-3-3, a FBA
e a enolase tem sido repetidamente detectadas como produtos de ES da forma larval do
parasito. Essas proteinas citosélicas foram inicialmente consideradas como antigenos
“ocultos”, mas a deteccdo delas em liquido hidatico indica que elas estdo acessiveis para

potencialmente induzir ou modular a resposta imune do hospedeiro.
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2. JUSTIFICATIVAS

A hidatidose cistica é uma zoonose negligenciada, mundialmente distribuida, e
responsavel por uma alta morbidade e mortalidade (Brunetti & White, 2012). A
plasticidade de desenvolvimento exibida por parasitos do género Echinococcus é
certamente uma das caracteristicas relevantes para a interagdo com diferentes hospedeiros.
Apesar disso, mecanismos moleculares envolvidos no controle da plasticidade destes
parasitos, sao ainda pouco compreendidos. Alguns esforcos tém sido feitos com intuito de
melhor compreender tanto aspectos béasicos da biologia deste parasito como aspectos
intimamente relacionados ao contexto parasito-hospedeiro. Além de estudos
transcritbmicos do estagio larval do E. granulosus (Pan et al., 2014; Parkinson et al.,
2012), cabe destacar o recente sequenciamento dos genomas tanto do E. granulosus como
de outros 3 cestodeos parasitas (Tsai et al., 2013; Zheng et al., 2013). Porém, apesar dos
estudos gendmicos e transcritbmicos revelarem varios aspectos relevantes para a biologia
do parasito, muitos aspectos ainda precisam ser melhor explorados. Estudos protedmicos
do E. granulosus, por exemplo, sdo de grande valia tanto para confirmar dados preditos
pelos estudos gendmicos como para revelar novos aspectos da biologia do parasito ndo
acessiveis em nivel gendmico ou transcritbmico. Neste sentido, 0 nosso grupo tem se
dedicado a anéalise protedmica do estagio larval de E. granulosus (Chemale et al., 2003;
Monteiro et al., 2010), no contexto da infeccdo do hospedeiro intermediario. No que diz
respeito a produtos de ES, tanto nosso grupo como outros tém identificado proteinas
importantes para a relagdo parasito-hospedeiro (Aziz et al., 2011; Virginio et al., 2012).
Embora a identificacdo de proteinas do parasito tenha contribuido para entender alguns
aspectos da biologia do parasito, a identificacdo ndo tem sido suficiente para revelar
mecanismos moleculares envolvidos no controle de processos biol6gicos destes parasitos.
Deste modo, o estudo de aspectos responsaveis pela geracdo de variabilidade proteica,
como a presenca de proteinas moonlighting e de MCTs e MPTs constituem uma abordagem
importante para revelar novos mecanismos moleculares relevantes para a biologia destes

parasitos.
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3. OBJETIVOS

A caracterizacdo de proteoformas expressas no estagio larval de E. granulosus,
incluindo proteoformas potencialmente multifuncionais da EgFBA e EgEno, pode
contribuir para um melhor entendimento da biologia do parasito. Esse estudo representa os
primeiros passos na caracterizacdo mais aprofundada de proteinas deste parasito, e destaca
a importancia da caracterizagdo de proteoformas para elucidacdo de mecanismos
moleculares envolvidos no controle de processos bioldgicos, no estabelecimento e

desenvolvimento da fase larval de E. granulosus.

Os objetivos especificos deste trabalho séo:

1. Investigar possiveis mecanismos associados a multifuncionalidade da EgFBA e da
EgEno;

2. Caracterizar MCTs e MPTs de proteoformas expressas no estdgio larval de E.
granulosus;

3. ldentificar proteoformas expressas em fracGes subcelulares do estagio larval de E.

granulosus;
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4. MATERIAIS E METODOS E RESULTADOS

Na secdo 4.1, métodos e resultados referentes a predicdo do genes de EgFBA e
EgEno, a analise do padrdo de expressao nos diferentes componentes do cisto da EgFBA1
e da EgEnol, a modelagem 3D e a um ensaio de interagdo proteina-proteina da EQFBAL,

sdo apresentados na forma de artigo publicado.

Na secdo 4.2, métodos e resultados referentes a analise filogenética das isoformas
de EgFBA e EgEno, aos ensaios enzimaticos e aos ensaios de interacdo proteina-proteina
(sendo os dois ultimos realizados com as proteinas rEgFBA1 e rEgEnol), sao

complementares aos apresentados na se¢do 4.1.

Na secdo 4.3, métodos e resultados referentes as analises de proteémica top down e
bottom up de fragdes subcelulares de protoescolices de E. granulosus, contendo proteinas

de baixa massa (< 30 kDa), séo apresentados na forma de artigo.
Na secdo 4.4, métodos e resultados referentes as analises de proteémica top down e

bottom up de fragdes subcelulares de protoescolices de E. granulosus, contendo proteinas

de maior massa (> 30 kDa), sdo complementares aos apresentados na sec¢do 4.3.
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4.1 Frutose-bifosfato-aldolase e enolase de Echinococcus granulosus: genes, padroes
de expressdo e interacbes proteicas de duas potenciais proteinas moonlighting

Referéncia do artigo original publicado:
Karina Rodrigues Lorenzatto, Karina Mariante Monteiro, Rodolfo Paredes, Gabriela Prado
Paludo, Marbella Maria da Fonséca, Norbel Galanti, Arnaldo Zaha, Henrique Bunselmeyer
Ferreira
Fructose-bisphosphate aldolase and enolase from Echinococcus granulosus: genes,
expression patterns and protein interactions of two potential moonlighting proteins. Gene,
506: 76-84, 2012.

Contribuicdo dos autores:

K.R.L: delineamento experimental, execucdo de todos o0s experimentos (exceto a
modelagem molecular), e redacdo do manuscrito; K.M.M, N.G, A.Z., H.B.F:
delineamento experimental, analise e discussdo de resultados e revisdo do manuscrito; R.P.:
auxilio nos experimentos de imunofluorescéncia e revisdo do manuscrito; G.P.P: auxilio
nos experimentos de imunoblot e cross-linking de proteinas; M. M. F: realizou a

modelagem molecular.
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multifunctional proteins that may perform non-glycolytic moonlighting functions, but little is known about such
functions, especially in parasites. We have carried out in silico genomic searches in order to identify FBA and
enolase coding sequences in Echinococcus granulosus, the causative agent of cystic hydatid disease. Four FBA
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disease. To gather evidence of possible non-glycolytic functions, the expression profile of FBA and enolase
isoforms detected in the E. granulosus pathogenic larval form (hydatid cyst) (EgFBA1 and EgEno1) was assessed.
Using specific antibodies, EgFBA1 and EgEno1 were detected in protoscolex and germinal layer cells, as expected,
but they were also found in the hydatid fluid, which contains parasite's excretory-secretory (ES) products.
Besides, both proteins were found in protoscolex tegument and in vitro ES products, further suggesting possible
non-glycolytic functions in the host-parasite interface. EgFBA1 modeled 3D structure predicted a F-actin binding
site, and the ability of EgFBA1 to bind actin was confirmed experimentally, which was taken as an additional
evidence of FBA multifunctionality in E. granulosus. Overall, our results represent the first experimental evidences
of alternative functions performed by glycolytic enzymes in E. granulosus and provide relevant information for
the understanding of their roles in host-parasite interplay.
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1. Introduction 2006; Moro and Schantz, 2009). The hydatid cyst is the largest parasite

structure that lodges within mammalian tissues, and its location and

The larval stage (hydatid cyst or metacestode) of Echinococcus
granulosus is the causative agent of cystic hydatid disease, a worldwide
zoonosis of important medical and economic impacts (Budke et al.,
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phenylindole; EgEno, E. granulosus enolase; EgFBA, E. granulosus FBA; ELISA, enzyme-linked
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immunogenicity result in a large potential for eliciting inflammation
(Siracusano et al., 2008). Nevertheless, the hydatid cyst is able to
survive decades in the intermediate host, secreting and exposing mole-
cules that downregulate host responses against the parasite.

The repertoire of known proteins from the hydatid cyst was initially
restricted to immunodominant antigens (Carmena et al.,, 2006; Zhang
and McManus, 2006), but, more recently, proteomic surveys have sig-
nificantly increased the number of E. granulosus proteins identified in
cyst components (Aziz et al., 2011; Monteiro et al., 2010). Both, in anti-
gen characterization studies and in proteomic surveys, many cytosolic
proteins, including glycolytic enzymes, were also consistently found in
extracellular host-interacting components (e.g. tegument, and hydatid
fluid) (Aziz et al,, 2011; Chemale et al,, 2003; Monteiro et al., 2010;
Rodrigues et al., 1993), and the ectopic presence of these proteins was
taken as evidence of potential moonlight functions.

Moonlighting proteins refer to a subset of multifunctional proteins
in which two or more different functions are performed by one poly
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peptide chain (Jeffery, 1999). Many of the currently known moonlight-
ing proteins are highly conserved enzymes, and enzymes involved in
sugar metabolism particularly appear to moonlight (Huberts and Van
Der Klei, 2010). It has been suggested that at least 7 out of the 10 glyco-
lytic enzymes exhibit various non-glycolytic activities (Sriram et al.,
2005), whose functions can vary from structural to regulatory,
depending on the organism (Gancedo and Flores, 2008; Starnes et al.,
2009).

Fructose-bisphosphate aldolase (FBA), enolase and other glycolytic
enzymes have been commonly identified in the tegument and in
excretory-secretory (ES) products of various parasites, showing anti-
genic properties and potential for mediating interactions with the host
(Bernal et al., 2004; Huang et al., 2009; Marcilla et al., 2007; McCarthy
et al,, 2002). In parasites, both FBA and enolase have been described as
moonlighting proteins, with involvement in key processes, such as mo-
tility, adhesion, invasion, differentiation and development (Jewett and
Sibley, 2003; Labbé et al., 2006; Pal-Bhowmick et al., 2007; Pomel et
al,, 2008). These proteins have the ability to bind host macromolecules,
such as plasminogen (Bernal et al., 2004; Marcilla et al., 2007), promot-
ing degradation of extracellular matrix components and favoring the
pathogen spread in host tissues (Haile et al., 2006; Nogueira et al.,
2010). In helminths, the plasminogen-binding ability appears to con-
tribute to parasite establishment in the host (Marcilla et al, 2007),
preventing clot formation around the parasites (Ramajo-Hernandez
et al., 2007).

Here, we surveyed Echinococccus genome and transcriptome data-
bases in order to identify FBA and enolase genes and their encoded
isoforms. E. granulosus FBA isoform 1 (EgFBA1) and enolase isoform 1
(EgEnol) were cloned and expressed in Escherichia coli, and antisera
raised against the recombinant proteins were used to determine the ex-
pression profile of these enzymes in hydatid cyst components. The
EgFBA1 3D structure was modeled and a predicted EgFBA1-actin inter-
action was experimentally confirmed. Possible moonlighting functions
of these enzymes in the host-parasite interplay are discussed.

2. Materials and methods
2.1. Parasite material

E. granulosus hydatid cysts (G1 strain, typed according to Bowles
et al., 1992) were obtained from livers and lungs of cattle slaughtered
in a local abattoir (Cooperleo, Sdo Leopoldo, Brazil), and individual
fertile cysts were processed essentially as described by Monteiro et al.
(2010). Animal slaughtering was conducted according to Brazilian laws
and under supervision of the Servico de Inspecdo Federal (Brazilian
Sanitary Authority) of the Brazilian Ministério da Agricultura, Pecudria e
Abastecimento. Condemned viscera at post-mortem meat inspection
due to the presence of hydatid cysts were collected at the abattoir and
dissected in the laboratory, following protocols approved by the Ethical
Committee of the Universidade Federal do Rio Grande do Sul (UFRGS). Pro-
toscoleces were collected by aspiration, washed several times in PBS and
treated with pepsin 0.1% in Hanks salt solution pH 2.0 for 15 min to elim-
inate remnants of the germinal layer and dead protoscoleces.

The protoscolex tegument extract was isolated using a freeze/
thawing/vortexing method according to Roberts et al. (1983). The
protein extraction was performed essentially as described by
Mulvenna et al. (2010b), with the isolated teguments successively
washed three times in each of the following buffers and tempera-
tures: (i) 40 mM Tris, pH 7.4 at 4 °C; (ii) 5 M urea in 40 mM Tris,
pH 7.4 at room temperature; and (iii) 0.1% SDS, 1% Triton X-100 in
40 mM Tris, pH 7.4 at room temperature.

To obtain excretory-secretory (ES) products, protoscoleces were
cultivated similarly as described by Virginio et al. (2012), with some
modifications. Protoscoleces were cultured in 4 ml of RPMI medium
for 48 h, at 37 °C. The culture supernatant was collected and 10-fold

concentrated using an Amicon Ultra-4 3 kDa MWCO centrifugal filter
device (Millipore).

2.2. Nucleotide and amino acid sequence analyses

FBA and enolase expression sequence tag (EST) clusters were
obtained from the LophoDB Database (http://nema.cap.ed.ac.uk/
Lopho/LophDB.php) (Fernandez et al., 2002). Related genomic se-
quences were recovered from E. granulosus and E. multilocularis genome
data available on Wellcome Trust Sanger Institute (http://www.sanger.
ac.uk/resources/downloads/helminths/echinococcus-granulosus.html;
http://www.sanger.ac.uk/resources/downloads/helminths/echinococcus-
multilocularis.html) and on GeneDB (Logan-Klumpler et al., 2012; www.
genedb.org). Searches for FBA and enolase genes in the available
contigs/supercontigs were performed using the Echinococcus Blast Server
(http://www.sanger.ac.uk/cgi-bin/blast/submitblast/Echinococcus).
Recovered contigs and scaffolds (referred at Table S1) were submitted to
GeneMark-E (Lomsadze et al., 2005), Fgenesh (Salamov and Solovyev,
2000) and GeneScan (Burge and Karlin, 1998) to determine
protein-coding potential and exon-intron gene structure. In silico gene
predictions were compared to E. multilocularis gene-models available
on GeneDB (http://www.genedb.org/Homepage/Emultilocularis), with
in silico exon predictions manually adjusted according to E. multilocularis
gene-models based on RNA evidence.

DNA and protein sequences were aligned using ClustalW2 (Larkin
et al,, 2007) and Clustal Omega (Sievers et al., 2011), respectively.
Alignments were edited using GeneDoc Ver. 2.6.002 (Nicholas and
Nicholas, 1997). DNA sequence translations and predictions of pro-
tein molecular masses and isoelectric points were performed using
tools available on ExPASy website (http://expasy.org/).

2.3. RNA extraction, cDNA synthesis and cloning

Total RNA was extracted from E. granulosus protoscoleces using the
Trizol reagent (Invitrogen). The obtained RNA was treated with DNase
I, RNase-free (Fermentas) and reverse transcribed using M-MuLV Reverse
Transcriptase (Fermentas) and Oligo(dT);g Primer (Fermentas). The
cDNA synthesis was followed by PCR amplification with High Fidelity
DNA Polymerase (Fermentas) using gene-specific primers for EgFBA1
(5’-ATGGCTCGTTTGGTTCCCTAC-3’ and 5'-GTAGGCGTGGTTGGCCAC-3')
and EgEnol (5-ATGTCCATCTTAAAGATCCA-3’ and 5'-CAAAGGATTG
CGGAAGT-3'), which were designed according to EgFBA1 and EgEnol
EST clusters. In the first PCR amplification, 27 nt recombination
tags Frecl (5'-TCTGAAAACCTGTATTTTCAGGGAGAA-3') and Rrecl (5'-
CGCGCGAGGCAGATCGTCAGTCAGTCA-3’), matching pGEX-TEV, were
added to the ends of the 5’ and 3’ gene-specific primers, respectively. Sec-
ondary PCR amplification was performed using the primary reaction as
template and the following primers: Frecll (5'-TGGTTCCGCGTGGATC
TGAAAACCTGTATTTTCAGGGAGAATTCCCGGGT-3") and Rrecll (5'-GGTT
TTCACCGTCATCACCGAAACGCGCGAGGCAGATCGTCAGTCAGTCA-3"). The
final PCR products were tagged with 50 bp matching pGEX-TEV in their
5’ and 3’ ends, respectively.

The EgFBAT and EgEno1 open reading frames (ORFs) (1086 bp and
1299 bp, respectively) were cloned by in vivo homologous recombina-
tion according to Parrish et al. (2004), with minor modifications. Briefly,
the vector pGEX-TEV, a version of pGEX-4-T1 (GE Healthcare) modified
in our laboratory to include a cleavage site for tobacco etch virus (TEV)
protease (D. M. Vargas, K. M. Monteiro, A. Zaha and H. B. Ferreira,
unpublished data), was linearized with Xhol, dephosphorylated with
shrimp alkaline phosphatase and purified from agarose gel using GFX
Purification Kit (GE Healthcare). Vector DNA and PCR products were
mixed (1:1 molar ratio) and transformed into E. coli KC8 cells. Trans-
formant colonies were screened for recombinants by colony PCR, and
cloned sequences were confirmed by sequencing using the Kit
Dyenamic ET Dye Terminator Cycle Sequencing (GE Healthcare) in a
MEGABACE 1000 Sequencing System.
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2.4. Expression and purification of recombinant proteins

Recombinant protein expression and purification were carried out
according to Moitinho-Silva et al. (2012), with some modifications.
Briefly, recombinant plasmids carrying the EgFBA1 and EgEnol ORFs
were transformed into BL21-CodonPlus-RP and BL21-CodonPlus-Ril
(Stratagene). Cells were grown in 1 L of Circlegrow medium (MP Bio-
medicals) at 37 °C until a ODggg of 0.8. Cultures were then induced
with 0.1 mM isopropyl beta-D-1-thiogalactopyranoside (IPTG) for
5h at 20 °C. Glutathione S-transferase (GST)-tagged recombinant
proteins were purified by affinity chromatography on Glutathione
Sepharose 4B (GE Healthcare) and cleaved with TEV protease for
16 h at 34 °C to be released from the GST moiety. Eluted protein con-
centration was measured using a Qubit™ quantitation fluorometer
and Quant-it™ reagents (Invitrogen) and proper protein purification
was verified by SDS-PAGE. The identity of each purified recombinant
protein was confirmed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS), using a Waters nanoACQUITY UPLC sys-
tem coupled to a Waters Micromass Q-TOF Micro mass spectrometer
(Waters).

2.5. Antisera production and antibody purification

For antisera production, rabbits were immunized by subcutaneous
injection with 150 pg of each recombinant protein in complete
Freund's adjuvant (Sigma). Immunization was followed by two
(rEgFBAT1) or three (rEgEno1) boosters of 150 pg protein in incom-
plete Freund's adjuvant (Sigma) every three weeks. Sera titers were
checked by ELISA one week after each injection using the recombi-
nant proteins as antigens.

IgG antibody purification from non-immune control sera and from
polyclonal sera from immunized animals was carried out in HiTrap
Protein G HP columns (GE Healthcare), according to the manufacturer's
protocol.

2.6. Immunoblots

Protein extracts from cyst components (protoscoleces, germinal
layer and hydatid fluid), protoscolex tegumental fractions and ES
products used in immunoblots were obtained from individual cysts
and processed as described in Section 2.1. Protein samples were re-
solved by 12% SDS-PAGE and transferred to nitrocellulose membranes
(Hybond™-ECL™, GE Healthcare) at 15 V for 30 min in a Trans-Blot
SD Semi-Dry Transfer System (Bio-Rad). Membranes were processed
essentially as described by Monteiro et al. (2010). Rabbit polyclonal
sera anti-rEgFBA1 (diluted 1:10,000 v/v) or anti-rEgEnol (diluted
1:5000 v/v) were used as primary antibodies, and horseradish perox-
idase (HRP)-labeled anti-rabbit IgG (ECL™, GE Healthcare) was used
as secondary antibody (1:9000 v/v dilution). Antigen-antibody com-
plexes were detected using ECL detection reagent (GE Healthcare)
and imaged using a VersaDoc imaging system (Bio-Rad).

2.7. Immunofluorescence

E. granulosus protoscoleces and the cyst wall tissues were fixed,
dehydrated and embedded in paraffin as described by Paredes et al.
(2007). Sections 5 um thick were mounted, rehydrated, and blocked
with 1% bovine serum albumin, 0.05% Tween in PBS for 1 h at 37 °C.
Processed sections were then incubated in a humid chamber for 1 h
at 37 °C with purified primary IgG antibodies (Section 2.5) diluted
(1:50 v/v in blocking solution), followed by three washes with PBS
and incubation in a humid chamber for 1 h at 37 °C with goat
anti-rabbit IgG conjugated with Alexa Fluor 488 (Invitrogen) diluted
(1:100 v/v in blocking solution). After three additional washes in
PBS, sections were incubated with 50 mM DAPI for 20 min at 37 °C,
mounted with Fluoromount and observed under the confocal

microscope (Olympus FluoView 1000). Images were digitally cap-
tured and processed using the Olympus Fluoview Ver. 2.1c and the
Olympus Fluoview Ver. 3.0 Viewer softwares, respectively.

2.8. EgFBA1 modeling

A 3D molecular model of EgFBA1 was built by comparative model-
ing. Search for templates and generation of molecular models were
conducted as described elsewhere (da Fonséca et al., 2011). Tem-
plates used for EgFBA1 modeling were FBAs from Drosophila melano-
gaster (Hester et al,, 1991) (PDB code: 1FBA), from rabbit muscle
(Blom and Sygusch, 1997) (PDB code: 1ADO) and liver (PDB code:
1FDJ), and from human muscle (Dalby et al., 1999) (PDB code:
4ALD). The alignment between EgFBA1 and the templates was used
to generate EgFBA 3D structure using Modeller Ver. 9.9 (Eswar et
al., 2007). The final model was selected for evaluation using the fol-
lowing servers: PROCHECK through PDBsum (Laskowski, 2009), and
PROSA-web (Wiederstein and Sippl, 2007). Visualization and manip-
ulation of molecular images were performed with Pymol Ver. 1.2
(www.pymol.org).

2.9. Protein cross-linking and mass spectrometry for protein identification

The sulfosuccinimidyl-2-[6-(biotinamido)-2-(p-azido-benzamido)
hexanoamido] ethyl-1,3-dithiopropionate (Sulfo-SBED) cross-linker
(Pierce) was used for protein cross-linking experiments, according
to manufacturer's instructions. Briefly, 1 mg of rEgFBA1 was labeled
with a 5-fold molar excess of Sulfo-SBED and Sulfo-SBED-labeled
rEgFBA1 was incubated for 30 min with a protoscolex protein extract
(Section 2.1) under UV irradiation produced by a Boitton UV lamp
(365 nm, 6 W) at a distance of 5 cm. Sulfo-SBED disulfide bonds from
rEgFBA1-Sulfo-SBED-interacting protein complexes were cleaved
with dithiothreitol and biotin-labeled proteins were recovered by
affinity chromatography using a monomeric avidin column (Pierce).
The recovered interacting proteins were submitted to trypsin digestion,
desalted and analyzed by LC-MS/MS as described by Monteiro
et al. (2010). Database searching for protein identifications was per-
formed in local E. granulosus and platyhelminths EST databases and
in E. multilocularis annotated sequences available on GeneDB, using
Mascot software Ver. 2.2.1.

3. Results
3.1. Echinococcus FBA and enolase genes and encoded proteins

EST clusters for FBA (EGC00369) and enolase (EGC03002 and
EGC04828, corresponding to partial 5’ and 3’ ORF ends, respectively),
available on LophoDB Database, were initially used as search queries
to recover homologous sequences in the available E. granulosus ge-
nome sequences. As a result, four FBA putative paralog genes and
three enolase putative paralog genes were found. These FBA and
enolase genes were named EgFBA1-4 and EgEno 1-3. Ortholog gene
sequences from E. multilocularis, recovered from GeneDB, were re-
spectively named EmFBA1-4 and EmEno1-3. Structure of E. granulosus
and E. multilocularis FBA and enolase genes and genomic distribution
of these genes in both species are shown in Table 1 and Supplemen-
tary Fig. S1 and Table S1.

E. granulosus and E. multilocularis orthologs for FBA (e.g. EgFBAT and
EmFBAT) and enolase genes (e.g. EgEno1 and EmEno1) are all well con-
served in terms of both exon and intron sequences, size and relative po-
sitions, with minor differences in intron size and sequence found only
between EgFBA3 and EmFBA3, between EgFBA4 and EmFBA4 and be-
tween EgEno3 and EmEno3 (Table 1 and Supplementary Figs. S1, S2
and S3). Almost all predicted introns display canonical splice sites con-
sistent with the GT-AG rule in E. granulosus and E. multilocularis FBA and
enolase genes. Only three FBA introns showed non-canonical splice
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Table 1

Structure and characteristics of E. granulosus and E. multilocularis putative FBA and enolase genes and their encoded proteins.

Gene Gene length® ORF® E1 11 E2 12 E3 I3 E4 14 E5 I5 E6 16 E7  Protein Length (aa) Mass (Da) pl

EgFBA1 1235 1092 540 76 259 67 293 - - - - - - - - EgFBA1¢ 363 39666.3 8.31
EmFBAT 1235 1092 540 76 259 67 293 - - - - - - - - EmFBA1Y 363 39667.2 8.03
EgFBA2 1218 1095 543 34 459 89 93 - - - - - - - - EgFBA2 364 39967.7 6.27
EmFBA2 1218 1095 543 34 459 89 93 - - - - - - - - EmFBA2 364 39967.7 6.27
EgFBA3 2973 1122 327 1033 243 302 259 86 200 430 93 - - - - EgFBA3 373 41605.8 7.97
EmFBA3 2886 1122 327 993 243 279 259 86 200 406 93 - - - - EmFBA3 373 413735 7.06
EgFBA4 2302 1101 163 39 189 66 197 436 259 481 200 179 93 - - EgFBA4 380 41506.4 6.38
EmFBA4 2294 1101 163 33 189 66 197 436 259 479 200 179 93 - - EmFBA4 380 41555.5 6.57
EgEnol 1449 1302 310 78 635 69 357 - - - - - - - - EgEnol1® 433 46561.2 6.48
EmEnol 1449 1302 310 78 653 69 357 - - - - - - - - EmEnol 433 46560.2 6.48
EgEno2 1296 1296 1296 - - - - - - - - - - - - EgEno2 431 46880.2 5.17
EmEno2 1296 1296 1296 - - - - - - - - - - - - EmEno2 431 46771.1 5.16
EgEno3 3319 1317 85 1046 228 244 68 72 289 71 278 339 234 230 135 EgEno3 438 47676.7 6.34
EmEno3 3280 1317 85 1032 228 244 68 72 289 71 278 317 234 227 135 EmEno3 438 47693.8 6.19

All sequence sizes in bp. E: exon; I: intron.
¢ Gene length refers to the sum of exons and introns.
ORF length refers to the sum of exons.

b
c
d
e

sites GC-AG (intron 2 of EgFBA2 and EmFBA2, and introns 2 and 3 of
EgFBA4 and EmFBA4).

EGCO00369 EST cluster corresponds to EgFBA1, while EGC03002 and
EGC04828 EST clusters correspond to EgEnol. No ESTs corresponding
to the other EgFBA and EgEno genes have been found, and, therefore,
EgFBA1 and EgEnol and their protein products (EgFBA1 and EgEnol,
respectively) became the focus of this study. Sizes, molecular masses
and isoelectric points of the proteins encoded by the E. granulosus and
E. multilocularis FBA and enolase genes are presented in Table 1.

The alignment of E. granulosus and E. multilocularis FBA and eno-
lase deduced amino acid sequences (Supplementary Fig. S4) showed
high conservation between both paralog and ortholog proteins.
Considering E. granulosus paralogs, EgFBA1 presented 72% of amino
acid identity (84% similarity) with EgFBA2, 51% identity (71% similar-
ity) with EgFBA3, and 66% identity (76% similarity) with EgFBA4
(Supplementary Fig. S4A), while EgEnol presented 74% identity
(85% similarity) with EgEno2, and 66% identity (80% similarity)
with EgEno3 (Supplementary Fig. S4B). The alignments between the
E. granulosus FBA and enolase deduced protein sequences with their
E. multilocularis counterparts, in turn, showed levels of identity/simi-
larity between 97%/97% and 100%/100% in the comparisons between
the ortholog sequences of these two species. EgFBA1 and EgEnol
amino acid sequences were also aligned with ortholog sequences
from other eukaryotes (data not shown). EgFBA1 showed identity/
similarity levels of 74%/84% to Schistosoma mansoni aldolase, 65%/
74% to Caenorhabditis elegans aldolase Ce2 and 64%/76% to human al-
dolase A. EgEnol, in turn, showed identity/similarity levels of 74%/
88% to S. mansoni enolase, 74%/87% to human enolase o, and 74%/
85% to C. elegans enolase enol-1.

3.2. Recombinant protein expression and purification

EgFBA1 and EgEnol ORFs were expressed in E. coli as GST-tagged
proteins. E. coli strains BL21-CodonPlus-RP and BL21-CodonPlus-RIL
were tested as hosts, with the first being more suitable for rEgFBA1
expression, and the second for rEgEno1 expression (Supplementary
Fig. S5). Attempts to express these proteins at 37 °C resulted in re-
duced solubility (data not shown) and, therefore, protein expression
was carried out at 20 °C. Purified rEgFBA1 and rEgEno1l presented
the expected molecular masses of 39.6 and 46.5 kDa, respectively.
About 4 mg of rEgFBA1 and 3 mg of rEgEnol per liter of culture
were obtained. The identity of these proteins was confirmed by
LC-MS/MS mass spectrometry analysis (data not shown).

Sequence derived from EST cluster EGC00369 http://www.nematodes.org/NeglectedGenomes/Lopho/LophDB.php).
EmFBAT1 corresponds to the E. multilocularis putative fructose-bisphosphate aldolase deposited in GenBank under access number CAC18550.1.
EgEno1 corresponds to the E. granulosus enolase sequence deposited in GenBank under access number GU080332.

3.3. EgFBA1 and EgEno1 detection in hydatid cyst components

Rabbit monospecific polyclonal antibodies against EgFBA1 and
EgEnol were used in immunoblot experiments to probe samples
from different metacestode components. Based on the E. granulosus
transcriptomic and proteomic data (LophDB database and Monteiro
et al.,, 2010, respectively) EgFBA1 and EgEnol were assumed as the
only detectable EgFBA and EgEno isoforms in the metacestode. This
assumption is also corroborated by E. multilocularis RNAseq data
(Wellcome Trust Sanger Institute, unpublished data), which indicate
that EgFBA1 and EgEno1 orthologs (EmFBA1 and EmEnol, respectively)
correspond to the predominantly expressed isoforms in the meta-
cestode stage.

In the E. granulosus metacestode, EgFBA1 and EgEnol presence
was demonstrated in protoscoleces, in the germinal layer, and in
the hydatid fluid as bands corresponding to the expected molecular
masses (of 39.6 and 46.5 kDa, respectively) (Fig. 1). Immunofluores-
cence assays were used to refine this result in protoscoleces and in
the cyst wall, showing that these proteins are widely distributed in
all tissues, with confirmation of their expected cytoplasmic localiza-
tion (Figs. 2D and H, middle and lower panels). Differential expres-
sion of EgFBA1 and EgEnol in the cyst wall was also revealed by
immunofluorescence labeling. Although the localization of both pro-
teins in the germinal layer is quite similar (Fig. 2H, middle and
lower panel), EgEno1, but not EgFBA1, was detected in the laminated
layer (Fig. 2H, lower panel), which separates the cyst germinal layer
from the surrounded host-produced adventitial layer.

To further investigate the presence of EgFBA1 and EgEno1 in par-
asite's host-interacting components we also analyzed protoscolex
tegument fractions and ES products (Fig. 3). Both EgFBA1 and
EgEnol were found in different tegumental fractions (Fig. 3A). Their
detection in protein fractions extracted with urea is indicative of
their association to cytoskeletal components. Likewise, the detection
of EgEnol as a faint band in the protein fractions extracted with
SDS/Triton X-100 suggests that this protein has some degree of sur-
face association. Additionally, these enzymes were detected as ES
products from protoscoleces in culture (Fig. 3B). Overall, these results
are indicative that these enzymes are distributed in important
host-interaction components.

3.4. EgFBA1 modeling

In the attempt to find structural features that could be indicative
of moonlighting functions, we have modeled EgFBA1. To generate
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Fig. 1. Detection of EgFBA1 and EgEnol in E. granulosus hydatid cyst components.
(A) Parasite protein extracts resolved by 12% SDS-PAGE and stained with Coomassie
R-250. Immunoblots were probed with polyclonal serum against EgFBA1 (B) and
EgEno1 (C). Molecular mass markers are indicated (kDa). All lanes were loaded with
40 pg of protein. Lanes 1, 4 and 7: protoscolex extract; lanes 2, 5 and 8: germinal
layer extract; lanes 3, 6 and 9: hydatid fluid.

an EgFBA1 3D model, templates with identities ranging from 63%
(1FDJ) to 67% (1FBA) were used, and these high identity levels
allowed the construction of a model with high confidence. The
obtained structure presented a («a/p)s barrel fold architecture
(Fig. 4), consistent with those of its templates. The hydrogen bonding
between the phosphate groups of the fructose 1,6-bisphosphate (Fru
1,6-P2) substrate to FBA involves the following amino acids Asp34,
Ser36, Ser38, Lys108, Lys147, Argl49, Glu188, Glu190, Lys230,
Ser272, Arg304 and Leu357 (Dalby et al., 1999), all conserved in
EgFBAT1. Besides the binding site for Fru 1,6-P2, EgFBA1 also appears
to possess a F-actin binding site, since five amino acids previously
confirmed to be involved in such interaction (Asp34, Arg43, Lys108,
Arg149 and Lys230; Wang et al., 1996) are conserved. Except for
Arg43, all these amino acids are also involved in Fru 1,6-P2 binding
(see above). Ramachandran plotting showed that in the structure
99% of the EgFBA1 model amino acids lie in favored and additional
allowed regions. ProSA-web was used to test for overall model quality
and provided a z-score of —10.42, which falls within the range of
values observed for experimentally determined structures of similar
lengths.

3.5. Confirmation of predicted EgFBAT1 interactions with other proteins

To functionally investigate the EgFBA1 binding properties, we
have performed an in vitro protein-protein cross-linking interaction
assay, using Sulfo-SBED. Mass spectrometry analysis of EgFBA1-
interacting proteins recovered from protoscolex extracts allowed
the identification of 3 proteins (Table 2). The actin identification indi-
cates the functionality of the in silico predicted EgFBA1 actin-binding
site (see Section 3.4).

4. Discussion

The glycolytic pathway and its enzymes, which convert glucose to
pyruvic acid using the oxidative potential of NAD™, are among the
most ancient molecular metabolic networks (Canback et al., 2002).
Several reports have shown that these enzymes perform a number
of functions in addition to their innate glycolytic function and play
important roles in several biological and pathophysiological process-
es (Kim and Dang, 2005; Sirover, 1999; Sriram et al., 2005). FBA and

enolase are examples of multifunctional proteins and they have
been described performing moonlighting functions in different bio-
logical contexts, including parasitism (Ramajo-Hernandez et al.,
2007; Tunio et al., 2010).

Aldolase primary function is the catalysis of the reversible cleav-
age of Fru 1,6-P2 to dihydroxyacetone phosphate and glyceraldehyde
3-phosphate. Its functional form is either homo- or hetero-tetrameric.
Evidence for EgFBA1 oligomerization was provided by our protein
cross-linking assay, which identified this enzyme isoform as one of
its ligands. In vertebrates, there are three isozymes (encoded by dif-
ferent genes) that have different activities and vary in their tissue dis-
tribution: aldolase A (predominantly present in muscle), aldolase B
(in liver) and aldolase C (in brain) (Kukita et al., 1988; Shiokawa et
al.,, 2002). In invertebrates, the presence of more than one aldolase
isozyme has also been described. In D. melanogaster there are three
isozymic forms of aldolase which are generated from a single gene
by alternative splicing (Kai et al.,, 1992). C. elegans and Clonorchis
sinensis present two and three isozymes, respectively (Cho et al.,
2006; Inoue et al., 1997), and similarly to vertebrates, each of these
isozymes is encoded by different genes.

Enolase primary function is the catalysis of the reversible transfor-
mation between 2-phospho-glyceric acid and phosphoenolpyruvic
acid. In vertebrates, there are three genes encoding three enolase iso-
enzymes (o, [3 and 7y), which usually function as homodimers and are
expressed in different tissues (McAleese et al., 1988). In invertebrates,
there are evidences for the presence of more than one enolase gene
with differential regulation. For instance, two enolase genes have been
reported for the silkworm Antheraea pernyi (Liu et al, 2010) and for
Toxoplasma gondii (Dzierszinski et al., 2001). In S. japonicum, southern
blot analysis suggested that this parasite also contains more than one
enolase gene (Waine et al.,, 1993).

In E. granulosus, our in silico analysis indicates the presence of four
FBA genes and three enolase genes. EgFBA2, EgFBA3, EgFBA4, EgEno2
and EgEno3 are here being reported for the first time, since previous
transcriptional (Fernandez et al., 2002) and proteomic (Monteiro et
al.,, 2010) studies of hydatid cyst samples have only detected EgFBA1
and EgEnol products, and no genomic surveys for E. granulosus FBA
and enolase encoding genes have been conducted so far. EgFBA2-4
and EgEno2-3 are structurally integrous, at least regarding their
exon-intron structures, and, therefore, are likely functional, assuming
that previous failing in the detection of their RNA or protein products
could be explained by their possible expression solely or preferential-
ly in stages other than the larval stage, in which only EgFBA1 and
EgEnol products were detected. Further studies with E. granulosus
onchospheres or adult worms will be necessary to address this
issue, and, for the moment, only EgFBA1 and EgEno1, expressed in
the parasite's pathogenic larval form, including the host interface,
will be further discussed here.

As a first approach to gather evidence of possible moonlighting
functions for EgFBA1 and EgEnol, we immunolocalized these pro-
teins in components of the parasite larval stage. The used antibodies
were produced against recombinant versions of EgFBA1 and EgEnol1,
the only EgFBA and EgEno isoforms whose expression was so far
detected in E. granulosus metacestode material (Fernandez et al.,
2002; Monteiro et al., 2010). In the cyst wall, the distribution of
EgEnol calls attention due to its presence not only in germinal
layer, but also in laminated layer. The laminated layer is an acellular,
carbohydrate-rich sheath secreted by the germinal layer, and was
evolutionarily designed for maintaining the physical integrity of
metacestodes and for protecting germinal layer cells from host

Fig. 2. Immunolocalization of EgFBA1 and EgEno1 in E. granulosus protoscoleces (A-D) and cyst wall (E-H). Parasite sections (5 pm) were incubated with purified non-immune IgG
(1:50 v/v) (upper panel), purified IgG anti-rEgFBA1 (1:50 v/v) (middle panel) and purified IgG anti-rEgEno1 (1:50 v/v) (lower panel). Recognition of immune complexes was
achieved using Alexa 488-conjugated secondary antibodies. A and E: bright field images; B and F: DAPI nuclei staining; C and G: antibody staining; D and H: bright field merges
of DAPI and antibody staining. GL: germinal layer; LL: laminated layer; PSC: protoscolex; S: sucker; T: tegument. Scale bar: 20 pm.
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Fig. 3. Detection of EgFBA1 and EgEnol in protoscolex tegument and ES products.
Immunoblots were probed with polyclonal serum against EgFBA1 or EgEnol, as indi-
cated. (A) Immunoblots of tegumental proteins extracted according to their solubility
(20 pg of protein/lane). Lanes 1, 2 and 3: tegumental fractions extracted with 40 mM
Tris, 5 M urea and 0.1% SDS/1% Triton X-100, respectively; lane 4: non-tegumental
fraction. (B) Immunoblots of culture supernatants containing protoscolex in vitro ES
products (1 pg protein/lane). Molecular masses are indicated on the left side of the
figure.

Fig. 4. 3D structure of EgFBA1. Highlighted in green are a-helices, 3-sheet and loops.
Amino acids involved in Fru 1,6-P2 binding (Asp34, Ser36, Ser38, Lys108, Lys147,
Arg149, Glu188, Glu190, Lys230, Ser272, Arg304 and Leu357) are shown in red;
amino acids proposed to interact with F-actin (Asp34, Arg43, Lys108, Arg149 and
Lys230) are shown in magenta; and amino acids involved in interactions with both
Fru 1,6-P2 and actin (Asp34, Lys108, Arg149 and Lys230) are shown in blue. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

immunity (Diaz et al.,, 2011). Therefore, the detection of EgEno1 in
the laminated layer is indicative of its direct involvement with surviv-
al mechanisms in the parasite-host interface.

In protoscoleces, immunostaining revealed a wide distribution of
both EgFBA1 and EgEno1, which is compatible with their primary
function as glycolytic enzymes in the cytoplasm. However, in addition
to EgEno1l cytoplasmic localization, its detection in the protoscolex
tegumental fraction extracted with detergent confirms its association
with surface membranes. It is known that proteins that are expressed
or secreted on the surface of pathogens are potential players in host-
parasite molecular crosstalk (Vivona et al., 2008). Although proto-
scoleces are not directly exposed to the intermediate host in the hy-
datid cyst, their surface proteins are accessible to interaction with
host molecules that permeate the cyst and can become directly acces-
sible for interactions with host tissues upon cyst rupture and conse-
quent cyst content leakage. In this later scenario, protoscolex
tegumental proteins are assumed to be important for the recognition
of host molecules and mediate the activation of signaling pathways

Table 2
Proteins identified as EgFBA1-binding in the cross-linking assay by searches in
E. granulosus and E. multilocularis databases.®

Protein Accession Organism MASCOT Sequence
number score ®  coverage
(%)
1 Actin AAC37175 E. granulosus 23 2
EmW_000061200 E. multilocularis ~ 29 4
2 Fructose-bisphosphate EGC00369 E. granulosus 106 25
aldolase EmW_000905600 E. multilocularis 103 15
3 Phosphoenolpyruvate EGC04068 E. granulosus 33 14
carboxykinase EGC04111 E. granulosus 29 7
EmW_000292700 E. multilocularis 37 7

@ Searches were performed in local E. granulosus and platyhelminths EST databases
and in E. multilocularis annotated sequences available on GeneDB database.

b MASCOT score is — 10 x log (P), where P is the probability that the observed match
a random event. Individual scores >22 indicate identity or extensive homology for
p<0.05.

involved in dedifferentiation of protoscoleces into secondary hydatid
cysts (Breijo et al., 1998). Similarly, upon ingestion by the definitive
host, tegumental proteins are likely to be important for protoscolex
fixation in the small intestine and differentiation into the adult
worm. Therefore, the EgEno1 presence at parasite surface favors the
interaction with host tissues and molecules, and might have impor-
tant non-glycolytic functions in these different contexts.

Although mechanisms regulating the presence of the EgEno1 in
protoscolex tegument surface are still unknown, this location is evoc-
ative of moonlighting functions. Enolase has been found in the tegu-
ment of adult Schistosoma and Opisthorchis worms (Mulvenna et al.,
2010a, 2010b), suggesting that this enzyme location in the adult
stage could be usual in parasitic flatworms. Another possibility, not
mutually exclusive, is that different localizations could be regulated
by the presence of substrates. In situations of high metabolic activi-
ties, EgFBA1 and EgEnol would be especially needed in the cyto-
plasm, but, in situations of reduced metabolic activity, they could be
directed to other locations and used for other functions (Tovy et al.,
2010). Regarding parasite evolution, this kind of enzyme multi-
functionality may have contributed in some degree for biological
streamlining associated with adaptation to parasitism (Collingridge
et al,, 2010).

Equally noticeable is the presence of both EgFBA1 and EgEno1 in
ES products. Both proteins have already been identified by proteomic
analyses of E. granulosus hydatid fluid (Aziz et al., 2011; Monteiro et
al., 2010) and in vitro ES products of protoscoleces (Virginio et al.,
2012). Here, these proteins were detected accordingly, both in the
hydatid fluid (containing ES products of the germinal layer and proto-
scolex) and in the ES products from in vitro cultures of protoscoleces.
The absence of a typical leader peptide sequence in N-terminal end of
EgFBA1 and EgEno1 excludes the involvement of the classical secreto-
ry pathway for surface transport. Therefore, the presence of these gly-
colytic enzymes in the ES products could be explained either by
parasite tegument shedding or by a so far unknown transport mech-
anism. On the other hand, to access whether the parasite/host pair is
determinant in the presence of cytoplasmic proteins in the hydatid
fluid, other parasite/host combination (G5/cattle and G1/sheep) will
be addressed in future studies.

The presence of glycolytic enzymes in the ES products has been
previously described in many helminth parasites (Bernal et al.,
2004; Guillou et al., 2007; Marcilla et al., 2007; Stadelmann et al.,
2010; Wang et al., 2011) and is, therefore, unlikely to have occurred
by chance. For example, the presence of E. multilocularis phospho-
glucose isomerase in the vesicle fluid seems to be related to cellular
proliferation and/or differentiation of the germinal layer-associated
tissue (Stadelmann et al,, 2010). In C. sinensis, the inhibition of the
enolase in the ES products affects the parasite growth (Wang et al.,
2011). Although the exact mechanism responsible for releasing of
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these glycolytic enzymes remains a challenging question, the rele-
vance of this process is evident.

Besides EgFBA1 and EgEno1 localization, some structural features
additionally support multifunctionality of these proteins. The EgFBA1
conserved F-actin binding site, modeled and experimentally confirmed
here, is suggestive of interactions with the cytoskeleton, which is con-
sistent with our protein-protein interaction result where the actin
was identified as one of the EgFBA1 partner proteins. The actin binding
ability of aldolase has been shown in previous studies for both
non-parasite (Wang et al.,, 1996) and parasite organisms (Starnes et
al., 2009), and, in apicomplexan parasites, aldolase was described as a
member of a multiprotein complex connecting adhesins to cytoskele-
ton, providing a model linking adhesion to motility (Jewett and Sibley,
2003; Starnes et al., 2009). For EgEno1, a structural study (Gan et al.,
2010) predicted a transmembrane domain. Accordingly, this protein is
extracted from the tegumental fraction with detergent. Enolase surface
localization has also been described for several parasites, favoring the
interaction of enolase with host proteins, like plasminogen (de la
Torre-Escudero et al., 2010).

In conclusion, the results presented here showed that, in both
E. granulosus and E. multilocularis, four FBA isoforms and three enolase
isoforms were predicted. In E. granulosus, only one EgFBA and one
EgEno isoform were detected in the pathogenic larval form. EgFBA1
and EgEno1 expression patterns in hydatid cyst components showed
that these proteins are exposed in the host-parasite interface, raising
evidence of their involvement in molecular signaling pathways im-
portant for parasite survival and development. The EgFBA1-actin
binding property and EgEnol surface association, along with their
presence in parasite ES products, are indicative of non-glycolytic
functions in the host-parasite interplay. We are currently investigat-
ing the EgFBA1 and EgEno1 protein interaction networks, in order to
understand how the multifunctionality of these glycolytic enzymes is
connected to parasite's biology.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.gene.2012.06.046.
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Prediction_Of Genes

1 79 1 85 1 210 1 85

2 228 2 210 2 68 2 228
3 68 3 68 3 289 3 68

4 289 4 289 4 278 4 289
5 278 5 278 5 234 5 278
6 234 6 234 6 135 6 234
7 135 7 135 7 135

& Contig or scaffold numbers according to Echinococcus genome sequences available at Welcome Trust Sanger Institute and/or GeneDB in april 25, 2012.
® E. multilocularis gene-models available on GeneDB (which are based on RNA evidence) were used for manual adjustments in some in silico predicted exons (in bold).

Page 3



A

EqFBA1/EmFBA1 1 e 3
EgFBA2/EmFBA2 1 2 3

EgFBA3/EmFBA3 1 2
1033/993 302/279 430/406

EgFBA4/EmMFBA4 = 1 — 2 — 3 ——M— 4 ————————
39/33 481/479

EgEnol/EmEnol 1 2 3

EgEno2/EmEno2 1

EgEno3/EmEno3 1 2 3— 4 — s 6 7
1046/1032 339/317 230/227

200 bp

Fig. S1 Overall structure of E. granulosus and E. multilocularis FBA (A) and enolase (B) genes. Numbered boxes represent exons;
lines represent introns. All genes are represented in the same indicated scale. Introns which vary in size between E. granulosus and
E. multilocularis orthologs are indicated with the respective sizes (bp) underneath; in these cases, the lines are representative of E.

granulosus intron sizes. Physical maps of E. granulosus and E. multilocularis FBA were all derived from the corresponding genomic
sequences found in the sequenced contigs/scaffolds referred in Table S1.
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Fig. S5 Expression and purification of the recombinant E. granulosus FBA and enolase. Protein
samples of rEgFBAL (A) and rEgEnol (B) expression and purification steps were resolved by 12%
SDS-PAGE and stained with Coomassie R-250. Lane 1: non induced cells; 2: cells induced with IPTG;
3: pellet (insoluble fraction); 4: supernatant (soluble fraction); 5: GST-tagged proteins recovered by
affinity purification; 6: recombinant proteins released from GST. Molecular mass markers are indicated

(kDa) on the left side of the figures.



4.2 Frutose-bifosfato-aldolase e enolase: potenciais proteinas moonlighting de E.
granulosus

4.2.1 Materiais e métodos

4.2.1.1 Alinhamento de sequéncias e anélises filogenéticas

As sequéncias aminoacidicas das isoformas de EQFBA e EgEno foram obtidas na
etapa de predicdo dos genes, descrita na secdo 4.1. As sequéncias aminoacidicas das
isoformas de FBA e de enolase de outros helmintos e demais organismos foram
recuperadas do GeneDB e do UniProtKB, respectivamente. Os alinhamentos foram
realizados através do Clustal 2.1 (http://www.ebi.ac.uk/Tools/msa/clustalw?2/), utilizando a

matriz de Gonnet. As analises filogenéticas foram realizadas no software MEGAS (Tamura
et al., 2011), através do método de agrupamento de vizinhos (neighbor joining), com 1000

replicatas de bootstrap.

4.2.1.2 Ensaios enzimaticos

A atividade enzimatica da rEgFBAL e da rEgEnol (a obtencdo das proteinas
recombinantes foi descrita na secdo 4.1) foi avaliada em espectrofotbmetro através do
monitoramento da conversdo da forma reduzida do NADH para NAD de acordo com
(Bergmeyer, 1974), com pequenas alteracBes. Os ensaios foram realizados a 37°C, em um
volume final de 200 pl. Os ensaios com a FBA continham Tris 90 mM, frutose-1,6-
bifosfato (Fru-1,6-P2) 1 uM a 1000 pM, B-NADH 0,13 mM, 5 U de gliceraldeido-
desidrogenase/triosefosfato-isomerase e 0,5 pug de rEgFBAL. Os ensaios com a enolase
continham trietanolamina 81 mM, 2-fosfoglicerato (2-PGA) 0.01 mM a 3.2 mM, B-NADH
0,12 mM, sulfato de magnésio 25 mM, KCI 100 mM, adenosina 5-bifosfato 1,3 mM, 7 U
de piruvato quinase, 10 U de lactato desidrogenase e 0,5 pg de rEgEnol. A mudanca do

NADH foi determinada utilizando o coeficiente de absorgdo €= 6,222 M* cm™, a 340 nm.

4.2.1.3 Experimentos de cross-linking

O ensaio de cross-linking utilizando o Sulfo-SBED foi realizado conforme as
instrugdes do fabricante (Thermo Scientific). Brevemente, a rEgFBAL (1 mg) e a rEgEnol

(1 mg) foram marcadas com um excesso molar de 5 X do Sulfo-SBED em PBS, em gelo
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por 2 h e depois estas amostras foram dialisadas 16 h contra PBS para remover o excesso
do Sulfo-SBED. A glutationa-S-transferase (GST) recombinante de Schistosoma
japonicum (do vetor de expressdo pGEX-TEV) foi utilizada como controle. A interacao
proteina-proteina foi realizada por incubacdo da rEgFBAL e da rEgEnol marcadas com
Sulfo-SBED com um lisado de protoescolices e o cross-linking foi adquirido por irradiagdo
UV durante 30 min, a uma distancia de 5 cm. Depois da reducdo da ponte dissulfeto com
DTT, as proteinas marcadas com biotina foram isoladas em uma coluna de avidina e etapas
de lavagem foram realizadas com NaCl 100 mM/SDS 0,05% e NaCl 200 mM/SDS 0,05%.
Apos as lavagens, as proteinas eluidas foram precipitadas durante 16 h em TCA/acetona a -
20°C. As proteinas foram ressuspendidas em ureia 8 M e digeridas com tripsina a 37°C por
16 h. Os peptideos foram dessalinizados (Oasis HLB Column, Waters) e ressuspendidos
em TFA 0,1%. A analise dos peptideos por LC-MS/MS foi realizada em um Orbitrap-LTQ-
Velos. A identificacdo das proteinas foi realizada através de buscas em bancos de dados,
utilizando o software Mascot v. 2.2.1. A classificacdo funcional das proteinas identificadas
foi realizada no BLAST2GO (Conesa et al., 2005) contra o banco de dados NCBInr. O
mapeamento da ontologia génica (GO) e anotacdo foram realizados com base nos
resultados do Blastp (E-value < 1.0E-3).

4.2.2 Resultados

4.2.2.1 Filogenias das isoformas de FBA e de enolase de E. granulosus

Anélises filogenéticas incluindo as isoformas EgFBA1-4 e EgEnol-3 e isoformas
de FBA e de enolase, respectivamente, de outros invertebrados e vertebrados, foram
realizadas (Figuras 5 e 6). Com base nas arvores filogenéticas, ndo foi possivel classificar
as isoformas destas enzimas conforme a classificacdo normalmente utilizada para as
isoformas de vertebrados (FBA A, B e C e enolase alfa, beta e gama). De modo geral, tanto
isoformas de FBA como de enolase de cestodeos e trematddeos estdo agrupadas em um
ramo separado das isoformas de vertebrados e outros invertebrados. As isoformas de
FBAZ2-4 estdo presentes apenas em representantes da familia Taeniidae e agrupadas em um
ramo separado da isoforma de FBA1l de cestddeos e trematdodeos, sendo que o
representante de cestddeos pertencente a familia Hymenolepididae e as duas espécies

representativas de trematddeos apresentam apenas uma isoforma de FBA nos seus
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genomas. No caso da enolase, isoformas de Eno2-3 estdo presentes apenas em cestddeos e
agrupadas em um ramo separado da isoforma de Enol de cestddeos e trematddeos, sendo

que as espécies representativas de trematddeos novamente apresentam apenas uma
isoforma de enolase nos seus genomas.
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{ HsFBA A
99 100 MmFBA A

o HsFBA B
?2 —: MmFBA B
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Figure 5. Arvore filogenética de isoformas de FBA de vertebrados e invertebrados. Hs: Homo sapiens;
Bt: Bos taurus; Mm: Mus musculus; Dm: Drosophila melanogaster; Ce: Caenorhabditis elegans; Gp:
Globodera pallida; Bx: Bursaphelenchus xylophilus; Eg: E. granulosus; Em: E. multilocularis; Ts: Taenia

solium; Hm: Hymenolepis microstoma; Sj: S. japonicum; Sm: Schistosoma mansoni; Sc: Saccharomyces
cerevisiae.
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Figure 6. Arvore filogenética de isoformas de enolase de vertebrados e invertebrados. Hs: Homo
sapiens; Bt: Bos taurus; Mm: Mus musculus; Dm: Drosophila melanogaster; Ce: Caenorhabditis elegans;
Gp: Globodera pallida; Bx: Bursaphelenchus xylophilus; Eg: E. granulosus; Em: E. multilocularis; Ts:
Taenia solium; Hm: Hymenolepis microstoma; Sj: S. japonicum; Sm: Schistosoma mansoni; Sc:
Saccharomyces cerevisiae.
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4.2.2.2 Atividade enzimatica da rEQFBA1 e da rEgEnol
A rEgFBAL apresentou uma atividade especifica de 4,97 U/mg. O Ky foi

determinado pela variacdo da concentracdo do Fru-1,6 2P (Figura 7A). Como resultado, o
Kmrru-1,6 2p = 32 UM foi determinado quando a Fru-1,6 2P variou de 1 pM a 1000 pM. A
velocidade da reacdo da atividade enzimaética variou levemente quando a concentracdo do
substrato Fru-1,6 2P alcangou 75 pM. J& a rEgEnol apresentou uma atividade especifica de
14,12 U/mg. O Ky, foi determinado pela variagdo da concentracdo do 2-PGA (Figura 7B).
Como resultado, 0 Kmz-pca = 0,37 mM foi determinado quando o 2-PGA variou de 0,01
mM a 3,2 mM. A velocidade da reacdo da atividade enzimética variou levemente quando a

concentragdo do substrato 2-PGA alcancou 1 mM.
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Figure 7. Caracterizagdo cinética das enzimas glicoliticas recombinantes. (A) A atividade enzimética da
rEgFBAL é demonstrada em funcdo da concentracdo do substrato Fru-1,6-P2. (B) A atividade enzimatica da
rEgEnol é demonstrada em fungdo da concentragdo do substrato 2-PGA.

4.2.2.3 Proteinas de interacdo com a EQFBA1 e EgEnol

Para obter evidéncias de possiveis fungdes moonlighting desempenhadas pela
EgFBAL e EgEnol, ensaios in vitro de interacdo proteina-proteina usando a rEgFBAL e a
rEgEnol marcadas com Sulfo-SBED e extratos de protoescolices de E. granulosus foram
realizados. A analise das proteinas interagentes, em um espetrdmetro de massas mais
sensivel, permitiu a identificacdo de 25 e 31 proteinas de interagdo com a rEgFBAL e a

rEgEnol, respectivamente (Tabela 1).
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Tabela 1. Proteinas de interacdo com a rEgFBA1 e a rEgENno1?

Numero de acessoP

EgrG_000008700

EgrG_000107200
EgrG_000122100
EgrG_000142500
EgrG_000190400
EgrG_000193700
EgrG_000212700

EgrG_000254600

EgrG_000292700
EgrG_000342600
EgrG_000364000
EgrG_000372400
EgrG_000389100
EgrG_000465500
EgrG_000514200

EgrG_000575900

EgrG_000634800
EgrG_000672200
EgrG_000711500
EgrG_000719700

EgrG_000775600

EgrG_000791700
EgrG_000905600

EgrG_000913300
EgrG_000982200
EgrG_001008200

EgrG_001028500
EgrG_001065500
EgrG_001085400
EgrG_001177600
EgrG_001185000
EgrG_001192500

Descrigdo da proteina®

Hsp90

CoA-butirato-ligase
Profilina
Proteina major vault
Actina citoplasmatica 5
Anexina
Major egg atigen p40

Gliceraldeido-3-fosfato-
desidrogenase

Fosfoenolpiruvato
N,K-ATPase
14-3-3.3
Proteina tegumentar
Aldeido-desidrogenase
Inibidor de fosfatase 2A

Enolase

Proteina de membrana basal
(heparana-sulfato)

Lactato-desidrogenase
Tubulina
Ubiquitina
Calpaina

Proteina reguladora de quinase
dependente de cAMP

Tiorredoxina-peroxidase
Frutose-bifosfato-aldolase

Peréxido-redutase tiorredoxina
dependente

Fator de alongamento 1 alfa
Transportador de calcio
atpasico
Citrato-sintase
Ndr
Hsp70
Fator de ribosilacdo do ADP
Malato-desidrogenase
14-3-3.1

rEgFBA1

rEgEnol

2 A deteccdo de proteinas interagentes é indicada por e;° Niimero de acesso do GeneDB;
¢ Descrigdo da proteina conforme o GeneDB.
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A anotacdo funcional das proteinas identificadas como interagentes da rEgFBAL e

rEgEnol foi feita com base nas classificagcbes do GO (Figuras 8). Varias proteinas de

interacdo sdo comuns as duas proteinas e, consequentemente, varias categorias funcionais

estdo sobrepostas. Além das categorias relacionadas com a funcao primaria destas enzimas

(processos metabdlicos), varias categorias identificadas sugerem que estas enzimas sao

multifuncionais. Regulacdo, desenvolvimento e resposta a estimulos estdo entre as

categorias comuns entre as duas proteinas. Interessantemente, categorias de sinalizacéo e

processos do sistema imune foram exclusivamente detectadas nos ensaios com a rEgEnol.

mrEgFBA1 e rEgEno1

processos multiorganismo

crescimento

reprodugéo

processos de reprodugdo

sinalizagao

locomogao

processos do sistema imune

processos de organismos multicelulares
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localizac&o

regulacgdo biolégica

organizagdo de componentes celulares ou biogénese
resposta a estimulos

processos celulares

processos uniorganismo

processos metabdlicos

mrEgFBA1 rEgEno1

o
()]

10 15
Numero de proteinas

20

Figure 8. Classificagdo funcional do GO das proteinas de interagdo da rEgFBAL e da rEgEnol. O
ntmero total de proteinas identificadas como uma fungéo de todos os termos do GO disponiveis no nivel 2

para processos bioldgicos sdo mostrados.
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4.3 Analise protedbmica top down e bottom up de fracdes subcelulares de protoescolices
de E. granulosus contendo proteinas de baixa massa

Manuscrito a ser submetido para publicacéo na revista Journal of Proteome Research
Karina Rodrigues Lorenzatto, Kyunggon Kim, loanna Ntai, Gabriela Prado Paludo,
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Top down proteomics reveals mature proteoforms expressed in the larval stage of

Echinococcus granulosus
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Abstract

Echinococcus granulosus is the causative agent of cystic hydatid disease, a neglected
zoonosis responsible for high morbidity and mortality. Several molecular mechanisms underlying
parasite biology remain poorly understood. Here, E. granulosus subcellular fractions were analyzed
by top down and bottom up proteomics for protein identification and characterization of
cotranslational and post-translational modifications (CTMs and PTMs, respectively). Nuclear and
cytoplasmic extracts of E. granulosus protoscoleces were fractionated by 10% GELFrEE and
proteins under 30 kDa were analyzed by LC-MS/MS. By top down analysis, 187 proteins and 207
proteoforms were identified, being 122 and 52 proteoforms exclusively detected in nuclear and
cytoplasmic fractions, respectively. CTMs were evident as 71% of the proteoforms had methionine
excised and 47% were N-terminal acetylated. In addition, in silico internal acetylation prediction
coupled with top down MS allowed the characterization of 9 proteins differentially acetylated,
including histones. Bottom up analysis increased the overall number of identified proteins in
nuclear and cytoplasmic fractions to 154 and 112, respectively. Overall, our results provided the
first description of the low mass proteome of E. granulosus subcellular fractions and highlighted
proteoforms with CTMs and PTMS which might be playing critical roles in regulating cellular

processes occurring in this parasite species.



Introduction

The larval stage of Echinococcus granulosus (hydatid cyst or metacestode) is the causative
agent of cystic hydatid disease or echinococcosis, which has a cosmopolitan distribution' and is
one of the 17 neglected tropical diseases prioritized by the World Health Organization (WHO)

(http://www.who.int/neglected diseases/diseases/en/). Molecular mechanisms controlling E.

granulosus metacestode development, immune evasion and host-parasite interplay are still poorly
characterized. The advent of “omics” approaches has greatly impacted the amount of genomic,
transcriptomic, and proteomic data for an increasing number of parasites.* The recent descriptions
of the E. granulosus genome and transcriptome®’ were undoubtedly a major accomplishment and
are expected to boost post-genomic studies, and to unveil a new understanding of the biology of this

tapeworm.

E. granulosus has two developmental stages in its life cycle: the adult tapeworm, which is
the sexual stage, and the cystic larval metacestode, which reproduces asexually.® Within the
metacestode, the cyst germinal layer produces the pre-adult form, called protoscolex. Interestingly,
E. granulosus protoscoleces present a remarkable developmental plasticity: they can develop into
adult worms when ingested by a suitable definitive host (usually dogs), or, upon release from a
ruptured cyst in an intermediate host (domestic ungulates or humans), they can redifferentiate into
secondary hydatid cysts.® ® The molecular mechanisms behind such developmental plasticity are
still poorly understood, but it is likely that they involve several levels of regulation. “Omics”
approaches have identified potential E. granulosus regulatory molecules, including microRNAsS,
found in RNA-Seq studies,'® ** and regulatory proteins, such as transcription factors and signaling

proteins, identified in proteomic studies. *2-%°

Protein function regulation in different contexts can be mediated by cotranslational and post-
translational modifications (CTMs and PTMs, respectively), which can play critical roles in the

regulation of a broad range of cellular processes in both prokaryotes and eukaryotes.’®'° These
3
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modifications should be regulating several biological processes in E. granulosus as well, but they
remain largely unknown in this parasite. In fact, CTMs and PTMs have been poorly addressed in
parasitic flatworms in general, and their characterization may lead to another level of understanding

about molecular mechanisms controlling parasitic flatworm biology.

CTM and PTM characterization is not a trivial task and the availability of tools to achieve
complete mapping of all expressed proteins variants (proteoforms) is limited. The term proteoform
is currently used to designate all molecular forms in which the protein product of a single gene can
be found, including changes due to genetic variation, alternatively spliced RNA transcripts, CTMs
and PTMs.?® Mass spectrometry (MS)-based proteomics has evolved dramatically, and is now
considered a key technology for identifying and quantifying proteins and PTMs.232* The bottom up
workflow allows high throughput protein identification but the assignment of PTM sites is
compromised due to the MS dynamic range and the typical low sequence coverage obtained.
Peptide enrichment decreases this problem and allows the shotgun approach to be applied to the
identification and quantification of PTMs.? However, bottom up MS still faces limitations for
combinatorial detection of PTMs, unless the modifications are co-located on one peptide. Top down
proteomics, on the other hand, is based on the analysis of intact proteins, and is well-suited to the
characterization of proteoforms, as it can detect proteins with CTMs and PTMs in a general fashion
and can produce a faithful representation of protein variants resulting from maturation within
cells.?® Top down MS is not as widely spread as bottom up MS, but recent efforts have enabled its

use in a high throughput fashion.?-28

Here, for the first time, the low mass proteome from subcellular fractions from E.
granulosus protoscoleces has been addressed. A top down coupled to a bottom up proteomic
approach have been used to not only identify but also characterize the low mass proteome,
highlighting the detection of CTMs in proteoforms expressed in E. granulosus larval stage. Our

findings revealed new molecular aspects of E. granulosus, adding another level of understanding in



the biology of this neglected parasite.

Material and Methods

Parasite Material

E. granulosus hydatid cysts were obtained from lungs of cattle slaughtered in a local abattoir
(Cooperleo, Séo Leopoldo, Brazil). Animal slaughtering was conducted according to Brazilian laws
and under supervision of the Servico de Inspecdo Federal (Brazilian Sanitary Authority) of the
Brazilian Ministério da Agricultura, Pecuaria e Abastecimento. Condemned viscera at post-mortem
meat inspection due to the presence of hydatid cysts were collected at the abattoir and dissected in
the laboratory, following described protocols®, all approved by the Ethical Committee of the
Universidade Federal do Rio Grande do Sul. Protoscoleces were collected by aspiration, washed
several times in PBS and were kept frozen until genotype confirmation. Parasite genotyping was
performed for each individual cyst, as previously described?® and all used parasite samples were
from the G1 genotype, defined as E. granulosus stricto senso (E. granulosus s. s.).*°

Protoscolex nuclear and cytosolic proteins were extracted following the protocol described
previously,®* with some modifications. Briefly, 500 mg of protoscoleces from 9 lung cysts of the
same genotype were pooled out and were homogenized with 3 volumes of buffer N (10 mM Tris-
HCI pH 7.4, 10 mM NaCl, 3 mM MqgCl,, 0.5% Nonidet P-40) containing Halt protease and
phosphatase inhibitors (Thermo Scientific), on ice, on a Tekmar homogenizer, using 10 bursts of 10
s each and 1 min interval between bursts (at a setting of 60-100). After centrifugation for 5 min at
4000 g, the pellet was suspended, homogenized and centrifuged again under the same conditions.
The two supernatants generated in these centrifugation steps were combined, and an aliquot was
stained with DAPI and checked on FLoid Cell Imaging Station (Life Technologies), to verify
nucleus integrity and enrichment. Then, this preparation was centrifuged using Type 50.2 Ti rotor

(Beckman Coulter) at 100,000 g for 1 h at 4°C, for nuclei and cytosolic proteins isolation. The
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resulting supernatant containing cytosolic proteins (cytosolic fraction) was saved, and the pellet
containing the nuclei (nuclear fraction) was suspended using 1 volume of buffer F (50 mM HEPES
pH 7.5, 5 mM KCI, 5 mM MgCl, 0.1 mM EDTA, 0.5 mM DTT) containing Halt protease and
phosphatase inhibitors. Nuclear and cytosolic fractions were both lyophilized and stored at -20°C

until use.

Sample Preparation

Nuclear and cytosolic lyophilized proteins were reconstituted in 4% SDS, acetone
precipitated with six volumes of cold acetone and centrifuged at max speed for 10 min. The
precipitated pellets were reconstituted in 1% SDS and protein concentration was determined using
BCA assay (ThermoFisher, Rockford, IL). For Gel Elution Liquid-based Fractionation Entrapment
Electrophoresis (GELFrEE), 250 ug of protein were fractionated in a GELFrEE 8100 Fractionation
system (Expedeon, San Diego, CA) using 10% cartridges. Fractions 1-6 were collected and a 6 pL
aliquot of each 150 pL fraction was used for conventional SDS-PAGE analysis and silver stain
visualization.

For intact protein preparation, fractions were precipitated with MeOH/CHsCI/H20 to
remove SDS.*? Prior to MS analysis, the samples were resuspended in 20-30 pL of buffer A (95%
H20, 5% acetonitrile, 0.2% formic acid). For peptide preparation, fractions were precipitated in
acetone and pellets were resuspended in 8 M urea in 100 mM NH4HCOs3, followed by reduction
with 20 mM DTT and cysteine alkylation with 40 mM iodoacetamide. Protein mixtures were
trypsin digested (enzyme to protein ratio 1:50) at 37°C for 18 h. Peptides were desalted using Zip-

Tip C18 (Millipore), dried in a SpeedVac and suspended in 30 pL of buffer A.

LC-MS/MS of intact proteins
A 6 uL volume of each GELFrEE fraction was injected in triplicate onto a trap column (150

pm ID x 2 cm) and eluted onto an analytical column (75 um ID x 15 cm) and online separated as
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described previously.®® Both trap and analytical columns were packed in-house®** with polymeric
reverse phase (PLRP-S, Phenomenex) media (5 um, 1000 A pore size) and connected to 15 um
nanoelectrospray tips (New Objective, Waltham, MA). Samples were loaded onto the trap using an
Ultimate 3000 RPLCnano system (Thermo Scientific Dionex) at a flow rate of 2.5 pL/min, and then
separated on the analytical column and eluted into the mass spectrometer using a flow rate of
300nL/min. Mass spectrometry data were obtained on an Orbitrap Elite (Thermo Scientific). The
MS method included the following events: (i) FT scan, four microscans, m/z 500-2,000, and
resolution 100 000; and (ii) data-dependent MS/MS on the top two peaks in each spectrum from
scan event 1 using higher-energy collisional dissociation (HCD) with normalized collision energy of
25, isolation width 50 m/z, four microscans, and detection of ions with resolving power of 60 000.
Dynamic exclusion was enabled with a repeat count of 2, a repeat duration of 120 s, and an
exclusion duration of 5000 s. Automatic gain control (AGC) was set to 1E6 ions, and maximum
injection time was set to 1 s for both MS1 and MS2. Advanced signal processing was turned on, and
data were collected in reduced profile mode. A 15 V offset in the source was used over the entire

experiment. The capillary temperature was 320°C and the spray voltage was 1.8 kV.

LC-MS/MS of tryptic peptides

A 10 pL volume of each digested GELFrEE fraction was injected in duplicate onto a trap
column (150 pum ID x 2 cm) and eluted onto an analytical column (75 pm ID x 15 cm). Both trap
and analytical columns were packed in-house with 3 um Aqua C18 (Phenomenex) and connected to
15 pm nanoelectrospray tips (New Objective, Waltham, MA). Samples were loaded onto the trap
using an Ultimate 3000 RPLCnano system at a flow rate of 3 pL/min, and then separated on the
analytical column and eluted into the mass spectrometer using a flow rate of 300nL/min. Data
acquisition on the 7 T LTQ-FT-ICR (Thermo Scientific) consisted of a full scan event, m/z 400-
1,600 and resolution 50 000 and data-dependent MS/MS on the top eight peaks in each spectrum

from scan event 1 using collision-induced dissociation (CID) with normalized collision energy of

7



35 and isolation width 2 m/z. Dynamic exclusion was enabled with a repeat count of 3, a repeat
duration of 45 s, and an exclusion duration of 120 s. The capillary temperature was 200°C and the

spray voltage was 2.4 kV.

Data processing

Top down analysis was performed essentially as described previously.?” Raw data files were
processed in cRAWIer, an in-house software which determine intact and fragment masses and
compiled them in ProSight Upload Format (*.puf) files. At first, each *.puf file was searched
against E. granulosus data, available at GeneDB and UniProtKB > ©, using ProSightPC 3.0 (Thermo
Scientific, San Jose, CA). An iterative absolute mass search tree was implemented in ProSightPC,
starting with a narrow search window of 10 Da of intact mass tolerance. When the first search failed
to find matches, it was followed by a second search using a wide search window of 100,000 Da.
The wide search detect hits with PTMs that are not annotated in the database as well as those cases
with large differences between theoretical and observed intact mass values. In both cases, a 15 ppm
mass tolerance was used for the fragment ions. Low confidence proteoform identifications were
excluded by considering only those hits arising from an absolute mass search with an E-value below
1x 104

The amino acid sequences of proteins identified in the first search were submitted to an in
silico prediction of lysine acetylation using the web tool PAIL

(http://bdmpail.biocuckoo.org/prediction.php). For that, a database including the predicted

acetylations was built and used in a second round of searches on ProSightPC, applying the same
parameters set in the first search.

For bottom up analysis, raw data files were processed on COMPASS.*® Peak lists were
searched using the MASCOT search engine (Matrix Science, London, UK; version 2.3.0) against
the E. granulosus databases (available at GeneDB and UniProt). Database searches were performed

with the following parameters: one missed cleavage; fixed modifications: carbamidomethylation of
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cysteine; variable modifications: oxidation of methionine; parent ion tolerance: 20 ppm; fragment
ion tolerance: 0.6 Da. To validate MS/MS based peptide and protein identifications, MASCOT *.dat
files were loaded on Scaffold (Proteome Software, Portland, OR; version 3.6) and parameters to
accept an identification were as following: peptide probability > 95.0%, protein probability > 99.0%

and > 2 unique peptides.

Functional classification

Online BLASTP searches were performed using BLAST2GO®*® version 3.0 against the
NCBInr database. GO mapping, InterProScan analysis and annotation were performed based on
BlastP results (E-value < 1.0E-3). Bar charts were generated using all available GO subcategories of

level 3.

RESULTS AND DISCUSSION
Top down MS identification of proteins and proteoforms

To study the mature proteoforms from nuclei and cytoplasm enriched fractions from
protoscoleces from E. granulosus s.s., those proteins were GELFrEE fractionated and submitted to
top down MS. Representative results of LC separation from a GELFrEE fraction are illustrated in
Figure 1A and B. In total, 186 protein IDs were identified and some of them appear in different
proteoforms, resulting in the identification of 207 proteoforms (Supplementary Table S1A and B).
The distribution of exclusive and shared protein 1Ds and proteoforms between nuclear and cytosolic
fractions are shown in Figure 2. There were 122 and 52 proteoforms exclusively detected in nuclear
and cytosolic fractions, respectively. Interestingly, the number of proteoforms shared between these
fractions is smaller than the number of shared protein IDs. This is explained by the fact that seven
proteins IDs shared by both subcellular fractions, have corresponding proteoforms exclusive of the
nuclear or the cytoplasmic fraction.

Ribosomal proteins (6-29 kDa) and dyneins (9-23 kDa) were detected in several GELFrEE
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fractions. This is a common result with top down due to their high cellular abundance and low
molecular weight. A perfect separation is not achievable due to overlaps between fractions and also
to the occurrence of proteolytic events, both natural or artifactual.? In addition, the standard mode
of data acquisition used here has also led to overlaps in the identification of highly abundant
proteins in subsequent LC-MS injections and the development of new methods is expected to
circumvent the overlapping.®” Despite that, less abundant proteins exhibiting confident
identifications were also detected; two examples are shown in Figure 1C.

To compare the sensitivity of the top down approach, the same nuclear and cytosolic
GELFrEE fractions were also analyzed by bottom up proteomics (Supplementary Tables 2A-D).
In the bottom up analysis, 208 proteins were confidently identified with at least two unique
peptides. Of these proteins, 56 were also identified in the top down approach (Figure 3A). There
were 152 proteins detected only in the bottom up approach, but most of them have molecular
masses larger than 30 kDa (Figure 3B), which makes them less amenable in our top down analysis.
There were 130 proteins uniquely identified in the top down approach and 34 of these proteins have
molecular weights below 10 kDa, contrasting with only 4 proteins uniquely identified by bottom up
in this same mass range (Figure 3B). Characterizing small proteins represents a challenge for the
bottom up workflow due to the inability to generate sufficient tryptic peptides for analysis.®® The
ability of top down for low mass protein detection enabled the identification of 25 proteins not
previously reported, increasing the repertoire of proteins known to be expressed in E. granulosus

protoscoleces (Supplementary Table 3).

Characterization of identified proteoforms

The characterization of CTMs and PTMs is one of the enduring goals of top down
proteomics and to accomplish that in a high throughput workflow, large combinations of PTMs can
be annotated and considered within databases.?® In the case of E. granulosus genome, the currently

available annotations were solely based on DNA sequencing and no PTMs have been annotated so
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far. Even in cases like this, top down can provide the detection of mature proteoforms. ProSightPC
can presume a theoretic N-terminal processing, including methionine excision and N-terminal
acetylation, in a way it can potentially occur on all proteins of a given database, even if they are not
present in the input, enabling the detection of cotranslationally modified proteoforms. 3940

The most prevalent types of CTMs identified in nuclear and cytosolic proteoforms from E.
granulosus in our top down approach were N-terminal methionine excision (NME) and N-terminal
acetylation (NTA). NME was evident as 130 out of 182 proteoforms underwent this processing
(Supplementary Table S1C), corresponding to 71% of the identified proteoforms. It is thought that
up to 80% of the proteins of any given proteome undergo this modification.** In the case of NTA,
85 out of 182 proteoforms were found to contain this type of processing (Supplementary Table
S1D), corresponding to 47%, which is close to the 50-80% usually found in other eukaryotes.*? The
apparent underrepresentation of NMEs and NTAs in the protein repertoires of the analyzed samples
may be explained by the fact that proteoforms with no N-terminal fragment ions were not included
in these analyses. Moreover, our analyses were essentially focused in proteins under 30 kDa, which
might also impact the overall proportion of modified proteoforms.

NME is an essential process that occurs in the cytoplasm of all organisms and in the two
organelles displaying protein synthesis.** NME involves two types of methionine aminopeptidase
(MAP), MAP1 (type-1) and MAP2 (type-1l), which have similar three-dimensional structures
despite having only low levels of sequence identity. Higher eukaryotes have at least one MAP1 and
one MAP?2 in the cytoplasm and one MAP1 in the organelles.* E. granulosus genome has at least
two genes containing MAP1 domain (UniProt accessions: U6J5U8 and AOA068X0Z5) and one
gene containing MAP2 domain (UniProt accession: AOA068W7Q0). According to the generally
accepted cleavage rules for MAP, this enzyme cleaves all proteins with small side chains on the
residue in the second position,** but many exceptions are known.* In this work, the penultimate
residue was usually consistent with NME rule as Ala, Cys, Gly, Pro, Ser, Thr and Val represent

86% of proteins with NME. Among the rest of potential substrates found here there was Arg, Asp,
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Glu, Gln, lle, Leu, Lys and Trp. This is the first time that NME is described for E. granulosus
proteins and its detection provides indirect evidence for MAPs activities. Although some substrates
are not in agreement with the N-end rules,* the possibility that they represent exceptions for this
parasite cannot be ruled out. In these cases, studies for the evaluation of substrate specificity of E.
granulosus MAPs need to be further explored.

NTA is another cotranslational modification conserved among eukaryotes,*® and they are
performed by a group of N-terminal acetyltransferases (NATs) complexes, NatA—E. These NATs
differ both in subunit composition as well as in substrate specificity, and combined, they act on the
majority of eukaryotic proteins.*> Most of the NTA events are performed by NatA on MAP newly
generated N-termini.*? This seems to be the case for E. granulosus as well, since most of NTA
events occurred in proteins processed by MAP (Figure 4A), being Ser, Ala and Thr the top three
residues in the second position (Figure 4B). N-termini with larger amino acid residues in the
second position are not normally cleaved by MAPs, but potentially acetylated directly on the
initiator methionine by NatB, C and E, depending on the N-terminal sequence.!® The NatB, C and E
substrate specificities seem to be at least partially conserved in E. granulosus (Figure 4B). Higher
eukaryotes also express NatF, which, due to its distinct substrate preference, is responsible for an
overall increase in protein acetylation.*” N-acetylated sites detected here indirectly support the
activity of all NAT complexes, including NatF. At least 11 genes from E. granulosus predicted as
NATs contain homolog domains to NAT subunits described for other eukaryotes. E. granulosus
NATSs possible composition and substrates here detected are shown in Supplementary Table S4.

Differently of the N-terminal processing, the current unreviewed status of E. granulosus
database is undoubtedly a bottleneck for detection of internal PTMs. In addition, even though the
genotype used to prepare the nuclear and cytosolic fractions was the same used in the genome
project (G1), the known variability within E. granulosus s. s. requires a non-stringent tolerance to
differences between theoretical and experimental masses, hindering the attempts for manual

detection of common PTMs based on mass shifts. In an attempt to investigate the effect of the
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description of PTMs in the database, acetylation was predicted for all E. granulosus nuclear and
cytosolic identified proteoforms. In the case of organisms with annotated PTMs (human and yeast,
for example), the database of possible proteoforms is generated by combinatorial expansion of all
potential proteoforms using a modified UniProtkB flat file.3% 4% 4 The size of the database is
controlled by setting the maximum features per sequence and 13 is used as default setting, as rarely
a protein has more than 13 known modifications.*°

In the case of prediction data, the number of predicted modifications extrapolates the default
setting and its increase would make the storage of all possible proteoforms and also the search time
computational prohibitive. Therefore, the database of E. granulosus potential proteoforms was
generated by including the prediction information in a modified UniProtKB flat file and keeping the
default setting for combinatorial expansion. The use of a modified database enabled for the
detection of 9 acetylated proteoforms (Supplementary Table S1E), highlighting histones among
the proteoforms differentially acetylated (Figure 5). The inability to consider all predicted
modifications in a combinatorial fashion may have limited the detection of modifications. Even
though the contribution of our custom database was limited to a few acetylated proteoforms, their
detection was database-dependent, anticipating the impact that a more comprehensive database can

have in the assignment of modified proteoforms from E. granulosus.

Functional classification of the low mass proteome of nuclear and cytosolic fractions from E.
granulosus protoscoleces

The combination of top down and bottom up approaches resulted in an overall identification
of 338 proteins, from which 154 and 112 were exclusively identified in nuclear and cytosolic
fractions, respectively (Figure 6A). We used GO term enrichment analysis to classify the functions
of the identified proteins. Sequence annotations associated with 280 proteins (83%) were
categorized into the three main GO ontologies: cellular component (Figure 6B), molecular function

and biological process (Supplementary Figure S1). The GO terms were summarized into 72, 84
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and 73 subcategories for nuclear, cytosolic and shared proteins, respectively, with GO
classifications at level 3.

Functional enrichment analyses revealed that nuclear and cytosolic fractions were enriched
in proteins with annotations consistent with nuclear and cytosolic functions, respectively, which
points out to the effectivity of the protoscolex subcellular fractionation method. In nuclear fractions,
cellular components such as cell part and organelle part (Figure 6B) were enriched in nucleosome
and spliceosome proteins. Within membrane-bounded organelle, apart from nuclear envelope
proteins, there also were membrane proteins of non-nuclear organelles, known as major sources of
contamination in nuclear preparations.*® On the other hand, glycolytic and oxidative stress proteins
were enriched in the cytosolic fractions. Several nuclear proteins were also detected in the cytosolic
fraction and cytosolic proteins were detected in the nuclear fractions. This indicates that many
proteins in E. granulosus shuttle between the nucleus and cytosol and/or perform their tasks at
multiple destinations. The unusual locations of these proteins is suggestive that they can be
moonlighting, a property previously described for other E. granulosus proteins.>

There were 58 proteins unassigned to GO terms and most of them remain annotated as
uncharacterized proteins. Interestingly, 24 of these proteins were detected exclusively in the nuclear
fractions and, 6 of them (UniProt: AOAO68WLY9, AOA068WFZ9, U6INT9, AOA068WTGE5,
AOAO068WEA7, AOA0O6B8WUAA4) appear to be restricted to the Echinococcus genus, since only
Echinococcus multilocularis appear to be sharing these orthologs. In the cytosolic fraction, 1 out of
10 uncharacterized proteins (UniProt: AOAO68WG6RS5) also appear restricted to the Echinococcus
genus and among the shared proteins, 1 out of 13 (UniProt: AOA068WWS55) seems to be exclusive
from E. granulosus s. s. The group of nuclear, cytosolic and shared uncharacterized proteins also
includes 3 (UniProt: U6JF24, AOA068W906, AOA068X009), 1 (UniProt: AOA068WUI4), and 2
(UniProt: U6JBE2, U6JCZ1) orthologs limited to tapeworms, and 2 (UniProt: AOA068X2D5,
AOA068WLV4), 1 (UniProt: AOA0O68WNL1), and 2 (UniProt: AOA068X046, AOA068X0E4)

orthologs limited to helminths, respectively. These proteins may carry novel domains likely linked
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to unrecognized nuclear and cytosolic functions not only in Echinococcus but also in helminths

and/or tapeworms, making them intriguing targets to be explored in future studies.

CONCLUSIONS

Top down proteomics gives the first step to fully characterize proteins from E. granulosus.
The proteoforms detected here support that N-terminal processing is conserved in E. granulosus
proteins and indirectly suggest the functionality of MAPs and NATS in this parasite. Our modified
database also provided the identification of a few internal acetylated sites, adding to detection of
mature proteoforms. Moreover, the use of bottom up approach allowed the identification of IDs not
detected using top down MS, adding in the coverage of protein profiles expressed in E. granulosus
subcellular fractions. Future works using complementary approaches, exploring not only how E.
granulosus proteins are decorated but also addressing their impact in its biological processes and

subcellular location, can lead us to unravel further molecular mechanisms of this neglected parasite.
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Figure 1. Representative data for LC-MS/MS analysis of a single GELFrEE fraction. (A) GELFrEE fractionation
of the nuclear sample is shown as example; (B) LC total ion chromatogram from GELFrEE fraction 2; (C) Two
representative intact protein spectra are highlighted.
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Figure 2. Overlap between nuclear and cytosolic protein IDs and proteoforms identified in our top down
approach. The comparison of proteoforms points out that although some IDs seems to be common, they exhibit
modifications which make them different proteoforms, decreasing the overlapping between nucleus and cytosol.
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Figure 3. Comparison between proteins identified using top down and bottom up approaches. (A) Venn diagram
showing a partial overlap between the approaches; (B) Molecular mass distribution of proteins identified in both
approaches.
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showing the distribution NME and NTA events. The overlap indicate proteoforms modified by NME+NTA. (B)
Sequence motifs for the first ten residues of each proteoform identified displaying NME only, NME+NTA and NTA
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Figure 5. Detection of two proteoforms from histone H2A. These monoacetylated and diacetylated proteoforms were
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only detected using our modified database including the acetylation prediction information.
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Figure 6. Overview of the low mass proteome from E. granulosus protoscoleces subcellular fractions. (A)
Distribution of nuclear and cytosolic proteins identified using both top down and bottom up MS; (B) Gene ontology
(GO) classification of proteins identified in E. granulosus subcellular fractions. The results of BlastP searches against
the NCBInr database were used for GO mapping and annotation. Top 10 most abundant GO terms for cellular
component are shown.
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Table S3. Low mass proteins from nuclear and cytosolic fractions reported for the first time in E. granulosus

protoscoleces using top down approach?

Theoretical

Observed

Accession® Protein description Fragments | E-value PTMs " g A mass ppm error
AOA068WTWS8 60S ribosomal protein L39 19 6.5E-25 6071.51 N/DY N/A® N/A
AOA068WTWS 60S ribosomal protein L39 9 7.6E-05 N6-acetyl-L-lysine 6197.55 6170.95 -26.59 -4309.49
AOA068WZK8 expressed conserved protein 28 1E-38 6534.68 N/D N/A N/A
AOA068WIY5 expressed protein 10 4.4E-09 7026.05 N/D N/A N/A

ribosome associated
U6JI191 membrane protein 4 32 1.8E-45 N-acetyl-L-serine 7217.77 7221.57 3.80 526.28
AOA068WW55 hypothetical protein 6 5.3E-06 7268.44 N/D N/A N/A
U6JBR8 40S ribosomal protein S28 13 2.2E-12 | N-acetyl-L-methionine 7737.23 7815.01 77.77 9952.52
UeJ7ws Calcium binding protein 72 8E-103 7814.96 7622.18 -192.76 -25290.20
U6J7w8 Calcium binding protein 41 1E-42 N-acetyl-L-methionine 7856.97 7861.17 4.21 535.59
UBJINT9 expressed conserved protein 15 3.9E-10 N-acetyl-L-serine 7848.69 7293.47 -555.21 -76124.7
ribosomal protein
AOA068WHH3 mitochondrial 9 3.4E-06 7902.26 7611.98 -290.27 -38134.20
ubiquinol cytochrome ¢

AOA068WIB7 oxidoreductase subunit 6 11 1.5E-09 | N-acetyl-L-methionine 8015.96 5815.79 -2200.16 -378308

AODA068WS46 expressed conserved protein 22 2.2E-28 8083.92 7292.87 -791.05 -108469
UBJCT9 60S ribosomal protein L38 9 6.4E-09 8150.7 10049.55 1898.86 188949
AOA068WMB8 expressed conserved protein 26 6.8E-32 8383.39 8387.93 4.54 542.09
signal recognition particle 9
AOA068W P65 kDa protein 15 6.8E-14 8522.58 8923.12 400.54 44888.20
AOA068X2D5 expressed conserved protein 11 7.2E-12 8713.64 N/D N/A N/A

AO0A068X046 expressed conserved protein 13 5.7E-15 8959.93 17420.22 8460.30 485659

AOA068WA87 sec61 beta subunit 25 7.7E-31 9168.79 9173.79 5.00 545.27

F type H transporting ATPase

AOAO068WEY8 subunit e 31 2.9E-39 9825.32 9831.04 5.72 582.42
UBJIF4 dynein light chain 26 1.5E-29 9833.06 8922.57 -910.47 -102042
U6JG19 LYR motif containing protein 4 10 7E-06 N-acetyl-L-serine 9843.12 12717.02 2873.90 225989

AOA068WXZ7 hypothetical protein 11 4.9E-07 6093.09 7134.41 1041.33 145959

histone lysine N

AOA068WT7A8 methyltransferase NSD3 9 7.5E-05 7505.73 7505.77 0.04 5.93

AOA068WEA1 expressed protein 25 7.3E-34 7517.08 7520.57 3.49 464.43

AOA068WNL1 expressed protein 5 5.2E-05 | N-acetyl-L-methionine 8103.16 N/D N/A N/A
U6JCT9 60S ribosomal protein L38 10 1.1E-09 N-acetyl-L-proline 8192.71 N/D N/A N/A

AOA068W6R5 expressed protein 5 4.5E-05 9755.13 27471.35 17716.20 644898

2 Gray rows indicate cytosolic proteins; ® UniProtkB accession numbers; ¢ Masses are given in Da; N/D not detected; *N/A not applicable.




Table S4. Substrates and likely composition of E. granulosus NAT complexes?

NAT A:S;sbs;(r)hn Aﬁﬁr?]sbsei(r)cn Subunits? Substrates®
NatA AOA068W8D6 EgrG_000817600 n alpha acetyltransferase 15 NatA auxiliary Ser-, Ala-, Gly-, Thr-, Val, Cys- N-termini
U6IuUX7 EgrG_000792500 N alpha acetyltransferase 11
NatB AOA068WBF3 EgrG_001014800 peptide alpha N acetyltransferase (Naa25) Met-Glu-, Met-Asp;-érmie;i-Asn-, Met-Gln- N-
AOA068WPC8 EgrG_000252000 n acetyltransferase (Naa20)
NatC AOA068WJINO EgrG_000247600 n acetyltransferase mak3 Met-lle-, Met-Trp-, Met-Phe- N-termini
AOA068X103 EgrG_000574500 n acetyltransferase mak3
U6JHPO EgrG_000575600 n acetyltransferase mak3
UGJIR1 EgrG_000117400 n alpha acetyltransferase 35 natc auxiliary
NatD U6J0S8 EgrG_001036500 n alpha acetyltransferase 40 NatD catalytic Ser-Gly-Arg- N-termini
NatE UGJE19 EgrG_000215400 n alpha acetyltransferase 50 NatE catalytic Met-Ala-, Met-Lys- N-termini
NatF AOA068WY05 N alpha acetyltransferase 60 Met-Lys-, Met-lle-, Met-Trp-, Met-Phe- N-

EgrG_000084400

termini

aEukaryotic NAT complexes and their substrates were previously described; & 42 ® UniProtKB accession numbers; ¢ GeneDB
accession number; ¢ E. granulosus subunits were determined according to identification of eukaryotic conserved domains in BLAST

analyses; ¢ Substrates listed were identified in this work and are also conserved in eukaryotes.
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Figure S1. Gene ontology (GO) classification of proteins identified in E. granulosus subcellular fractions. The results of
BLASTP searches against the NCBInr database were used for GO mapping and annotation. Top 15 most abundant GO terms for
molecular function (A) and biological process (B) are shown.



4.4 Analise protedbmica top down e bottom up de fracdes subcelulares de protoescolices
de E. granulosus contendo proteinas de maior massa

4.4.1 Materiais e métodos

4.4.1.1 Preparacdo de fracOes subcelulares de protoescélices de E. granulosus

As proteinas citoplasmaticas e nucleares (obtidas conforme descrito na secdo 4.3)
foram fracionadas pelo sistema de fracionamento GELFrEE, conforme previamente
descrito (Catherman et al., 2013). 250 pg de proteina foram fracionadas no sistema
GELFrEE 8100 (Expedeon, San Diego, CA) em cassetes de 10 %. Fragdes de 1-12 foram
coletadas e aliquotas de 6 pL de cada fracao de 150 uL foram utilizadas para analise em
SDS-PAGE. Para a analise das frac6es de GELFrEE por top down, detergentes e sais foram
removidos através da precipitacdo com cloroférmio/metanol/agua, conforme descrito
previamente (Wessel & Fliigge, 1984). Para a analise por bottom up, as fracGes de
GELFrEE foram precipitadas em acetona, preparadas para digestdo com tripsina e 0s

peptideos foram dessalinizadas em micrcolunas Zip-Tip C18 (Millipore).

4.4.1.2 LC-MS/MS e processamento de dados

Para a andlise de top down, as proteinas intactas foram analisadas em um Orbitrap
Elite (Thermo Fisher Scientific). Os arquivos brutos do espectrometro de massas foram
processados no programa CRAWLER e entdo analisados no programa ProSightPC 3.0.
Dois bancos de dados contendo sequéncias de aminoacidos deduzidas de sequéncias
genbmicas de E. granulosus, disponiveis no GeneDB e UniProtKB (Tsai et al., 2013;
Zheng et al., 2013), foram utilizados para obtencdo das identificacdes. Para a analise de
bottom up, os peptideos foram analisados em um espectrometro de massas do tipo 12 T
LTQ-FT-ICR (Thermo Fisher Scientific). Os arquivos brutos do espectrometro de massas
foram processados no programa COMPASS (Wenger et al., 2011), e entdo analisados no
programa Mascot Server v. 2.3. A classificagdo funcional das proteinas identificadas foi
realizada no BLAST2GO contra o banco de dados NCBInr. O mapeamento da ontologia
génica (GO) e anotacdo foram realizados com base nos resultados do Blastp (E-value <
1.0E-3).
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4.4.2 Resultados

4.4.2.1 Analise top down e bottom up das proteinas de maior massa de fraces subcelulares

de protoescolices de E. granulosus

As fracGes nucleares e citosolicas de E. granulosus foram submetidas ao
fracionamento de GELFREE, gerando 12 fracgdes (3,5 a 100 kDa) de cada amostra (Figura
9). As 12 fragdes foram submetidas a analise de bottom up. A andlise das fracdes 1-6 foi
descrita na secdo 4.3. A anélise das fracbes 7-12 resultou na identificacdo de 254 proteinas,
sendo 93 exclusivas da fragBes nucleares e 80 exclusivas das fragdes citosolicas (Figure
10).
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Figure 9. Fracionamento por GELFrEE das amostras nucleares e citosolicas de protoescélices de E.

granulosus. M: marcador de massa molecular em kDa; 1-12: fracbes de GELFrEE; 13: extrato proteico
nuclear e citosélico, respectivamente, antes do fracionamento de GELFrEE.

Nuclear Citosolica

Figure 10. Distribuicéo das proteinas de maior massa identificadas em fragdes nucleares e citosélicas
de protoescolices de E. granulosus através da abordagem bottom up.
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Com o intuito de detectar proteoformas da EgEnol e EgFBAL, fracOes de
GELFrEE, contendo estas proteinas, foram submetidas a anélise protedmica top down. A
selecdo das fracBes nas quais estas proteinas estavam mais abundantes foi feita com base
nos dados de bottom up. Desse modo, foram inicialmente selecionadas as fracOes
citoplasmaticas de 7-9 (30 a 50 kDa) para a analise protedmica top down. Nesta analise, 17
proteinas intactas foram identificadas (Tabela 2). A deteccdo da EgFBAL ndo foi possivel
e, embora a EgEnol tenha sido detectada, a cobertura obtida para esta proteina foi baixa.
Considerando a abundancia relativamente alta da EgEnol e da EQFBAL demonstrada na
andlise bottom up, o insucesso na deteccdo destas proteinas por top down foi atribuido a

fragmentac&o ineficiente das mesmas.

Tabela 2. Proteinas citosolicas identificadas a partir da anélise das fracGes de GELFrREE 7, 8

e 9 pela abordagem top down

Nggneir:oge Descricdo da proteina® MPTs |Otl;l s Io;ls E-value t?{?ﬁs;
EgrG_000084400 N-acetiltransferase 60 alfa 1 3 0,0000177 37064,9
EgrG_000102600 Fator de alongamento Tu 2 2 0,0000502 49096,2
EgrG_000105100 Proteina expressa conservada 3 1 0,0000294 21653,1
EgrG_000212700 Major egg antigen p40 1 14 2,16E-23 35694,1
EgrG_000212700 Major egg antigen p40 N-acetil-L-serina 3 10 2,05E-19 35736,1
EgrG_000212700 Major egg antigen p40 N-acetil-L-metionina 1 16 1,1E-21 35867,1
EgrG_000231000 Galactosylgalactosylxylosylprotein 2 3 3,05E-06 30783
EgrG_000231300 14-3-3.2 N-acetil-L-alanina 3 2 0,0000147 29110,7
EgrG_000303700 Proteina expressa 2 2 0,0000423 45549,1
EgrG_000417100 Malato-desidrogenase citosolica 1 6 2,73E-009 36415,7
EgrG_000514200 Enolase N-acetil-L-serina 2 2 0,0000357 46442,8
EgrG_000516800 Ubiquitina ribossémica L40 1 5 1,15E-06 25600,8
EgrG_000535600 Ribonucleoproteina 2 2 3,47E-06 7485,74
EgrG_000608500 Lactato-desidrogenase N-acetil-L-metionina 5 0 8,79E-07 34998,1
EgrG_000610400 Translocador ADP-ATP 4 0 0,0000174 37714,6
EgrG_000703300 Actina N-acetilglicine 5 1 8,02E-10 41628,8
EgrG_000706000 Proteina hipotética N-acetil-L-metionina 2 4 8,27E-06 16257,1
EgrG_000993100 Proteina hipotética 1 3 0,0000795 77588,2
EgrG_001074700 Proteina hipotética N-acetil-L-treonina 2 2 0,0000742 4069,94

aNUmero de acesso do GeneDB ; ® Descricdo da proteina conforme o GeneDB; ¢ A massa tedrica é dada em Da.

4.4.2.1 Classificacdo funcional do proteoma de fracOes nucleares e citosélicas de

protoescdlices de E. granulosus
A combinacdo dos dados de top down (até 30 kDa) e bottom up (3,5 a 100 kDa)

resultou na identificacdo de 525 proteinas, das quais 224 e 156 foram exclusivamente
identificadas nas fracbes nucleares e citosolicas, respectivamente (Figura 11A). A anélise
de enriquecimento de termos do GO foi utilizada para fazer a classificagdo funcional das

proteinas identificadas. Anotacdes de sequéncias associadas com 440 proteinas (84%)
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foram categorizadas nas trés principais ontologias do GO: processos bioldgicos, fungdes
moleculares e componentes celulares (Figura 11B). Os termos do GO estdo resumidos em
79, 81 e 88 subcategorias para as proteinas nucleares, citosolicas e compartilhadas,
respectivamente, com classificacdes de nivel 3 do GO. 85 proteinas ndo foram associadas a

termos do GO e a maioria delas permanece anotada como ndo caracterizada.
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Figure 11. Visdo global do proteoma de fracdes nucleares e citosdlicas de protoescdlices de E.
granulosus. (A) Combinacdo dos dados de protedmica de baixa e maior massa e distribui¢do das proteinas
identificadas em fragBes nucleares e citosolicas de protoescolices de E. granulosus. (B) As proteinas
identificadas nas fragdes subcelulares de E. granulosus foram submetidas a classificacéo funcional do GO. O
nimero de proteinas classificadas de acordo com as 10 subcategorias do GO mais abundantes para
componentes celulares é mostrado.
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5. DISCUSSAO

Duas abordagens foram realizadas para a caracterizacdo de proteoformas expressas
no estdgio larval de E. granulosus. Primeiramente, uma abordagem dirigida para duas
enzimas glicoliticas potencialmente multifuncionais foi realizada, com o intuito de
evidenciar tanto mecanismos associados a multifuncionalidade como potenciais fungdes
ndo glicoliticas destas enzimas. Em segundo lugar, uma abordagem abrangente para a
caracterizagdo do repertério de proteoformas expressas em fragdes subcelulares de
protoescolices de E. granulosus também foi explorada, possibilitando ndo somente a
identificacdo de proteinas nucleares e citosolicas, mas também a caracterizacdo de MCTs e
MPTs nas proteinas identificadas.

A via glicolitica estd entre uma das mais antigas redes metabdlicas (Canback et al.,
2002). Varios estudos tém mostrado que além da via glicolitica, algumas destas enzimas
sdo proteinas multifuncionais, desempenhando funcdes ndo glicoliticas importantes em
varios processos biologicos e patofisioldgicos (Diaz-Ramos et al., 2012). A FBA e a
enolase sdo exemplos de proteinas multifuncionais, tendo sido descritas com funcdes néo
glicoliticas em diferentes contextos bioldgicos, incluindo o de parasitismo (Marcos et al.,
2014; Ramajo-Hernandez et al., 2007; Tunio et al., 2010).

Em vertebrados, existem trés isoformas de aldolase (A, B e C) e trés isoformas de
enolase (alfa, beta e gama), sendo cada uma delas codificada por genes diferentes (Steinke
et al., 2006). Em E. granulosus, a analise de predicdo de genes indicou a presenca de
quatro genes de FBA, EgFBA1-4, e trés genes de enolase, EQEnol-3. De acordo com
estudos transcricionais e protedmicos de amostras de cistos hidaticos, a EQFBAL e EgEnol
sdo isoformas predominantemente expressas em todos os estagios do ciclo de vida do
parasito (Cui et al., 2013; Monteiro et al., 2010; Parkinson et al., 2012; Zheng et al.,
2013). Estudos de RNA-seq detectaram EgFBA2-4 somente no estagio adulto, enquanto
EgEno2-3 foram detectadas nos estagios larval e adulto (Zheng et al., 2013) (Figura 12).
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Figure 12. Perfis de transcricdo das isoformas de EgFBA e EgEno nos diferentes estagios do ciclo de
vida do E. granulosus. A abundancia dos transcritos é dada em reads per kilobase per million mapped reads
(RPKM). PSC: protoescolices; CG: camada germinativa. Modificado de (Zheng et al., 2013).

As filogenias das isoformas de FBA e enolase sugerem que a evolucdo das
EgFBAL-4 e de EgEnol-3 é complexa. As diferentes isoformas de FBA e enolase de
helmintos sdo divergentes das isoformas de vertebrados, de modo que néo foi possivel
enquadréa-las na mesma classificacdo utilizada para as FBAs e enolases de vertebrados.
Além disso, a presenca de multiplas isoformas de FBA e enolase ndo foi observada em
trematodeos. A aparente auséncia de ortélogos de EQFBA2-4 e EgEno2-3 ndo somente em
vertebrados, mas também em trematddeos, poderia ser explicada por eventos de duplicacdo
especificos da classe Cestoda. Estudos adicionais sdo necessarios para entender ndo
somente a evolucgdo destes genes, mas também a funcdo dos seus produtos proteicos nestes
parasitos.

As atividades cataliticas da FBA e enolase na via glicolitica consistem na atividade
primaria destas enzimas. A FBA esta envolvida na quarta reacdo desta via, catalisando a
clivagem reversivel da fru-1,6-P2 em diidroxiacetona fosfato e gliceraldeido 3-fosfato. A
nona reacdo dessa via é realizada pela enolase, a qual catalisa a transformacéo reversivel
entre 2-PGA e fosfoenolpiruvato. Com o intuito de verificar se a EQFBAL e EgEnol sdo
cataliticamente ativas, ensaios de atividade enzimatica foram realizados com a rEgFBAL e
a rEgEnol. As duas enzimas recombinantes foram capazes de hidrolisar seus substratos, o
que indica que as versdes nativas também sejam enzimaticamente ativas.

Além de participar da glicolise, a FBA foi descrita como ligante a bombas de H+-
ATPase vacuolares em S. cerevisiae (Lu et al., 2007). Ela esta envolvida na endocitose
(Rangarajan et al., 2010), e na ades&o de Neisseria meningitis a células humanas (Tunio et
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al., 2010). Além disso, a FBA foi descrita como intermediadora da ligacao de filamentos de
actina tanto a proteinas TRAP em Plasmodium falciparum (Heiss et al., 2008) como a
adesina microneme (MIC2) em Toxoplasma gondii (Sheiner et al., 2010; Starnes et al.,
2009). No caso da enolase, o0 seu envolvimento na regulacdo da transcricdo génica em uma
ampla variedade de organismos foi descrito. Além disso, ela foi identificada como uma
proteina estrutural do cristalino de vertebrados (Wistow et al., 1988), esta envolvida na
fusdo da membrana de vacuolos e trafego de proteinas para o vactolo em S. cerevisiae
(Decker & Wickner, 2006), e desempenha funcdo de adesina em Streptococcus
pneumoniae (Bergmann et al., 2013). A habilidade de ligacdo ao plasminogénio da FBA e
da enolase tem sido cada vez mais descrita em diversas bactérias, leveduras e helmintos
parasitas (Ginger, 2014; Gémez-Arreaza et al., 2014; Henderson, 2014; Karkowska-Kuleta
& Kozik, 2014).

Na tentativa de encontrar evidéncias de possiveis fun¢des moonlihgting para a
EgFBAL e a EgEnol, estas proteinas foram imunolocalizadas em componentes do estagio
larval do E. granulosus. A utilizacdo de soros especificos permitiu detectar a presenca da
EgFBAL e EgEnol em diferentes compartimentos do cisto hidatico, incluindo fracbes
tegumentares e produtos de ES. Na parede do cisto, a distribuicdo da EgEnol chama
atencdo devido a sua presenca ndo somente na camada germinativa mas também na
camada laminar. A deteccdo da EgEnol na camada laminar é indicativa do seu
envolvimento direto com mecanismos de sobrevivéncia na interface parasito-hospedeiro,
uma vez que a camada laminar protege as células da camada germinativa da resposta
imune do hospedeiro (Diaz et al., 2011).

Igualmente notavel é a presenca da EgFBAL e da EgEnol em produtos de ES.
Ambas foram detectadas em estudos protedmicos de liquido hidatico (Ahn et al., 2015;
Aziz et al., 2011; Monteiro et al., 2010) e em produtos de ES in vitro de protoescolices
(Virginio et al., 2012). Aqui, a presenca destas proteinas no liquido hidatico e em produtos
de ES de cultivos in vitro de protoescolices também foi confirmada pelos experimentos de
imunoblot. A deteccdo da FBA e da enolase em produtos de ES também j& foi descrita em
outros parasitos é sugestiva de funcGes diretamente relacionadas com a interacdo parasito-
hospedeiro (Ditgen et al., 2014; Harnett, 2014).

A identificacdo de proteinas citosolicas em produtos de ES tem se demonstrado

frequente e, por isso, tem despertado interesse a respeito dos mecanismos associados com
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o direcionamento extracelular destas proteinas. Entre os mecanismos que poderiam
explicar a localizacdo destas proteinas em produtos de ES estdo o turnover do tegumento
(Liu et al., 2009; Marcilla et al., 2007) e/ou vesiculas extracelulares (VESs) (Maizels et al.,
2012; Marcilla et al., 2012; Nono et al., 2012). As VEs sdo vesiculas que contém uma
mistura complexa de proteinas, lipideos, glicanos e informacdo genética (Twu & Johnson,
2014). Elas tém sido descritas em bactérias, protozoarios e helmintos parasitas (Kim et al.,
2015; Montaner et al., 2014). A maioria das proteinas identificadas nas VEs correspondem
aquelas descritas previamente nos secretomas destes parasitos (Maizels et al., 2012;
Marcilla et al., 2012). Este mecanismo explica a presenca de proteinas atipicas nos
produtos de ES, como a FBA e a enolase, nas quais peptideos-sinal de secrecdo estdo
ausentes. Desse modo, as VES também devem constituir um importante mecanismo de
secrecdo de proteinas em E. granulosus. O isolamento e caracterizacdo de VEs deste
parasito ainda ndo foram realizados mas estdo em andamento no nosso grupo de pesquisa.

Um outro mecanismo descrito para que uma proteina moonligthing alterne suas
funcOes € atraves da formacao de diferentes complexos proteicos (Jeffery, 2004). No caso
da EgFBAL e EgEnol, tanto caracteristicas estruturais como ligantes proteicos suportam a
multifuncionalidade destas proteinas. O sitio de ligacdo a actina conservado na EQFBAL é
sugestivo de interacbes com o citoesqueleto, o qual é consistente com os resultados de
interacdo proteina-proteina nos quais a actina foi detectada como uma proteina interagente
da EgFBAL. A capacidade de ligacdo a actina ja foi demonstrada em FBAs tanto de
organismos nao parasitas (Wang et al., 1996) como em organismos parasitas (Starnes et al.,
2009), e em parasitas protozoarios, a aldolase foi descrita como membro de um complexo
multiproteico conectando adesinas ao citoesqueleto, fornecendo um modelo que liga
adesdo a motilidade (Jewett & Sibley, 2003; Starnes et al., 2009). No caso da EgEnol,
dominios transmembrana foram preditos em um estudo estrutural (Gan et al., 2010), cuja
funcionalidade é corroborada por nossos ensaios de imunolocalizacdo e também pela
deteccdo de uma proteina tegumentar como ligante da rEgEnol.

Além das proteinas acima mencionadas, varias outras, ndo relacionadas ao
metabolismo, foram recuperadas como interagentes da rEgFBAl e da rEgEnol. O
repertorio de proteinas de interacdo da rEgFBAL € totalmente compartilhado com a
rEgEnol, com excegdo da proteina inibidora da fosfatase 2A, a qual é sugestiva do

envolvimento da EgFBA1 em processos de sinalizagdo. No caso da rEgEnol, o repertorio
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de proteinas interagentes foi maior, de modo que 7 proteinas foram detectadas somente
quando essa proteina foi utilizada como isca. Além da proteina tegumentar ja mencionada,
a qual pode estar envolvida em processos do sistema imune, se destacam uma profilina,
uma proteina reguladora de quinase e a ubiquitina, as quais sdo sugestivas do envolvimento
da EgEnol em processos de sinalizagdo. De modo geral, a capacidade de interagcdo da
EgFBAL e, especialmente da EgEnol com vérias proteinas ndo glicoliticas é sugestiva de
funcBes moonlighting.

Na tentativa de identificar interacbes proteicas da enolase conservadas, redes de
interacdo proteina-proteina (IPP) foram projetadas para H. sapiens, D. melanogaster, C.
elegans, e S. cerevisiae. Esta andlise permitiu a identificacdo de algumas interagdes
conservadas da enolase em eucariotos (Paludo et al., 2015). Proteinas como actina, fator de
alongamento 1 alfa, Hsp70, tiorredoxina peroxidase e ubiquitina sdo pelo menos
parcialmente conservadas nas redes de IPP dos organismos modelo e, estas proteinas
também foram detectadas como ligantes da EgEnol. Estas semelhangas nas proteinas de
interacdo sugerem que pelo menos uma parcela das interaces da EgEnol aparecem
evolutivamente conservadas, podendo estas estarem relacionadas a funcdes moonlighting
conservadas da enolase. Além disso, a identificacdo de interacbes da EgEnol com
proteinas ndo relacionadas a glicolise e ndo identificadas nas redes de IPP, podem possuir
relevancia em aspectos espécie-especificos e/ou relacionadas ao parasitismo.

Duas isoformas de 14-3-3 (14-3-3.1 e 14-3-3.3), por exemplo, foram detectadas como
ligantes da EQFBA1L e da EgEnol tanto aqui (ver secdo 4.2.2.3), como no recente estudo de
caracterizacdo de proteinas 14-3-3 de E. granulosus (Teichmann et al., 2015). Proteinas
14-3-3 desempenham um papel central na transducéo de sinal intracelular, especialmente
devido ao seu amplo interatoma e a habilidade especifica para reconhecer sitios
fosforilados (Aitken, 2006; Mackintosh, 2004). Além disso, as 14-3-3 desempenham
atividades moonlighting como chaperonas (Sluchanko et al., 2014; Sluchanko & Uversky,
2015). O fato desta proteina ndo ter sido detectada como interacdo conservada nas redes de
IPP da enolase é sugestivo de que estas interacbes da EgEnol com 14-3-3 estejam
relacionadas com fung¢des moonlighting relevantes no contexto parasito-hospedeiro.

A presenca de MPTs também tém sido descrita como um dos fatores determinantes da
multifuncionalidade de proteinas (Pal-Bhowmick et al., 2007). Para isso, foram realizados

experimentos de protedmica bottom up e top down visando a identificacdo e caracterizagdo

85



de proteoformas das enzimas EgEnol (47 kDa) e EQFBAL (39 kDa). Pela anélise de top
down, a detecgdo da EgFBAL ndo foi possivel. Uma proteoforma de EgEnol foi detectada
com poucos fragmentos, os quais permitiram pelo menos a detec¢do de CTMs. O insucesso
na deteccdo destas proteinas por top down foi atribuido a fragmentacao ineficiente das
mesmas, o que deve estar relacionado a suas massas moleculares relativamente elevadas,
uma vez que proteinas intactas acima de 30 kDa ainda representam um desafio para
identificacdo em amostras complexas neste tipo de abordagem. Modos alternativos de
fragmentacdo deverdo ser testados com as versdes recombinantes da EgEnol e a EgFBAL
para definicdo daquele(s) que favorega(m) a deteccdo de proteoformas destas enzimas em
abordagens de top down.

Além da caracterizacdo da EgFBAl e EgEnol, a caracterizacdo de outras
proteoformas expressas em frac6es subcelulares de protoescélices de E. granulosus através
de diferentes abordagens protebmicas também foi explorada. Tendo em vista as
dificuldades de deteccdo e caracterizacdo de proteoformas de maior massa molecular, a
abordagem de protedmica top down foi aplicada para proteinas com massas moleculares
inferiores a 30 kDa. J& a abordagem bottom up foi aplicada tanto para proteinas com
massas moleculares inferiores e superiores a 30 kDa. O uso destas abordagens protedmicas
possibilitou ndo somente a identificacdo dos repertorios de proteinas expressas no nucleo e
citoplasma, mas também a caracterizacdo de MCTs e MPTs.

Um dos tipos de MCTs mais abundantes identificados nas proteoformas nucleares e
citosélicas de E. granulosus em nossa abordagem de top down foi a excisdo da metionina
N-terminal (EMN). A metionina é utilizada para iniciar a sintese proteica em quase todas
as proteinas, e € subsequentemente removida na maioria dos casos, seja através da
clivagem de um peptideo sinal N-terminal ou pela acdo especifica de metionina
aminopeptidases (MAPS) (Bonissone et al., 2013). A EMN é um processo necessario para
0 adequado funcionamento das células, de modo que a delecdo da MAPL é letal em
bactérias e a delecdo da MAP1 e da MAP2 é letal em leveduras (Hutchison et al., 1999; Li
& Chang, 1995).

As MAPs estdo presentes em todos 0s organismos e, cerca de 80% das proteinas de
qualquer proteoma sdo substratos potenciais para a EMN (Giglione et al., 2004). O
segundo amino acido nos substratos proteicos, ou P2, é crucial para a EMN, pois a

especificidade das MAPs depende principalmente da natureza desse residuo, sendo que
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esta seletividade é conservada ao longo da escala evolutiva (Frottin et al., 2006; Meinnel et
al., 2006). Estas enzimas geralmente realizam a EMN quando o segundo residuo é alanina,
serina, treonina, glicina, cisteina, prolina ou valina, os quais s&o amino acidos com menor
tamanho (Frottin et al., 2006; Meinnel & Giglione, 2008). De acordo com os resultados
obtidos aqui, o residuo P2 foi geralmente consistente com a regra de EMN, visto que esses
residuos representam 86% das proteinas com EMN. Entre os demais substratos
encontrados estdo arginina, asparagina, acido glutamico, glutamina, isoleucina, leucina,
lisina e triptofano. Esta € a primeira vez que a EMN ¢ descrita em proteinas de E.
granulosus e a detecgdo dela fornece evidéncias indiretas de atividade das MAPs. Embora
alguns substratos fogem a regra de EMN (Frottin et al., 2006), a possibilidade de eles
representarem excecOes deste parasito ndo pode ser descartada. A especificidade de
substratos das MAPs de E. granulosus precisa ser adicionalmente estudada.

A acetilagdo N-terminal (AcN) foi outra modificagdo abundantemente encontrada
nas proteinas de E. granulosus. Ela é uma modificagdo irreversivel, que ocorre durante a
sintese de proteinas, sendo catalisada por N-acetiltransferases (NATs) associadas aos
ribossomos (Polevoda et al., 2008). Existem varias NATs em eucariotos (NatA-NatF),
sendo cada uma delas composta por uma ou mais subunidades, e a acetilagdo da
extremidade N-terminal também depende da sequéncia dos primeiros aminoacidos
(Polevoda et al., 2009). De modo geral, os padrdes de AcN e os complexos de NATs
também parecem ser conservados em E. granulosus. Sitios N-acetilados detectados nas
proteinas deste parasito sugerem a atividade de todos os complexos de NATs, incluindo da
NatF, pensada estar presente somente em eucariotos superiores (Arnesen, 2011). Além da
evidéncia indireta a partir dos substratos, uma NatF foi detectada na analise top down de
proteinas de maior massa.

Além das CTMs, a abordagem de protedmica top down utilizada possibilitou a
deteccdo de acetilacdo de lisinas. Esta MPT pode afetar véarias fungdes proteicas, através da
regulacdo de interagcdes de proteinas com &cidos nucleicos ou com outras proteinas, da
atividade enzimatica e da localizag¢do subcelular (Choudhary et al., 2014). A acetilacdo foi
detectada em 9 proteoformas, destacando as histonas como proteoformas diferencialmente
acetiladas. A caracterizacdo de MPTs através da protedbmica top down & enormemente
influenciada pela sua descricdo no banco de dados, de modo que a deteccdo destas

proteoformas s6 foi possivel quando um banco de dados modificado, contendo
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informagdes de predicdo de acetilagdo, foi utilizado. Mesmo que a contribuigdo do nosso
banco de dados customizado tenha sido limitada a poucas proteoformas, a deteccdo delas
foi dependente do banco de dados, antecipando o impacto que um banco mais completo
pode ter na determinacdo de proteoformas modificadas de E. granulosus. Dada a
importancia ndo somente da acetilagdo, mas de varias outras MPTs na regulacdo de
processos biologicos, estudos futuros explorando a caracterizagdo delas certamente
contribuirdo para a elucidacdo de mecanismos moleculares deste parasito.

Para a obtencédo do perfil geral de proteinas expressas nas fracoes subcelulares de E.
granulosus, os dados de top down e bottom up foram combinados e as identificacOes de
fracGes nucleares e citosélicas foram submetidas a classificacdo funcional através do GO.
Nas fracdes nucleares, componentes celulares como célula e organelas estdo enriquecidos
com proteinas do nucleossomo e spliceossomo. Na subcategoria organelas delimitadas por
membrana, além de proteinas do envelope nuclear, vérias proteinas associadas a
membranas de outras organelas foram detectadas, as quais sdo reconhecidas como
principais fontes de contaminacdo em preparacdes nucleares (Oehring et al., 2012). Por
outro lado, enzimas glicoliticas e envolvidas em estresse oxidativo estdo enriquecidas na
fracéo citosolica.

Vérias proteinas nucleares foram detectadas na fracdo citosélica e varias proteinas
citosolicas foram detectadas na fracdo nuclear, indicando que muitas proteinas de E.
granulosus transitam entre nucleo e citosol e/ou realizam suas fungbes em maltiplas
localizagdes. Algumas enzimas glicoliticas, como enolase e GAPDH foram as que
apresentaram maior contagem espectral na fracdo nuclear. Considerando que algumas
enzimas glicoliticas foram exclusivamente detectadas no citosol, a presenca destas enzimas
no ndcleo ndo deve ser efeito unicamente da contaminacdo de proteinas citosolicas na
fracdo nuclear. Em outros organismos, tanto a localizacéo nuclear quanto fungdes nucleares
para estas enzimas foram descritas. Em parasitos, a enolase ja foi descrita como reguladora
transcricional e moduladora da atividade de uma metiltransferase de DNA e RNA
(Mouveaux et al., 2014; Ruan et al., 2015; Tovy et al., 2010). A GAPDH também possui
fungdes nucleares, incluindo controle transcricional, reconhecimento de nucleotideos
incorporados erroneamente ao DNA e manutencao da estrutura telomérica (He et al., 2013;
Pariona-Llanos et al., 2015; Tristan et al., 2011).

Vérias proteinas detectadas nas fracbes nucleares e citosolicas ndo foram associadas
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a termos do GO e a maioria delas permanece anotada como ndo caracterizada. Tanto no
ndcleo quanto no citosol, foram detectadas proteinas com ort6logos restritos a helmintos,
cestodeos, Echinococcus spp. e, até mesmo, restritos a espécie E. granulosus s.s. Estas
proteinas podem conter novos dominios associados a funcdes nucleares e citosoélicas
desconhecidas ndo somente em Echinococcus spp. mas também em cestddeos e/ou
helmintos, tornando elas alvos interessantes para estudos futuros. A caracterizagdo
funcional de proteinas como estas deve contribuir ndo somente para a elucidacdo de novos
aspectos da biologia destes parasitos mas também podem revelar novos alvos para

utilizacdo em vacinacao e/ou desenvolvimento de novas drogas antihelminticas.
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6. CONCLUSOES E PERSPECTIVAS

A caracterizacdo de proteoformas expressas no estagio larval de E. granulosus
revelou aspectos importantes para a producdo de variabilidade proteica neste parasito,
incluindo evidéncias da presenca de proteinas moonlighting bem como a presenca de
proteinas contendo MCTs. As localizagdes ndo usuais da EgFBAL e da EgEnol no
tegumento de protoescolices e em produtos de ES in vivo e in vitro e, a capacidade destas
proteinas de interagir com varias proteinas ndo relacionadas a glicolise sdo sugestivas de
que estas proteinas sejam moonlighting. A caracterizacdo de MCTs em proteoformas
expressas em fracdes nucleares e citosdlicas do estagio larval de E. granulosus foi
realizada pela primeira vez e, a propor¢do de proteoformas contendo MCTs esta de acordo
com a proporc¢do observada em outros eucariotos, indicando que este tipo de modificacdo é
conservado em E. granulosus. Embora o efeito das MCTs sobre as proteoformas ainda seja
pouco compreendido, a localizagcdo subcelular diferencial de algumas proteoformas
contendo diferentes MCTs € indicativa de que as MCTs podem estar envolvidas na
localizagdo subcelular de algumas proteoformas. Além disso, as proteoformas identificadas
em fracdes nucleares e citosolicas de protoescdlices de E. granulosus demonstram que
além de proteinas exclusivamente expressas nestes compartimentos, algumas proteinas sdo
detectadas em ambos compartimentos, indicando que elas teriam capacidade de transitar
entre os dois compartimentos. Estudos futuros explorando outras proteinas potencialmente
multifuncionais e também proteoformas resultantes de outras MPTs devem revelar novos
mecanismos moleculares deste parasito. As perspectivas deste trabalho incluem: (i) a
elucidagdo dos papéis desempenhados pela EQFBAL e EgEnol na interagdo direta com o
hospedeiro, através de ensaios de ligacdo a macromoléculas relevantes para o processo de
infeccdo , como o plasminogénio; (ii) a caracterizacdo do papel das CTMs na localizacéo
subcelular de proteoformas do estagio larval de Echinococcus granulosus; (iii) a
caracterizacdo adicional de MPTs nas proteinas de Echinococcus granulosus, incluindo
fosforilacdo, acetilacdo e metilacdo, as quais podem estar envolvidas na regulacdo de

diferentes mecanismos moleculares do parasito.
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