UNIVERSIDADE FEDERAL DE UBERLANDIA
INSTITUTO DE BIOTECNOLOGIA
PROGRAMA DE POS-GRADUACAO EM BIOTECNOLOGIA

LAYSA GOMES PORTILHO

ANALISE IN SILICO DO SISTEMA UBIQUITINA-
PROTEASSOMA EM Biomphalaria glabrata

PATOS DE MINAS - MG
FEVEREIRO DE 2019



LAYSA GOMES PORTILHO

ANALISE IN SILICO DO SISTEMA UBIQUITINA-
PROTEASSOMA EM Biomphalaria glabrata

Dissertacdo de mestrado apresentada ao Programa
de Pos-Graduagdao em Biotecnologia, Mestrado
Académico em Biotecnologia, com vistas a
obtengdo do titulo de Mestre em Biotecnologia.

Orientacao: Dr. Matheus de Souza Gomes

PATOS DE MINAS - MG
FEVEREIRO DE 2019



Dados Internacionais de Catalogagdo na Publicagio (CIP)
Sistema de Bibliotecas da UFU, MG, Brasil.

P852a
2019

Portilho, Laysa Gomes, 1994-

Analise in silico do sistema Ubiquitina-proteassoma em
Biomphalaria glabrata [recurso eletronico] / Laysa Gomes Portilho. -
2019.

Orientador: Matheus de Souza Gomes.

Dissertagdo (mestrado) - Universidade Federal de Uberlandia,
Programa de Pos-Graduag@o em Biotecnologia.

Modo de acesso: Internet.

Disponivel em: http://dx.doi.org/10.14393/ufu.di.2019.330

Inclui bibliografia.

Inclui ilustragoes.

1. Biotecnologia. 2. Ubiquitinas. 3. Esquistossomose. 4. . I. Gomes,

Matheus de Souza, 1981- (Orient.) II. Universidade Federal de
Uberlandia. Programa de P6s-Graduagdo em Biotecnologia. III. Titulo.

CDU: 60

Maria Salete de Freitas Pinheiro - CRB6/1262


http://dx.doi.org/10.14393/ufu.di.2019.330

LAYSA GOMES PORTILHO

ANALISE IN STLICO DO SISTEMA UBIQUITINA-
PROTHASSOMA EW Binwplalaria glabrate

Dissemtagae de mestrade apresentadn se Progeaims
de Phs-Cradusgio vm Bwotecnologia, Mestrado
Acsdémico em  Biotecnologiz, com visias f
obtengie do #uto de Besire om Bioteonologia,

Aprovado em: [ [ '

BANCA EXAMINATORA

|’\_ - - e

— -

l".ll i |~_"l.l"I : [ -
[ UL S| l____.a"'
W0 e
3", K]
Fm!usmrw M;aﬂé ug de Seaza Gomes
] "'-_:':ifz
-

Y
i
r

.

e I R o e o g
R o P o TN ,-"A"",.--'"} Fr——

Professors Dra, Fernanda Jenka Calpral

! [

Crvaieas, ik 1 Iw".m.
& | ]

Professora Bra. Foyara Rezende Morals

PATOS DE RMINAS - MG
2019



Dedico esta dissertacdo aos meus pais, alicerces
e exemplos da minha vida, Jaci e Enio, ao meu
irmdo, Lucas e a todos meus familiares,
especialmente aos meus primos Soter, Marlene,
Emanuel, Sader e Débora, por me incentivarem
incondicionalmente. Dedico também a todos que
estiveram comigo e agradeco pelo apoio
imensuravel.

AGRADECIMENTOS

A Deus, pela graca da vida, pelas oportunidades que me sdo dadas todos os dias e pelo dom

do altruismo, fundamental para um cientista;



Aos meus pais, Jaci e Enio, minha base, meus exemplos e maiores incentivadores, por nao
medirem esfor¢os para verem meus sonhos realizados, por me ensinarem todos os valores
pelos quais luto e compartilho todos os dias. Por serem os meus maiores amores, meus

espelhos de fé, humildade, perseveranca e empatia. Espero dar-lhes orgulho sempre;

Ao meu irmao, Lucas, pelo companheirismo, unido ¢ amor incondicionais, pelo entendimento
das auséncias, pelo ombro amigo e as piadas nos dias dificeis. Obrigada por ser meu exemplo

de sabedoria, pessoa, lider, profissional e amigo;

A todos os meus familiares, especialmente meus primos-irmaos Soter, Marlene, Emanuel,
Sader e Débora, por acreditarem na minha capacidade, pelo carinho e preocupacdo, pelo
incentivo incondicional, pelas oragdes, pelo amor e amizade que construimos. A Aline e a

Barbara, por serem minha inspira¢ao para ser sempre o meu melhor;

A Nina, minha fiel escudeira, maior e melhor fonte de renovacao de energias e alegria que eu

possa ter. Meu anjo de quatro patas;

A todos os meus amigos, sem exce¢do, por serem tdo presentes, mesmo que alguns estejam
distantes fisicamente, demonstrando tanto afeto, cuidado e amor, por me ensinarem muito
sobre ser humano. Em especial agradeco as minhas amigas Lais, Larissa, Mali, Tacy, Fran,
Gabi e Anninha que me auxiliaram muito nessa caminhada, pela credibilidade que por vezes
nem eu mesma conseguia encontrar, pelo entendimento das faltas, pelo tempo investido para
jogarmos conversas fora, por manterem minha sanidade mental em dia e por me

compreenderem tao bem. Gratiddo pelos anjos da guarda que sdo em minha vida;

Aos colegas de mestrado por compartilharem comigo das sensagdes dificeis de angustias,
medos, frustragdes, mas também das vitérias e conquistas. Por vezes foram as unicas pessoas
que conseguiram me entender. Ao Diego, Paulinha e Cintia meu agradecimento por estarem
presentes em minha vida, por sempre possuirem um abrago amigo € um sorriso convidador
para oferecer, por fazerem a diferenga e por serem pessoas tdo maravilhosas e iluminadas, um

caminho brilhante espera por vocés. Obrigada por tudo;



A Débora e Hugo, que sempre encontram um espago na casa € no coragio para me acolherem
em Belo Horizonte, pela amizade, pelos conselhos, por compartilharem comigo mais que uma
republica. Obrigada por todo carinho, cuidado e aten¢do de sempre. Minha familia de BH.

Vocés sao muito especiais.

Ao Prof. Dr. Matheus de Souza Gomes, pelos seis anos de convivio, de aprendizado, de
confianca e credibilidade, de crescimento profissional e pessoal. Obrigada pelo exemplo de
ser humano, professor e pesquisador dedicado que tive o prazer de compartilhar

conhecimentos e me espelhar;

As professoras Dr.? Enyara Rezende Morais, Dr.? Roberta Lima Caldeira, Dr.? Fernanda Janku
Cabral e ao professor Dr. Aulus Barbosa por todo o acolhimento, pela credibilidade,

ensinamentos, empolgacdo e pelas conversas instigantes e esclarecedoras de sempre;

Ao pessoal do LBAM pela parceria, convivéncia, pelas reunides, projetos e risadas. Deixo
meu grande agradecimento a Bruna que foi fundamental para o desenvolvimento deste
trabalho, pela presteza, amizade e companheirismo. O sucesso ¢ intrinseco seu, minha

menina;

Aos pesquisadores do Instituto de Pesquisas René Rachou por me receberem sempre tdo bem,
pela disponibilidade de todos os recursos para o meu crescimento como cientista, por
compartilharem comigo de conhecimentos valiosos, desde frustracdes a conquistas. Agradego
imensamente ao Ms. Fabio Ribeiro Queiroz, ao Dr. Wander Jesus Jeremias e ao Dr. Elio Ideo
Baba pela paciéncia, pelo enorme aprendizado tedrico e pratico ganho nestes Ultimos dois
anos. Vocés foram de fundamental importancia para meu amadurecimento pessoal e

profissional.

Ao pessoal dos laboratérios de helmintologia e malacologia médica e de estudos em
esquistossomose, gratiddo pela ciéncia ensinada. As meninas Cintia, Sandra, Fernanda,
Izabela, Amanda, Jéssica, Carol, Renatinha e Malu, obrigada pela ajuda, pelas discussoes
sempre muito precisas e esclarecedoras, pelos ensinamentos, pela busca por solucdes, pelo
ombro amigo, por tudo. A Silvia pelo lago criado, pelo apoio e amor demonstrados, pelos
auxilios em todos os momentos dentro e fora do laboratério, ndo tenho palavras que

demonstrem minha gratidao;



Ao moluscario Lobato Paraense pela disponibilizagdo dos moluscos, em especial a professora

Liana Janotti, a Delza e Dilce, pela alegria e satisfacao diarias;

Ao Aparecido, Carla e Milton, técnicos extremamente prestativos, que foram essenciais para a
conclusdo deste trabalho e desta fase da minha vida. Obrigada pelos conselhos, amizade,

presteza e amor pela profissao. Vocés sao exemplos.

Ao CNpQ e CAPES pelo financiamento desta pesquisa com o auxilio fornecido para o projeto

vinculado sob o niumero 479890/2013-7 e a bolsa de estudos concedida.

E a todos aqueles que, direta ou indiretamente, participaram da realiza¢ao deste trabalho e que

torceram pelo meu sucesso.



“Estamos aqui para fazer alguma diferenca
no universo, se ndo, por que estar aqui? "’

Steve Jobs, 1955-2011



RESUMO

O sistema ubiquitina-proteassoma (SUP) ¢ um dos principais reguladores génicos, pois ¢
capaz de realizar uma regulagdo pds-traducional através da marcacao de substratos-alvo pela
ubiquitina que, posteriormente, sdo direcionados para sinalizagdes celulares e/ou sao
degradados pelo proteassoma 26S. O SUP esta relacionado a diversos mecanismos, incluindo
respostas imunes e pode apresentar uma vasta atividade em moluscos do género
Biomphalaria, principalmente relacionada a resisténcia/suscetibilidade do caramujo. O B.
glabrata, altamente suscetivel e principal responsavel pela transmissao do S. mansoni. Muito
da biologia do molusco ja ¢ conhecida, mas estudos envolvendo sua regulagdo génica ainda
sdo escassos. Dessa maneira, o objetivo deste trabalho foi predizer, caracterizar e avaliar a
expressdo de genes envolvidos na via de ubiquitinagdo utilizando ferramentas de
bioinformatica em dados de genoma e transcrissoma de B. glabrata. Os supostos genes e
proteinas do SUP em B. glabrata foram preditos utilizando o BLASTp usando proteinas de
organismos modelos como queries. As provaveis proteinas foram caracterizadas usando o
software PFAM e CDD descrevendo os dominios conservados e os sitios ativos. A analise
filogenética foi realizada usando ClustalX2 e MEGAS.2. A avaliagdo da expressdo foi
realizada a partir de 12 tecidos de caramujo utilizando RPKM (Reads Per Kilobase of
transcript, per Million mapped reads). Foram identificadas 86 sequéncias: uma de ubiquitina,
6 enzimas ativadoras de ubiquitina (E1), 22 enzimas conjugadoras de ubiquitina (E2), 39
enzimas ubiquitina ligases (E3) e 18 proteinas acessorias e adaptadoras. Os principais
dominios conservados das proteinas identificadas foram: Ubiquitin Family, UQ con, HECT,
U-box e dominios homologos a RING finger. Os sitios ativos encontrados foram os residuos
de lisina responsaveis pelas cadeias de poliubiquitinas na sequéncia de ubiquitina e residuos
de cisteina das enzimas da via de ubiquitinacdo que se ligam a ubiquitina, entre outros. A
filogenia demonstrou uma distribui¢do evolutiva muito bem definida entre todos os grupos de
sequéncias, corroborando com a arvore da vida. A sequéncia de ubiquitina foi a Gnica com
perfil de alta expressdo encontrado para todas as bibliotecas, inferindo sua ampla gama de
desempenho. Esses resultados evidenciam a presenga, conservacao e a expressao de SUP em
B. glabrata, fornecendo base para novos conhecimentos envolvendo esta via no molusco em
estudo, assim como oferece novos caminhos para o entendimento da regulagdo de genes que
conferem a caracteristica de suscetibilidade/resisténcia do caramujo, possibilitando maiores
perspectivas para o controle da esquistossomose.

Palavras-chave: Modificacdo pos-traducional, caramujo, doenga negligenciada, via de

sinalizagdo, analises in silico.



ABSTRACT

Schistosomiasis is a parasitic disease caused by helminths of the genus Schistosoma that
affects more than 200 million people worldwide. Brazil is the South American country with
the highest incidence of the disease, due, among other factors, to the vast territorial
distribution of mollusks of the genus Biomphalaria. B. glabrata, highly susceptible and main
responsible for S. mansoni transmission. Much of the biology of the mollusk is known, but
studies involving its gene regulation are still scarce. The ubiquitin-proteasome system (USP)
is one of the major gene regulators since it is capable of performing post-translational
regulation by labeling target substrates by ubiquitin, which are subsequently targeted for
cellular signaling and/or degraded by the 26S proteasome. This system is related to several
mechanisms, including immune responses. Thus, the objective of this work was to predict,
characterize and evaluate the expression of genes involved in the ubiquitination pathway
using bioinformatics tools in genome and transcriptome data from B. glabrata. The alleged
USP genes and proteins in B. glabrata were predicted using BLASTp using proteins from
model organisms as queries. We characterize these putative proteins using the PFAM and
CDD software describing the conserved domains and the active sites. Phylogenetic analysis
was performed using ClustalX2 and MEGAS.2. Expression evaluation was performed from
12 snail tissues using RPKM. A total of 86 sequences were identified: one ubiquitin sequence,
6 ubiquitin activating enzymes (E1), 22 ubiquitin conjugating enzymes (E2), 39 ubiquitin
ligases (E3) enzymes and 18 accessory and adapter proteins. The main conserved domains of
the proteins identified were Ubiquitin Family, UQ con, HECT, U-box and domains
homologous to RING finger. The active sites found were the lysine residues responsible for
the polyubiquitin chains, cysteine residues that bind to ubiquitin, among others. Phylogeny
showed a very well defined evolutionary distribution between all groups of sequences,
corroborating with the tree of life. The ubiquitin sequence was the only with high expression
profile found for all libraries, inferring its wide range of performance. These results evidenced
the presence, conservation and expression of USP data of B. glabrata, providing a basis for
new knowledge involving this pathway in the study mollusk, as well as offering new ways of
understanding the regulation of genes that confer the susceptibility/resistance of the snail,
allowing greater perspectives for the control of schistosomiasis.

Key words: Post-translational modification, snail, neglected disease, signaling pathway, in
silico analyzes.
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CAPITULO I

1 INTRODUCAO

De todas as espécies conhecidas de Schistosoma, apenas o S. mansoni foi capaz de
desenvolver seu ciclo evolutivo no Brasil, devido a presenca do hospedeiro intermediario
Biomphalaria glabrata presentes em praticamente todo o territério nacional. Dessa forma,
esses moluscos apresentam uma grande importancia epidemiologica, pois auxiliam no
processo de disseminacdo da esquistossomose.

A esquistossomose ¢ uma parasitose ocasionada por helmintos do género Schistosoma
capaz de atingir uma enorme populagdo em paises espalhados por todo o mundo,
principalmente no continente africano. O Brasil ¢ um dos paises que apresenta grande
incidéncia da doenga, especificamente nas regides nordeste e sudeste uma vez que se trata de
areas endémicas para o caramujo hospedeiro intermediario principal da doenga. O principal
tratamento realizado ¢ feito por meio da quimioterapia utilizando o praziquantel, um farmaco
de baixo custo, o qual ndo ¢ capaz de evitar reinfecgdes pelo parasito e nem atua sobre vermes
jovens.

Ao ser infectado pelos miracidios de S. mansoni, o sistema interno de defesa dos
moluscos desencadeia alteragcdes no perfil de expressdo proteica e consequentemente, no
padrdo de defesa inata dos mesmos, na busca de combater o parasito. O controle e/ou combate
da infec¢do pelo caramujo pode estar relacionada a regulagdo e degradagdo de determinadas
proteinas. Dentre os niveis de regulacdo proteica existentes uma das modificagdes pos-
traducionais mais conhecidas e relevantes envolve o sistema ubiquitina-proteassoma que ¢
composto pela via de ubiquitinacdo e o proteassoma 26S. A via de ubiquitinagdo marca
substratos proteicos alvos que, posteriormente, participardo de outros processos celulares ou
serdo degradados pela molécula proteassomal. Assim, o sistema ubiquitina-proteassoma pode
estar estritamente ligado a expressdo da caracteristica de suscetibilidade/resisténcia existente
no caramujo.

Dessa maneira, visto a importancia de B. glabrata como hospedeiro intermediario no
ciclo da esquistossomose e¢ o desafio em tratar e controlar a disseminacao da doenca, o
problema enfatizado neste trabalho se refere a esquistossomose que atinge um grande nimero

de pessoas, mas que ¢ uma doenca negligenciada. Além de demonstrar a importincia do
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caramujo como vetor da parasitose e do sistema ubiquitina-proteassoma como regulador
génico.

Considerando que até o momento esse sistema nao foi descrito no molusco em estudo,
a principal hipdtese existente no presente trabalho ¢ a de que tais moléculas, envolvidas na via
de ubiquitinagdo, estejam presentes em dados de genoma e transcrissoma de B. glabrata.
Além disso, outras hipoteses fomentadas sdo as de que elas possam ser caracterizadas quanto
a seus dominios conservados, sitios ativos e filogenia frente a sequéncias homologas de
organismos referéncia utilizando ferramentas de bioinformatica. A ultima, mas ndo menos
importante, hipdtese fomentada ¢ a de que os provaveis genes pertencentes a via de
ubiquitinagdo estejam sendo expressos em bibliotecas de transcrissoma de 12 tecidos
diferentes que descrevem o organismo em condigdes normais de desenvolvimento (ndo
infectados) de caramujos adultos.

Avaliando essas informagodes, o objetivo deste trabalho foi identificar e caracterizar
proteinas envolvidas na via de ubiquitinagdo, assim como avaliar o papel e a expressdo dos
principais genes envolvidos na via de ubiquitinagdo em B. glabrata. Especificamente
objetiva-se predizer a existéncia das proteinas e enzimas da via de ubiquitinacdo através de
analises in silico, além de analisar o perfil de expressdo dos genes codificadores dessas
moléculas em dados de transcrissoma de 12 tecidos diferentes de moluscos adultos, estando
entre eles o sistema nervoso central, rim e ovotestis.

Nos ultimos anos a interagdo entre B. glabrata e S. mansoni tem sido observada por
alguns pesquisadores, recebendo importancia e destaque para seu melhor entendimento. No
entanto, essa relacdo precisa ser melhor explorada e elucidada, uma vez que ainda existem
perguntas a serem respondidas, como por exemplo, o fato de algumas espécies do molusco
apresentarem graus distintos de suscetibilidade ao miracidio. Assim, a interagdo entre parasito
e hospedeiro se torna um intrigante objeto de estudo, podendo ser base para buscas de novas
alternativas para controlar a disseminagdo da esquistossomose.

Dessa maneira, os conhecimentos sobre o sistema ubiquitina-proteassoma podem estar
relacionados a interagdo existente entre parasito e hospedeiro intermediario, uma vez que
estudos prévios ja demonstraram um perfil de expressdo diferente para as moléculas
envolvidas nesse sistema presentes nos hemocitos de caramujos infectados € ndo infectados.
Devido ao papel que o sistema ubiquitina-proteassoma desempenha nos organismos, sendo
capaz de realizar uma regulacdo pos-traducional especifica, pode estar relacionado com o
padrdo de expressdo génica de proteinas no caramujo, principalmente aquelas envolvidas com

o seu sistema interno de defesa, responsavel por combater o invasor.
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As pesquisas realizadas at¢é o momento ndo demonstraram a existéncia e
funcionamento da maquinaria da via de ubiquitinagdo na sua totalidade no principal
organismo para estudos de interagdo da esquistossomose mansoni, B. glabrata. Pelo papel que
o sistema ubiquitina-proteassoma desempenha, sabe-se que este estd diretamente relacionado
a diversos processos de desenvolvimento animal e acredita-se que ele possa influenciar na
caracteristica de resisténcia/suscetibilidade do molusco. Sendo assim, a descri¢do dessas
moléculas neste caramujo, assim como a avaliacao de sua expressao em diferentes condi¢des
de infeccdo, pode fornecer respostas as indagacdes geradas referentes ao processo de
envolvimento da via em estudo no controle da expressio de genes responsaveis por
desenvolver a resisténcia nos moluscos no momento da infeccdo do hospedeiro intermedidrio

por S. mansoni, abrindo perspectivas para novas alternativas de controle da doenga.
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2  REFERENCIAL TEORICO

Diversos estudos ja foram realizados buscando o melhor entendimento da relagdo
existente entre o hospedeiro intermedidrio e o parasito causador da esquistossomose. No
entanto, este ¢ o primeiro trabalho correlacionando a via de ubiquitinacdo, pertencente ao
sistema ubiquitina-proteassoma, ao principal caramujo hospedeiro invertebrado da

esquistossomose, B. glabrata.

2.1 Esquistossomose mansonica

Segundo a Organizagdo Mundial da Satde (OMS), a esquistossomose humana ¢ uma
doenga causada por helmintos do género Schistosoma que atinge atualmente mais de 200
milhdes de pessoas pelo mundo e, aproximadamente, 700 milhdes vivem em areas endémicas
e areas de risco de transmissdo da doenga. Dentre os 78 paises relatados com a ocorréncia
desta patologia estdo aqueles pertencentes as regides asidtica, africana e americana, em que 52
deles sdo considerados regides endémicas para a parasitose (WHO, 2019). O Brasil ¢ o pais,
pertencente a América do Sul, mais afetado pela esquistossomose. Em 2016, de acordo com o
Ministério da Saude, foram contabilizados cerca de 20 mil casos da doenca, sendo
encontrados, principalmente, nas regides nordeste e sudeste do pais, embora existam relatos
de casos distribuidos por todo o territério brasileiro (DA MARTINS et al, 2015;
MINISTERIO DA SAUDE, 2019). Além dos casos expostos, a OMS estima que 1,5 milhdo
de pessoas necessitem de um tratamento preventivo no pais (MINISTERIO DA SAUDE,
2019).

Seis espécies do género Schistosoma sdo descritas possuindo a capacidade de infectar
seres humanos, sendo elas: S. mansoni, S. japonicum, S. haematobium, S. makongi, S.
intercalatum e S. malyensis. Apenas S. haematobium atinge o sistema urogenital humano, ja
as demais espécies estao relacionadas com a esquistossomose intestinal. Acredita-se que essas
espécies de helmintos tenham sido introduzidas no pais através da imigragdo africana e
asiatica. Porém, apenas S. mansoni foi capaz de perpetuar a espécie e continuar seu ciclo de
vida, uma vez que este encontrou moluscos aquaticos hospedeiros intermedidrios suscetiveis a
infeccdo (COURA; AMARAL, 2004). Dessa maneira, a Uinica espécie do género Schistosoma
existente no Brasil e, consequentemente, responsavel pela patologia conhecida como xistose

ou barriga d’4agua ¢ o S. mansoni (GRYSEELS et al., 2006; WHO, 2019).
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A esquistossomose, apesar de ter sido descoberta por Theodore Bilharz em 1851, s6
foi descrita no Brasil em 1908 por Manuel Augusto Piraja da Silva, identificando quatro casos
de uma nova espécie de Schistosoma encontrada por Sambon (1907) e nomeada de S. mansoni
(SILVA, 1908). O ciclo de vida desse helminto ocorre quando ovos de S. mansoni sdo
excretados juntamente com as fezes de mamiferos infectados, proximos a locais com agua
doce disponivel. Posteriormente a deposicdo de ovos, ocorre a eclosdo de larvas natantes,
chamadas miracidios, capazes de infectar caramujos de agua doce do género Biomphalaria.
Esses moluscos sdo hospedeiros intermediarios desse parasito e cruciais na disseminacao da
doenga, uma vez que, no seu tecido, esses miracidios passam por reprodugdo assexuada e
sofrem alteragdes morfofisiologicas se tornando esporocistos. Através de estimulos luminosos
e de temperatura esses hospedeiros intermediarios liberam larvas capazes de infectar os seus
hospedeiros definitivos, ou seja, mamiferos, especialmente os seres humanos (Figura 1)
(GRYSEELS et al.,, 2006; CARVALHO et al., 2008; EL-ZAHAR e EL-KARIM, 2012;
WHO, 2019).

Ao penetrarem pela pele do hospedeiro vertebrado, as cercarias novamente sofrem
alteracdes morfoldgicas se tornando esquistossomulos, caracterizados pela auséncia da cauda.
Ap0s a passagem pela epiderme, os esquistossomulos migram para as veias da derme, e ao
encontrar a artéria pulmonar estes parasitos sdo levados até os pulmdes. Dos pulmoes, os
esquistossomulos migram para a circulacdo venosa e seguem para o sistema porta-hepatico,
no qual ocorre a maturacdo sexual e o acasalamento dos parasitos machos e fémeas
completando desse modo o ciclo de vida do parasito. A maioria dos ovos depositados pela
fémea adulta fica retida no tecido, porém, os ovos que sdo excretados nas fezes do hospedeiro
definitivo marcam o reinicio do ciclo. Dessa maneira, a esquistossomose ¢ considerada uma
doenca cronico-debilitante e um grave problema de saude publica (GRYSEELS et al., 2006;
CARVALHO et al., 2008; EL-ZAHAR ¢ EL-KARIM, 2012; WHO, 2019).

Pessoas infectadas com S. mansoni apresentam sintomas que estdo diretamente
relacionados a deposicao de ovos pelas fémeas, sendo que cerca de 300 ovos/dia/fémea sao
produzidos. Juntamente com a deposicdo destes, alguns antigenos soltveis sdo liberados no
tecido hepatico e ocasionam uma grande reagdo inflamatéria, levando a um processo de
fibrose. Além dessa caracteristica, outros sinais € sintomas estdo envolvidos com a patologia
como diarreia, dores abdominais e sangue nas fezes. Entretanto, esplenomegalia e ascite
surgem como sintomas na forma crénica da esquistossomose (CALDAS et al., 2008; WHO,

2019).
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Figura 1 — Ciclo evolutivo da esquistossomose.
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Para que a doenca seja diagnosticada, a OMS indica que seja utilizado o método Kato-
Katz em que ¢ realizada uma busca de ovos depositados nas fezes do hospedeiro vertebrado
(KATZ et al., 1972; WHO, 2019), porém, essa ¢ uma ferramenta ndo muito efetiva em
individuos com baixa carga parasitaria. Dessa forma, técnicas com maior sensibilidade sdo
necessarias para diagnosticar a esquistossomose. Uma delas ¢ a Reagdo em Cadeia da
Polimerase (PCR) em tempo real, que se apresenta como uma excelente alternativa devido a
sua grande precisao. Contudo, ¢ uma técnica que possui certa dificuldade ao ser aplicada em
campo, além do alto custo relacionado e a necessidade de um profissional capacitado para
interpretar os resultados (ESPIRITO-SANTO et al., 2014).

O tratamento realizado atualmente para a esquistossomose ¢ por meio da
quimioterapia utilizando o praziquantel, um farmaco ou droga com baixo custo. No entanto,

sua eficacia € colocada a prova, uma vez que nao atua sob vermes jovens € € incapaz de evitar
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reinfecgdes pelo parasito pelo fato de ndo ser uma vacina. Além disso, ele tem sido
largamente utilizado a mais de 40 anos, podendo ocasionar uma selecdo do helminto ao
farmaco (BERGQUIST et al., 2017; WHO, 2019).

O fornecimento de saneamento basico e tratamento de agua adequado a populagao sao
medidas necessarias para evitar a disseminac¢do da doenca. Ja o controle dos caramujos ¢
realizado a partir do uso de moluscicidas que também ndo se mostram completamente

eficazes e sao utilizados como ultimo recurso (SILVA et al., 2008; WHO, 2019).

2.2 Hospedeiro intermediario

Moluscos do género Biomphalaria apresentam uma grande importancia
epidemioldgica, uma vez que a sua presenca compde uma condi¢do crucial e indispensdvel
para a esquistossomose da esquistossomose mansoOnica, causada pelo S. mansoni. Assim, o
hospedeiro intermedidrio ¢ infectado pelo parasito na sua forma de miracidio e suas fases
assexuadas se desenvolvem nos tecidos do molusco (BRASIL, 2008).

As espécies pertencentes a esse género pertencem ao filo Mollusca, classe Gastropoda,
subclasse Pulmonata, ordem Basommatophora e familia Planorbidae possuindo caracteristicas
peculiares como, por exemplo, a concha espiral plana com um aprofundamento no giro central
e lados aproximadamente paralelos. Essa particularidade também indica o nome, em latim,
dado ao género Biomphalaria, em que bis indica a expressdo “duas vezes”, referindo-se aos
dois lados praticamente paralelos da concha e omphalos que significa umbigo, mencionando o
aprofundamento na concha (PARAENSE, 1975a).

Pertencentes a esse género, 27 espécies e subespécies ja foram descritas, existindo a
possibilidade de algumas delas estarem em sinonimia. Dentre as localidades em que foram
encontradas estdo a América do Sul, América Central, sul dos Estados Unidos da América,
Africa e Caribe (SILVA, 2012). Entretanto, de todas as espécies descritas, apenas trés
apresentaram a caracteristica de serem infectadas naturalmente por S. mansoni, Biomphalaria
glabrata, tenagophila e straminea (PARAENSE; CORREA, 1978; SOUZA, 1986).

B. glabrata (Figura 2) ¢ o mais relevante molusco hospedeiro intermedidrio desse
parasito nas Américas, tanto pela ampla distribui¢do geografica em que se encontra como pelo
alto grau de compatibilidade parasito-hospedeiro que apresenta, ou seja, uma grande
suscetibilidade a infeccdo. Assim, essa espécie contribui para que um maior numero de

cercarias sejam liberadas na dgua doce e que, consequentemente, possam atingir um maior
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numero de hospedeiros definitivos ocasionando uma grande disseminac¢do da doenca e uma

continuidade do ciclo evolutivo do parasito (DE SOUZA et al., 1995; PARAENSE, 2008).

Figura 2 — Biomphalaria glabrata, caramujo hospedeiro intermediario de S. mansoni.

Fonte: Keila Maia, CPqRR.

Por ser a espécie com maior grau de suscetibilidade frente ao S. mansoni, o B.
glabrata se tornou a principal espécie vetora para estudos que envolvem a interacdo
trematdédeo-molusco. Devido a grande importidncia que esse organismo demonstra no
seguimento da doenga, trabalhos envolvendo a biologia molecular do molusco foram
financiados e realizados buscando evidenciar a relagdo existente entre genoma, transcrissoma
e suas caracteristicas fenotipicas, como a resisténcia/suscetibilidade. Além de oferecer
diferentes perspectivas para o entendimento da regulagdo génica do molusco (ADEMA et al.,
2006; LOCKYER et al., 2008; ADEMA et al., 2017; QUEIROZ et al., 2017).

A intera¢do entre molusco e parasito ¢ complexa e foi demonstrada em um trabalho
realizado por Richards e Shade (1987) que demonstraram a grande diversidade de genes que
indicavam a suscetibilidade dos hospedeiros intermediarios e a infectividade dos parasitas,
sugerindo a geracdo de variabilidades genéticas adaptativas em ambos os organismos. Além
destas variabilidades, demonstradas em linhagens de caramujos completamente suscetiveis e
outras parcialmente resistentes a infeccao pelo trematddeo, os hemocitos, células do sistema
interno de defesa do caramujo, também apresentaram grande influéncia para que a infecgao

ocorresse efetivamente ou para que ela seja evitada (LOKER e BAYNE, 2001).



20

O sucesso da infec¢cdo envolve muitos fatores sendo que por um caminho, o sistema
interno de defesa dos caramujos € o responsavel por reconhecer e destruir o parasito, mas por
outro lado, o verme apresenta a caracteristica de evasao e autodefesa contra o ataque do
sistema de defesa do caramujo envolvendo habilidades como mimetizar moléculas do
hospedeiro, fazendo com que o sistema interno de defesa do molusco ndo seja capaz de
reconhecé-lo (PLOWS et al., 2005; LEHR et al., 2008; BAYNE, 2009; NEGRAO-CORREA
et al.,, 2012). Ainda assim, varias reagdes e alteragdes no perfil de expressdo gé€nica do
caramujo sdao desencadeadas quando o trematddeo € reconhecido, principalmente envolvendo
os hemaocitos, principais células em suspensdo que atuam no sistema de defesa desses animais
contra organismos invasores (QUEIROZ, 2015)

Além dos hemocitos, o sistema interno de defesa do caramujo compartilha de
componentes humorais da hemolinfa, responsaveis pelo desencadeamento da resposta
imunolégica nos moluscos no momento em que a infeccdo acontece. Assim, provoca
alteragdes no perfil de expressdo de algumas proteinas e consequentemente, no padrdo de
defesa que o molusco apresenta. Algumas destas proteinas estdo relacionadas a espécies
reativas de oxigénio e nitrogénio (LOCKYER et al.,, 2008; LOKER e BAYNE, 2001;
NEGRAO-CORREA et al., 2012; LARSON et al., 2014). A transferéncia da hemolinfa,
retirada de caramujos resistentes e implantada em caramujos suscetiveis, ¢ capaz de conferir
um aumento da resisténcia naqueles que sdo mais suscetiveis a infec¢do por S. mansoni
(BAYNE et al., 1980a; b; GRANATH; YOSHINO, 1984; VAN DER KNAAP; LOKER,
1990; BAYNE, 2009).

Além dessas moléculas, alguns trabalhos avaliaram a expressdo génica de hemocitos
em caramujos infectados e ndo infectados, suscetiveis e resistentes, e foram capazes de
mostrar um perfil diferencial de outros componentes, como sinalizadores celulares e genes
envolvidos na via de ubiquitinagdio (LOCKYER et al., 2008; ZAHOOR et al., 2014).
Indicando que existe uma modificacao do padrao de regulagdo génica quando o caramujo ¢
infectado, assim como quando sdo comparados moluscos com maior € menor grau de
resisténcia. Queiroz e colaboradores (2017) demonstram uma via envolvida na regulagao
génica do molusco, uma vez que foram capazes de descrever a via de biossintese de pequenos
RNAs e avaliar a expressdo das principais enzimas e proteinas relacionadas a essa via. Os
pequenos RNAs sdo responsdveis, juntamente com as proteinas argonauta, por realizar uma
regulacdo de genes bastante especifica, devido a sua capacidade de se ligar
complementarmente a fita de RNA mensageiro. Outros sistemas envolvidos na regulacdo

génica sdo bastante conhecidos e bem descritos. Um dos mais importantes ¢ o sistema
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ubiquitina-proteassoma, responsavel por executar uma regulacio pds-traducional e largamente
conservado em organismos eucariotos (TANAKA; CHIBA, 1998; GLICKMAN;
CIECHANOVER, 2002;). Sendo assim, ¢ importante avaliar os sistemas reguladores da
expressao génica em organismos vetores, principalmente no molusco usado como modelo em
estudos para a esquistossomose envolvendo a interagdo parasito-hospedeiro, uma vez que a
alteracdo no perfil proteico de hemocitos pode estar relacionado aos sistemas de regulagao

génica.

2.3 Ubiquitina-proteassoma

O sistema ubiquitina-proteassoma (SUP) ¢ um complexo ATP-dependente que
envolve a marcagdo de substratos proteicos alvos, ou seja, realiza uma regulagdo poOs-
traducional através da marcagcdo dos mesmos por moléculas de ubiquitina que podem sofrer
uma posterior degradagdo intracelular pelo proteassoma (HERSHKO; CIECHANOVER,
1998; TANAKA; CHIBA, 1998; GLICKMAN; CIECHANOVER, 2002). Este sistema esta
relacionado a diversas vias e mecanismos celulares distintos, uma vez que ¢ capaz de degradar
e inativar proteinas mutadas e defeituosas que estejam ligadas a processos celulares
importantes, como a regulagdo do ciclo celular, a resposta ao estresse € moduladores
extracelulares, reparo do DNA e a regulacdo de respostas imunes e inflamatorias quando
envolve o denominado imunoproteassoma, por exemplo (CIECHANOVER, 1998; RAMOS,
2002; LI et al., 2016; EBNER et al., 2017).

Dois elementos principais compdem o sistema, 1) a Via de Ubiquitinacdo e 2) o
Proteassoma proteolitico 26S. Primeiramente, a partir da via de ubiquitinacdo, as proteinas
alvo sdo marcadas com uma ou mais moléculas de ubiquitina e depois sdo direcionadas para
outras vias de sinaliza¢cdo ou degradadas pela a¢do do proteassoma 26S, composto por duas
estruturas: o nucleo proteolitico 20S e regulatorio 19S, parte de reconhecimento dos
substratos-alvo (HERSHKO; CIECHANOVER, 1998; GLICKMAN; CIECHANOVER,
2002).

A ubiquitina ¢ um polipeptideo com 76 aminoacidos, altamente conservado entre os
organismos eucariotos € que possui a capacidade de se ligar, através da sua porcao C-
terminal, a residuos de lisina ou a extremidade N-terminal de substratos proteicos, se tornando
o componente principal da via de ubiquitinacdo (PICKART; EDDINS, 2004; LI; YE, 2008;

ZUIN et al., 2014). Para que via de ubiquitinacdo ocorra de forma correta ¢ necessaria a
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atuacdo de trés classes enzimaticas diferentes e, além disso, a presenca de moléculas de ATP
(HERSHKO; CIECHANOVER, 1998; GLICKMAN; CIECHANOVER, 2002).

A primeira das trés classes enzimaticas envolvidas na via de ubiquitinagdo sdo as
enzimas ativadoras de ubiquitina, também conhecidas como El, que de forma ATP-
dependente ativam a molécula de ubiquitina e geram um composto intermediario de alta
energia, o El-tioestér de ubiquitina. Subsequente a a¢do das E1, as enzimas conjugadoras de
ubiquitina E2 realizam a funcdo de catalisar a reacdo de ligagdo covalente da ubiquitina
marcada ao substrato proteico alvo. Ao final dessa cascata, as enzimas ubiquitina ligases E3
reconhecem a proteina especifica a ser degradada e auxiliam na transferéncia da ubiquitina de
E2 a tal substrato, podendo se ligar tanto a E2 quanto a molécula de ubiquitina marcada
provinda dessa enzima conjugadora (SCHEFFNER et al, 1995, GLICKMAN;
CIECHANOVER, 2002; ZHENG; SHABEK, 2017). A via de ubiquitinagdo ¢ demonstrada na
Figura 3.

Figura 3 — Esquema da via de ubiquitinagdo. As siglas utilizadas demonstram as moléculas envolvidas na via
em que Ub: ubiquitina, E1: enzimas ativadoras de ubiquitina, E2: enzimas conjudoras de ubiquitina e E3:

enzimas ubiquitina ligases.
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Fonte: Adaptado de MAGORI; CITOVSKY, 2011.

As E3 sdo consideradas pecas chave na via de ubiquitina¢do, uma vez que apresentam
a funcdo de reconhecer o substrato alvo especifico e catalisar a transferéncia da molécula de
ubiquitina a ele. Dentro desta classe existem subdivisdes que estdo relacionadas,

principalmente, ao sitio catalitico da enzima. Quatro dessas classes ja foram descritas, sendo
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elas a HECT Ub ligase, E3 do tipo U-box, RING finger de ligagao simples e RING finger de
multiplas subunidades, sendo a ultima considerada a maior delas (LI; YE, 2008; ZHENG;
SHABEK, 2017). Na classe RING finger, existem proteinas adaptadoras e acessorias, que
auxiliam no processo de reconhecimento da E3 a proteina-alvo. A presenca das proteinas
Cullin sdo cruciais para o desempenho da funcdo da E3, uma vez que apresentam a
capacidade de posicionar o substrato proteico alvo proximo a enzima E2 facilitando a
transferéncia da molécula de ubiquitina ativada (SARIKAS et al., 2011).

Posterior a marcagao das proteinas alvo e a formacdo da cauda de poliubiquitina
realizada através da cascata enzimatica, esses substratos podem ser encaminhados para outras
vias de sinalizagdo celular, assim como podem ser degradados pelo complexo proteolitico do
Proteassoma 26S que a reconhece. Esta protease ¢ formada a partir de uma associag¢do entre
uma particula regulatéria 19S, também conhecida como PA700 e um componente central
denominado 20S. A particula 19S ¢ dividida em dois subcomplexos, chamados de base e
tampa e estdo ligados de maneira reversivel e ATP-dependente ao 20S (Figura 4) (ARENDT;
HOCHSTRASSER, 1997; TANAKA; CHIBA, 1998; GLICKMAN; CIECHANOVER,
2002).

Figura 4 — Sistema ubiquitina-proteassoma. A) Esquema da via de ubiquitinacdo e atuagdo das enzimas

envolvidas. B) Constituicdo molecular e demonstra¢do da atuagdo do proteassoma 26S.
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A particula regulatéria que compde o proteassoma 26S apresenta uma funcido que
envolve reconhecer, desdobrar e translocar o substrato até a particula central
(BUDENHOLZER et al., 2017). J& o componente central 20S possui sitios cataliticos que
desempenham o papel de degradar a proteina alvo, pois apresentam func¢des semelhantes a
caspase, quimotripsina e tripsina (SALOMONS et al., 2010). O nucleo 20S ¢ composto por,
aproximadamente, 70 subunidades, sendo divididas entre o ¢ . As subunidades do tipo o
possuem uma fung¢do voltada para a estrutura e regulagao do nucleo proteassomal, enquanto
as subunidades do tipo  desempenham o papel proteolitico propriamente dito, com atividade
catalitica de degradagdo (JUNG et al.,, 2009; PAPAEVGENIOU ¢ CHONDROGIANNI,
2014). Em Caenorhabditis elegans, um dos principais organismos eucariotos considerado
modelo, 14 sequéncias correspondentes a essas subunidades foram identificadas em um
trabalho realizado por Papaevgeniou e Chondrogianni (2014).

Ao final do SUP, as proteinas alvo que foram inicialmente marcadas pela ubiquitina e
que ndo foram encaminhadas para outros processos celulares sdo dirigidas ao proteassoma
26S e entdo degradadas em peptideos menores. Ja as moléculas de ubiquitina presentes na
cauda formada na ligagdo com o substrato alvo sdo liberadas, podendo ser recicladas pela

célula em um novo processo (GLICKMAN; CIECHANOVER, 2002).

2.4 Utilizacao das analises in silico

A andlise in silico e utilizagdo da bioinformatica tem se tornado ferramentas
importantes e largamente utilizadas na descricido de moléculas e vias de sinalizagdo em
diversos organismos, sejam eles eucariotos ou procariotos. O uso dessa analise possibilita o
maior entendimento, clareza e funcionamento de vias metabolicas, assim como a identificag¢ao
de genes ainda ndo descritos em dados de genomas e transcrissoma (FORSTER et al., 2002).
Adema e colaboradores (2017) publicaram o genoma de B. glabrata tendo em vista a
importancia que o molusco apresenta como vetor na transmissao da esquistossomose, a partir
desses dados, foi possivel descrever e identificar algumas sequéncias encontradas nesses
dados, como sequéncias de miRNAs maduros e precursores de miRNAs, enzimas e proteinas
envolvidas na via de pequenos RNAs, entre outros componentes importantes para o ciclo de
vida do molusco (ADEMA et al., 2017).

O proteassoma e as moléculas envolvidas na via de ubiquitinacdo foram descritas em
alguns trabalhos envolvendo as analises in silico e desenhos de estruturas tridimensionais. No

trabalho relacionado a molécula proteassomal, sdo comparados dados encontrados em
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bactérias como Thermoplasma acidophilum e Escherichia coli frente aos dados obtidos a
partir de organismos eucarioticos como as leveduras, sendo possivel verificar a estrutura
tridimensional do complexo e como ¢ realizada a sua montagem em cada um desses clados
(BUDENHOLZER et al., 2017). Para as enzimas e proteinas relacionadas a via de
ubiquitinagdo, suas estruturas sdo descritas e esquematizadas, possibilitando a inferéncia das
funcdes desempenhadas por elas e como ocorre sua regulacdo, assim como a identificacdo de
novos sitios de ubiquitinagao proteica (RADIVOJAC et al., 2010; ZHENG; SHABEK, 2017).
Proctor e colaboradores (2007) foram capazes de desenvolver um modelo para o SUP
utilizando bioinformatica confrontando com dados experimentais, além de permitir que
modelos relacionados possam ser incrementados ao longo de novas descobertas. Isso permite
uma maior compreensao da homeostase proteica e de que maneira o sistema ubiquitina-
proteassoma pode estar envolvido. Estes trabalhos fornecem dados importantes para a
identificacdo e caracterizacdo de provaveis sequéncias proteicas e enzimaticas a serem
descobertas e descritas. Algumas delas abrangem caracteristicas estruturais conservadas das
sequéncias funcionais pertencentes e envolvidas no SUP, como a posi¢do de residuos de
aminoacidos, a conservagdo destes aminoacidos, a presenca de dominios conservados, sitios
ativos, motivos estruturais, entre outros. No entanto, até o momento nenhum estudo foi
realizado demonstrando, caracterizando e analisando filogeneticamente a existéncia desse
sistema tao importante no caramujo B. glabrata.

Além disso, no principal parasito de B. glabrata, S. mansoni, algumas moléculas
envolvidas no SUP foram identificadas, analisadas, descritas e caracterizadas a partir de
ferramentas de bioinformatica e analises experimentais, como as deubiquitinases € as
proteases ubiquitina-especificas, pertencentes a via de ubiquitinagao (PEREIRA et al., 2015a,
b). Envolvendo a avaliagdo do SUP em diferentes estagios de vida do trematddeo, Mathieson
e colaboradores (2011) estudaram os estagios de evolucdo do ovo do helminto demonstrando
que o sistema ¢ capaz de mudar o seu perfil de expressdo com o seu desenvolvimento. Ja
Castro-Borges e colaboradores (2007) trabalharam visando as mudancgas ocasionadas quando
as cercdrias se transformam em esquistossdmulos e observaram que ocorrem modificagdes na
estrutura do proteassoma no momento que estdo diretamente ligadas a remodelagao
morfofisiologicas do parasito. Por outro lado, Nabhan e colaboradores (2007), através de
analises de bioinformatica e o desenvolvimento de RNAs de interferéncia, buscaram entender
com maior clareza a relevancia bioldgica do proteassoma no esquistossomo e perceberam a
presenca de uma subunidade essencial para o desenvolvimento e sobrevivéncia do

trematodeo.
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Muitos estudos abrangendo a relag@o existente entre o parasito e o sistema ubiquitina-
proteassoma, como demonstrado, vém sendo realizados. No entanto, quando se relaciona o
SUP ao hospedeiro invertebrado de S. mansoni, este ¢ o primeiro trabalho realizado a fim de
identificar e caracterizar esse sistema como um todo no caramujo, assim como relaciona-lo
com o desenvolvimento do organismo, oferecendo conhecimentos que levem a novos
entendimentos, assim como possibilitar o entendimento da maquinaria envolvida na regula¢ao
génica pos-traducional no molusco, podendo controlar caracteristicas fenotipicas do mesmo,
como a resisténcia/suscetibilidade. Além disso, ainda pode proporcionar base para novas
buscas quanto a relagdo parasito/hospedeiro intermediario, uma vez que o SUP estd
diretamente ligado a regulagdo génica pds-traducional.

Considerando a regulacdo génica como um caminho a ser seguido no melhor
entendimento da relagdo tremaddeo/molusco e na caracteristica de resisténcia do caramujo,
um trabalho envolvendo o sequenciamento do genoma de B. glabrata foi publicado, abrindo
possibilidade para novas pesquisas que poderdo utilizar os dados obtidos por essa tecnologia
(ADEMA et al., 2017).

Dessa maneira, a juncdo de técnicas experimentais de biologia molecular e
ferramentas de bioinformatica oferecem grandes vantagens e novas perspectivas as pesquisas
relacionadas a descrigdo e caracterizacao de vias metabdlicas e de sinalizagdo nos organismos
vivos. Esse aglomerado de conhecimentos pode oferecer maiores evidéncias da presenca,
ativacdo, funcionalidade e interacdo do sistema ubiquitina-proteassoma no molusco em
estudo. Além do mais, pode fornecer uma base de novas descobertas e dados que podem ser
usados a fim de entender melhor o modo com que essa via pode estar envolvida na regulacao
de genes que conferem a caracteristica fenotipica de resisténcia/suscetibilidade do caramujo

frente a infec¢@o pelos miracidios de seu principal parasito, S. mansoni.
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Abstract

BACKGROUND: Biomphalaria glabrata is the major species for study of schistosomiasis-
related parasite-host relationship and its gene regulation may aid in this understanding. The
ubiquitin-proteasome system (UPS) performs a post-translational relationship and is related to
several mechanisms, including immune responses. OBJECTIVE: The aims of this work
were to identify and characterize the putative genes involved in UPS using bioinformatic tools
and also their expression on different tissues of B. glabrata. METHODS: The putative genes
and proteins of UPS in B. glabrata were predicted using BLASTp and as queries reference
proteins from model organism. We characterized these putative proteins using the PFAM and
CDD software describing the conserved domains and active sites. The phylogenetic analysis
was performed using ClustalX2 and MEGAS.2. Expression evaluation was performed from
12 snail tissue using RPKM. FINDINGS: 119 putative genes involved in the UPS in B.
glabrata were identified, which 86 have been related to the ubiquitination pathway and 33 to
proteasome. In addition, the conserved domains found were Ubiquitin Family, UQ con,
HECT, U-box and Proteasome. Evidence of site formation, catalytic cleft and structural
motifs infer the enzymatic function of genes. The active sites found were the lysine residues
responsible for polyubiquitin chains, cysteine residues that bind to ubiquitin, among others.
The phylogeny shows a distribution that corroborates with that demonstrated in the tree of life
of the animals for all groups of sequences analyzed. The ubiquitin sequence was the only one
with high expression profile found for all libraries inferring its wide range of performance.
MAIN CONCLUSIONS: Our results evidenced the presence, conservation and expression

profile of the UPS in the mollusk, providing basis and new knowledge to other studies
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involving this system. Due to the importance of UPS and B. glabrata, this work may

influence the search for new methodologies for the control of schistosomiasis.

Key words: snail — UPS — signaling pathway — bioinformatics — schistosomiasis.
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Introduction

Biomphalaria glabrata is a specie of snails that presents large epidemiological
importance, since their presence composes a crucial condition for the dissemination of
schistosomiasis, reaching more than 200 million people around the word. These mollusk are
considered intermediate hosts of Schistosoma mansoni and present a high degree of
susceptibility to helminth infection. In addition, they have a wide geographical distribution in
the Americas'!?. Due to the importance of this organism, many studies seek new knowledge
about its biology and it is already known that the interaction between mollusk and trematode
is complex, involvind genes expressing host susceptibility/resistance and parasite
infectivity®. Thus, one of the ways to better understand this relationship is to deepen the
studies related to the gene regulation of B. glabrata, because the infection carried out by S.
mansoni leads to changes in the expression profile of some proteins and, consequently, in the
defense pattern of the mollusk*>. Thus, it is necessary to evaluate the regulatory systems of
gene expression in these organisms, which one of the main components is the ubiquitin-

proteasome system that performs a post-translational regulation.
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Given the epidemiological importance of B. glabrata, Adema and contributors (2017),
including the present working group, published a complete analysis of the snail genome.
Genes involved in communication with the aquatic environment, stress, innate immunity and
regulation of biological processes were identified and described, as well as several small
RNAs related to gene regulation. In addition, transcripts involved in the ubiquitin-proteasome
system were found, from genes encoding enzymes to accessory proteins and the subunits that
form the proteolytic 26S proteasome®.

The ubiquitin-proteasome system (UPS) is composed of two main elements: the
ubiquitination pathway and the proteolytic macromolecule 26S proteasome. First, the
ubiquitination pathway labels proteins with more than one ubiquitin molecule that are then
degraded by the 26S proteasome!”. This system is able to degrade mutated and defective
proteins that are involved with important cellular processes, such as cell cycle regulation,
stress response and extracellular modulators, DNA repair, and the regulation of immune and
inflammatory responses®).

The first class acting on the ubiquitination pathway are ubiquitin-activating enzymes
(E1) that activate the ubiquitin molecule in an ATP-dependent manner and generate an
ubiquitin El-thioester. Subsequently, ubiquitin conjugating enzymes (E2) catalyze the
covalent binding reaction of activated ubiquitin with target protein substrate. At the end of
this cascade, the enzymes ubiquitin ligases (E3) recognize the specific protein to be degraded
and assist in the transfer of the ubiquitin present in E2 to the substrate, being able to bind both
E2-ubiquitin and target substrate concomitantly or at different times!”- 11D At the end of the
first step, the labeled substrates are degraded by the proteolytic complex 26S proteasome.
This protease is formed from an association between a 19S (PA700) regulatory particle
divided between lid and base which are reversibly connected and ATP-dependent to the

central component 20S- 1213 The regulatory particle recognizes, unfolds and translocates the
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substrate to the central particle!. However, the central component 20S has proteolytic sites
that play the role of degrading the target protein, since they have similar functions to caspase-
like, chymotrypsin-like and trypsin-like!>. Soon after, the target proteins are degraded into
smaller peptides and the ubiquitin molecules present in the tail are released and recliced”.
The peptides generated from the digestion performed by the proteasome are related to
immunity. In humans, these peptides are recognized as epitopes by MHC class 1! and, thus,
the proteasome plays an essential role in this recognition!”. However, the
immunoproteasome is more efficient for the generation of antigenic peptides due to the
presence of three different subunits than those in the 20S nucleus of the standard proteasome.
These specific subunits modify peptidase activity and increase the generation of these
epitopes'®. In addition, the thymoproteassoma is another isoform specifically expressed in
the thymus and both are involved with cell-mediated immunity'*%. Thus, the relationship
involving the catalytic proteasome and immunity leads to believe that it is also related to the
resistance/susceptibility that some organisms present when they are infected by pathogens.
Genes involved in the ubiquitination pathway and in the proteasome formation have
already been reported in works involving the cells of the internal defense system, the
hemocytes. These genes demonstrated a different expression profile when analyzed in
infected and uninfected snails®!*®). Thus, the hypothesis of this work was that UPS has been
conserved in the genome of B. glabrata and expressed at transcriptional level in all parts of
the snail body. Thus, the aims of this work were to identify and characterize UPS in the
genome and transcriptome data of the snail using in silico analyzes, as well as to characterize
the classes involved in this system and to evaluate the expression profile of the sequences

identified in different tissues of the adult snail.

Materials and Methods
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Identification of UPS genes in B. glabrata

The genome and transcriptome data used for analysis in silico were retrieved from the
last version of VectorBase database, BglaBl do genome de B. glabrata
(https://www.vectorbase.org/organisms/biomphalaria-glabrata). Initially, the prediction of
genes involved in ubiquitin-proteassome pathway was performed through bibliographic
searches and the KEGG (https://www.genome.jp/kegg/pathway.html) in model organisms
such as Drosophila melanogaster and Caenorhabditis elegans. The sequences belonging to
the model organisms were obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/)
and later used as a queries against the genome and transcriptome of the snail seeking to find
UPS genes. Subsequently, the sequences identified in B. glabrata data were grouped
according to the role they play and also analyzed for their conserved domains, active sites and

gene expression.

Sequences analysis

Sequences were fed into the protein family database, PFAM (https://pfam.xfam.org/),
to identify the major conserved characteristic domains belonging to each previously organized
sequence group. The CDD (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) was used
to search for amino acid residues involved in active site formations, structural motifs and

catalytic cleft.

Phylogenetic analysis
To determine the evolutionary organization and distribution of the sequences found, as
well as to provide further evidence of the presence of probable proteins found in the snail,

phylogenetic analysis was performed using MEGAS5.2. For the analysis, amino acid sequences
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of deuterostomes and protostomes organisms such as Homo sapiens, Mus musculus, D.
melanogaster, C. elegans and molluscs such as Aplysia californica and Lottia gigantea,
obtained from NCBI were used. ClustalX 2.1 was used to perform multiple sequence
alignment and their output fed in the MEGA 5.2 software, using the neighbor-joining method
and JTT model for calculations of evolutionary distance. The consensus tree was inferred

from a bootstrap of 1000 replicates to represent the evolutionary history of the study®.

Expression analysis

For expression analysis, all transcripts identified in the B. glabrata genome data were
individually submitted and analyzed against a RNASeq data set for a library of 12 different
snail tissues (Table S1)©®. Quality control and adapter removal were conducted using
Trimmomatic (v 0.36). Single-end reads were aligned against pre-selected sequences using
bowtie2 (v 2.3.0) with the “--very-sensitive-local parameter”. Alignment sam files were
sorted and converted to bam files with samtools (v 1.6). Expression values were extracted
from the alignment results using express (v 1.5.1) and RPKM (Reads Per Kilobase of
transcript, per Million mapped reads) were calculated after librarie size normalization with the
Bioconductor package edgeRS5 in the R statistical environment. The expression profile was
plotted so that the more intense the red color, the less expressed the gene was presented to the
corresponding library and how much the more intense the white color, the greater its

expression found in the data used for the analysis.

Results

Identification and characterization of putative proteins of the UPS complex: alignment and

Pphylogenetic analysis
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119 putative sequences were found in genome, transcriptome and predicted proteome
of B. glabrata involved in the UPS. Among them 86 were found to be involved with the
ubiquitination pathway and 33 with the 26S proteasome formation. Among the 86 genes of
the ubiquitination pathway, 1 ubiquitin gene, 6 E1, 22 E2 and 39 E3, divided into the HECT,
RING finger and U-box groups were identified. In addition, 19 genes were found to be related
to the formation of 26S proteasome and involved with the regulatory portion, while 14
involved in form the nucleus of the molecule (Table 1). The genes were grouped according to
their characteristics and functions based on the analysis of conserved domains, active sites

and phylogenetic analysis.

Ubiquitination pathway

The analysis performed by PFAM and CDD showed that all the genes found for the
ubiquitination pathway in B. glabrata have conserved domains and active sites/catalytic
clefts/structural motifs. These conserved domains identified for each set of sequences
correspond to their previously known structures. For Ubiquitin (BGLB020284-PA) gene, the
Ubiquitin Family domain was identified, as well as found in the organisms D. melanogaster
and C. elegans (Fig. S1 A). This domain is approximately 72 amino acids in size and shows
some important residues for the molecule as those involved in the interaction of the molecule
with E1 and E2. In addition, lysine residues at specific positions enable the formation of
polyubiquitin chains (Fig. S1 B).

In the genes identified as EI some domains were found distributed and overlapped
(Table 2). These sequences showed the ThiF domain as the main representative showing a
fairly characteristic size and location between the sequences of B. glabrata (Fig. 1). Besides
that, it was possible to observe the presence of a cysteine residue as active site of these

enzymes and other amino acid residues relevant to the performance of the catalytic activity
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that it possess (Fig. 2). On the other hand, E2 are molecules capable of interacting with the
other two classes of enzymes of the ubiquitination pathway because they are in the middle of
this cascade. Genes found in the B. glabrata shared the UBQ con domain and have a
conserved cysteine residue as the active site, responsible for the role of conjugation of the
ubiquitin molecule with the E3 (Fig. S2 A and B).

The ubiquitin ligases 3 were divided into HECT, RING finger and U-box and grouped
based on conserved domains HECT domain, U-box and domains homologous to RING finger,
demonstrating the conservation of the catalytic activity of each group of enzymes (Fig. S3 A,
S4 A and S5 A). The analyzes performed by the CDD show that the genes of the HECT group
had a catalytic cleft formed from the presence and distribution of some amino acid residues in
specific and conserved positions (Fig. S3 B). The genes classified in the RING finger and U-
box groups evidenced the formation of a structural motif for each group. For the RING finger
gene group, the cysteine residue was conserved in all B. glabrata genes (Fig. S4 B). On the
other hand, the motif found in the U-box gene group was determined by the distribution of
various residues located along the sequences, but there is a highly conserved aspartic acid
residue (Fig. S5 B).

Phylogenetic analysis was performed to evaluate the evolutionary relationship of the
genes found in B. glabrata against the genes of orthologous organisms and to demonstrate the
degree of conservation. For all classes of enzymes, this result showed that there was a very
organized division between the clades of the enzymes and that they were distributed
evolutionarily as presented by the evolutionary tree of life (Fig. S6, S7, S8 and S9). This
infers that the sequences found in the snail were likely enzymes involved in the ubiquitination
pathway. In addition, the distribution found among the organisms used for this analysis was

demonstrated in figure 3, showing the analysis done for E1.
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26S proteasome formation

The genes involved with the proteasome formation identified in B. glabrata were
divided between regulatory particles and core particles. Groups called PAS and PBS were
related to the nucleus of the molecule, while the RPT and RPN groups form the recognition
portions. All genes identified as PAS showed the conserved domain named Proteasome (Fig.
4) and an active site consisting of amino acid residues distributed at five specific positions
throughout the seven sequences (Fig. 5). In the same sense, the PBS group was also shown to
share the proteasome conserved domain in their sequences and, in addition, evidenced the
presence of an active site consisting of amino acid residues in eight distinct positions (Fig.
S10 A and B). This feature may indicate a direct relationship formed between site-position
and not between site and amino acid conservation.

The other identified genes were divided into the RPT and RPN groups that formed the
regulatory and recognition portion of 26S proteasome. The gene group called RPT showed no
amino acid residue on active site formation, however, all six sequences presented the
conserved domain AAA in the C-terminal portion (Fig. S11). Unlike the RPT group, the
sequences of the RPN group did not share the common domain (Fig. S12 A) and showed a
poorly conserved active site, suggesting that it is more involved with the target substrate (Fig.
S12 B).

The phylogenetic analysis performed for the sequences involved with the formation of
26S proteasome showed an evolutionary distribution that corroborates with that known
through the tree of life of the animals. In addition the genes identified in B. glabrata and their
orthologous from other organisms were organized in deuterostomes and protostomes as seen
for the results found in the phylogeny concerning the ubiquitination pathway (Fig. S13, S14
and S15). Figure 6 showed the phylogenetic distribution of the PAS group using those

identified in the snail and the the orthologous genes.
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Expression profile of the genes involved in the UPS identified in B. glabrata

The heatmap demonstrated the expression profile of all 119 sequences found in the B.
glabrata in 12 libraries of tissues: albumen gland (AG), buccal mass (BUC), central nervous
system (CNS), digestive gland/hepatopancreas (DG/HP), muscular part of the headfoot
(FOOT), heart including amebocyte producing organ (HAPO), kidney (KID), mantle edge
(MAN), ovotestis (OVO), salivary gland (SAL), stomach (STO) and terminal genitalia
(TRG). The vast majority of the UPS related sequences presented low to medium expression
for all libraries used (Fig. 7).

The ubiquitin (ubg-1) gene, identified as BGLB020284-RA was the only one
presented highly expressed in all libraries. Other genes such as rpt-2 (BGLB012308-RB),
wwp-1-a (BGLB008139-RC) and wwp-1-b (BGLB008139-RB) also demonstrated
satisfactory, but not high, expression in all libraries. However, most other genes were not able
to evidence a high expression profile for any of the libraries. Only a few transcripts such as
pbs-3 (BGLB010370-RB), ubal-a (BGLB013827-RB) and rpn-10 (BGLB003999-RB) were
able to display good expression in specific libraries such as terminal genitalia (TRG),
ovotestis (OVO) and central nervous system (CNS), respectively (Fig. 7).

The genes with lower expression indicated in the results of the heatmap were related to
the class of ubiquitin ligases (E3). All isoforms of the chn-1 genes (BGLBO001813-PI,
BGLB001813-PH, BGLB001813-PG, BGLB001813-PF, BGLB001813-PE, BGLB001813-
PD, BGLB001813-PC and BGLB001813-PB) and traf-6 (BGLB026988-PC, BGLB026988-
PB and BGLB026988-PA) demonstrated a very low RPKM-based expression profile. In the
same sense, a very low expression was perceived for the isoforms of the fizzy genes

(BGLB002564-PD,  BGLB002564-PC,  BGLB002564-PB, = BGLB005726-PB  and
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BGLB005726-PC) and skpt-1 (BGLB032982-PA) that were involved in the formation of E3

complexes as target recognizing subunit (Fig 7).

Discussion

The ubiquitin-proteasome system (UPS) is one of the most conserved components
among cukaryotic organisms and has been described in model organisms such as D.
melanogaster, C. elegans and Homo sapiens. Most sequences identified in B. glabrata have
an amount of amino acids close to or even equal to the number of amino acids found in the
proteins of the model organism used, C. elegans and/or D. melanogaster. The ubiquitin is a
polypeptide having 76 amino acids in its structure capable of labeling target substrates®>.
However, the gene identified in B. glabrata encodes a gene product of 229 amino acids due to
a polygene responsible for translating this molecule. In addition, in C. elegans and D.
melanogaster the same situation occurs (Fig. S1 A). The difference found in the size of these
sequences can be explained by the annotation performed for the mollusk sequence, suggesting
that a new annotation process be performed. This situation refers to the existence of polygenes
that have tandem repeats of the coding region of ubiquitin in their sequences. Thus, most
organisms present sequences of polygenes for ubiquitin and from that, they have become one
of the best models for the study of evolution from clusters®®. All three organisms used for
this analysis have the conserved Ubiquitin Family domain (PF00240) in the same positions,
showing that the presence and location of the domain in the sequence may be of great
importance for the role that this polypeptide plays.

The Ubiquitin Family domain in B. glabrata genes shared very important and highly
conserved amino acids against the orthologous organisms. Some of these residues have the

ability to form a site of interaction with the ubiquitin conjugating enzymes (E2) and to
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catalyze the transfer (Fig. S1 B). Another three lysine (K) residues play a crucial role in
labeling the target substrate. These residues at positions 29, 48 and 63 of the domain are
considered binding sites for novel ubiquitin molecules capable of forming polyubiquitin
chains. The chains formed at positions 29 and 48 induce degradation by the proteasome, while
the chains originating at the lysine residue at position 63 are related to DNA damage response
signaling, for example®”. On the other hand, monoubiquitin proteins are involved in other
cellular activities such as gene transcription®®,

It was not possible to trace the evolutionary history of ubiquitin through phylogenetic
analyzes because it is an extremely conserved sequence (Fig. S1 B). There is a high degree of
conservation involving the ubiquitin encoding gene, suggesting that it is able to undergo few
combined evolutionary events?. The reason why this conservation is so high is still not fully
understood, but the properties presented by the ubiquitin molecule in the cells were selected
and fixed in a eukaryotic ancestor in the early stages of evolution®?.

E1 are the first enzymes recruited into the ubiquitination pathway and play the role
of activating the ubiquitin molecule to be transferred to the substrate. Activation occurs by the
ubiquitin adenylation from an ATP-dependent thioester bond between the E1 cysteine residue
and the glycine of the C-terminal portion of ubiquitin. The activated ubiquitin molecule is
transferred to an E2CG!32). An existing hypothesis is that the E1 found in eukaryotes have
evolved from the bacterial enzymes MoeB and ThiF. In this way, the ThiF domains present a
great participation in the activation reaction of the ubiquitin molecule®®. All sequences
identified as El in B. glabrata showed the ThiF domain with a similar amount of amino acids,
showing great conservation, except in the sequence translated from the rfl-1 gene which
possibly has incomplete annotation. However, other conserved domains were also found in
these sequences (Table 2) capable of assisting in the process of ubiquitin activation. A highly

conserved cysteine (C) residue was observed as an active site among all sequences identified
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as El in B. glabrata, the acceptor portion of ubiquitin in the enzyme. In addition, other amino
acid residues in close positions are capable of aiding in the formation of the catalytic site and
consequently in the activity that the enzyme plays (Fig. 2). Thus, these residues are probably
involved with ATP binding and the formation of the thioester intermediate, activating the
ubiquitin molecule for a subsequent transfer to E2C?.

E2 are enzymes from the center of the ubiquitination pathway and are related to the
other two enzymatic classes in the cascade. In addition, they play the role of catalyzing the
binding reaction of the ubiquitin molecule with the target substrate®?. The UQ con domain
was identified in all sequences identified as E2 present in the B. glabrata data, sharing close
and highly conserved sizes. On the other hand, the UBA domain was found only in the
sequence encoded from the ubc-20 gene (BGLB036058-PA) and has a role of limiting the
formation of the polyubiquitins chain (Fig. S2 A). In addition, these enzymes have a cysteine
residue as active site capable of binding the ubiquitin molecule to E2 and mediates the
interaction with E3@9. Other amino acid residues were important in the sequences because
they were related to the interaction E2 makes with E3, however, they do not show great
conservation (Fig. S2 B).

E3 perform the process of transferring the ubiquitin to the N-terminal portion of the
lysine residue (K) belonging to the target substrate, are more related to the target substrate it
recognizes than to the ubiquitin molecule and they are encoded in hundreds in eukaryotic
cells, allowing the labeling of different proteins in a specific way and are organized into
different classes (Table 1)@, Thus, each of these classes shares specific domains that differ
by recognition of the E2-ubiquitin complex®®. All E3-HECT sequences identified in B.
glabrata showed a fairly conserved HECT domain in their C-terminal portion, maintaining a
position pattern at the end of the protein chain. The members of this family are divided into

three classes: NEDD4, HERC and other HECTs. The NEDD4 enzyme class shares the
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presence of the WW domain in several copies and the C2 domain in its N-terminal
portions®®, corroborating with the results found in this work for the sequences of the smurf-
1-a, smurf-1-b, wwp-a, wwp-b and Y92H12A.2 (Fig. S3A). The absence of the C2 domain in
the sequences encoded by the smurf-1 gene can be suggested by failure in the protein
annotation process. On the other hand, sequences designated as herc-2, herc-4-a, herc-4-b,
herc-4-c belong to the HERC family and share the RCC1 and HECT domains®® (Fig. S3 A).
In the HECT domain it was possible to find amino acid residues involved in the formation of
a catalytic cleft and a cysteine as active site (Fig. S3B) where a thiol linkage between
ubiquitin and ligase is performed. Although this residue was present in the C-terminal portion
of the domain, its N-terminal portion is responsible for interacting with E2 and with the
substrate that is bound in distinct regions along the enzyme sequence and outside the domain
region®®. However this binding does not happen directly, because a recruitment of the E2-
ubiquitin complex is first made to the active site of the ligase. Subsequently, ubiquitin is
transferred to the lysine residue belonging to the target substrate through a transesterification
reaction®’-30-36),

The E3-RING finger class has a direct transfer of ubiquitin, since a concomitant
recruitment between the E2-ubiquitin complex and target substrate is performed. This
mediates and facilitates the formation of the binding between ubiquitin and the target
protein®” 33D The conserved domains zf-C3HC4 3 (PF13920), zf-MIZ (PF02891), zf-
RING 2 (PF13639), Sina (PF03145), Prok-RING 4 (PF13923) e zf-C3HC4 2 (PF14447) are
homologous to the RING finger domain (Fig. S4 A) and were found distributed among all the
sequences identified in the mollusk, presenting a profile consistent with the paper
performance they have®®*D. A highly conserved distribution of cysteine, cysteine, histidine
and cysteine was found in the results of this work, providing evidence that there was a

structural motif formation (Fig. S4 B) and that it is related to the bond made with zinc“#**%,
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Like E3-RING finger, the E3-U-box class also recruits the E2-ubiquitin complex and
target substrate concomitantly. In addition, they share a common organization and
architecture, suggesting that U-box domains are modified RING domains because they do not
bind to zinc and are formed from hydrogen bonds***%. Thirteen of the fifteen E3-U-box
sequences identified in B. glabrata demonstrated the U-box domain (CL0229) and the other
two inferred other correlated domains (Fig. S5 A). The ufd-2 (BGLB026024-PA) sequence
showed only the Ufd2P core domain (PF10408) which escapes ubiquitinated proteins to the
proteasome and was directly linked to the U-box domain in the C-terminal portion of the
sequence“®). The other gene was designated cyn-4 (BGLB022189-PA), which was found the
Rtf2 domain (PF04641), similar to the RING finger domain, but has a three-dimensional ring-
like structure and only one site for binding with zinc”. The absence of U-box domain may
be related to the annotation process of these sequences. The results obtained showed that in
the U-box domain there exists the formation of a structural motif in which not all amino acid
residues were highly conserved, but there are some that were present in all sequences used in
the analysis (Fig. S5 B). In this way, it was possible to infer that the residues of amino acids
involved in the formation of structural motifs were related to the performance of the function
of these sequences, since enzymes have a direct relation between activity and three-
dimensional structure.

The proteasome is a proteolytic complex formed from an association between a 19S
regulatory particle (PA700) and a central component 20S, composed of approximately 70
subunits. The 19S particle is divided into base and lid and are reversibly bound to 20S. The
regulatory portion recognizes the labeled substrate while the 20S nucleus is responsible for
degrading the protein in minor peptides’-17-1%),

19 genes from the RPN and RPT groups were identified in our analyzes (Table 1),

encompassing sequences of major importance such as RPN-11, RPN-15 and RPN-3, involved
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with target substrate recognition and removal of the ubiquitin chain formed!® -39, In the
same sense, some RPT subunits, such as RPT-2 and RPT-5 were also found in the data of B.
glabrata, however, they are related to activation of the 20S nucleus®". The results of this
work showed that RPT shares of the conserved AAA domain, but not of an active site,
structural motif or catalytic cleft, inferring that the function of these molecules was linked to
the sequence that the conserved domain possesses (Fig. S11). On the other hand, sequences
from the RPN group did not have a common domain, but have been shown to have an active
site which seems to be more related to the distribution and position of amino acid residues
than their conservation (Fig. S12 A e B). A suggested explanation for this feature was that
these subunits may be more involved with the target substrate than with the catalytic portion
of the 26S proteasome and therefore do not share highly conserved sequences.

The nucleus of the proteasome is composed of a and B subunits. Subunits of the a-type
have a structural and regulatory role whereas § possesses proteolytic and degradation activity.
14 sequences involved with the formation of 20S proteasome between o and B subunits were
identified in C. elegans®V, corroborating the number of sequences found in B. glabrata data
and identified as particles involved in the formation of the proteasome nucleus (Table 1). All
sequences belonging to the PAS (a-subunit) and PBS (B-subunit) groups have the conserved
domain Proteasome in their N-terminal portions (Fig. 4 and Fig. S10 A) demonstrating that
the presence of this domain in this region is important for the activity they play. An active site
composed of five relatively conserved amino acid residues was identified in the results
obtained for the PAS group genes among all sequences (Fig. 5). On the other hand, for the
PBS group a less conserved active site was found but possibly involved with the proteolysis
function that this subunit possesses (Fig. S10 B), be it with activities chymotrypsin-like,

trypsin-like or caspase-like?* 32,
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Through the phylogenetic analyzes it was possible to describe the evolutionary history
of the sequences under study and from these results to infer their identity by the location in
the tree generated, the proximity to the orthologous organisms and model organisms. Our
results show a clear and specific distribution among all data obtained from the analysis
performed using MEGAS.2. The evolutionary organization of each set of sequences, both the
sequences involved in the ubiquitination pathway and those related to the formation of the
26S proteasome (Fig. 3 and Fig. 6), corresponds to what was already known in the tree of life
of the animals. There was a well-defined division between the clade of deuterostomia and
protostomia organisms, separated between phyla, and grouped according to the location of the
species in the evolutionary process®®. In the same sense, each sequence identified in B.
glabrata presents well-defined ramifications involving its orthologous organisms, providing
strong evidence that the putative sequences found in the mollusk transcriptome are real
sequences involved in the ubiquitin-proteasome complex.

Our results demonstrated that the gene responsible for translating the ubiquitin (ubg-1)
molecule was the only one to present a high expression profile in the RNAseq data of all 12
libraries used, that is, in all analyzed tissues of the adult snail. Ubiquitin is a key molecule in
UPS, however, it is also involved in other cellular signaling processes such as plasma
membrane transport, DNA repair, among others®”. This only happens because of the role it
plays in labeling target substrates with one or more ubiquitins, forming a polyubiquitin chain.
In addition to these functions, ubiquitin is also involved in autophagy®” 343,

The high expression that the ubg-1 transcript has demonstrated can be explained by
the diversity of cellular processes in which ubiquitin is involved, being related to virtually all
cellular processes, directly or indirectly®. This also explains the high expression in all

organs of B. glabrata used for analysis. In addition, the formation of polyubiquitin chains
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influences that a greater amount of this gene was transcribed and may be translated, since
more than one molecule of ubiquitin is required to label only a target substrate.

Most of the genes involved in UPS and identified in the B. glabrata genome
presented a median expression for all organs of uninfected adult snails evaluated. This
expression profile infers that both the transcripts involved in the ubiquitination pathway and
genes participating in the formation of the 26S proteasome do not show a high expression
under normal conditions of mollusc survival. Thus, it can be inferred that these transcripts
share a behavior related to the expression very similar for all organs analyzed. Our results
indicate that this was a pathway capable of performing its role in the organism without large
amounts of circulating molecules in its basal state. However, when referring to infected snails,
the expected results for these transcripts may be different, demonstrating greater expression,
since UPS plays a role related to immunity.

Some transcripts appear to have a direct relationship with specific tissues because they
have a very low expression profile for 11 libraries and relatively high for only one, suggesting
that the function they play may be linked to their location in the organism. For example, rpn-
10 (BGLB003999-RB) demonstrates better expression in the central nervous system (CNS)
than in the other tissues (Fig. 7). The deletion of rpn-10 in D. melanogaster leads to lethality
and demonstrates cause abnormalities in the mitotic cycle such as aneuploidies and absence of
chromosomal segregation in CNS larval cells, besides accumulating multiubiquitin proteins in
the tissue, since this is a gene participant of the 26S proteasome regulatory portion®®®. In this
way, it is interesting to investigate in depth the relationship between transcripts and tissues
demonstrated in this work, its functions and importance in organisms.

Four families of genes showed a low expression for all libraries used. All were
involved with ubiquitin ligases (E3), two of which refer to transcripts of E3 enzymes and two

were genes encoding molecules that form part of complexes. The enzymes ubiquitin ligases
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are transcribed from the genome in the hundreds, because they have the characteristic of being
related directly to the substrate and not with the molecule of ubiquitin”> 1!V, In the same
sense, because of the specificity they present for the labeled substrate, they do not need to be
transcribed in large quantities into the mollusk tissues in non-stress situations. Traf-6 is a
family of genes that presented one of the smallest expressions according to the results
obtained, however, several works relate this transcript to the cellular signaling involving the
immune system®’*). Thus, the low expression can be explained by the fact that the data from
the analyzed libraries refer to uninfected adult snail transcripts. Traf-6 becomes a possible
gene to be investigated in future research using data from molluscs under infection situation,
suggesting that this expression may be increased in front of the parasite. In addition to traf-6,
other genes involved in the ubiquitination pathway found in our results have also been
described involved with immunity, such as diapl (BGLB013412-RB) and ubc-13
(BGLB033527-RA and BGLB033527-RB). All presented a medium expression profile, but
also suggest that genes may to have a differential expression in cases of infected snails.

Our results allow the beginning of the search for new knowledge and perspectives
involving B. glabrata, increasing the amount of information on the regulation of the mollusk
and the relation between parasite/host. This work evidences the presence of UPS in the
genome and transcriptome of the snail, besides offering a delineation of the expression profile
of the 119 sequences identified for mollusk in their normal development. Our work also
provides subsidies for new research related to the expression profile in different phases of the
life of the organism, as well as the evaluation of the behavior of this pathway when the
intermediate host is infected by S. mansoni, suggesting a super expression of genes
participating in UPS and involved in the internal defense system. Therefore, these results may

offer new ways of controlling infection and, consequently, schistosomiasis.
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CONCLUSAO

O estudo do sistema ubiquitina-proteassoma ¢ amplo, envolvendo diversos organismos
e hipoteses, demonstrando ser um 6timo e promissor complexo a ser avaliado para responder
alguns questionamentos que ainda intrigam a ciéncia. Dentre eles, estdo principalmente
aqueles que envolvem a regulacdo génica ¢ a expressdo de determinadas caracteristicas
importantes e cruciais para o desenvolvimento dos organismos. Nosso grupo de trabalho
acredita que o SUP esteja ligado ao processo de interagdo que acontece entre o parasito € o
hospedeiro invertebrado na esquistossomose mansoni, uma vez que o SUP ¢ responsavel por
exercer uma regulagdo pos-traducional e algumas proteinas do molusco mudam seu padrao de
expressao quando o mesmo ¢ infectado.

Os resultados expostos demonstram que o SUP estd presente em dados de
transcrissoma de B. glabrata, incluindo sequéncias correspondentes a proteinas € enzimas
envolvidas na via de ubiquitinagdo, assim como sequéncias de genes participantes da
formagdo estrutural e funcional do proteassoma 26S. A partir da presenca de dominios
conservados, sitios ativos e andlise filogenética ¢ possivel inferir que as sequéncias
encontradas nos dados do molusco em estudo sejam provaveis sequéncias de moléculas
envolvidas com o SUP. No mesmo sentido, quando os transcritos desse sistema foram
confrontados com as informacgdes de organismos modelo como D. melanogaster e C. elegans
houve uma grande compatibilidade, elevando as suposi¢cdes de que ha uma transcrigdo ativa
desses genes em B. glabrata.

Os dados obtidos para a andlise da expressdo indicam a presenca dos transcritos nos
dados analisados, porém, ndo garante que o processo traducional destes acontecam, sendo
necessarios mais estudos para comprovar a presenca fisica destas moléculas no caramujo.
Além disso, a ubiquitina, molécula chave no SUP, foi a inica sequéncia a apresentar uma alta
expressao, corroborando com o esperado diante da vasta gama de fungdes que desempenha
nos organismos. No entanto, ¢ preciso novas buscas experimentais para que a relacdo entre
SUP e as caracteristicas de resisténcia/suscetibilidade do caramujo seja confirmada, assim
como responder a indagagdo sobre a existéncia da variacdo do perfil de expressdo desse
sistema diante da infeccdo por S. mansoni. Ainda assim, esse trabalho € capaz de oferecer
base para novos entendimentos a cerca desse sistema no caramujo vetor da esquistossomose €

da sua participag@o no desenvolvimento do molusco.
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The Memorias' content is freely accessible to readers and no publication fees are
charged to authors. The Memorias do Instituto Oswaldo Cruz has decided to simplify the
requirements regarding the format of submitted manuscripts. From now on, all manuscripts
may be submitted in any text format as long as the common subdivision of scientific articles
are followed, e.g. introduction, materials and methods, results, discussion
and references. For Reviews, Perspectives and similar articles, authors may use the sections
that best suit the structure and content of the proposed manuscript. All manuscripts should
contain, besides the title and abstract, full details of authors and institutions,
acknowledgements of any technical or financial assistance as well as state any conflicts of
interest. This flexible text format will be used for the initial analysis and peer review. If the
manuscript is accepted, authors will be requested to edit the text in accordance with the

publication style of the Memorias."
Upon acceptance, the manuscript should be arranged in the following format:

The manuscript should be prepared using standard word processing software and should be
printed (font size 12) double-spaced throughout the text, figure captions, and references (must
be up to 30 references), with margins of at least 3 cm. The figures should come in the
extension tiff, with a minimum resolution of 300 dpi. Tables and legends to figures must be
submitted all together in a single file. Figures, must be uploaded separately as supplementary

file.

Running title: not required

Title: with up to 250 characters

Author's names: without titles or graduations

Institutional affiliations: full address of the corresponding author only

Abstracts: Provide an abstract of between 250- 300 words (100 words in case of short
communications, technical notes, genome announcements or reviews). Abstracts of original
articles should be structured into 5 sections as follows: BACKGROUND, OBJECTIVES,
METHODS, FINDINGS and MAIN CONCLUSIONS, each section addressing respectively
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the problem, the aim of the study, the main methodological approach, the most important

findings and the conclusions of the study.

Key words: 3-6 items must be provided. Terms from the Medical Subject Headings (Mesh)
list of Index Medicus should be used.

Sponsorships: indicating the sources of financial support and change of address.

Introduction: should set the purpose of the study, give a brief summary (not a review) of
previous relevant works, and state what new advance has been made in the investigation. It

should not include data or conclusions from the work being reported.

Materials and Methods: should briefly give clear and sufficient information to permit the

study to be repeated by others. Standard techniques need only be referenced.

Ethics: when reporting experiments on human subjects, indicate whether the procedures
followed were in accordance with the ethical standards of the responsible committee on
human experimentation (institutional or regional) and with the Helsinki Declaration of 1975,
as revised in 1983. When reporting experiments on animals, indicate whether the institution's
or a national research council's guide for, or any national law on the care and use of laboratory

animals was followed.

Results: should be a concise account of the new information discovered, with the least

personal judgement. Do not repeat in text all the data in the tables and illustrations.
In case of describing New Species, should follow:

Name of the new species, authors (when it is the case), sp. nov., (Figs x-y)

[Ex: An. (Nyssorhynchus) atacamensis Gonzéalez and Sallum, sp. nov. (Figs 1-4)]

Previous  reference to the new  species (when it is the  case)

[Ex: An. pictipennis of Rueda et al. (2008): 448.]
Diagnosis (or Description; all stages are described);
Type host (when it is the case);

Site of Infection (when it is the case);

Type-locality;

Type data and depository;
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Other material examined (when it is the case);

Distribution;

Host-parasite data (such prevalence and other important data, when it is the same case);
Bionomics;

Etymology;

Taxonomic discussion (or simply DISCUSSION as internal title).

Discussion: should be limited to the significance of the new information and relate the new

findings to existing knowledge. Only unavoidable citations should be included.

Acknowledgements: should be short and concise, and restricted to those absolutely
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Author's contribution: state each author's contribution to the work.

REFERENCES

Must be accurate. Only citations that appear in the text should be referenced. Unpublished

papers, unless accepted for publication, should not be cited. Work accepted for publication

should be referred to as "in press'" and a letter of acceptance of the journal must be provided.

Unpublished data should only be cited in the text as "unpublished observations", and a letter

of permission from the author must be provided. The references at the end of the paper should

be listed in numerical order, and in the same order in which they are cited in text. CLICK

HERE [+]

Figures: presented in tiff format with a minimum of 300 dpi and photographs must be sharply
focused, well contrasted, and if mounted onto a plate, the figures should be numbered
consecutively with Arabic numbers. Magnification must be indicated by a line or bar in the
figure, and referenced, if necessary in the caption (e.g., bar = 1 mm). Plates and line figures
should either fit one column (8 cm) or the full width (16.5 cm) of the page and should be
shorter than the page length to allow inclusion of the legend. Letters and numbers on figures
should be of a legible size upon reduction or printing. A colour photograph illustrates the
cover of each issue of the Journal and authors are invited to submit illustrations with legends

from their manuscript for consideration for the cover.
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Tables: should supplement, not duplicate, the text and should be numbered with Roman
numerals. A short descriptive title should appear above each table, with any explanations or

footnotes (identified with a, b, c, etc.) below.

Review: Papers in “review” format are accepted only by means of invitations made by the

editor or associated editors.

Technical Notes: Technical Notes should communicate rapidly single novel techniques or
original technical advances. The entire note should occupy no more than three printed pages
including figures and/or tables (it means around 10 double-spaced typed Word file
maximum). The text must not be not divided into sections. Therefore, the state of art must be
very briefly presented; results must be rapidly presented and discussed at a time.
Complementary tables and figures may be published as supplementary data. References must
be limited to few essential ones and cited at the end of the note, using the same format as in

full papers. A brief summary and three key words must be provided.

Short communications: should communicate rapidly single results or techniques. They
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not contain excessive references. References should be cited at the end of the paper using the

same format as in full papers. A brief summary and three key words must be provided.

Genome Announcement and Highlights: this section is dedicated to publish new genome
information from eukaryote parasites, virus, bacteria and their respective vectors. Authors
who wants a fast peer review and publication cycle for their research results covering new
genome sequences, re-sequencing and comparative genome analysis as well as the expression

pattern of genomes are invited to submitted papers under the short communication format.

Alternative format: manuscripts may be submitted following the "Uniform Requirements for
Manuscripts Submitted to Biomedical Journals" produced by the International Committee of
Medical Journal Editors also known as the Vancouver Style. In this case, authors should
follow the guidelines in the fifth edition (Annals of Internal Medicine 1997; 126: 36-47, or at
the website http://www.acponline.org/journals/resource/unifreqr/htm) and will be responsible
for modifying the manuscript where it differs from the instructions given here, if the
manuscript is accepted for publication.

Authors should also follow the Uniform Requirements for any guidelines that are omitted in

these Instructions.
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In case of clinical trials it’s mandatory to inform the registration number of the REBEC

platform.

A statement that the data/results of the manuscript are not plagiarism and have not
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