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RESUMO

Enzimas glicoliticas, como a enolase, tém sido descritas como proteinas
multifuncionais complexas, podendo desempenhar fun¢des ndo glicoliticas,
ditas moonlighting. Porém, pouco se sabe sobre estas fungdes, especialmente
em parasitos. Em Echinococcus granulosus, o agente causador da hidatidose
cistica, uma isoforma da enolase (EgEnol) esta entre as proteinas
intracelulares detectadas nos produtos de excrecdo/secrecdo e entre
componentes de interface parasito-hospedeiro. Estas localizacdes ectopicas
sdo indicativas de que a EgEnol poderia estar desempenhando funcdes
moonlighting, tornando esta proteina um atraente alvo para estudos. Em Homo
sapiens, a enolase a € a isoforma predominantemente expressa em todo o
organismo e é a ortdloga da EgEnol. Além de sua atividade catalitica classica,
a enolase a tem sido descrita em outros processos funcionais como modulagéo
imunolégica e na sensibilidade de células tumorais a drogas. Embora a
multifuncionalidade da enolase seja cada vez mais evidente, ainda nao esta
claro se estas funcdes sao evolutivamente conservadas ou ndo, sendo esse 0
alvo deste estudo. Uma das estratégias que tem sido utilizada para investigar
fungbes moonlighting é o uso de ferramentas de biologia de sistemas, as quais
permitem a predicdo de funcdes/interacdes de proteinas através do estudo de
redes biologicas. Assim, redes de interagdo proteina-proteina (PPI) foram
projetadas com a ferramenta STRING para H. sapiens, Drosophila
melanogaster, Caenorhabditis elegans e Saccharomyces cerevisiae. As
analises das redes foram realizadas no software Cytoscape (versédo 2.8.2)
através dos plug-ins: AllegroMCODE, para analises de modularidade;
CentiScaPe, para analises de centralidade; e BINGO, para o enriquecimento
funcional. As proteinas de interacdo com a enolase, comuns a todas as redes
projetadas, foram identificadas e classificadas funcionalmente conforme os
termos do banco de dados Gene Ontology usando a ferramenta Blast2GO.
Anotacbes do Eukaryotic Orthologous Groups (KOG) foram também atribuidas
as proteinas identificadas com base em buscas por similaridade.
Adicionalmente, dados de proteinas de interacdo com a EgEnol em E.
granulosus foram comparados aos dados das redes de PPl Foram
identificadas 14 proteinas de interacdo com a EgEnol em E. granulosus, das
quais apenas duas preditas nas redes de PPI. As demais, sem predi¢édo in
silico, sugerem fungbes moonlighting especificas da EQEnol que podem estar
associadas a interagdes parasito-hospedeiro.



ABSTRACT

Glycolytic enzymes, such as enolase, have been described as complex
multifunctional proteins that may perform non-glycolytic moonlighting functions.
However, little is known about such functions, specially in parasites. In
Echinococcus granulosus, the causative agent of cystic hydatid disease, an
enolase isoform (EgEnol) is among the intracellular proteins also detected as
excretory-secretory products and in components of parasite-host interface.
These ectopic localizations are indicative of EgEnol possible moonlighting
functions, making this protein an attractive target for study. In Homo sapiens, a-
enolase is the predominantly expressed isoform throughout the body and is the
orthologue of EgEnol. In addition to its classic catalytic activity, a-enolase roles
have been described in other processes, such as immune modulation and
tumor cell sensitivity to drugs. Although enolase multifunctionality is increasingly
evident, it is still unclear whether these functions are evolutionarily conserved or
not, which is the aim of this study. One of the strategies that have been used to
investigate moonlighting functions is the use of systems biology tools, which
allow the prediction of protein functions/interactions based on the study of
biological networks. Thus, protein-protein interaction (PPI) networks have been
designed with the STRING tool for: H. sapiens, Drosophila melanogaster,
Caenorhabditis elegans and Saccharomyces cerevisiae Network analyses were
performed by Cytoscape software (version 2.8.2), by its plugins: plugins
AllegroMCODE, modularity analyses; CentiScaPe, centrality analyses; and
BiINGO, functional enrichment. The proteins that interact with enolase, common
to all designed networks, were identified and functionally classified according to
the terms of the Gene Ontology database using the tool Blast2GO. Annotations
of Eukaryotic Orthologous Groups (KOG) were also attributed to proteins
identified based on similarity searches. Additionally, data from EgEnol
interacting proteins in E. granulosus were compared to data of PPl networks.
We identified 14 E. granulosus proteins that interact with EQEnol, with only two
of them predicted in the PPI networks. The other, with no in silico prediction, are
suggestive of EgQEnol specific moonlighting functions that may be associated
with host-parasite interactions.

10



1. INTRODUCAO

1.1. O Echinococcus granulosus e a hidatidose cistica

A fase larval (cisto hidatico ou metacestddeo) de Echinococcus
granulosus (Platyhelminthes, Cestoda) € o agente etiologico da hidatidose (ou
eguinococcose) cistica, uma parasitose endémica ou hiperendémica para seres
humanos e ungulados domésticos (especialmente bovinos e ovinos) (Moro &
Schantz, 2009). O cisto hidatico desenvolve-se predominantemente no figado
ou pulmdes dos hospedeiros intermediarios. Ao longo da infeccdo, o cisto
cresce, ocasionando lesdes cisticas cronicas que podem persistir muitos anos,

causando sintomas variados, dependendo de seu tamanho e localizacao.

A hidatidose cistica representa um problema sério de saude publica
humana e animal em todo mundo, com significativo impacto s6cio-econdmico.
Ela é considerada pela Organizacdo Mundial da Saude como uma doenca
negligenciada (http://www.who.int/neglected_diseases/diseases/en/)
(Torgerson, 2003; Moro et al., 2011), apesar do reconhecimento de seu caréater
de zoonose cosmopolita emergente/re-emergente em nivel mundial (Moro &
Schantz, 2009; Mandal & Mandal, 2012). Levantamentos recentes demonstram
que a hidatidose cistica ja causa prejuizos anuais da ordem de US$ 760
milhdes, em gastos no tratamento de pacientes humanos, e de mais de US$ 2
bilhdes, associados a diminuicdo de rendimento na pecuaria (Budke, 2006,
Battelli, 2009, Benner et al., 2010). Na América do Sul, a hidatidose é endémica
ou hiperendémica no Cone Sul e na regido andina (de la Rue, 2008; de la Rue
et al., 2011; Moro et al., 2011).

A inespecificidade dos sintomas e dos métodos fisicos usualmente
disponiveis para a deteccao de cistos hidaticos (radiologia e ultrassonografia)
dificulta o diagnaostico clinico da hidatidose cistica humana (Mandal & Mandal,
2012). Também a caracterizacao limitada do repertério antigénico do parasito
limita o desenvolvimento de vacinas, embora algumas proteinas com potencial

para utilizacdo em vacinagdo contra a hidatidose cistica ou contra a hidatidose
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alveolar (causada por Echinococcus multilocularis) ja tenham sido identificadas
(Dang et al., 2009; Jabbar et al., 2011).

Poucas proteinas de E. granulosus tém sido caracterizadas além da
determinacdo de seus potenciais antigénico ou imunogénico. Dentre as
proteinas do parasito que ja tiveram pelo menos algum grau adicional de
caracterizagdo funcional podem ser citadas a malato-desidrogenase citosolica
(Ferreira & Zaha, 1994), uma proteina de fragmentacao de filamentos de actina
(AFFP) da familia da gelsolina (Cortez-Herrera et al., 2001; Grimm et al., 2006)
e proteinas 14-3-3 (Siles-Lucas et al., 2001; Nunes et al., 2004). H4, contudo,
uma caréncia de mais estudos para que estas e outras proteinas tenham seus
papéis na fisiologia do parasito melhor esclarecidos, especialmente no que diz
respeito ao potencial envolvimento em processos de interacdo parasito-
hospedeiro. Neste sentido, nosso grupo de pesquisa vem investindo na
caracterizacao do repertdrio de proteinas expressas pela fase larval patogénica
do E. granulosus (cisto hidatico) (Monteiro et al., 2010), com énfase na
identificacdo de proteinas de superficie ou presentes entre os produtos de ES
do parasito no liquido hidatico. Com isso, ja foram identificadas diversas
proteinas interessantes para investigacao funcional mais aprofundada, dentre
as quais se destacam, enzimas glicoliticas com possiveis funcdes

moonlighting.

1.2. Funcdes moonlighting

Proteinas moonlighting exibem atividades funcionais, dentro ou fora da
célula, ndo relacionadas a sua funcdo metabdlica descrita (Copley, 2012).
Alguns dos primeiros exemplos de proteinas moonlighting a serem descritos
foram os de certas cristalinas, proteinas estruturais presentes nos cristalinos
dos olhos de vertebrados, que sdo, na verdade, enzimas bem conhecidas. Por
exemplo, a e-cristalina de patos € uma lactato-desidrogenase (Hendriks et al.,
1988) e a T1-cristalina de tartarugas € a enzima glicolitica a-enolase (Wistow et
al.,, 1988). Desde entdo, muitas outras proteinas moonlighting tém sido

descobertas (Huberts et al., 2010b; Copley, 2012).
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As proteinas moonlighting conhecidas utilizam diversos mecanismos
para troca de funcgbes (Jeffery, 2009). Algumas proteinas podem ter funcdes
diferentes quando expressas em diferentes locais no interior da célula. Por
exemplo, algumas proteinas citoplasmaticas sdo também encontradas na
superficie celular, onde podem funcionar como receptores (Luo et al., 2009;
Shevade et al., 2013; Gomez-Arreaza et al., 2014), enquanto outras podem ser
encontradas no nucleo, onde podem atuar como fatores de transcricao
(Gémez-Arreaza et al., 2014). Outras proteinas moonlighting trocam de funcéo
quando sdo secretadas (Niinaka et al., 1998; Gomez-Arreaza et al., 2014).
Além disso, modificacbes pods-traducionais (Pal-Bhowmick et al., 2007;
Shevade et al.,, 2013), formagdo de complexos multiproteicos (Zheng et al.,
2003) e formacdo de estruturas quaternarias alternativas (Saccoccia et al.,

2012) podem ser determinantes de funcdes alternativas.

Muitas das proteinas multifuncionais (moonlighting) conhecidas séo
enzimas altamente conservadas, como, por exemplo, enzimas envolvidas na
glicdlise (Huberts et al., 2010b). H& evidéncias de que 7 das 10 enzimas da via
glicolitica exibem atividades moonlighting (Sriram et al., 2005). Dependendo do
organismo, as funcfes alternativas de enzimas glicoliticas podem variar desde
funcdes estruturais e regulatérias (Starnes et al., 2009; Gémez-Arreaza et al.,
2014) até, em organismos parasitos, funcbes de interacdo e invasdo do
hospedeiro (Luo et al.,, 2009; Nogueira et al., 2010; Gémez-Arreaza et al.,
2014).

Dentre as proteinas ja descritas como tendo fun¢cdes moonlighting em
organismos parasitas, destacam-se enzimas da via glicolitica, as quais tém sido
comumente identificadas no tegumento e nos produtos de ES de diversos
parasitos, onde apresentam propriedades antigénicas e de interagdo com o
hospedeiro (Bernal et al., 2004; Marcilla et al., 2007; Huang et al., 2009;
Gbomez-Arreaza et al., 2014). Tanto em espécies parasitas como nas de vida
livre, enzimas glicoliticas, como a enolase, podem ter fungbes nao glicoliticas
na regulacdo do citoesqueleto, no transporte celular, na transcricdo ou na
apoptose (Pancholi, 2001; Kim & Dang, 2005; Sherawat et al., 2008; GOomez-
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Arreaza et al., 2014). Mas, especificamente em parasitos, elas podem
desempenhar papeis importantes em processos-chave para o modo de vida
parasitario, como motilidade, adesdo, invasdo, diferenciacdo e
desenvolvimento, entre outros (Jewett & Sibley, 2003; Labbé et al., 2006; Pal-
Bhowmick et al., 2007; Pomel et al., 2008). A enolase também ja teve descrita
sua capacidade de ligacdo a macromoléculas do hospedeiro, como o
plasminogénio (Bernal et al., 2004; Marcilla et al., 2007; Gémez-Arreaza et al.,
2014), em processos de degradacdo de componentes de matriz extracelular
importantes para a disseminacdo de patdgenos em tecidos de seus
hospedeiros (Nogueira et al., 2010). No caso de helmintos parasitas, a ligacao
de proteinas glicoliticas ao plasminogénio pode impedir a formacdo de
coagulos ao redor do parasito, contribuindo para o estabelecimento da infeccao

no hospedeiro (Marcilla et al., 2007; Ramajo-Hernandez et al., 2007).
1.3 Biologia de sistemas

Um dos maiores desafios da biologia pos-gendmica € o entendimento de
como 0s genes, proteinas e outras moléculas interagem para formar sistemas
celulares (zZhang et al., 2007). Com o rapido avanco da biologia e o
desenvolvimento de altas tecnologias para o estudo de interagcdes de
moléculas biolégicas, como microarranjo, ensaios de duplo-hibrido,
coimunoprecipitacdo, entre outras, foi possibilitada a criagdo de bancos de
dados de interacdo proteina-proteina (PPI) de organismos modelo. Com a
utilizacdo desses bancos de dados, é possivel a criagcdo de redes de PPI que
possibilitam o entendimento de como os eventos celulares sdo coordenados a
nivel molecular, um dos principais objetivos da biologia de sistemas (Gunsalus
& Rhrissorrakrai, 2011).

Entre os mecanismos associados a troca de funcdo de proteinas
moonlighting estdo as PPIls. Deste modo, uma das estratégias que tem sido
utilizada para investigar fungdes moonlighting € o uso de ferramentas de
biologia de sistemas, as quais permitem a predicdo de fungdes/interacdes de
proteinas através do estudo de redes bioldgicas. O principio das redes de PPI

sugere que estas possuem a informacdo necessaria para inferir a
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multifuncionalidade de uma proteina (Gémez et al., 2011). Dessa forma os
bancos de dados de PPI podem ser considerados uma ferramenta valiosa para
0 estudo de fungbes moonlighting. Portanto, as ferramentas de biologia de
sistemas tém sido utilizadas para predizer funcbes de proteinas, através da
utilizacao de redes de PPI (Janga et al., 2011;).Por exemplo, esta estratégia foi
bem sucedida na descricdo das propriedades funcionais das redes de

pequenas GTPases (Delprato, 2012).

Outra vantagem que a biologia de sistemas possibilita é o estudo de
redes de PPI de forma comparativa. Como os dados de PPI ainda sé&o limitados
e disponiveis especialmente para organismos-modelo, o estudo comparativo de
redes de interacdo pode revelar aspectos funcionais conservados ao longo da
escala evolutiva e que, possivelmente podem ser extendidos para organismos
cujos bancos de PPI sédo reduzidos ou até mesmo inexistentes. Por exemplo,
para o parasito Plasmodium falciparum foi descrita a criagdo de uma rede de
PPI para elucidar como ocorrem as relacdes entre as funcgbes metabdlicas
necessarias para a manutencédo da doenca (Ramaprasad et al., 2012). Como
ndo estao disponiveis bancos de dados de P. falciparum para a criacdo de
redes de PPI, foram utilizados bancos de dados de organismos modelo e
resultados de ensaios de duplo-hibrido de levedura para gerar a rede interacéo

modelo para este organismo.

A caracterizacdo de funcdes ndo glicoliticas da enolase tanto em
organismos parasitas como nédo parasitas tem tornado cada vez mais evidente
a multifuncionalidade desta enzima (Bernal et al., 2004; Sriram et al., 2005;
Marcilla et al., 2007;Nogueira et al., 2010), porém ainda ndo esta claro se
algumas destas fungbes sé@o conservadas evolutivamente. Dessa forma, a
biologia de sistemas é uma abordagem interessante para a investigacdo de
possiveis fungdes moonlighting da enolase evolutivamente conservadas. Uma
vez que processos funcionais conservados da enolase sejam revelados, eles
poderdo ser extendidos para organismos como E. granulosus, para o qual um

banco de PPI é inexistente, e servirdo como base para o direcionamento de
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estudos de validacdo funcional da multifuncionalidade da enolase neste

parasito.
1.4. Justificativas e objetivos

Uma forma de compreender a funcdo de uma proteina em uma célula é
perguntar onde exatamente esta proteina esta na célula, e com quais proteinas
ela esta interagindo. Estas sdo algumas das perguntas que a analise de redes

biologicas de PPI pode responder.

A enolase 1 de E. granulosus (EgEnol) tem se mostrado uma enzima
potencialmente moonlighting devido a localizacdo em compartimentos celulares
ndo usuais (Lorenzatto et al. 2012). Além disso, estudos preliminares de
interacdo proteina-proteina também sdo sugestivos da multifuncionalidade
desta enzima em E. granulosus. Uma abordagem que ainda nao foi utilizada
para avaliar a multifuncionalidade da enolase é o estudo comparativo de redes
de PPI. Como bancos de dados de PPI para E. granulosus ainda ndo estédo
disponiveis, informacdes disponiveis para organismos modelo podem ser
utilizados para projetar as redes de PPI de proteinas ortélogas da EgEnol.
Dessa forma, espera-se evidenciar processos funcionais da enolase que sejam
conservados evolutivamente, e que também possam ser verdadeiros para a

enolase de E. granulosus.

O trabalho aqui apresentado d& seguimento ao trabalho de
caracterizacdo funcional da EgEnol, com énfase na busca de evidéncias de
funcbes moonlighting. Do ponto de vista de pesquisa bésica, os estudos
propostos deverdo identificar possiveis proteinas e interacdes proteicas
conservados em organismos modelo e que poderdo evidenciar mecanismos
moleculares e processos importantes para a sobrevivéncia e desenvolvimento

do cisto hidatico durante a infec¢do cronica do hospedeiro intermediario.
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1.4.1 Objetivos

1.4.1.1. Objetivo geral

O objetivo desse trabalho € a obtencdo de evidéncias de funcbes

moonlighting evolutivamente conservadas das proteinas enolase de eucariotos

e, especificamente, da proteina EgEno1.

1.4.1.2. Objetivos especificos

vi.

Recuperacdo dos dados de PPl e projecdo das redes de PPI para

enolases de H. sapiens, D. melanogaster, C. elegans e S. cerevisiae;

ldentificacdo dos modulos de proteinas altamante conectadas das redes
de PPI geradas;

Identificacdo das proteinas centrais das redes;

ldentificac@o das proteinas ortélogas presentes nas diferentes redes de
PPI;

Identificacdo das principais funcdes bioldgicas desempenhadas pelas

proteinas das redes de PPI;

Identificacdo das proteinas de interacdo da EgEnol em protoescolices.
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2. CAPITULO 1 - Systems biology approach reveals possible evolutionarily

conserved moonlighting functions for enolase
2.1. Apresentacéao

O manuscrito que constitui esta secado foi escrito seguindo as
orientacdes da revista Molecular Biosystems
(www.rsc.org/molecularbiosystems). Todos o0s experimentos descritos no
manuscrito, assim como a sua redacéo, foram realizados pela aluna Gabriela

Prado Paludo, sendo os demais autores responsaveis pela sua orientacao.
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2.2. Abstract
Glycolytic enzymes, such as enolase, have been described as

multifunctional complex proteins that also display non-glycolytic activities,
termed moonlighting functions. Although enolase multifunctionality has been
described for several organisms, the conservation of enolase alternative
functions through different phyla has not been explored in more details. One
useful strategy to investigate moonlighting functions is the use of systems
biology tools, which allow the prediction of protein functions/interactions by
graph design and analysis. In this work, available information from protein-
protein interactions (PPI) databases were used to design enolase PPl networks
for four eukaryotic organisms, covering a wide spectrum of this domain of life,
Homo sapiens, Drosophila melanogaster, Caenorhabditis elegans, and
Saccharomyces cerevisiae. Modularity and centrality analyses, and functional
enrichment for all generated networks were performed. PPl networks with
number of nodes ranging from 140 to 411 and up to 15,855 connections were
generated. In addition, we obtained subnetworks, clusters, related to different
biological processes, like development, stress response, and apoptosis, among
others. The performed analyses showed that enolase is a central node within
the networks, and that, in addition to its canonical interactions with proteins
related to glycolysis and energetic metabolism, it is also part of conserved
proteins clusters related to different biological processes like transcription and
development. Our results indicate that enolase can be involved in regulation of
these different processes, through patterns that are repeated in some of the
organisms studied here. Finally, this work gives an overview of the possible

conserved non-glycolytic processes in which enolase may be involved.

Key-words: enolase, moonlighting functions, systems biology, protein-

protein interaction network
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2.3. Introduction

One of the major challenges of post-genomic biology is to understand
how genes, proteins and other molecules interact to compose cellular systems?.
In recent years, the idea of “one gene, one protein, one function” has been
replaced by the knowledge that many proteins display multiple functions.? For
example, moonlighting proteins could display two or more different functions
within a single polypeptide chain.® The functions of a moonlighting protein
depends on cellular localization, cell type, oligomeric state, and/or the cellular
concentration of a ligand, substrate, cofactor or product.* These different
mechanisms are not mutually exclusive and, in many cases, the functions of a
protein depends on the physiological status of the cell. Although the
identification of a multifunctional protein from PPI databases can be a difficult
task, systems biology approaches have been successfully applied for this

purpose.>®’®

The development of high-throughput methods for the study of biological
molecules interactions, such as protein microarrays,® two-hybrid assays,* co-
immunoprecipitation™ and peptide phage display,'? allowed the generation of
robust databases of protein-protein interaction (PPI) for four eukaryotic
organisms. To understand how cellular events are coordinated at the molecular
level, the information contained in these databases can be arranged in a graph
context to create PPI networks.’®*** The properties of PPl networks can be
explored to identify interaction possibilities whose effectiveness depend on
physical binding events.'® The cumulative effect of such events results in a
distribution of protein complexes that ultimately determines cellular behavior.

Enolase, also known as phosphopyruvate hydratase, is a glycolytic
enzyme that catalyzes the dehydratation of 2-phosphoglycerate to
phosphoenolpyruvate. This protein is present in all three domains of life and is
one of the most abundantly expressed cytosolic proteins in many organisms.*®
In addition to its classical involvement in glycolysis, other functional roles have
been described for enolase. For example, enolase plays an important role in

mouse mast cell differentiation.!” Knockdown of enolase expression in different

21



tumor cell lines causes a dramatic increase in their sensitivity to microtubule
targeting drugs, suggesting that enolase expression levels can affect the
sensitivity of tumor cell lines to anti-tubulin drugs.*® Moreover, enolase (and
other glycolityc enzymes) has been involved in an specific apoptosis
mechanism, in which it is externalized and participate in immune modulation,
holding promise for understanding and addressing causes of autoimmune and
inflammatory pathology.'® Although the multifunctionality of enolase has been
increasingly evident, it is not yet clear whether its non-glycolytic functions are

evolutionarily conserved or not.

In this work, a systems biology approach was used to investigate the
moonlighting functions of enolase in different eukaryotic organisms. This
approach allowed the comparison of possible enolase interactions and functions
in Homo sapiens, Drosophila melanogaster, Caenorhabditis elegans and
Saccharomyces cerevisiae. Our results showed that enolase is a central node
in all designed networks and is involved in conserved interactions with proteins
related to different cellular functions. Besides its canonical interactions with
proteins related to glycolysis and energetic metabolism, enolase was also found
as part of conserved proteins clusters associated with stress response,
development, among others biological processes. The importance of enolase

moonlighting functions in these evolutionarily conserved networks is discussed.
2.4, Material and methods
Protein-protein interaction network design and global topological analysis

Enolase PPl networks of model organisms were design using the
metasearch tool STRING 8.2 (http://www.string-db.org). In this sense, the
following parameters were used: active prediction methods all enabled except
text mining; no more than 50 interactions; and high confidence score (0.700). To
calculate the confidence score of a specific connection, various major sources
of interaction/association data were benchmarked independently by STRING,?
where a combined score is computed which indicates higher confidence when

more than one type of information supports a given association. This means
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that interactions of high reliability are those which are supported by more than
one source. Taking these parameters into account, a network was generated for
H. sapiens, D. melanogaster, C. elegans and S. cerevisiae. The results
gathered from these search engines were subsequently analyzed using
Cytoscape 2.6.3 (http://www.cytoscape.org).?* The networks were analysed in
terms of global topology (subnetworks) using AllegroMCODE, which is a
Cytoscape plugin freely available at http://www.allegroviva.com/allegromcode.?
The parameters used in MCODE to generate subnetworks were: loops
included; degree cutoff 2, node score cutoff 0.2, K-Core 2, and maximum depth
of network 100. Each subnetwork obtained from this analysis was evaluated in

terms of gene ontologies (GOs).
Gene ontology analyses

The protein subnetworks generated previously were analyzed in order to
identify major associated biological processes. For this purpose, we used the
Biological Networks Gene Ontology (BINGO) software (version 2.44), a
Cytoscape plugin available in http://www.cytoscape.org.”®> The degree of
functional enrichment for a given cluster and category (P-value) was calculated
using hypergeometric distribution, and multiple test correction was also valued
by the false discovery rate (FDR) algorithm, which was fully implemented

through BINGO software with a significance level of P<0.05.
Protein orthology evaluation

The degree of evolutionary network conservation among different
organisms was evaluated by analyzing the type and number of orthologous
proteins found in each network. For this purpose, we compared orthologous
proteins between each two networks, considering all possible pairs, and, finally,
among all networks. Amino acid sequences from probable orthologous proteins
were submitted to multiple alignments using the Clustal W2 software
(http://www.ebi.ac.uk/Tools/msa/clustalw2).>* Only the proteins with similarity
higher than 50% were considered orthologous. The functional category of the

orthologous were identified using the KOG tool
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(http://www.ncbi.nim.nih.gov/COG/grace/kognitor.html).*® To compare the
proteins present in the networks, the identity of proteins were verified in specific
databases for each organisms (H. sapiens: http://www.genecards.org; D.
melanogaster: http://flybase.org; C. elegans: http://www.wormbase.org; S.

cerevisiae: http://www.yeastgenome.org).
Network centralities analyses

Networks centralities (node degree and betweenness) were calculated by
CentiScaPe 1.21 plug-in.?® Nodes with high degree (highly connected) are
called hubs and were defined as all nodes with node degree value higher than
the threshold generated by the software for the total network. Bottleneck nodes
were defined as all nodes with high betweenness value, higher than the network
threshold.

2.5. Results and discussion

Eukaryotic enolase protein-protein interaction network design and global

topological analysis

For this study we used a sample of 4 eukaryotic species with sufficient
volume of data and covering much of eukaryotic biodiversity, from yeast to
mammalian undergoing helminths and arthropods. With this sample we believe
cover possible similarities evolutionarily conserved in this domain of life,
comparison of these networks will show similarities and differences that can be
observed in these so different organisms PPI.

The networks were generated from data of protein-protein interactions
available in the organisms databases. So, were chosen organisms that possess
robust databases with large amounts of PPI information. For the used data
could be trusted, we selected only interactions with a high degree of confidence
(above 0.700), this high degree of confidence indicates that the interaction was
confirmed by more than one way. % Thus, in the generated networks, the
number of enolase interaction proteins (nodes) recovered from databases

varied from 140 to 411, the number of connections (edges) varied widely among
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the networks, and the number of proteins directly connected to enolase or that
are its first neighbors, varied from 20 to 39 proteins. This variation among the
networks as the number of nodes and connections, depends on available data
in databases and as each organism was studied. Despite the differences we
observed some similarities, as the number of proteins directly linked to enolase
had a small variation (between 20 and 39 proteins).

To show the results obtained from the projection of PPI networks, the
Figure 2.1 shows the information of the total number of proteins, total number
of connections and the number of enolase first neighbors for all four organisms.
In addition to modularity results (see below), clusters that perform the same

biological function are in the same color.

The H. sapiens network contains 411 proteins and 4,643 connections.
Among these proteins, 20 are directly connected to human a-enolase. Likewise,
we designed the Drosophila-associated network, with 390 proteins, 15,855
connections and 39 enolase first neighbors; the Caenorhabditis elegans-
associated network, with 140 proteins, 3,147 connections and 24 enolase first
neighbors; and the Saccharomyces cerevisiae-associated network, with 397

proteins, 3,367 connections and 31 enolase first neighbors (Figure 2.1).

Networks are built from data with more than one confirmation, ie high
confidence, that way, you can trust that these interactions are occurring. In
addition, the filter used to select only high confidence interactions not prevented
a recovered enough data to this study. Even the worm network (140 nodes) was
not considered too small, since other studies show that it is possible to obtain

conclusions still working whit small networks.?”32°
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Figure 2.1. Enolase PPI networks. Networks of (A) H. sapiens, (B) D. melanogaster, (C) C.
elegans and (D) S. cerevisiae. Clusters are colored according to their functional category (at
the bottom of the figure). The total number of nodes, connections, the enolase first neighbors
number (Enolase connections) and the number of cluster are described for each network.

In order to identify the presence of orthologous proteins in PPIs of 4

species , we searched for orthologous proteins present in more than one
network. Several orthologous were present in more than one network (Figure

2.2, S-Table 2.1). Nine of these orthologous are present in all four networks
(Figure 2.2).
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D. melanogaster
C. elegans
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Figure 2.2. Venn diagrams showing the distribution of the orthologous shared among the
organisms.

The identification of orthologous shared among the networks is important
to infer some possible enolase moonlighting functions that are evolutionarily
conserved. In order to get a general idea of these possible functions, eukaryotic
orthologous groups (KOG) annotations were assigned for the 9 orthologous
present in all four networks (Figure 2.3A, S-Table 2.1), based on sequence
similarity searches against annotated proteins in KOG
(http://www.ncbi.nlm.nih.gov/COG/grace/kognitor.html)® As a result, 6 out of 9
belong for group G (carbohydrate metabolism and transport), which means that
some of these orthologous identified are related to other than carbohydrate
metabolism and transport functional class. This result rise the question why
these proteins are in the enolase PPI networks. One of the unusual functional
class is transcription (group K), with 1 orthologous identified. This result suggest
that, enolase can be acting in the process of transcription, that corroborates
with the described data that the formation of complexes with enolase in the
nuclei can modulate the expression of the MYC gene.*® Gene Ontology (GO)
terms were also applied to 55 orthologous proteins (S-Table 2.1) using
Blast2GO software (http://www.blast2go.com/b2ghome) .3 The overall result
obtained from Blast2GO analysis is shown in graphics with this data, including
molecular functions, biologic process and cellular component (Figure 2.3B, C,
D). When it comes to the results for the Blast2GO, however, have some further
data. The cellular component results of Blast2GO showed some unexpected
components, as glycolysis occurs in the cell cytoplasm. Thus, the presence of
extracellular proteins in the enolase PPI networks is a curious fact, since the

difference in location should prevent this interaction.

27


http://www.blast2go.com/b2ghome

[
W D
1%
1% 1%
B G ’ 30, 4% 1%
1% 39 4% o
4%
7%
5%
B Cel 3
el
6% 7%
0
B Organelle
[ Macromolecular B Metabolic process B Immune system process
complex
30% B Membrane-enclosed [l Cellular process [ Death
lumen
[l Extracellular region B Multicellular organismal process [[] Biological adhesion
B Developmental process [ Localization
B Growth [] Signaling
B Response to stimulus [] Cellular component
C organization
[ Biological regulation [ Multi-organism process
19 2% [l Catalytic activity
45% B Eind B Reproduction [] Viral reproduction
inding
[ Cell proliferation
[@ Transcription regulator
activity
52% B Molecular transducer
activity

Figure 2.3. Functional enrichment applied to the orthologous identified in common with
the four networks. (A) Functional classification according to KOG annotations of the 9
orthologous present in all four networks; G (carbohydrate metabolism and transport), F
(nucleotide metabolism and transport) e K (transcription). The GO terms were applied to all 55
the orthologous proteins and their functional classification is shown according to (B) cellular
component, (C) molecular function and (D) biological process.

Considering molecular function, nearly half of the orthologous have non-
catalytic activities, as transcription regulatory activity, molecular transducer
activity and binding (Figure 2.3B). The biological process analysis also shows
interesting results with proteins related to unexpected process, like immune
system process or developmental process (Figure 2. 3D). Finally, the enolase

interaction with glycolytic proteins is naturally expected. However, a large
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number of interactions with proteins not related to glycolysis process or energy
obtainment was present in the interactome analysis (Figure 2.3C). The fact that
several non glycolytic proteins have been found in enolase networks is taken as

indicative of enolase multifunctionality.
Network centralities and local topological analyses

In the centralities analysis, we can evaluate each network node
according to the node degree and betweenness to select the most central
nodes within the network.?® Thus, this analysis helps to detect which proteins
could be a relevant target for the search for enolase moonlighting functions.
Betweenness indicates the number of shortest paths that go through each
node. Thus, nodes with higher betweenness scores, when compared to the
average betweenness score of the network, are responsible for controlling the
flow of information through the network, thus characterizing the so-called
bottleneck nodes. Finally, node degree is a measure that indicates the number
of connections that involve a specific node. Nodes with a high node degree are

called hubs* and have key regulatory functions in the cell.

With this method, it was possible to observe that enolase is a bottleneck
node in all networks, indicating it is an important protein connecting others and
also clusters.The enolase is a hub only in S. cerevisiae (Figure 2.4), which may

indicate a high regulatory relevance of the enolase in this network.

We selected proteins that act as hub-bottleneck of all networks, which
combine the bottleneck and the hub property into a scale-free biological
network.** So, we compared these hub-bottleneck proteins with the orthologous
table from the different organisms (S-Table 2.1) and create a new table
containing just the hub-bottleneck proteins that have orthologous from the other
networks (Table 2.1). Most orthologous are shared between two networks. Only
the orthologous for nucleoside diphosphate kinase, RNA polymerase Il subunit
and transketolase were shared among three organisms (H. sapiens, D.

melanogaster and S. cerevisiae).
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Table 2.1. Hub-bottleneck orthologous proteins shared by the organisms

Protein name H. sapiens  D. melanogaster C. elegans S. cerevisiae
Fructose-bisphosphate ALDOA Fbal
aldolase

Glucose-6-phosphate GPI Pgil
isomerase

Nucleoside diphosphate NME1 awd Ynkl
kinase

RNA polymerase 11 subunit POLR2L Rpb10 Rpb2
Transaldolase TALDO1 Tall
DNApolymerase delta FBpp0075277 Pol3
Pyruvate carboxylase CG1516 Pyc2
Transketolase TKT CG8036 Tkil
Succinate dehydrogenase SdhB Sdh2
Glyceraldehyde 3-phosphate Gapdh?2 Tdh2
dehydrogenase

Ubiquitin UBC Ubi4
Elongation fator y Eflgamma Tef4
Ribosomal protein, small RpS23 rps-23

subunit

It was observed in cluster 7 of H. sapiens associated enolase network
(Figure 2.1A), the connection of the bottleneck protein ESR1 (estrogen
receptor), that can act in multicellular organismal development with EP300 (E1A
binding protein p300), a hub-bottleneck protein, which functions as histone
acetyltransferase that regulates transcription via chromatin remodeling and is

3 and also

important in the processes of cell proliferation and differentiation,®
acts in cardiac maturation in mouse.>* Another protein found in cluster 7 is
ARNT (aryl hydrocarbon receptor nuclear translocator), a hub-bottleneck,
connected to EP300, which acts in response to oxidative stress.®* The HNF1A
(HNF1 homeobox A), that was found in the cluster 7, is a transcriptional
activator that regulates the tissue specific expression of multiple genes and can

act in reproduction.

In the D. melanogaster hub-bottleneck proteins set (Table 2.1) there are :
RpS23 (ribosomal protein, small subunit), that is a structural constituent of
ribosome,*® and belongs to cluster 2; Rpb10 (RNA polymerase Il subunit), that
have DNA-directed RNA polymerase activity,>” and belongs to cluster 3; and alll

other proteins belong to cluster 1. The fly hub-bottleneck proteins from cluster 1
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form a click, which means that each protein has connection to all other. The
awd (nucleoside diphosphate kinase) is a fly hub-bottleneck protein, it is a NME
(human protein) orthologous, and several studies have shown proteins from

NME/Awd families involved in tumor metastasis.>® *°

The only C. elegans hub-bottleneck protein that has orthologous in other
networks is the rps-23 (ribosomal protein, small subunit). The rps-23 is from
cluster 1 (embryonic development) and most proteins which are connected to it
also are t from cluster 1. In C. elegans, the rps-23 activity is required for
germline development, vulval morphogenesis, and the overall health of the

animal.*°

In the S. cerevisiae network there are twelve hub-bottleneck proteins that
have orthologous in other networks. The Ubi4 (ubiquitin) is a hub-bottleneck
protein whose abundance increases in response to DNA replication stress.*
The Ubi4 is directly connected to two other hub-bottleneck proteins: the Tkl
(transketolase) and the Rpb2 (RNA polymerase Il subunit).

Modularity within the eukaryotic enolase networks

High aggregation is an essential characteristic of biological networks, and
it reflects high modularization of networks.*? Therefore, it is expected that the
PPI network of an organism be very complex, and consists of large number of
sub-networks, modules. Functional modules can be identified from complex
protein interaction networks. It follows that the investigation of functional
clusters will generate a better understanding of cellular organization, processes

and functions.

Although clusters are identified on the basis of the topology, the
assumption underlying this approach is that clusters will identify groups of

proteins that similar functions.*®

In this sense, seven clusters of highly
connected proteins were found in H. sapiens, D. melanogaster and S.
cerevisiae networks, while four clusters were found in C. elegans network (see

Figure 2.1).
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Using gene ontology (GO) analyses, the functional enrichment indicates
functional processes in which the proteins from these clusters may be involved.
The most representative biological processes observed in the networks were
highlighted in Figure 1. Thus, for each identified cluster, a main function was

assigned.

Among the functional processes assigned to the network proteins, we
found that several of these processes are shared among different networks
(Figure 2.1 and S-Table 2.2). To analyze the results obtained from the
modularization, the sizes of the clusters were compared with the same
biological function in different organisms (see S-Table 2.3). In this study it is
observed that, although most exhibit great variation in number of proteins,
someones showed similar sizes. This is the case of the transcription clusters of
human and yeast, 37 and 35 proteins, respectively. Other cases of clusters with
similar sizes are the clusters related to apoptosis, DNA replication and
development. In other cases there are a large variation among the number of
proteins of each cluster. The variation may be an indication that some

databases may be less information available of this biological function.

Using the hub-bottleneck proteins (Table 2.1) it was possible to compare
the clusters which they belong. An interesting fact was that H. sapiens proteins
related to glycolysis (human cluster 3) fructose-bisphosphate aldolase, glucose-
6-phosphate isomerase, transaldolase and transketolase, have their
orthologues in yeast belonging to the cell death cluster (Cluster 2 yeast).
Another curious fact was that the pyruvate carboxylase, glyceraldehyde 3-
phosphate dehydrogenase and elongation factor y fly proteins have their yeast
orthologs belonging to the apoptosis cluster. The nucleoside diphosphate
kinase protein belongs to the transcription cluster for both human and yeast, but
it is part of the mitotic cell cycle cluster in fly. Another similar case is for the
PolR2L protein that belongs to transcrition cluster in human and yeast, but
belongs to embrionary development cluster in fly.

In addition to the hub-bottleneck proteins, other important proteins were

found in the clusters. Further analysis allowed the comparison of the biological
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functions. One of them is embryonic development. For H. sapiens, 4 proteins
from cluster 4 were related to embryonic development, namely (i) SMAD2 and
SMAD4, signal transducers and transcriptional modulators that mediate multiple
signaling pathways;** (ii) SKI, that may play a role in neural tube development
and muscle differentiation;** and (i) MAPK1, which is involved in a wide variety
of cellular processes such as proliferation, differentiation, transcription
regulation and development.*® The functional enrichment indicates that these
proteins are associated with embryonic development ending in birth or egg
hatching. Additionally, the connection between enolase and these proteins is
made by MYC in the H. sapiens interactome. MYC is able to activate the
transcription of growth-related genes, where a significant proportion of genes
(10% to 15%) in both the human and Drosophila genomes are regulated by
MYC.*"*® Furthermore, it was demonstrated that the expression induction of c-
myc gene contributes to tumorigenesis,* and the enolase association to other

proteins in the nucleus can modulate c-myc expression.*

Development is another functional process found in clusters of H.
sapiens, C. elegans and S. cerevisiae. Analyzing the H. sapiens development
cluster, we found proteins as AES and ITGB1, which are related to multicellular
development and, in H. sapiens, both proteins are also involved with maternal
process in female pregnancy. Some transcription factors, such as HNF1A, SP1
and TCF7L2, were also found in development clusters. In addition, the H.
sapiens cluster also shows an estrogen receptor, ESR1. Interestingly, it has
been described that enolase secretion from stromal cells to extracellular space
is dependent of an estrogen receptor and the stromal-derived secreted enolase
acts in a paracrine manner to promote plasminogen activation and prostate

cancer. °

In S. cerevisiae development-associated cluster, it was observed proteins
as Sgsl, Mdy2 and Ubi4. Ubi4 is directly connected to enolase and it is required
for sporulation and resistance to stress conditions.®® Ubi4 orthologous were
identified in H. sapiens and D. melanogaster networks (S-Table 2.1). The Mdy2

protein, which contains a ubiquitin-like domain, act in cell morphogenesis and is
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involved in conjugation with cellular fusion.® Mdy2 is connected to Sscl, an
ATPase of the Hsp70 family, directly connected to enolase. A similar case
occurs for Sgsl, related in replicative cell aging,® that connect to Smt3, a

ubiquitin-like protein of the SUMO family, which is connected to enolase.

For C. elegans, most of proteins identified related to nematode
development were RNA polymerases and a nucleoside diphosphate kinase
(F25H2.5). The F25H2.5 protein connects to two pyruvate kinases, pyk-1 and
pyk-2, that connect to enolase. The same is observed in H. sapiens, where the
nucleoside diphosphate kinase NME1, connect to a pyruvate kinase PKLR,
which is directly connected to enolase. Interestingly, in addition to the
nucleoside diphosphate kinase activity, mammalian Nme proteins exhibit 30-50
exonuclease activity™* and endonuclease nicking activity.> Nme proteins are
indeed involved in several cellular functions, including DNA repair,®® caspase-
independent cell death,®>” as well as cell migration/metastasis.>® The activation
of F25H2.5 gene during C. elegans embryogenesis may result in aberrant
development.®® Although these proteins are also present in D. melanogaster
interactome, the functional enrichment was not able to identify them as related
to development (Figure 2.1). In the fly network, the awd protein, nucleoside
diphosphate kinase, connect to PyK, pyruvate kinase, and both connect to blw,
a protein related to growth and spermatid development, the blw is connected to

enolase.

Nucleoside diphosphate kinase have been shown to be involved in major
cellular events such as proliferation, differentiation, development, apoptosis,
and metastasis dissemination, through mechanisms still largely unknown.® This
pattern identified in these model organisms demonstrates the importance of
conducting comparison studies, whereas the functional enrichment, conducted
with data from individual studies, identify these proteins related to different
processes: in C. elegans these proteins were identified in cluster 2
(development) and in H. sapiens the proteins are present in cluster 1

(transcription). This case is indicative that although some proteins are recruited

35



to be multifunctional, the additional functions can vary depending on the

organism.

DNA replication clusters were identified only in H. sapiens and S.
cerevisiae networks. In yeast, the pyruvate kinase Cdcl9 is directly connected
to enolase. Cdc19 is important for high-temperature tolerance in S. cerevisiae.®
However, the H. sapiens PKM2 protein, orthologous to Cdcl9 in yeast, was
identified in the transcription cluster (S-Table 2.4 and Figure 2.1). Interestingly,
PKM2 and enolase were identified as up-regulated proteins in lung cancer and
chronic obstructive pulmonary disease.®® Furthermore, studies showed the role
of PKM2 in the production of lactic acid through glycolysis rather than producing
energy through mitochondrial oxidative phosphorylation.®*® This may help
tumor cells to survive in low glucose and low oxygen environments, and
facilitate tumour invasion. Thus, this interaction could be another interesting

study target to predict enolases moonlighting functions.

The triose-phosphate isomerase (TPI) protein is present in cluster 6 of D.
melanogaster (directly connected to enolase) and its orthologous, tpi-1, in
cluster 3 of C. elegans (S-Table 2.4). The C. elegans tpi-1 protein is related to
worm lifespan and aging.®® Additionally, the S. cerevisiae Tpi, enolase, pyruvate
kinase, among other proteins, were identified as extracellular proteins secreted
by a unconventional pathway.?® Yeast cells with reduced activity of Tpil exhibit
an increased resistance to the thiol-oxidizing reagent diamide.®” This phenotype
is conserved in C. elegans and the underlying mechanism is based on a
redirection of the metabolic flux from glycolysis to the pentose phosphate
pathway, altering the redox equilibrium of the cytoplasmic NADP(H) pool.®® This
evolutionarily conserved function of triose-phosphate isomerase in yeast and

worm is an example of moonlighting function of glycolytic enzymes.

Figure 5 shows the connection between the different clusters and
enolase, as well as existing connections only between two clusters.
Furthermore, the enolase position in the networks, relative to the clusters, was
examined. The H. sapiens network has seven identified clusters, of which 4 are

directly connected to enolase (Figure 2.5A). These clusters are: (i) cluster 1
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that is related to transcription, (ii) cluster 2, related to growth, (iii) cluster 3,

associated with glycolysis, and (iv) cluster 7, related to development.

A

-. H. sapiens

D melanogaster

Y S. cerevisiae

Figure 2.5. Connection among clusters and the enolases for each organisms. The clusters
are represented by elipses and enolases are represented br gray circles. For S. cerevisie and
C. elegans, the enolase belongs to a specific cluster (brackets), so the gray circles are within
the ellipses. Enolases connections are represented by lines; connections between two clusters
are represented by dotted lines.

In D. melanogaster there is a large number of connections among the
different clusters (Figure 2.5B), and enolase has connection with the clusters 1,
2, 3, 5 e 6. It was not observed a connection of Drosophila-associated enolase
with clusters 4, related to cell death, and 7, related to aging (Figure 2.5 and
Figure 2.1). Additionally, clusters 4 and 7 are connected to proteins related to

mitotic cell cycle and embryonic development (Figure 2.5 and Figure 2.1).
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Although enolase is not directly connected to the aging cluster in Drosophila, it
is directly connected to cluster 6, associated to multicellular organismal aging
(Figure 2.5 and Figure 2.1). Furthermore, it was observed that the fly enolase
is connected to the transcription cluster in a similar way as observed for human

enolase (Figure 2.5 and Figure 2.1).

In C. elegans network, enolase is connected to all clusters (Figure 2.5C).
This case is indicative that enolase have a role among the different processes
in worm, which includes embryonic development, development, growth and

multicellular organismal aging (Figure 2.1C).

Moreover, for S. cerevisiae network, the enolase is connected to all
clusters (Figure 2.5D), except to the cluster 7, related to DNA replication. The
only other network that has a cluster related to DNA replication is the human
network, for which the enolase also is not connected . It was observed in yeast
that enolase is connected to clusters related to transcription, growth, aging,

development, cell death, and apoptosis.
2.6. Conclusion

Several studies have shown that enolase is a multifunctional
protein.*®!"18% The use of enolase (and other proteins) for additional tasks in
the cell seems to be recurrent. However, it was not so clear whether these
functions were conserved among different organisms. It is known that protein-
protein interactions are among the mechanisms that can determine enolase
additional functions. Here, we successfully used a systems biology approach to
shed some light on protein-protein interactions that define enolase moonlighting
functions in distantly related eukaryotic species.

We demonstrate the enolase ability to bind some orthologous proteins is
conserved along different networks, like nucleoside diphosphate kinase and
pyruvate kinase, providing good candidates for functional studies in the
organisms studied here. Although the presence of conserved orthologous
revealed that enolase may have binding sites which favor its interaction with

some kinds of proteins, insights in the functional processes in which enolase is
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involved were only highlighted when the networks were explored in a higher
level of complexity. In the cluster level, it was possible to detect common
functional processes among the interactomes, like development and growth,
indicating that some enolase moonlighting processes are evolutionarily

conserved.

This work indicates that different organisms have recruited this protein to
serve different moonlighting functions and also that enolase is serving several
moonlighting functions within the same organism. The evolutionarily conserved
protein interaction patterns identified in this study also serves as the starting
point for developing of studies for other non-model organisms for which protein-
protein interaction data are poor, making the use of a system biology approach
impossible. Because moonlighting functions can play important roles in disease
processes, an improved understanding of moonlighting proteins will provide
new opportunities for pharmacological manipulations that specifically target a

function involved in pathology.
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2.1.10. Supplementary material

S-Table 2.1. Pairs of orthologous proteins.

C. elegans X S. cerevisiae
S. cerevisiae

Protein C. elegans
Actin

Adenylate kinase

Aldehyde dehydrogenase

ATP synthase

CTP synthase WO6H3.3
Cytochrome C

Deoxyribose-phosphate aldolase

DNA helicase

DNA-polymerase-delta

DNA primase

Enolase enol-1
Elongation factor alpha

Elongation factor gamma

Fructose-bisphosphate aldolase
Glucose-6-phosphate dehydrogenase gspd-1
Glucose-6-Phosphate Isomerase gpi-1
Glyceraldehyde 3-phosphate dehydrogenase gpd-1
Guanylate kinase

Heat shock protein

Initiation factor

Lactate dehydrogenase

Malic enzyme

Nucleoside diphosphate kinase F25H2.5
Phosphoenolpyruvate carboxykinase
Phosphofructokinase

Phosphoglucolsomerase

Phosphoglucomutase

Phosphoglycerate kinase pgk-1
Phosphoglycerate mutase

Phosphomannose isomerase

Polyribonucleotide nucleotidyltransferase

Porin

Proteasome regulatory particle rpt-4
Proteasome alpha subunit

Pyruvate carboxylase

Pyruvate dehydrogenase

Pyruvate kinase pyk-2
Receptor of activated C kinase

Ribokinase

Ribose 5-phosphate isomerase rpia-1
Ribosomal protein, large subunit rpl-3
Ribosomal protein, small subunit

Ribulose 5-phosphate epimerase FO8F8.7

Ribonucleoside-diphosphate reductase alpha subunit
Ribonucleoside-diphosphate reductase beta subunit
RNA polymerase | subunit

RNA polymerase Il subunit rpb-2
RNA polymerase Ill subunit rpc-1
Small ubiquitin-related modifier

Succinate dehydrogenase

Thioredoxin peroxidase

Transaldolase Y24D9A.8
Transketolase
Triose phosphate isomerase tpi-1

Ubiquitin

URA7

ENO1

ZWF1
PGI1
TDH1

YNK1

PGK-1

RPT1

PYK2

RKI1
RPL3

RPE1

RPB2
RPO31

TAL1

TPI1

C. elegans X D. melanogaster
D. melanogaster

C. elegans

atp-2
WO6H3.3

FO9ES.3

enol-1

aldo-1
gspd-1
gpi-1
gpd-2

F25H2.5
R11A5.4

pgk-1

rpt-4
pas-4

pyk-2
rack-1

rpl-38
rps-23
FO8F8.7

tkt-1
tpi-1

FBpp0088250
CG6854

CG8525

Eno

Ald
Zw
Pgi
Gapdh2

awd
CG10924

Pgk

Pros45
Pros28.1

PyK
Rackl

RplL38
RpS23
€G30499

Rpll140
CG17209

CG8036
Tpi

D. melanogaster X S. cerevisiae
D. melanogaster

Arp87C
Adk3

CG6854
Cyt-c-p
FBpp0075277
Eno
FBpp0087143
Eflgamma
w

Gapdh2

CG11811
Hsc70-4

awd

Pfk
Pgi

Pgk
Pglym78
CG8417
porin
CG1516
CG11876
PyK
CG13369

CG30410

CG30499

Rplll128

SdhB
Jafracl

CG8036

S. cerevisiae

ACT1
ADK2

URA7

cvcl

POL3

ENO1

TEF1

TEF4

ZWF1

TDH1

GUK1
SSA1

YNK1

PFK2
PGI1

PGK1
GPM1
PMI40
POR1
PYC1
PDB1
PYK2
RBK1

RKI1

RPE1

RET1

SDH2
TSA1

TKL1

D. melanogaster X H. sapiens
H. sapiens

D. melanogaster
Arp87C
Adk2

rept

Eno

Ald

Pgi
Gapdh1l
CG11811

elF4E-4
ImpL3
Menl-2
awd

Pepck
Pfk

Pgk

Pglym78

CG11337

CG1516

PyK

Rpl135
Rpb10
€G33785

CG8036

Ubi-p63E

ACTB
AK2

CHD8

ENO1

ALDOA

GPI
GAPDH
GUK1

EIFAE

LDHB
ME1

NME1

PCK1
PFKM

PGK1

PGAM2

PNPT1

PC

PKM2

POLR1B
POLR2L
POLR3K

TKT

UBC

H. sapiens X S. cerevisiae

H. sapiens
ACTB

AK2
ALDH9A1

POLD1
PRIM1
ENO3

GPI
GAPDH

HSPD1

PGM1
PGK1

PC

PKM2

RRM1
RRM2
POLR1B
POLR2L
POLR3A
SumMo1

PRDX3
TALDO1

uBB

S. cerevisiae
ACT1
ADK1
ALD3

POL3
PRI1
ENO1

PGI1
TDH3

HSP60

PGM2
PGK1

PYC1

PYK2

RNR1
RNR2
RPA135
RPB10
RPO31
SMT3

TSA1
TAL1

uBl4

H. sapens X C. elegans

H. sapiens

DERA

ENO1

ALDOA

GPI
GAPDH

PCK2

PKM2

POLR2L
POLR3A

TALDO1
TKT

C. elegans

FO9ES.3

enol-1

aldo-1

gpi-1
gpd-2

R11A5.4

pyk-2

Y37E3.3
rpc-1

Y24D9A.8
tkt-1



S-Table 2.2. Specific gene ontology (GO) classes derived from PPI networks.

Organism Cluster Description GO p-value Corrected k f Proteins
number p-value
H. sapiens 1 Transcription 6367 452E- 589E-14 12 67 POLR2H|POLR2G|POLR2F|PO
initiation from 16 LR2E|POLR2L|POLR2K|POLR
RNA 2J|POLR2I|POLR2D|POLR2C]|
polymerase Il POLR2B|POLR2A
promoter
1 RNA splicing 8380 2,76E-  3,99E-07 12 287 POLR2H|POLR2G|POLR2F|PO
08 LR2E|POLR2L|POLR2K|POLR
2J|POLR2I|POLR2D|POLR2C]|
POLR2B|POLR2A
2 transcription 6350 1,86E- 1,47E-15 22 345 POLR3G|KAT2A|TAF1|SUPT3
18 H|TAF4|MLL|POLR3K|POLR1D
|TAF7|TP53|POLR1A|TAF2E|H
CFC1|TBP|TAF2G|POLR1B|P
OLR3C|POLR3B|MAX|TAF10|T
AF12|PELP1
2 regulation of 31056 6,65E-  4,81E+00 3 22 MLL|TAF7|TP53
histone 01
modification
2 anterior/posteri 9952 1,98E+ 1,06E+02 4 147 KAT2A|MLL|RNF2|TP53
or pattern 01
formation
2 negative 43066 2,33E+ 1,19E+02 6 376 NMES5|CHDS8|TP53|NMELV|TA
regulation of 01 F2G|NME6
apoptosis
2 multicellular 35264 3,12E+ 1,52E+02 2 23  KAT2A|TP53
organism 01
growth
2 negative 45792 7,44E+  3,05E+02 3 110 TP53|NPR1|NME6
regulation of 01
cell size
2 regulation of 42981 1,12E+ 4,10E+02 8 852 KAT2A|NME5|CHDS8|TP53|NM
apoptosis 02 ELV|TAF2G|ADCY10|NME6
2 regulation of 33043 1,15E+ 4,18E+02 4 242  MLL|TAF7|TP53|NME6
organelle 02
organization
3 glycolysis 6096 3,28E- 2,41E-23 12 42 LDHC|ALDOA|GPI|LDHB|LDH
25 AL6B|LDHALGA|ALDOC|ALDO
B|PDHA2|BPGM|PDHA1|PDHB
4 regulation of 45449 8,01E- 1,16E-03 15 2622 E2F1|E2F2|E2F3|CTBP1|E2F4|
transcription 06 RBL1|SMAD4|SMAD2|SKI|RB1
IMAPK1|CDKN1B|MAPK3|TFD
P2|TFDP1
4 interphase of 51329 9,65E-  2,91E-02 5 102 E2F1|CDKN1A|CDKN1B|E2F4|
mitotic cell 04 RB1
cycle
4 negative 8285 1,34E-  3,73E-02 7 379 CDKN1A|CTBP1|CDKN1B|SM
regulation of 03 ADA4|SKI|SMAD2|RB1
cell proliferation
4 negative 45926 1,25E- 1,56E+00 4 126 CDKN1A|CDKN1B|SMAD4|RB
regulation of 01 1
growth
4 multicellular 7275 6,73E+ 4,19E+01 10 2971 E2F1|MAPK1|CDKNI1A|E2F4|C
organismal 00 CND2|MAPK3|SMAD4|SKI|SM
development AD2|RB1
4 embryonic 9792 7,55E+  4,47TE+01 4 364 MAPK1|SMADA4|SKI|SMAD2
development 00
ending in birth
or egg hatching
4 positive 43065 1,44E+  3,88E+02 3 442 MAPK1|CDKN1A|CDKN1B
regulation of 02
apoptosis
4 organ growth 35265 2,12E+  4,93E+02 1 18 SMAD2
02
5 regulation of 8361 2,14E+  8,44E+01 4 219 AKT1|EDN1|RBBP7|IL2
cell size 00
5 regulation of 42981 8,25E+  1,34E+02 6 852 AKTL1|IL2RBI|SIN3A|IL2RA|LCK
apoptosis 00 |IL2
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D. melanogaster

regulation of
growth
negative
regulation of
programmed
cell death

in utero
embryonic
development
cellular
response to
stress

S phase of
mitotic cell
cycle
interphase of
mitotic cell
cycle

organ
development

multicellular
organismal
development

cell
differentiation

response to
oxidative stress
embryonic
development
regulation of
apoptosis
reproduction

development of
primary female
sexual
characteristics
negative
regulation of
developmental
process

cell
development
cytoskeleton
organization

mitotic spindle
organization

aerobic
respiration

cell cycle

40008

43069

1701

33554

84

51329

48513

7275

30154

6979

9790

42981

46545

51093

48468

7010

7052

9060

7049

1,37E+

1,71E+
01

1,04E+

1,74E-
11

1,97E-
08

2,93E-
05

6,81E-
04

1,61E+02

1,80E+02

2,46E+02

9,77E-04

7,76E-01

4,08E+00

5,65E-04

9,60E-02

9,75E-02

8,93E-01
1,68E+00
4,85E+01
1,59E+02

1,81E+02

2,16E+02

2,83E+02

4,05E-09

1,67E-06

1,05E-03

1,87E-02

15

15

12

32

19

8

25

359

381

216

619

102

1792

2971

1668

184

601

852

809

78

289

632

478

191

31

598

AKT1|RBBP7|STAT3|IL2

AKT1[IL2RBISIN3A|IL2

AKT1|SIN3A|EDN1

POLD3|POLD4|POLE2|POLD1|
POLD2|POLE|POLA1|RRM2B

POLD1|POLAL
POLD1|POLE|POLA1

HNF1A|EPAS1|ESR1|TLEL|TC
F7L2|ITGB1|SIRT1|TCF7L1JAR
NT|EP300|AES|SP1|ITGAG|JU
N|COL1A2
HNF1A|EPAS1|ESR1[TLEL|TC
F7L2|ITGB1|SIRT1[TCF7L1JAR
NT|EP300|AES|SP1[ITGA6]JU
N|COL1A2
EP300|ITGA6|SP1|EPAS1]JUN
|CREBBP|ESR1|SIRT1|ITGB1]|
TCF7L2|TCF7L1JARNT
EP300|HNF1A|EPAS1|JUN|AR
NT
EP300|HNF1A|SP1|EPAS|TC
F7L2|]TCF7L1JARNT
JUN|ESR1|SIRT1[TCF7L2|TER
T|BRCAL
HNF1A|SP1|ESR1|SIRTL|TCF7
L2

ESR1|SIRT1
CREBBPI|SIRT1|TCF7L2

EPAS1|CREBBP|ESR1|TCF7L
2

EB1|CG7033|14-3-
3ZETA|CG10932|ACT57B|ARP
87C|EIF-
2BETAJACT5C|CG11963|CCT
GAMMA|CG8036|HEL25E|CG3
731|EIF-4E|RAN|CG5525|TCP-
1ETA|CG8142|EIF-4A|RPA-
70|PROS29|EF2B|STA|CCT5|T

CP1|CG11876/CG8258|TSR|A
CT42A|KHC|TER94[TCP-
1ZETA

EB1|HEL25E|EIF-
4E|CG7033|CG5525|TCP-
1ETA|EIF-4A|CG10932|RPA-
70|PROS29|EF2BEIF-
2BETA|STA|T-
CP1|CCT5|CG11963|CCTGAM
MA|CG8258|TCP-1ZETA
NC73EF|SDHB|CG11963|KDN|
CG5214|CG6439|CG5028|L(1)
G0156

EB1|CG7033|14-3-
3ZETA|CG10932|EIF-
2BETA|AWD|CG11963|CCTGA
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oocyte
microtubule
cytoskeleton
polarization
esponse to
DNA damage
stimulus
chromosome
segregation
mitotic spindle
elongation

microtubule
cytoskeleton
organization

negative
regulation of
autophagy
transcription
from RNA
polymerase Il
promoter
microtubule
cytoskeleton
organization

regulation of
RNA splicing
oocyte
anterior/posteri
or axis
specification
autophagic cell
death
transcription
from RNA
polymerase IlI
promoter
multicellular
organismal
aging
determination
of adult lifespan
transcription
initiation from
RNA
polymerase Il
promoter

RNA elongation
from RNA
polymerase Il
promoter

8103

6974

7059

22

226

10507

6366

226

43484

7314

48102

6383

10259

8340

6367

6368

1,60E+
01

1,91E+
01

4,91E+
01

5,31E-
64

7,77E-
36

2,92E+
01

4,33E-
08

6,65E-
06

4,01E-
1,74E+
01
6,39E+
3,30E-
05
2,55E+
02
2,55E+

3,11E-
07

1,79E-
01

1,69E+02

2,00E+02

4,63E+02

3,25E-62

1,36E-34

2,31E+02

8,42E-07

1,06E-04

3,90E+00

1,11E+02

2,51E+02

3,49E-04

4,12E+02

4,12E+02

7,71E-06

8,86E-01

59

39

11

19

181

126

74

309

11

93

309

65

80

73

12

100

100

64

MMA|HEL25E|EIF-
4E|RAN|CG5525|TCP-
1ETA|EIF-4A|RPA-
70|PROS29|EF2B|STA|CCT5|R
FC40|T-
CP1|MAD2|CG8258|TSR[TCP-
1ZETA
14-3-3ZETA|KHC|TER94

PROS45|RFC40[PROSALPHA
7|TRXR-1|EIF-
4A|PROS28.1JJAFRAC1|RPS3
EB1|TOP1|RFC40|EIF-
4E|RAN|14-3-3ZETA
RPL18|RPL17|RPL36A|RPL10
AB|RPL19|RPL14|RPL13|RPL3
5|RPL39|RPS4|RPL30|RPS5A
RPL7|RPL32|RPS3A|RPL6|RP
L31|RPLY|RPL3|RPL11|RPL7A
|RPL12|EIF-
1A|RPL26|RPL27|RPS9|QM|R
PL24|RPL28|RPS18|RPL18A|R
PL23|RPS16|RPL22|RPL21|RP
S15|RPS30|RPS13|RPS11
RPL18|RPL17|RPL36A|RPL10
AB|RPL19|RPL14|RPL13|RPL3
5|RPL39|RPS4|RPL30|RPS5A|
RPL7|RPL32|RPS3A|RPL6|RP
L31|RPLY|RPL3|RPL11|RPL7A
|RPL12|EIF-
1A|RPL26|RPL27|RPS9|QM|R
PL24|RPL28|RPS18|RPL18A|R
PL23|RPS16|RPL22|RPL21|RP
S15|RPS30|RPS13|RPS11
SEC61BETA|SRP54K

RPB11|RPII15|RPII18|RPB10]|
RPBS|RPB5|RPB7|RPII215|RP!
1140

DEBB|TSU|STC|CG13298|CG1

1985|DIM1|SMD3|MAGO|NOI|
SMB|SNRNP70K

CG10418|SNF|HRBS7F|SNRN
P70K
TSU|STC|MAGO

EIF4E-5|CG9769
CG17209|CG5380|RPIII128|CG
7339

TPILEVY

TPILEVY

TAF10|TAF10B|TAF13|TFIIEB
ETA|TFIIA-S|TFIIB

CGB8117|TFIIS
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S. cerevisiae

RNA
biosynthetic
process

gene
expression

transcription
initiation
transcription
termination
cell death

cellular
response to
oxidative stress

protein import
into
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matrix
organelle
organization

age-dependent
general
metabolic
decline
involved in
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aging
regulation of
biological
quality
posttranscriptio
nal regulation
of gene
expression
DNA-
dependent
DNA replication
regulation of
vacuole fusion,
non-autophagic
regulation of
vacuole
organization
apoptosis

response to
stress

response to
stimulus

protein
insertion into
membrane
regulation of
organelle
organization
negative
regulation of
cell cycle
process

32774

10467

6352

6353

8219

34599

30150

6996

1321

65008

10608

6261

32889

44088

6915

6950

50896

51205

33043

10948

7,11E-

2,89E-
06

1,12E+
00

3,71E+
01

5,76E+
01

1,00E+
00

1,43E+
01

2,19E+
01

2,19E+
01

6,28E+

9,80E-
04

3,12E-
03

5,75E+

5,83E+
01

7,78E+

1,03E-30

4,21E-05

2,25E+00
2,58E+00

1,74E-05

3,36E+02

3,21E-14

1,50E+01

2,95E+02

4,39E+02

5,32E+00

5,67E+01

8,32E+01

8,32E+01

2,21E+02

1,01E-01

2,40E-01

8,05E+01

3,77E+02

4,36E+02

29

29

10

10

13

12

13

230

1921

61

31

52

76

20

1235

465

206

91

13

13

22

704

965

12

123
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RPC40|RPA190|RET1|RPA34]|
RPC25|RPA14|RPO31|RPAL2)|
RPC53|RPB9|RPA135|RPO21|
RPB8|RPB5|RPO26|RPB4|RP
B7|RPA49|RPB2|RPB11|RPB3|
RPB10|RPC19|RPC34|RPC82)
RPA43|RPC31|RPC10|RPC11
RPC40|RPA190|RET1|RPA34]|
RPC25|RPA14|RPO31|RPA12)|
RPC53|RPB9|RPA135|RPO21|
RPB8|RPB5|RPO26|RPB4|RP
B7|RPA49|RPB2|RPB11|RPB3|
RPB10|RPC19|RPC34|RPC82|
RPA43|RPC31|RPC10|RPC11
RPC25|RPB9|RPC31|RPB4|RP
B7
RPB11|RPB3|RPA12|RPC11

QCR2|PET9|COX6|MIR1|COX4
|COR1|SDH4|COX5A|CYTL|RI
P1
CTT1|GRE3|YJRO96W|HSP12

PAM18|PAM17|PAM16|TIM21]
MGEL|TIM23|TIM50|TIM44|TIM
17|SSC1

TIM50|STM1|PAM18|PAM17|P
AM16|TIM21|MGE1|RPL3|GRS

1|TIM23|TIM17|TIM44|SSC1
HSP104

PRS3|DED81|ASC1|SSC1|RPL
31B|STM1

SSB2|RPL13A|TEF4|YEF3|EFT
1|RPL7B|WRS1

POL12|POL1|PRI2|PRIL

ENO2|ENO1

ENO2|ENO1

TDH3|TDH2

SLX5|WSS1|HSC82|SGS1|AO
S1|SGT2|STI1|RAD52|SSAL|S
LX8|HSP82|UBI4
WSS1|AOS1|MDY2|STI1|SSAL
|RAD52|HSP82|UBI4|SLX5|HS
C82|SGS1|SGT2[SLX8
MDY2|YOR164C

HSC82|ULP2|HSP82

SGS1|ULP2
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C. elegans

reproductive
developmental
process

cellular cell wall
organization
actin
cytoskeleton
organization
actin filament
organization
autophagy

reproduction
growth

actin filament
reorganization
involved in cell
cycle

asexual
reproduction
chromatin
silencing

DNA replication

postreplication
repair
growth

larval
development

3006

7047

30036

7015

6914

40007

30037

19954

6342

6260

6301

40007

2164

5,54E-
33

4,99E+02

2,14E-02

4,39E+00

1,53E+01
1,53E+01
4,50E+01
9,24E+01

2,89E+02

3,67E+02
4,19E+02
2,74E-02
5,29E+01

1,45E-35

6,05E-32

62

64

148

254

105

59

163

427

139

86

98

143

19

1334

1712

SGS1|MDY2|UBI4

TOR2|RHO1|PKC1|SLT2|GAS1
|SWI4|SPA2
TOR2|RHO1|PKC1|SPA2

TOR2|PKC1|SPA2
MKKZ1|MKK2|PKC1|SLT2
RHO1|PKC1|SLT2|SWI4|SPA2
RHO1|GAS1|SPA2

TOR2

RHO1|SPA2
SIR2|GAS1

RNR1|POL30|RNR2|POL32|RN
R3|RNR4
POL30|POL32

RPL-18|RPL-19|RPL-16|RPL-
17|RPL-14|RPL-15|RPL-
13|RPS-30|RPL-22|RPL-
21|RPL-20|RPL-11.2|RPL-
27|RPL-28|RPL-23|RPL-
26|RACK-1|RPS-7|RPL-
31|RPL-24.1|RPL-30|RPS-
5|RPL-33|RPL-32|RPS-3|RPS-
2|RPS-1|RPS-0|RPL-36|RPS-
8|RPS-11|RPS-12|RPS-9|RPL-
34|RPL-25.1|RPS-13|RPL-
35|RPS-14|RPS-15|RPS-
16|RPL-38|RPS-17|RPL-
39|RPS-10|RPL-43|RPL-
41|RPS-24|RPL-1|RPS-
22|RPS-23|RPL-5|RPL-6|RPS-
29|RPS-26|RPL-3|RPS-
27|RPL-9|RPL-7|RPS-20|RPS-
21|RPL-10|RPS-19
RPL-18|RPL-19|RPL-16|RPL-
17|RPL-14|RPL-15|RPL-
12|RPL-13|RPS-30|RPL-
22|RPL-21|RPL-20|RPL-
11.2|RPL-27|RPL-28|RPL-
23|RPL-26|RACK-1|RPS-
7|RPL-31|RPL-24.1|RPS-
6|RPL-30|RPS-5|RPL-33|RPL-
32|RPS-3|RPS-2|RPS-1|RPS-
0|RPL-36|RPS-8|RPS-11|RPS-
12|RPS-9|RPL-34|RPL-
25.1|RPS-13|RPL-35|RPS-
14|RPS-15|RPS-16|RPL-
38|RPS-17|RPL-39|RPS-
10|RPL-43|RPL-41|RPL-1|RPS-
24|RPS-22|RPS-23|RPL-
5|RPL-6|RPS-29|RPS-26|RPL-
3|RPS-27|RPL-9|RPL-7|RPS-
20|RPS-21|RPL-10|RPS-19

47



1

reproduction 3 1,83E-
25

multicellular 7275 9,65E-

organismal 21

development

embryonic 9792 1,31E-
development 20
ending in birth

or egg hatching

embryonic 9790 4,25E-
development 20

1,65E-24

7,77E-20

1,00E-19

3,09E-19

63

70

63

63

2146

3604

2581

2632

RPL-18|RPL-19|RPL-17|RPL-
14|RPL-15|RPL-12|RPL-
13|RPS-30|RPL-22|RPL-
21|RPL-20|RPL-11.2|RPL-
27|RPL-23|RPL-26|RACK-
1|RPS-7|RPL-31|RPL-
24.1|RPS-6|RPL-30|RPS-
5|RPL-33|RPL-32|RPS-3|RPS-
2|RPS-1|RPS-0|RPL-36|RPS-
8|RPS-11|RPS-12|RPL-
25.2|RPS-9|RPL-25.1|RPS-
13|RPL-35|RPS-14|RPS-
15|RPS-16|RPL-38|RPS-
17|RPS-18|RPL-39|RPS-
10|RPL-41|RPS-24|RPL-
1|RPS-22|RPS-23|RPL-5|RPL-
6|RPS-29|RPS-26|RPL-3|RPS-
27|RPL-4|RPL-9|RPL-7|RPS-
20|RPS-21|RPL-10|RPS-19
RPL-18|RPL-19|RPL-
16|Y37E3.8|RPL-17|RPL-
14|RPL-15|RPL-12|RPL-
13|RPS-30|RPL-22|RPL-
21|RPL-20|RPL-11.2|RPL-
27|RPL-28|RPL-23|RPL-
26|RACK-1|RPS-7|RPL-
31|RPL-24.1|RPS-6|RPL-
30|RPL-33|RPS-5|RPL-
32|RPS-4|RPS-3|RPS-2|RPS-
1|RPS-0|RPL-36|RPS-8|RPS-
11|RPS-12|RPL-25.2|RPS-
9|RPL-34|RPL-25.1|RPS-
13|RPL-35|RPS-14|RPS-
15|RPS-16|RPL-38|RPS-
17|RPL-39|RPS-10|RPL-
43|RPL-41|RPL-1|RPS-
24|RPS-25|RPS-22|RPS-
23|RPL-5|RPL-6|RPS-29|RPS-
26|RPL-3|RPS-27|RPL-4|RPL-
9|RLA-2|RPL-7|RPS-20|RPS-
21|RPL-10|RPS-19
RPL-18|RPL-19|RPL-
16|Y37E3.8|RPL-17|RPL-
14|RPL-15|RPL-12|RPL-
13|RPL-22|RPL-21|RPL-
20|RPL-27|RPL-28|RPL-
23|RPL-26|RACK-1|RPS-
7|RPL-31|RPL-24.1|RPL-
30|RPS-5|RPL-33|RPS-4|RPS-
3|RPS-2|RPS-1|RPS-0|RPL-
36|RPS-11|RPS-12|RPL-
25.2|RPS-9|RPL-34|RPL-
25.1|RPS-13|RPL-35|RPS-
14|RPS-15|RPS-16|RPS-
17|RPL-39|RPS-10|RPL-
43|RPL-41|RPL-1|RPS-
25|RPS-22|RPS-23|RPL-
5|RPL-6|RPS-29|RPS-26|RPL-
3|RPS-27|RPL-4|RPL-9|RLA-
2|RPL-7|RPS-20|RPS-21|RPL-
10|RPS-19
RPL-18|RPL-19|RPL-
16|Y37E3.8|RPL-17|RPL-
14|RPL-15|RPL-12|RPL-
13|RPL-22|RPL-21|RPL-
20|RPL-27|RPL-28|RPL-
23|RPL-26|RACK-1|RPS-
7|RPL-31|RPL-24.1|RPL-
30|RPS-5|RPL-33|RPS-4|RPS-
3|RPS-2|RPS-1|RPS-0|RPL-
36|RPS-11|RPS-12|RPL-
25.2|RPS-9|RPL-34|RPL-
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1831

626

626

61

289

2632

25.1|RPS-13|RPL-35|RPS-
14|RPS-15|RPS-16|RPS-
17|RPL-39|RPS-10|RPL-
43|RPL-41|RPL-1|RPS-
25|RPS-22|RPS-23|RPL-
5|RPL-6|RPS-29|RPS-26|RPL-
3|RPS-27|RPL-4|RPL-9|RLA-
2|RPL-7|RPS-20|RPS-21|RPL-
10|RPS-19
RPL-18|RPL-19|RPL-
16|Y37E3.8|RPL-17|RPL-
14|RPL-15|RPL-12|RPL-
13|RPS-30|RPL-22|RPL-
21|RPL-20|RPL-11.2|RPL-
27|RPL-28|RPL-23|RPL-
26|RACK-1|RPS-7|RPL-
31|RPL-24.1|RPS-6|RPL-
30|RPL-33|RPS-5|RPL-
32|RPS-4|RPS-3|RPS-2|RPS-
1|RPS-0|RPL-36|RPS-8|RPS-
11|RPS-12|RPL-25.2|RPS-
9|RPL-34|RPL-25.1|RPS-
13|RPL-35|RPS-14|RPS-
15|RPS-16|RPL-38|RPS-
17|RPL-39|RPS-10|RPL-
43|RPL-41|RPL-1|RPS-
24|RPS-25|RPS-22|RPS-
23|RPL-5|RPL-6|RPS-29|RPS-
26|RPL-3|RPS-27|RPL-4|RPL-
9|RLA-2|RPL-7|RPS-20|RPS-
21|RPL-10|RPS-19
RPL-18|RPL-27|RPS-11|RPS-
22|RPS-23|RPS-14|RPL-
14|RPL-23|RPS-16|RPL-
15|RPS-21|RPS-10|RPL-
31|RPS-6|RPS-19|RPL-
32|RPS-3|RPS-1|RPL-41|RPS-
0
RPS-12|RPL-25.2|RPS-9|RPL-
34|RPL-25.1|RPL-17|RPS-
14|RPL-14|RPS-15|RPL-
15|RPL-12|RPL-38|RPS-
17|RPL-39|RPS-30|RPL-
22|RPL-20|RPL-11.2|RPL-
43|RPL-41|RPL-1|RPS-
25|RPS-22|RPL-5|RPL-6|RPS-
29|RPL-3|RPS-27|RPL-26|RLA-
2|RPL-7|RPS-20|RPS-
21|RACK-1|RPL-10|RPL-
24.1|RPL-30|RPL-33|RPS-0
RPS-8|RPS-11|RPL-19|RPS-
9|RPL-34|RPS-22|RPS-
23|RPS-15|RPL-6|RPS-
26|RPS-27|RPL-4|RPL-9|RPS-
10|RPL-30|RPS-6|RPS-5|RPS-
3
RPS-8|RPS-11|RPL-19|RPS-
9|RPL-34|RPS-22|RPS-
23|RPS-15|RPL-6|RPS-
26|RPS-27|RPL-4|RPL-9|RPS-
10|RPL-30|RPS-6|RPS-5|RPS-
3
RPS-22|RPS-15|RPL-9|RPS-6

RPL-25.1|RPL-15|RPS-17|RPL-
39|RPL-22|RPL-30|RPS-
20|RPL-41

WO01G7.3|AMA-
1|Y37E3.3|WO06H3.3|RPB-
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gastrulation

nematode
larval
development
growth

reproductive
developmental
process
organ
development
regulation of
growth
multicellular
organismal
aging
positive
regulation of
multicellular
organism
growth
multicellular
organismal
development

regulation of
multicellular
organism
growth
embryonic
development
ending in birth
or egg hatching
growth

determination
of adult lifespan
aging

7369

2119

40007

3006

48513

40008

10259

40018

7275

40014

9792

40007

8340

7568

2,37E+01

8,99E+01

1,00E+02

1,95E+02

3,40E+02
4,68E+02

2,84E+00

2,19E+02

2,49E+02

3,14E+02

4,56E+02

1,06E+01

1,23E+02

1,23E+02

98

1711

1334

806

935

1890

626

289

3604

374

2581

1334

626

628

8|H27M09.2|RPB-7|RPB-
6|RPB-4|RPB-3|RPB-2|RPB-
12|F25H2.5
RPB-7|AMA-1|RPB-3

RPB-8|RPB-7|W01G7.3|RPB-
3|RPB-2|W06H3.3|RPB-
12|F25H2.5
RPB-8|RPB-7|W01G7.3|RPB-
3|W06H3.3|RPB-12|F25H2.5
H27M09.2|RPB-
8|W01G7.3|RPB-12|F25H2.5

H27M09.2|RPB-
8|W01G7.3|RPB-12|F25H2.5
RPB-8|W01G7.3|AMA-1|RPB-
3|RPB-2|W06H3.3|RPB-12
GPI-1|ENOL-1|TPI-
1|F57B10.3|GPD-2|GPD-3

GPD-1|ENOL-1|GPD-4

Y43F4B.5|GPD-1|GPI-1|ENOL-
1|TPI-1|F57B10.3|GPD-4|GPD-
2|GPD-3
GPD-1|ENOL-1|GPD-4

Y43F4B.5|GPD-1|GPI-1|ENOL-
1|F57B10.3|GPD-4|GPD-3

H28016.1|Y82E9BR.3|ATP-
2|ATP-3|F58F12.1
H28016.1|ATP-2|ATP-3

H28016.1|ATP-2|ATP-3
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S-Table 2.3. Clusters sizes for each biological function in the four analyzed species.

Function H. sapiens D. melanogaster C.elegans S. cerevisiae
Transcription 37 - - 35
Growth 56 - 6 11
Glycolysis 16 - - -
Embryonic development 17 35 75 -
Apoptosis 20 - - 34
Cell death - 16 - 66
Aging - - - 23
DNA replication 13 - - 12
Mitotic cell cycle - 132 - -
Mitotic cell cycle - 79 - -
Development 21 - 16 19
Multicellular organismal aging - - 15 -
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3. CAPITULO 2 - Busca por fungdes moonlighting da Enolase 1 de E.

granulosus
3.1. Apresentacao

O capitulo 2 tem como objetivo relacionar os resultados obtidos no
Capitulo 1 com a andlise das interacbes de proteinas ocorridas no E.
granulosus. Desta forma, esta secdo tem como objetivo identificar fungdes
moonlighting da EgEnol conservadas em eucariotos e espécie-especifica do

parasito.
3.2. Materiais e métodos

3.2.1. Alinhamento multiplo de sequéncias ortélogas de enolases para

futuras analises de interacdo in silico

O alinhamento multiplo das sequéncias das enolases de H. sapiens, D.
melanogaster, C. elegans e S. cerevisiae, juntamente com a EgEnol. A
realizacao do alinhamento foi atraves do Clustal2.1

(http://www.ebi.ac.uk/Tools/msa/clustalw?2) utilizando a matriz de Gonnet.

3.2.2. Ensaios de cross-linking para identificacdo de proteinas de

interagdo com a EgEnol

As proteinas foram identificadas através da realizacdo de ensaios de
cross-linking utilizando Sulfo-SBED (Pierce, Thermo Scientific). Onde a
proteina EgEnol recombinante, disponivl no laboratério (Lorenzatto et al.,
2012), foi ligada a uma das extremidades do Sulfo-SBED. Posteriormente, o
extrato proteico do parasito em sua fase pré-adulta (protoescélices) foi
incubado com o complexo proteina recombinante-Sulfo-SBED e expostos a luz
ultravioleta para ativagcdo do grupamento azida-arila na outra extremidade do
crosslinker, para que ele possa interagir com proteinas ligantes associadas.
Apds a interagdo, o complexo teve sua ligacdo dissulfeto reduzida e as
proteinas ligadas a proteina recombinante ficaram marcadas com biotina,
podendo entdo ser recuperadas por cromatografia de afinidade em coluna de
avidina (Monomeric Avidin Resin, Pierce, Thermo Scientific). As proteinas de
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interacao eluidas da coluna de afinidade foram identificadas por espectrometria
de massas (LC-ESI-MS/MS).

3.3. Resultados
3.3.1. Identificacdo das proteinas ortdlogas da EgEnol

A identificacdo das proteinas ortélogas a EgEnol nos organismos H.
sapiens, D. melanogaster, C. elegans e S. cerevisiaen, foi realizada através de
alinhamento multiplo das sequéncias proteicas recuperadas no banco de dados
de proteinas do NCBI (http://www.ncbi.nim.nih.gov/protein/). O resultado do
alinhamento mdultiplo estd descrito através de uma matriz de identidade na
Tabela 3.1. Desta forma foram selecionadas a enolase a de H. sapiens;
enolase, isoforma A, de D. melanogaster; enolasel, isoforma A, de C. elegans;

e a enolase de S. cerevisiae.

Tabela 3.1. Matriz de percentual de identidade criada pelo Clustal2.1. A matriz demonstra
os valores de identidade gerado pelo alinhamento entre cada par de sequéncias. A sequéncia 9
corresponde a EgEnol, e os melhores resultados de identidade para cada um dos outros
organismos estdo destacados em negrito.

1 2 3 4 5 6 7 8 9 10
1: Enolasel,isoforma
B (C. elegans) - 100.00 100.00 73.21 72.02 74.11 72.32 72.32 72.92 65.88
2: Enolasel, isoforma
C (C. elegans) 100.00 100.00 73.67 73.21 75.29 73.90 70.26 74.83 65.67
3: Enolasel, isoforma
A (C. elegans) 100.00 100.00 - 73.67 73.21 75.29 73.90 73.90 74.83 65.67
4: Enolase y
(H. sapiens) 73.21 73.67 73.67 83.41 83.41 72.69 72.69 71.53 60.83
5: Enolase § 7202 7321 7321 8341 - 8341 7292 7292 7269 6267
(H. sapiens)
6: Enolase a
(H. sapiens) 74.11 75.29 75.29 83.41 83.41 72.92 72.92 74.77 62.21
7: Enolase,isoforma A
(D.melanogaster) 72.32 73.90 73.90 72.69 72.92 72.92 100.00 71.36 63.74
8 EnolaseisoformaB 7,5, 7056 7390 7260 7292 7292  100.00 7136 63.74
(D. melanogaster)
9: Enolasel
(E. granulosus) 72.92 74.83 74.83 71.53 72.69 74.77 71.36 71.36 66.28
10: Enolase 65.88 6567 6567 60.83 6267 6221 6374 6374 66.28

(S. cerevisiae)

1 0i|25815065|emb|CAD57704.1| Protein ENOL-1, isoform b [Caenorhabditis elegans]
: 0i|51011814|emb|CAH10783.1| Protein ENOL-1, isoform ¢ [Caenorhabditis elegans]
1 0i[3879986|emb|CAA92692.1| Protein ENOL-1, isoform a [Caenorhabditis elegans]

: 0i|5803011|ref|[NP_001966.1| gamma-enolase [Homo sapiens]

1 0i|301897469|ref[NP_001967.3| beta-enolase isoform 1 [Homo sapiens]

: 0i|1167843|emb|CAA34360.1| alpha-enolase [Homo sapiens]

1 0i|22945470|gb]AAN10458.1| enolase, isoform A [Drosophila melanogaster]

: 0i|22945466|gb|AAN10455.1| enolase, isoform B [Drosophila melanogaster]

1 0i[262192839|gb|ACY30465.1| enolase [Echinococcus granulosus]

10: gi|171457|gbJAAA88713.1| enolase [Saccharomyces cerevisiae]

© 00 N o g b~ W DN B
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3.3.2. Identificacdo de proteinas de interacdo com a EgEnol por LC-ESI-

MS/MS

Para a investigacdo de proteinas que interagem com a EgEnol no

préprio parasito, foi realizado um experimento de cross-linking da EQEnol com

0 extrato proteico de protoescélices. Assim, foi possivel a identificacdo de

algumas proteinas de interacdo que estdo descritas na Tabela 3.1.

Tabela 3.2. Proteinas de interagdo com a EgEnol em protoescélices

Proteina Caédigo* GO**
Adenosil-homocisteinase EgrG_000076900 one-carbon metabolic
_ process

Carbonil-redutase 1 EgrG_000113500 i
FEIED GlE ElRnERmeTie 4 ¢ EgrG._000982200 Tradugéo

Ndr

Per6xido-redutase tioredoxina-
dependente

Proteina de choque térmico (membro
HSP 3)

Proteina do complexo T
Transaldolase

Catepsina D
Isocitrato-desidrogenase
Malato-desidrogenase
Profilina

Aldeido-desidrogenase (membro A3
da familia 1)

Proteina de membrana basal
(heparana sulfato)

EgrG_001065500

EgrG_000913300

EgrG_000249600

EgrG_000683800
EgrG_000092800
EgrG_000970500
EgrG_000344100
EgrG_001185000

EgrG_000122100

EgrG_000389100

EgrG_000575900

oxidagao-reducao

resposta ao estresse

enovelamento de proteinas

processo metabdlico
carboidrato

protedlise
oxidagao-reducao

oxidacéo-reducgéo

organizacéo do
citoesqueleto de actina

oxidacéo-reducgéo

* Codigo das proteinas acessados no endereco http://www.uniprot.org/

** Ontologia do GO gerada através de anotacdo automatica. Proteinas sem funcdo determinada

estdo marcadas com um trago.
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4. DISCUSSAO

A enolase catalisa a transformacéo reversivel entre 2-fosfoglicerato e
fosfoenolpiruvato. Em vertebrados, existem trés subunidades de enolase, q, B e
Y, sendo cada uma codificada por um gene. Esta enzima exerce sua atividade
enzimatica geralmente na forma de homodimeros (dimeros de enolase aa, B
ou vYY). A enolase aa existe na maioria dos tecidos, a enolase 3 € especifica
de tecidos musculares e a enolase yy € especifica de tecidos neuronais (Gan et
al., 2010). A enolase pode também estar envolvida na regulacdo da transcricao
génica em uma ampla variedade de organismos (Kim et al., 2005). Além disso,
ela foi identificada como uma proteina estrutural do cristalino de vertebrados
(Wistow et al.,, 1988), e pode regular a morfologia celular e o trafego de
moléculas através de interacbes com o citoesqueleto, em células musculares

murinas (Keller et al., 2007).

Em organismos parasitas, algumas funcdes alternativas desempenhadas
por esta proteina ja foram descritas. A enolase pode estar presente no nucleo,
regulando a transcricdo de genes relacionados a proliferacdo e diferenciacédo
celular de protozoérios parasitas (Ferguson et al., 2002; Holmes et al.. 2010;
GOmez-Arreaza et al., 2014 ). Em Streptococcus sobrinus a enolase é descrita
como uma proteina com funcdes glicoliticas dentro da célula e um fator
imunossupressor fora da célula do organismo, e a enolase secretada pelo
helminto parasita Steinernema glaseri pode suprimir a resposta imune de
insetos (Veiga-Malta et al., 2004; Liu et al., 2012)

Estudos protedmicos anteriores realizados em por nosso grupo de pesquisa
mostrou proteinas secretadas pelo E. granulosus em sua fase larval, cisto
hidatico. Através destes estudos, foi possivel identificar a EQEnol como uma
proteina no componente extracelular do cisto, liquido hidatico, indicando que
esta proteina pode estar sendo secretada (Monteiro et al., 2010). Mais
recentemente, a EgEnol foi identificada no tegumento do parasito em sua fase

pré-adulta, protoescélices (Lorenzatto et al., 2012).
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Com o intuito de identificar interagbes conservadas da enolase com
proteinas ndo glicoliticas, foi realizada uma andlise de biologia de sistemas.
Através da geracao de redes de PPI é possivel unir informacfes de interacéao
de diferentes estudos contidas em banco de dados. Dessa forma, um fator
limitante para a geracdo de uma rede de PPI robusta € a quantidade de dados
disponiveis. Como o E. granulosus ndo possui um banco de dados com grande
quantidade de informacfes de PPI, a geracdo de uma rede de PPI para este

organismo torna-se inacessivel.

As func¢des moonlighting podem ser funcdes especificas de um organismo,
porém, também ¢é possivel que estas funcbes sejam evolutivamente
conservadas (Huberts et al., 2010a). Assim, € possivel que alguma funcéo
moonlighting da EgEnol seja conservada evolutivamente. Com isso, foram
escolhidos quatro organismos eucariéticos: H. sapiens, D. melanogaster, C.
elegans e S. cerevisiae, que possuem bancos de dados com quantidade
suficiente de informacdes para a construcdo de redes de PPI robustas e
confidveis. A comparagcdo destas redes podem indicar possiveis processos
conservados evolutivamente e, dessa forma, fungdes moonlighting da EgEnol.

Para que o resultado da andlise de biologia de sistemas pudesse ser
comparavel a processos que possam estar ocorrendo em E. granulosus, foram
selecionadas as isoformas da enolase de cada organismo, mais compativeis
com a EgEnol. Os resultados e discussdo da analise das quatro redes de PPI

estdo descritos na sessao 2 (Capitulo 1).

Experimentos preliminares realizados em nosso laboratério apontam as
proteinas de interacdo da EgEnol (Tabela 3.2) (Lorenzatto et al., dados néo
publicados). Entre as proteinas de interacdo com a EgEnol, é possivel
observar a interacdo desta com a proteina fator de alongamento 1 a.
Interessantemente, esta interagcdo foi observada na rede de PPl de S.
cerevisiae, onde a proteina enolase a esta diretamente conectada a proteina
TEF2. Em seres humanos, tanto a enolase como a proteina fator de
alongamento 1 a sdo descritos como possiveis proteinas secretadas por

exossomos (Yu et al., 2006).
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Um resultado mais interessante é a interagcdo entre a enolase e a
transaldolase. Esta interacdo é observada em todas as redes de PPI geradas
neste trabalho, além de se repetir no parasito E. granulosus, ver Tabela 3.2. Na
bactéria Bifidobacterium bifidum, parasita humano, foi descrito que tanto a
enolase como a transaldolase sdo secretadas pela bactéria e atuam na
facilitacdo da adeséo desta, no intestino humano (Gonzalez-Rodriguez et al.,
2012).

As funcdes moleculares das proteinas de interacdo com a EgEnol foram
recuperadas do GO. Este resultado mostrou que as proteinas de interacdo com
a enolase do parasito ndo possuem as principais funcdes observadas nas
redes de PPI, com excecdo da proteina de choque térmico que esta
relacionada a resposta ao estresse,

Os resultados do experimento de interacdo de proteinas com a EgEnol
ainda sdo considerados preliminares. Por tanto, outros experimentos seréo
realizados a fim de identificar outras possiveis proteinas de interacdo. Além
disso, a utilizacdo de novas metodologias de experimentos de PPI possibilitara
avaliar a reprodutibilidade dos resultados obtidos, e posteior comparagdo com

as redes de PPI modelo.

Apesar do experimento néo ter sido realizado em organismos parasitas, €
possivel observar que hd semelhancas entre as proteinas de interacdo em E.
granulosus e os demais organismos. Apesar de estas similaridades serem
poucas, algumas diferencas também podem ser consideradas alvos
importantes para o estudo de func¢des moonlighting especificas do parasito.
Além disso, diferencas entre os organismos estudados neste trabalho séo
esperadas, uma vez que se trata de organismos com consideravel distancia

evolutiva.

Por fim, as semelhancas identificadas entre as redes de PPl e o E.
granulosus podem ser consideradas interagcbes evolutivamente conservadas,
podendo estas estarem relacionadas a fungbes moonlighting da enolase. Além

disso, a identificacéo de interacdes da EgEnol com proteinas néo relacionadas
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a glicdlise e ndo identificadas nas redes de PPI podem possuir relevancia em
aspectos espécie-especificos ou mesmo relacionadas ao parasitismo.
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