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RESUMO
Ana Carolina Ramos Guimaraes

O estudo da reconstrugdo metabdlica em diversos organismos expde a existéncia de
compostos cruciais para a sua sobrevivéncia. Dentre estes compostos, estdo as
enzimas, responsaveis pela catalise das reag¢des bioquimicas em vias metabdlicas.
Diferentemente das enzimas homdlogas, as enzimas analogas (também conhecidas
como enzimas isofuncionais ndo homologas) sao capazes de catalisar as mesmas
reagcdes, mas sem apresentar similaridade de sequéncia significativa no nivel
primario e, possivelmente, com diferentes estruturas tridimensionais. Um estudo
detalhado destas enzimas pode desvendar novos mecanismos cataliticos, adicionar
informacbes sobre a origem e evolugdo de vias bioquimicas e revelar alvos
potenciais para o desenvolvimento de drogas. Para muitas enfermidades causadas
por parasitas, as opcdes terapéuticas permanecem ineficientes ou inexistentes,
exigindo a busca de novos alvos. Estes podem ser proteinas especificas do parasita
ausentes no hospedeiro ou compostos presentes em ambos, mas com estrutura
tridimensional substancialmente diferente, como as enzimas analogas. A ferramenta
AnENPi, capaz de identificar, anotar e comparar enzimas homoélogas e analogas, foi
desenvolvida e utilizada para reconstruir computacionalmente as vias metabdlicas de
alguns organismos modelo, como os tripanossomatideos. Uma analise mais focada
no metabolismo de aminoacidos de Trypanosoma cruzi identificou alvos promissores
para o desenvolvimento de novas drogas. Além disso, uma revisdo do metabolismo
geral de T. cruzi foi realizada em outras vias metabdlicas, levando em consideragéo
esta nova abordagem de busca por potenciais alvos terapéuticos. Uma vez que a
estrutura tridimensional é importante no estudo de analogia, a ferramenta MHOLIline
foi utilizada para a obtencdo de modelos 3D a partir de homodlogos, analogos e
proteinas especificas de T. cruzi versus Homo sapiens. As estratégias utilizadas
nesse trabalho apdiam o conceito de andlise estrutural, juntamente com a analise
funcional de proteinas, como uma interessante metodologia computacional para
detectar potenciais alvos para o desenvolvimento de novas drogas.
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TESE DE DOUTORADO
ABSTRACT
Ana Carolina Ramos Guimaraes

The study of metabolic reconstruction in different organisms exposes the existence of
crucial compounds for its survival. Examples of these compounds are the enzymes
that are responsible for the catalysis of biochemical reactions in metabolic pathways.
Unlike the homologous enzymes, the analogous enzymes (also known as non-
homologous isofunctional enzymes) are able to catalyze the same reactions, but
without significant sequence similarity at the primary level and possibly with different
three-dimensional structures. A detailed study of these enzymes may exhibit new
catalytic mechanisms, add information about the origin and evolution of biochemical
pathways and reveal potential targets for drug development. For many diseases
caused by parasites, therapeutic options remain inefficient or nonexistent, requiring
the search for new drug targets. These targets may be specific proteins of the
parasite (absent in the host) or compounds present in the both organisms but with
different three-dimensional structure, like analogous enzymes. The tool AnEnPi
approach was able to identify, annotate and compare homologous and analogous
enzymes. It was developed and used to reconstruct computationally the metabolic
pathways of some model organisms such as trypanosomes. A more focused analysis
on the amino acids metabolism of Trypanosoma cruzi identified promising targets for
the development of new drugs. Furthermore, a review of the general metabolism of
T. cruzi was carried out in other metabolic pathways, taking into account this new
approach in the search for potential therapeutic targets. Since the three-dimensional
structure is important in the study of analogy, the tool MHOLIline was used to obtain
3D models for homologous, analogous and specific proteins of T. cruzi versus Homo
sapiens. The strategies used in this study support the concept that structural analysis
together with protein functional analysis could be an interesting computational
methodology to detect potential targets for structure-based rational drug design.
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1. Introducéo

Este capitulo de introdugdo se inicia com uma breve descricdo da

Bioinformatica, area de estudo no qual este trabalho esta inserido.

Posteriormente, sao introduzidos alguns conceitos e definicdes que fornecem
uma sustentagdo teorica a esse estudo. Primeiramente, a Biologia de Sistemas,
mostrando a importadncia da interdisciplinaridade das tecnologias de alto
desempenho na geragao e analise de dados. Em seguida, uma pequena exposi¢ao
de Genbmica Funcional, dando énfase a Anotacdo, e Gendmica Estrutural,
principalmente abordando a modelagem comparativa (incluindo o pipeline
MHOLIine), essenciais para a realizacdo de etapas importantes nas analises

voltadas para a determinac&o de analogia.

Em seguida, é apresentada uma resumida revisdo sobre enzimas e
metabolismo, expondo a classificagdo enzimatica adotada neste estudo, assim como
caracteristicas relacionadas com a origem e evolugdo das fungdes enzimaticas e

vias metabdlicas.

Por fim, s&o apresentados os organismos modelo utilizados neste estudo, os
tripanossomatideos patogénicos Leishmania major, Trypanosoma brucei e
Trypanosoma cruzi, escolhidos por sua grande relevancia socio-econémica e pela
disponibilizacdo recente das suas sequéncias genOmicas. Além disso, dados do
genoma de Homo sapiens foram utilizados com a finalidade de encontrar analogos

funcionais como potenciais alvos para o desenvolvimento de novas drogas.
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1.1. Fundamentos Tedricos

1.1.1. Bioinformética

“A Computacdo esta para a Biologia da mesma forma que a

matematica esté para fisica.” (Harold Morowitz').

O que ¢é a Bioinformatica? Para muitos € o desenvolvimento de ferramentas e
métodos computacionais para analise, manipulagdo, construcdo, edicdo e
gerenciamento de dados bioldgicos. A analise destes dados em laboratério € dificil e

custosa; portanto, técnicas computacionais s&o essenciais (Craven & Shavlik, 1994).

Durante os ultimos anos, a bioinformatica tornou-se um dos mais visiveis
dominios da ciéncia moderna. No entanto, esse "novo campo" tem uma historia
longa, juntamente com os triunfos da genética, biologia molecular e celular, e ao
progresso na tecnologia computacional do século passado (Ouzounis & Valencia,
2003). Seu inicio ocorreu paralelamente aos avangos das ciéncias biologicas e
computacionais. Com o desenvolvimento do primeiro computador moderno digital,
ou seja, onde os dados sao armazenados em um alfabeto binario (de zeros e uns) e
da descoberta da dupla hélice de DNA (Watson & Crick, 1953), percebeu-se que a
informagdo genética também poderia ser escrita com um alfabeto, s6 que
quaternario e nao binario, pois sao usadas 4 letras, as famosas A, C, G, e T. Mais
tarde descobriu-se que a forma dos genes operarem também poderia ser, até certo
ponto, digital: os genes podem ser "ligados" ou "desligados" (Jacob & Monod, 1961).
Apenas esta observagao ja seria suficiente para prever, na década de 50, que um
dia a informatica e a biologia molecular iriam juntas fazer nascer uma nova area do

conhecimento (Setubal, 2003).

As pesquisas atuais que envolvem a bioinformatica estdo relacionadas com
diversas aplicacdes que compreendem o desenvolvimento de técnicas analiticas e

quantitativas a modelagem de sistemas bioldgicos, incluindo tanto uma analise

! Biofisico norte-americano que se dedicou com especial interesse a termodinamica dos sistemas
vivos. Suas pesquisas atuais articulam os fundamentos da biologia com as ciéncias da informacao.
Publicou também sobre a origem da vida, tépico do qual é considerado um dos maiores
conhecedores mundiais.
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funcional como também o armazenamento e distribuicdo desses dados (Thornton,
1998; Skrabanek et al., 2008).

1.1.2. Biologia de Sistemas

A determinagao das estruturas primarias de macromoléculas biolégicas de um
organismo (gendmica) ja ndo € um fator limitante para o seu entendimento funcional.
Da mesma forma, a compreensdo da regulacdo da transcricdo génica
(transcriptdmica) tem sido bastante fortalecida pela disponibilidade de diversas
tecnologias, como por exemplo, os microarranjos. O passo adiante € a compreensao
das fungbdes bioquimicas de todos os produtos génicos (protebmica), o
relacionamento entre estes produtos e destes com os substratos e moléculas
reguladoras (metabolémica), e a totalidade de suas interagdes (interatomica).
Métodos bioquimicos tradicionais que visam o entendimento de tudo isso requerem
uma demanda grande de tempo, e por isso, entram em cena métodos mais
eficientes para responder a estas perguntas, ou pelo menos para sugerir possiveis

solugdes na era poés-gendmica (Kandpal et al., 2009).

A evolugdo das tecnologias de alto desempenho para a analise e
representacdo de moléculas biologicas criou uma mudanga de paradigma na
investigacdo das ciéncias da vida. Uma abordagem integrativa, usando dados
provenientes de todas as “Gmicas”, leva ao conceito de Biologia de Sistemas, que
investiga os sistemas como um todo e ndo como componentes individuais de forma
isolada (Snyder & Gallagher, 2009). A Biologia de Sistemas € um campo da ciéncia
que descreve quantitativamente a interacdo entre os componentes individuais da
célula. O objetivo final de tal abordagem é desenvolver modelos computacionais de
sistemas complexos de modo que a resposta do sistema biologico para qualquer tipo
de perturbacdo (como por exemplo, ambiental, mutacional, etc) possa ser predita.
Do ponto de vista da engenharia, a biologia de sistemas pode ser considerada como
um conjunto de processos fisico-quimicos e mecanicos interligados e que ocorrem

em paralelo e em série em um organismo (Hatzimanikatis, 1999).

Na visdo da biologia de sistemas, o conhecimento bioldgico prévio juntamente

com os dados experimentais € usado para definir as relagdes entre os varios
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componentes do sistema e extrair parametros biolégicos. Estes parametros seréo
usados na construgcdo de modelos bioquimicos ou matematicos na geragdo de
hipoteses que possam explicar um determinado fendmeno biologico. A comparagao
entre os dados experimentais oriundos da analise do comportamento do sistema,
juntamente com os dados do modelo gerado pode ser usada para examinar este
modelo ou o conjunto de parametros que melhor descreve estes dados, e assim, tais
dados podem ser aperfeicoados com o auxilio de novos desenhos experimentais até
chegar a um modelo refinado (Aggarwal & Lee, 2003). Este esquema é demonstrado

na Figura 1.

Conhecimento Defini¢do da estrutura do Analise do comportamento do
bioldgico e dados sistema (regulagéo, vias, sistema (perturbagdo ambiental,
experimentais etc) genética, etc)

Modelos
Parametros primitivos/hipdteses Dados
bioldgicos (bioguimicos ou experimentais
matematicos

Novos
desenhos
experimentais

Selecionar
melhor modelo

Simulagdo Validacao
do modelo do modelo

Modelo
refinado

Figura 1: Esquema da simulagdo de modelo na biologia de sistemas. Adapatado de Aggarwal & Lee,
2003.

O entendimento da funcdo de processos individuais e suas interagcdes tém
uma grande importancia no avango das pesquisas em diversas areas, como por
exemplo, na biotecnologia industrial, agricola e farmacéutica. Esta ultima vem
ganhando espaco, principalmente no desenvolvimento de novas drogas
(Hatzimanikatis, 1999). Nos ultimos anos, a metaboldmica desempenha papel cada
vez mais importante na pesquisa farmacéutica e de desenvolvimento. O
entendimento do perfil metabdlico de fluidos bioldgicos e de tecidos pode fornecer

uma visao panoramica das mudangas de metabdlitos enddégenos em resposta a
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perturbagdes celulares ocasionadas por algumas doengas. Além disso, pode
complementar os dados de transcriptdmica e protedmica na identificagdo de novos
loci de caracteristicas quantitativas nos estudos de associagcdo em um genoma (Xu
et al., 2009).

1.1.3. Gendmica Funcional

A conclusdo bem sucedida de varios projetos genoma levou a uma nova
etapa nas ciéncias biologicas, a era pos-genémica. Um dos mais importantes
desafios nesta nova era é a elucidacao de funcdes celulares, que podem ser vistas
como um comportamento particular de um sistema complexo de interagcdes entre

varias proteinas (Ouzounis & Valencia, 2003).

As sequéncias genbmicas fornecem informagbes que permitem a
investigacdo de processos bioldgicos através de abordagens abrangentes. A analise
de genomas também teve impacto na medicina, uma vez que se tornou possivel a
identificacdo de genes envolvidos em varias doengas, assim como a presenga de
mutacdes em tais genes (Fields et al., 1998). A analise sistematica da fungdo de um
gene é muito mais complexa do que o sequenciamento em larga escala das
sequéncias de um genoma (Raamsdonk et al., 2001). As sequéncias provenientes
dos projetos genoma sé&o utilizadas para predizer o primeiro conjunto de proteinas
possiveis de um dado organismo, comparando estas sequéncias com todas as
outras conhecidas em bancos de dados. Para muitas destas proteinas, é possivel
assinalar uma provavel funcido quando existe uma correspondéncia razoavel com
uma sequéncia protéica a partir do genoma de outro organismo e com uma fungao
pré-estabelecida, uma vez que € presumida que a similaridade na sequéncia
geralmente reflete uma similaridade de fungdo. O conhecimento do papel biolégico
de proteinas comuns entre organismos certamente pode, muitas vezes, fornecer

forte inferéncia ao seu papel em outros organismos (Fields et al., 1998).

A Genbmica Funcional congrega analises de dados provenientes de
transcritos de genes, proteinas e metabdlitos de modo a responder a pergunta
colocada por todos os projetos de sequenciamento de genoma: qual € a fungéo

biolégica de cada gene e seus produtos codificados? Assim, a gendmica funcional



Guimaraes A.C.R. Introducao

oferece a perspectiva de obter uma visdao verdadeiramente holistica da vida
(Colebatch et al., 2003).

A analise em grande escala na genémica funcional s6 se tornou viavel devido
ao desenvolvimento de sistemas de armazenamento e consulta a esses dados. A
utiizacdo de reconhecimento de padrées aprimorou significativamente o
desenvolvimento de repositorios de dados publicos, melhorando assim, o

compartilhamento desses dados (Jones et al., 2004).

1.1.3.1. Anotac¢ao Funcional

“‘Anotacao de sequéncias € um processo multiplo, pelo qual uma ou
mais sequéncias brutas de DNA ou de aminoacido sdo analisadas
com a finalidade de atribuir caracteristicas biol6gicas para o
entendimento do contexto biolégico em que estas se inserem, ou

seja, sua funcéo.” (Stein, 2001).

Uma vez obtidos os dados do sequenciamento das moléculas de DNA, é
preciso saber o que representa cada fragmento ou regido. O processo de anotagao
consiste em identificar, analisar e interpretar sinais nas sequéncias de DNA,
extraindo o seu significado biolégico. Uma sequéncia per se tem pouco ou nenhum
valor, se nao for anotada e estas anotacbes podem representar um volume de

informagdes muito maior que as préprias sequéncias (Valencia, 2005).

Em projetos genoma, este processo normalmente é realizado em trés etapas:
(i) anotacdo de sequéncias de nucleotideos; (ii) de sequéncias protéicas; e (iii) de
processos bioldgicos, como exemplificado na figura 2. Na primeira etapa, procura-se
identificar a natureza de uma determinada sequéncia, tentando desvendar a sua
localizagdo no genoma, se faz parte de uma regido codificante ou regulatoéria, se
sera transcrita ou ndo, se faz parte de uma regiao repetitiva ou se apresenta algum
marcador genético conhecido em seu interior. A finalidade desta etapa de anotagao
€ situar os genes num contexto gendémico, ou seja, mapear no genoma do
organismo cada um dos possiveis genes e caracterizar as regides nao-génicas,

sejam estas regulatorias ou ndo. Assim, a anotagdo busca caracterizar regides
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codificadoras para proteinas, regides intergéncias e reguladoras, fronteiras
intron/éxon, sitios promotores e de iniciagdo e término de transcricdo, regides
codificadoras para RNA’s estruturais e funcionais, sequéncias repetitivas, elementos
centroméricos e teloméricos onde aplicavel, e outros elementos estruturais no
genoma. Existem diversos algoritmos de predicdo génica que sao utilizados nesta
etapa; os mais utilizados buscam por elementos como o cdédon de iniciagdo de
proteinas (a trinca de nucleotideos ATG) e codons de terminagdo na mesma fase de
leitura, seguido de abordagens estatisticas para estimar a probabilidade da fase
aberta de leitura ser de fato codificadora para uma proteina. A etapa seguinte
consiste na analise das caracteristicas protéicas a partir das sequéncias de
aminoacidos preditas na fase anterior, no processo de anotagdo das sequéncias
protéicas. Existem diversas maneiras de inferir funcdo a uma proteina; um
fluxograma representativo desta etapa € mostrado na figura 3, onde a anotagéo
pode ser feita através da transferéncia de uma anotacado previamente descrita por
homologia na sequéncia. Esta homologia funcional pode ser inferida através de
busca por similaridade em bancos de dados diversos, tanto de sequéncias quanto
de motivos, dominios, estruturas, etc. A anotagao automatica requer uma validagao
manual, juntamente com uma mineragdo nos bancos de dados para corrigir

possiveis erros gerados na automatizacao da predicdo de fungdes protéicas.

A etapa de anotagcdo seguinte é bastante desafiadora, pois relaciona a
informagdo gendmica com os processos biolégicos, gerando um mapa funcional do
organismo estudado, sendo plausivel identificar/propor quais vias bioquimicas estao
completas ou incompletas no organismo e quais vias alternativas este possui. Aqui €
possivel explanar como 0 metabolismo do organismo pode influenciar seu modo de
vida e seu comportamento (Stein, 2001). A disponibilizagdo recente de dados de
redes de interagdo de proteinas dentro das células em diversas espécies vem
aumentando o desenvolvimento de métodos computacionais para interpretar estes

dados de modo a auxiliar na elucidacéo de fungdes protéicas (Sharan et al., 2007).
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Figura 2: Os trés niveis representativos da anotagdo gendmica: onde, o que e como? Adaptado de
Stein, 2001.
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Sequéncias nucleotidicas

Predicdo génica

Sequéncias protéicas

Busca por Busca por Busca contra Predicdo de Busca por Predicdo de
similaridade similaridade biblioteca de fungao similaridade estrutura
contra BD de contra BD dominios baseada em contra BD de baseada em

proteina especializado protéicos sequéncia estrutura sequéncia
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Anotacdo manual BANCO DE DADOS DE dados e corregao
ANOTACAO de erros

Figura 3: Fluxograma representativo da visdo geral do processo automatico de anotagdo gendmica.
Adaptado de Frishman, 2007.

Outra maneira de visualizar a informagao sobre a fungcdo de componentes
celulares, suas interagdes, localizacdo espacial e alteracbes ocorridas durante a
evolucdo é através do exame de diferentes niveis hierarquicos de anotacdo do
genoma (figura 4). A anotagao unidimensional envolve a identificagdo de genes no
genoma e a inferéncia de fungdo conhecida ou predita para identificar os produtos
génicos. A segunda dimensdo especifica os componentes celulares e suas
interacdes. As interacbes fisicas e quimicas entre estes componentes levam a
reconstrucdes de redes que simulam as duas dimensdes. O conhecimento sobre a
organizacdo dos componentes dentro da célula representa a terceira dimensao e

esta relacionada com papéis importantes na fungao celular. A ultima dimensao esta
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relacionada com as modificagbes nas sequéncias gendmicas que podem ocorrer
durante a evolugao e tem grande importancia na plasticidade genémica, assim como
na identificagdo do surgimento e extingdo de algumas fungdes dentro de uma célula
(Reed et al., 2006).

Anotagdo Unidimensional: Anotagio Bidimensional: Anotagio Tridimensional: Anotagdo Tetradimensional:
Enumeragdo de componente Reconstrugéo de rede Reconstrugéo ultraestrutural  Plasticidade do genoma e novos estados
de rede
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Figura 4: Anotagdo multidimensional. A anotagdo unidimensional representa uma lista de
componentes da rede. A segunda dimensdo pode ser representada pela interagdo entre estes
componentes, onde uma matriz de coeficiente estequiométrico € usada para representar as
interacdes dos componentes. A organizagéo estrutural do genoma também pode ser representada
espacialmente numa anotagdo tridimensional. Modificagbes na sequéncia gendbmica podem ser

caracterizadas na quarta dimensao da anotagao. Adaptado de Reed et al., 2006.

Embora os sistemas de anotagdo atuais tentem minimizar os erros, ainda
existem problemas comuns relevantes a automatizacdo desse processo. Entre estes
problemas, podemos citar a presenca de erros de anotacdo em bancos de dados
publicos que leva a propagacao de tais erros em novas inferéncias. Estes erros
podem ser introduzidos durante os desenhos experimentais e na obtengdo e
interpretacdo dos resultados, sendo de dificil deteccdo. Quando a informagao
experimental errbnea é estocada nos bancos de dados, os erros sdo expandidos
pelos processos automatizados de anotagdo funcional (Valencia, 2005). Uma
validacdo manual utilizando informag¢des curadas tende a diminuir a propagacao

desses erros. Entretanto, € extremamente dificil reproduzir computacionalmente o
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complexo processo de decisdao de um curador humano, que leva em consideracao
diversos parametros, como a analise de dados disponiveis na literatura, a
proposicdo de novos desenhos experimentais, e resultado de outras analises

computacionais (Bork & Bairoch, 1996; Galperin & Koonin, 1998).

E importante ressaltar que os dados armazenados nesses repositérios devem
ser anotados de uma maneira consistente, levando em consideragdo termos
funcionalmente equivalentes, como proposto pelo Gene Ontology Consortium
(http://lwww.geneontology.org). O objetivo do Gene Ontology (GO) € produzir um
vocabulario dinamico controlado, que pode ser aplicado a todos os organismos no
que diz respeito a processos biologicos, fungdes moleculares e componentes
celulares (Ashburner et al., 2000). A classificagao feita pelo GO é baseada em dados
da literatura cientifica e nas relagdes evolutivas das entidades anotadas, para
conferir uma declaragao formal sobre a fungdo de um gene. As anotacgdes sao feitas
usando diferentes provas, que podem ser utilizadas para estimar sua confiabilidade
(Thomas et al.,2007).

1.1.4 GenOmica estrutural

1.1.4.1. Funcgé&o estrutural

Um exemplo significativo da importancia que o conhecimento da estrutura
tridimensional de macromoléculas fornece para o entendimento de processos
biolégicos é o préprio modelo de estrutura em dupla-hélice do acido
desoxirribonucléico (DNA) proposto por Watson e Crick (1953). Mais de cinquenta
anos depois, inumeras estruturas de diferentes macromoléculas ja foram propostas
(Ring & Cohe, 1993; Berman et al., 2000)

A estrutura tridimensional de uma proteina € muito mais informativa do que
sua sequéncia de aminoacidos por si s6. O conhecimento da estrutura nos permite
explicar a bioquimica do mecanismo pelo qual a proteina implementa sua
funcionalidade (Watson et al., 2005). Se a fungc&o é desconhecida, uma similaridade
baseada na estrutura tridimensional (3D) entre duas sequéncias pode revelar mais

detalhes sobre sua funcdo. Se a estrutura 3D possui uma conformagao com uma
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determinada fungao conhecida, pode-se inferir que a proteina possui uma fungao
similar ou idéntica a de outras proteinas com essa conformacdo. Uma possivel
explicagdo para esse fato € que, provavelmente, descendem de um ancestral
comum. Em rarissimos casos, a funcdo de proteinas de um ou de ambos pode se
alterar durante a evolucao, enquanto suas conformagdes permanecem inalteradas e,
portanto, nestes casos, a mesma conformacgado pode dar origem a duas funcdes
distintas (Sanchez et al., 2000; Cherkasov et al., 2004). Existem conformagdes
presentes em diversas proteinas que desempenham fungdes diferentes; porém, a
maior parte das conformacdes atualmente conhecidas esta associada a uma unica
funcao (Friedberg, 2006; Todd et al.,, 1996). Além disso, a estrutura tridimensional
protéica por sua vez, € mais bem preservada do que a estrutura primaria em si, tanto
que proteinas com pouca ou nenhuma similaridade de sequéncia podem manter
uma semelhancga estrutural (Rost, 1997). Os sitios ativos das proteinas fazem parte
das regides funcionalmente importantes da estrutura, tendo uma maior probabilidade
de terem sido fortemente conservados ao longo do tempo evolutivo como visto na
figura 5 (Sjolander, 2004; La et al., 2005; Marsden et al., 2006).

Core estrutural

- Sitio catalitico
- Sitio de ligagdo ao substrato

= Sitio regulatério

Figura 5: Representagdo esquematica das regides funcionais tipicas de uma proteina. O modelo
geral de evolugdo sugere que a maior conservacgao esta relacionada com o sitio catalitico, seguida

pel cerne (core) estrutural, especificidade do substrato e regides regulatérias.

O sucesso na gendmica estrutural pode ser visto no aumento do numero de
estruturas depositadas no maior banco especializado em estruturas tridimensionais,
o Protein Data Bank (PDB) (Berman et al., 2000). Este sucesso se deve ao
desenvolvimento de tecnologias experimentais e computacionais para a predigao de
estrutura 3D. Entretanto, houve um aumento na elucidacdo de estruturas que nao

possuem uma funcido definida, denominadas apenas como hipotéticas. Embora
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fornecam uma valiosa contribuicdo ao conhecimento da estrutura das proteinas de
forma geral, o seu valor pode ser significativamente reforgcado pelo conhecimento

das fungdes biologicas que desempenham (Watson et al., 2005).

1.1.4.2. Modelagem Comparativa

O numero de estruturas terciarias resolvidas, através de cristalografia,
Resonéancia Magnética Nuclear ou outros métodos, e armazenadas em bancos de
dados ainda é bem menor do que a quantidade de registros contendo informagdes
sobre a estrutura primaria de muitas proteinas biologicamente relevantes. Para
minimizar essa situacado, foram desenvolvidos métodos de predicdo de estrutura
secundaria e terciaria. Uma sequéncia aminoacidica pode ser utilizada na predigao
de elementos de estrutura secundaria, como trechos de alfa-hélice ou folha-beta,
que agrupados auxiliam na determinagcdo da estrutura terciaria (Garnier, 1990). O
padrao de enovelamento de proteinas permite que aminoacidos dispostos em
regides distantes possam interagir, formando distintos padrées conformacionais.
Alinhamentos estruturais entre proteinas pertencentes a uma mesma familia podem
identificar regides similares envolvidas com uma determinada fungao, e assim, ser
um método importante de inferéncia de fungcao (Laskowski et al., 2003; Marsden et
al., 2006). Computacionalmente s&o aplicadas duas estratégias para a predi¢cao de
estrutura tridimensional: (i) métodos fisicos, que se baseiam nas interagdes entre os
atomos, incluindo dindmica molecular e minimizacado de energia; e (ii) métodos
empiricos, que dependem de estruturas que ja foram determinadas

experimentalmente.

Um dos métodos que contribui para a predicdo da estrutura tridimensional de
proteinas € a modelagem comparativa, um procedimento computacional que prediz
a estrutura da proteina o mais préoximo da estrutura cristalografica utilizando uma
estrutura molde resolvida tridimensionalmente, evolutivamente relacionada, cuja
estrutura primaria possui similaridade com a sequéncia da proteina que se quer
modelar (Goldsmith-Fischman & Honig, 2003). Tem como objetivo descrever e
prever estruturas moleculares, propriedades do estado de transicdo e equilibrio de
reacdes, propriedades termodinamicas, entre outras. Os métodos utilizados em

modelagem molecular envolvem estudos de minimizagdo de energia, andlise
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conformacional, simulacdes de dinamica molecular, entre outros; e sao aplicaveis
desde atomos isolados a macromoléculas (Williams & Lemke, 2002; Sanchez et al.,
2000).

Na modelagem comparativa, quatro etapas sao fundamentais: i) identificagéao
do molde de referéncia, que é a selegao de sequéncias e estruturas que possuem
similaridade com a sequéncia alvo; ii) alinhamento entre as sequéncias de referéncia
e alvo, para determinar o melhor molde a ser utilizado nas etapas seguintes; iii)
construgao do modelo, que utiliza as informagdes contidas no alinhamento da etapa
anterior em principalmente duas técnicas de construgdo, corpos rigidos® ou
satisfacdo de restricdes espaciais®; iv) validacdo do modelo, através da identificagao
de possiveis erros relacionados aos métodos empregados, a escolha das
referéncias e ao alinhamento das sequéncias alvo e de referéncia. Nesta fase o
modelo escolhido é aceito ou rejeitado, sendo que neste ultimo caso todo o
protocolo deve ser revisto no intuito de melhorar a escolha das referéncias, o
alinhamento ou a utilizagdo de outros métodos (Garnier, 1990). A qualidade do
modelo gerado é consequéncia das ligagdes entre os atomos envolvidos, os angulos
conformacionais gerados, as ligacbes peptidicas entre os aminoacidos que
compdem a proteina, a planaridade dos anéis e os angulos de tor¢ao nas cadeias
principais e laterais. Uma maneira de quantificar tais parametros € através do grau
de similaridade entre as estruturas tridimensionais do modelo gerado com o de sua
proteina molde. Este grau de similaridade é calculado pelo desvio médio quadratico
(Root Mean Square Deviation - RMSD), que mede as distancias interatdmicas entre
as duas estruturas (Valas et al., 2009). O grafico de Ramachandran (Ramakrishnan,
2001) exemplificado na figura 6 também identifica residuos alocados em regides
favoraveis e desfavoraveis através da correlagao entre os angulos phi e psi (figura 7)

entre os residuos presentes na estrutura do modelo gerado, levando a um

2 Construgao de modelos por partes, baseado no fato de que proteinas homélogas possuem regides
estruturalmente conservadas, como alfa-hélice e folhas beta. Estas estruturas secundarias sao
alinhadas, considerando a média da posicdo de carbonos-alfa das estruturas das regides
estruturalmente conservadas nas sequéncias de referéncia, enquanto que as regides que nao
satisfazem as exigéncias sao normalmente as de algas que conectam as regides conservadas.

3 Construgdo de modelos a partir do alinhamento entre as sequéncias referéncia e de estudo, onde se
obtém informagdes das restricbes espaciais (distancias e angulos) do molde que sao transferidas
para o modelo. O tamanho das ligagbes e os angulos preferenciais sao obtidos de campos de forga
enquanto que os de atomos nao ligados sdo obtidos por analise estatistica de um grupo
representativo de estruturas conhecidas.
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melhoramento deste modelo (Marti-Renom et al., 2002). Métodos de simulagédo de

dinamica molecular também tém sido utilizados para melhorar os modelos gerados
(Fan & Mark, 2004).

Structure Ramachandran plot
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Figura 6: Exemplo de grafico de Ramachandran apresentando correlagbes entre os angulos phi (¢) e
psi (¢) de uma cadeia polipeptidica. No grafico, cada ponto representa um residuo aminoacidico da
proteina e quais destes se encontram nas regides energicamente mais favoraveis (coloridas) e
desfavoraveis (branca), com excegao da prolina, e orienta a avaliagdo da qualidade estereoquimicas
de modelos tedricos ou experimentais de proteinas. Fonte:

http://adam.steinbergs.us/images/books/Proteins/ ramachandran-plot1.jpg

Figura 7: llustracdo representativa dos dois graus de liberdade presentes numa ligagdo peptidica,
angulos phi (@) e psi (y). Fonte: http://en.wikipedia.org/wiki/File: Dihedrals.png
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1.1.4.3. MHOLIline

Um dos workflows biolégicos utilizados para a predicdo automatizada de
estruturas tridimensionais de proteinas, e que foi usado nesse estudo, € o MHOLIine
(http://www.mholline.Incc.br). Este reune um conjunto especifico de programas de
analise de estrutura protéica, incluindo métodos de modelagem comparativa e de

identificacdo de regides transmembranares (Cavalcanti et al., 2005).

O MHOLlIine inicia com um arquivo de entrada no formato FASTA contendo
uma ou mais sequéncias de proteinas. Para a identificagdo do molde a ser utilizado
na construgdo do modelo, o MHOLIine usa o algoritmo BLAST - Basic Local
Alignment Search Tool (Altschul et al., 1997) para a busca de sequéncias com
estrutura tridimensional resolvida depositadas no PDB. Uma etapa de refinamento
do modelo é feita com a utilizagcdo de um programa desenvolvido especialmente
para este pipeline denominado BATS (Blast Automatic Targeting for Structures), que
identifica as sequéncias para que a técnica de modelagem comparativa possa ser
aplicada. A escolha de tais sequéncias é feita a partir do arquivo de saida do
BLAST, usando os parametros de pontuacao resultantes dos alinhamentos e segue
os critérios definidos na tabela 1. As sequéncias alocadas no grupo 0 (GO) ou no
grupo 1 (G1) retornam para o usuario em novos arquivos FASTA, que podem ser
novamente submetidas ao MHOLIine. As sequéncias que se encontram no grupo 3
(G3) nao podem ter sua estrutura tridimensional predita por técnicas de modelagem
comparativa, também retornando para o usuario em arquivo FASTA. Ja as
sequéncias reunidas no grupo 2 (G2) continuam no fluxo do MHOLIine. Para cada
sequéncia de entrada neste grupo é escolhida apenas uma estrutura PDB como
molde para a etapa de modelagem comparativa, realizada através do programa
Modeller (Eswar et al., 2006). A escolha é feita selecionando a maior pontuacao do
BATS para cada sequéncia de entrada e, em caso de empate, a melhor resolucao
do PDB é utilizada como critério de decisdo. O calculo da pontuacdo BATS é

realizado pela equacéo:
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Sf = W|P| + WSPS + Wnpn + W|P| + ngg

onde W; Ws, W,, W;, Wy e P;, Ps, Pn, P;, Py s&o, respectivamente, o peso e os
valores atribuidos a identidade e similaridade do BLAST, o numero de aminoacidos
alinhados, o Length Variation Index (LVI) e o Gap Relative Strength Index (GRSI). O

LVI e o GRSI sao calculados segundo as equacoes:

LVI = Qy - Naii
Qu

GRSI =wG, + Gy

QL

onde Q. ¢é o comprimento da sequéncia de consulta, Na; € 0 numero de
aminoacidos alinhados entre sequéncias query e subject, w é a penalidade para a
abertura de uma lacuna (gap) no alinhamento, Ga representa o numero de aberturas

de novas lacunas e Gg o numero de lacunas subsequentes abertas.

Tabela 1: Grupos classificatérios do BATS com os respectivos parametros de pontuacao.

Grupos Parametros de pontuacao
GO Sequéncia sem alinhamento
G1 E-value > 10e”® ou Identidade < 0,15
G2 E-value < 10e” e Identidade = 0,25 e LVI < 0,7

G3  E-value < 10e® e (0,15 < Identidade < 0,25 ou LVI > 0,7)

Uma ferramenta denominada Filtros classifica as sequéncias selecionadas
pelo BATS em sete grupos distintos de acordo com a qualidade do modelo a ser

gerado, conforme a tabela 2.

18



Guimaraes A.C.R. Introducao

Tabela 2: Classificagdo feita pela ferramenta Filiros, de acordo com a qualidade dos modelos

gerados a partir dos parametros obtidos pelo BATS.

Qualidade Identidade LVI
1. Muito Alta >75% <0,1
2. Alta 2 50% e <75% <0,1
3. Boa =50% >0,1e<0,3
4. Meédia para Boa 2 35% e < 50% <0,3
5. Média para Baixa 225% e < 35% <0,3
6. Baixa < 25% >0,3e<0,5
7. Muito Baixa <25% >0,5e<0,7

Outra ferramenta, a ECNGet, atribui um numero classificatério quando a
sequéncia € uma enzima. Essa classificacdo € baseada na nomenclatura de
enzimas estipulada pela IUBMB (International Union of Biochemistry and Molecular
Biology). Somente as sequéncias alocadas no G2 do BATS passam por esta
ferramenta, que utiliza o cdédigo de identificacdo do PDB para associar um EC

number a sequéncia

Apds a identificagdo do molde, um alinhamento global é gerado e a
construcdo do modelo tridimensional é executada. Os modelos gerados passam por
uma validacdo de sua qualidade estereoquimica através do programa PROCHECK
(Laskowski et al.,, 1993). Todas as sequéncias FASTA passam pelo programa
HMMTOP (Tusnady & Simon, 1998) a fim de identificar as regides transmembrana.

Todas as etapas realizadas pelo MHOLIine se encontram representadas na figura 8.

Fasta
File

: —-l Procheck

Figura 8: Fluxograma representativo de todas as etapas executada pelo MHOLline. Fonte:
http://www.mholline.Incc.br/index.php?pag=2.

Para cada programa executado € gerado um arquivo final e por fim um

relatorio sintetizando todas as etapas realizadas.
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1.1.4.4. Desenho Racional de Farmacos

O extensivo crescimento no campo da biologia molecular nas ultimas décadas
tem levado ao desenvolvimento de novas e poderosas ferramentas experimentais e
computacionais que permitem a analise de respostas bioldgicas complexas em
resposta a exposi¢cdo a substancias quimicas, como por exemplo, os farmacos
(Harrill & Husyn, 2008). Estes sao essenciais para a prevencgao e tratamento de
doencas. O procedimento de desenvolvimento de tais farmacos € um trabalho
custoso e requer um tempo consideravel. Para entender os desafios na busca do
farmaco ideal, diferentes métodos sdo empregados, sejam experimentais ou
computacionais, levando em conta abordagens multidisciplinares que constituem a
base do desenho racional de farmacos (Mandal et al., 2009). Recentemente, a
descoberta de novos farmacos tornou-se possivel devido a disponibilidade de
estruturas tridimensionais de biomoléculas resolvidas por ressonancia magnética
nuclear e difragao de raio-X, além do desenvolvimento de metodologias de docking®

e dinamica molecular® (Miiller, 2009).

O desenho racional de farmacos pode ser dividido em duas categorias: (i)
desenvolvimento de pequenas moléculas com as propriedades desejadas, cujo
papel funcional nos processos celulares e a informacgao estrutural sdo conhecidos; e
(i) desenvolvimento de pequenas moléculas com propriedades pré-definidas, com
funcdo e estrutura tridimensional ndo necessariamente conhecidas. Estas sao
normalmente selecionadas através de analises em larga escala de genomas e
proteomas. O desenvolvimento dessas moléculas, apds a identificacdo de um
possivel alvo, requer uma analise sob varios aspectos, tais como: avaliacdo da
ligacao entre receptor e ligante; lipofilicidade e hidrofilicidade; absorgéao, distribui¢ao,
metabolismo e excrecdo; biodegradagao, toxicidade, entre outros (Mandal et al.,
2009).

* Método que prevé a orientacdo preferencial de uma molécula quando vinculada a(s) outra(s) para
formar um complexo estavel.

° Tipo de simulagdo computacional no qual os atomos e moléculas podem interagir durante um

periodo de tempo por aproximagdes fisicas conhecidas, dando uma visdo do movimento das
particulas.
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Tradicionalmente, a maioria dos protétipos de farmacos disponiveis
atualmente utiliza uma triagem cega na busca de alvos, através da varredura de um
grande numero de compostos sintéticos ou produtos naturais com atividade contra
patdgenos integros, em ensaios in vitro e em modelos animais. Esta abordagem é
bastante trabalhosa e com elevado custo financeiro, levando ao aumento da
utilizacao de técnicas baseadas em um exame mais focado, buscando compostos
contra alvos moleculares especificos (Rockey & Elcock, 2002). A utilizagdo de dados
estruturais permite a analise de propriedades especificas de um composto que
podem influenciar na interagdo com seu receptor. Além disso, alinhamentos
estruturais entre diferentes moléculas fornecem um indice de similaridade que pode

ser correlacionado com a atividade farmacoldgica (Cherkasov et al., 2004).

O “gargalo” anteriormente existente para o desenho racional de farmacos, a
pequena porcentagem de genes conhecidos, foi rapidamente solucionado com o
sequenciamento de diversos genomas, possibilitando o desenvolvimento de novas
abordagens computacionais para a identificagdo de genes candidatos ao
desenvolvimento de novas drogas e seus respectivos desenhos experimentais. A
informacdo gendmica, combinada com estratégias de mineragcdo de dados levou a
reconstrucdo de vias bioquimicas completas, onde é possivel identificar moléculas
que participam de passos essenciais e que possam ser eleitas como novos alvos
para potenciais intervengdes terapéuticas (Jorgensen, 2004). Assim, a gendmica
estrutural tem sido util na identificagao de alvos moleculares, utilizando métodos de
alto desempenho na determinagao da estrutura tridimensional e proporcionando uma
ferramenta importante para triagem inicial de drogas-alvo e sua otimizagéo
(Congreve et al., 2005). Uma abordagem de genbémica funcional tem sido usada
para preencher a lacuna existente na inferéncia de fungao das estruturas primarias
para a identificacdo de possiveis alvos de drogas utilizando técnicas de bioquimica,
biologia celular e molecular, e bioinformatica. Esta abordagem permite uma melhor
compreensao do papel desempenhado pelas moléculas nas vias metabdlicas

envolvidas em uma variedade de doengas (Lindsay, 2003).
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1.1.5. Enzimas e metabolismo

1.1.5.1. Conceitos

As enzimas tém um papel crucial em muitos aspectos da vida. Diversas
civilizagdes ja as usavam ha milhares de anos sem entender o seu funcionamento. A
existéncia das enzimas ja é conhecida ha mais de um século. Um dos primeiros
estudos foi realizado pelo quimico sueco Jakob Berzelius Jon, que em 1835
identificou sua agao catalitica. Mas somente em 1926, James B. Summer conseguiu
obter uma forma pura desta molécula, isolando e cristalizando urease de feijao
(Bennet & Frieden, 1969). Ao longo do tempo, a ciéncia tem desvendado o mistério
acerca das enzimas e aplicado esse conhecimento para fazer melhor uso em um
numero crescente de aplicacbes, como, por exemplo, na produgao de alimentos,
tecidos, combustivel, entre outras (Ke & Klibanov, 2000). A utilizacdo de enzimas no
diagnostico de doengas é um dos importantes beneficios derivados da intensa
pesquisa em bioquimica desde a década de 1940. No entanto, foi somente num
passado recente que o interesse em enzimologia para diagnostico se multiplicou
(Bohager, 2006).

Enzimas sdo proteinas altamente especializadas capazes de catalisar as
reagdes que ocorrem nos sistemas biolégicos; sdo produzidas por todos os
organismos Vivos e essenciais para todos os processos metabdlicos. Apenas um
pequeno numero de moléculas de acido ribonucléico (RNA) é capaz de exercer
alguma propriedade catalitica (Nelson & Cox, 2000). A catalise € uma maneira de
fazer com que uma reacdo quimica ocorra de forma mais rapida, reduzindo a
quantidade de energia necessaria para o processo. Na auséncia das enzimas, estas
reagcdes ocorreriam de forma muito lenta impossibilitando um metabolismo
adequado. Como controlam a maior parte das reag¢des que ocorrem no metabolismo
dos organismos, a correta identificagdo, caracterizagdo funcional e localizagdo no

genoma se tornam imprescindiveis (Bohager, 2006).
Como toda proteina, as enzimas sdo formadas por aminoacidos unidos

através de ligagdes peptidicas, e muitas delas requerem a presenga de outros

compostos (cofatores) para que sua atividade catalitica possa ser exercida. Este
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complexo ativo é referido como holoenzima, ou seja, a apoenzima (porg¢ao proteica)
juntamente com o cofator (Holum, 1968). Os cofatores podem ser de diferentes
naturezas: coenzima (substédncia orgénica nao protéica), grupo prostético
(substancia organica protéica), ion metal. Uma das propriedades das enzimas que
as tornam tao importantes é a especificidade que apresentam em relacao as reacoes
que catalisam. Existem poucas enzimas que apresentam uma especificidade
absoluta. Em geral, existem quatro tipos distintos de especificidade: (i)
especificidade absoluta, onde a enzima catalisa apenas uma reacdo; (ii)
especificidade de grupo, onde a enzima vai agir somente sobre as moléculas que
tém caracteristicas funcionais especificas; (iii) especificidade Linkage, em que a
enzima age em um determinado tipo de ligacdo quimica, independentemente do
restante da estrutura molecular; e (iv), especificidade estereoquimica, no qual a

enzima age em um isdmero estéreo ou o6tico particular (Martinek, 1969).

A reacao basica desempenhada pelas enzimas pode ser representada por:

E+S>ES>P+E

onde E representa a enzima, S o substrato, ES o complexo formado entre a enzima
e o substrato, e P o produto gerado na reagao. Varios fatores influenciam as reagdes
enzimaticas, como temperatura, pH, concentracdo da enzima e do substrato,

presenca de inibidor ou ativador (Harrow & Mazur, 1958).

Como apresentam um alto grau de especificidade por seus substratos e sao
fundamentais para qualquer processo bioquimico, as enzimas, normalmente, agem
em sequéncia organizada, catalisando reagdes sucessivas em vias metabdlicas que
garantem a manutencao da vida nos diversos organismos (Nelson & Cox, 2000).
Elucidar as fungdes celulares como um complexo sistema de interagdes € a principal
meta na metaboldbmica. Com o avango das tecnologias experimentais,
principalmente nas décadas de 60 e 70, foi possivel clarificar o entendimento do
papel das enzimas no metabolismo intermediario em diversos organismos, e assim,

propor modelos metabdlicos bastante elaborados (Hieter & Boguski, 1997).
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As enzimas metabdlicas sdo de grande importancia, pois participam de
reacOes essenciais a sobrevivéncia e manutencdo de um organismo vivo, incluindo
os processos de crescimento celular, reproducdo, resposta ao meio ambiente,
mecanismos de sobrevivéncia, manutencao da estrutura e integridade celular. Estas
reagcdes ocorrem dentro das células gerando alteragées quimicas e fisicas, no que
chamamos de metabolismo. A complexidade de uma célula esta intimamente
relacionada com a fungdo de seus procedimentos subjacentes. Desta maneira,
torna-se imprescindivel a identificacdo e anotacao correta dos componentes das vias

metabdlicas nos organismos (Selkov et al., 1998; Karp et al., 1999).

A genbmica fornece informagdes quase completas sobre genes e produtos
génicos que participam do metabolismo celular para um numero crescente de
organismos (Schilling et al., 2000). A disponibilidade de genomas sequenciados para
uma ampla variedade de organismos tem conduzido o desenvolvimento de modelos
de vias metabolicas. Métodos de genémica comparativa permitiram a identificagao e
a anotagao funcional dos genes que codificam para proteinas envolvidas em muitas
vias metabdlicas. Além disso, métodos computacionais foram desenvolvidos para
auxiliar na determinagdao de modelos metabdlicos de dados provenientes da
estrutura primaria dos genomas de muitos organismos. Um modelo metabdlico visa
capturar a estrutura de conectividade entre as moléculas que participam de um
determinado metabolismo. Assim, uma rede metabdlica € um modelo grafico que
descreve a presenca de metabdlitos, de reagdes catalisadas por enzimas, e as
relacbes entre substrato e produto nestas reacdes (Pitkanen et al.,, 2010). O
entendimento do metabolismo de diversos organismos esta relacionado com uma
série de implicagbes, como a engenharia metabdlica, o estudo do metabolismo
envolvido em doengas, a decifrar o potencial patogénico de parasitas, a identificagéo
de alvos para desenvolvimento de novas drogas, entre outros (Sigurdsson et al.,
2009).

A reconstrucdo metabdlica pode ser feita pela transferéncia funcional de
modelos metabdlicos propostos para organismos de espécies evolutivamente
relacionadas (Francke et al.,, 2005). Centenas de vias metabdlicas foram
automaticamente reconstruidas utilizando diferentes métodos e bases de dados. Um

exemplo é dado pelo banco de dados do KEGG (Kyoto Encyclopedia of Genes and
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Genomes), onde redes metabdlicas complexas sao representadas por diagramas de
reacbes enzimaticas, ligando as proteinas e outros produtos com o0s genes
responsaveis por varios processos celulares, tal como o metabolismo. Uma parte do
KEGG é suplementada por um conjunto de tabelas de grupos de ortélogos. Cada via
metabdlica de referéncia pode ser vista como uma rede de enzimas ou atividades
enzimaticas. Uma vez que os genes codificantes para enzimas sejam identificados
no genoma (normalmente por similaridade de sequéncia e/ou correlagéo posicional),
e suas atividades enzimaticas sejam adequadamente atribuidas, as vias metabdlicas
especificas de um organismo podem ser reconstruidas computacionalmente, através
da correlacdo entre os genes no genoma com os produtos génicos em vias
metabodlicas de referéncia (determinadas com base em dados experimentais).
Pressupondo uma boa conservagao das vias metabdlicas na maioria dos
organismos (de bactérias a vertebrados), torna-se possivel construir um mapa
contendo uma via de referéncia e entdo gerar vias especificas para um determinado
organismo através de uma abordagem computacional (Ma & Zeng, 2003; Kanehisa
& Goto, 2000; Kanehisa et. al, 2004).

Os métodos automaticos atualmente utilizados na reconstrugdo metabdlica
geram apenas modelos que devem ser manualmente curados. O numero de vias
metabdlicas reconstruidas com curadoria de alta qualidade permanece baixo,
mesmo com a grande quantidade de genomas sequenciados (Seo & Lewin, 2009;
Pitkanen et al., 2010). Além disso, existe uma fragdo importante de enzimas com
funcdes especificas envolvidas no metabolismo secundario e que ainda nao tiveram
modelos metabdlicos propostos (Kotera et al., 2004). Portanto, o conhecimento

sobre vias bioquimicas para uma analise global ainda é insuficiente.

1.1.5.2. Classificacdo enziméatica

Existem diversas formas de classificacdo enzimatica. Normalmente, essa
classificagcdo é baseada na reacgao por elas catalisada. Dentro desta classificacao,
existem 6 tipos principais de reagao, representados na tabela 3. Exceto por algumas
enzimas, como pepsina e tripsina, a maioria € denominada pela adicdo do sufixo

“* ”

ase”. A |IUBMB, numa tentativa de padronizar a nomenclatura de enzimas,
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recomenda que os nomes indiqguem tanto o substrato quanto a reac¢do catalisada

(http://www.chem.gmul.ac.uk/iubmb/enzyme/history.html).

No final dos anos 50, tornou-se evidente que a nomenclatura adotada até
entdo estava desatualizada devido ao crescimento do numero de enzimas
identificadas. Muitas enzimas eram conhecidas por diferentes nomes e o0 mesmo
nome também era dado para enzimas distintas. Diversas tentativas de nomenclatura
foram propostas por diferentes grupos. Assim, durante um Congresso de bioquimica
realizado em Bruxelas, em 1955, foi criada uma Comissao Internacional de Enzimas,
com consentimento da IUPAC (International Union of Pure and Applied Chemistry).
O proposito desta comisséo era criar um codigo de regras sistematicas que serviria
Como um guia para a nomeagao consistente de novas enzimas. A partir dai, adotou-
se a classificagao proposta por esta comissdo, onde as enzimas sao classificadas
com numeros especificos de acordo com a reagdo que catalisam, mas que também
contém informacdo de substrato e cofatores. Esses numeros classificatorios
passaram a ser denominados de EC numbers (Enzyme Comission Numbers) e sao
baseados em dados experimentais publicados para enzimas individuais, avaliados
pela Joint Commission on Biochemical Nomenclature (JCBN), da IUBMB (Kanehisa
& Bork, 2003; Kotera et al.,, 2004; http://www.chem.gmul.ac.uk/iubmb/enzyme/
history.html).

Tabela 3: Classificagdo enzimatica baseada na reacao catalisada e de acordo com a IUBMB.

Grupo de enzimas Reacdo catalisada Exemplos

Transferéncia de atomos ou moléculas de
1. Oxidoredutase hidrogénio e oxigénio de um substrato para
outro ou associadas a reacdes de oxidacao

Dehidrogenases
Oxidases

Transferéncia de um grupo especifico :
Transaminases

2. Transferase (fosfato, metil, etc) de um substrato para Ci
inases
outro
3. Hidrolase Hidrélise de um substrato E'n2|m.as
digestivas
4. Liase Re_m~og:ao nao hidrolitica de um grupo ou Aldolases
adicdo de um grupo ao substrato
Mudanga na forma molecular de um
5. Isomerase Fumarase
substrato
6. Ligase Juncao de duas moléculas pela formagao Sintetases

de novas ligacoes
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A classificagcao por EC possui quatro niveis hierarquicos. O primeiro deles
esta relacionado com a classe da enzima, descrevendo a reagado global que a
enzima catalisa. Os niveis seguintes possuem significados diferentes dependendo
da classe enzimatica que pertencem. O quarto nivel descreve a especificidade da
reagcao enzimatica, definindo a relacdo com o substrato especifico para gerar o
produto, além dos cofatores utilizados. O mecanismo pelo qual a reagcéo é executada
€ consequéncia dos residuos funcionais que formam o sitio ativo da proteina
(Gherardini et al., 2007). Existem algumas reagdes conhecidas que estdo presentes
em diversas vias metabdlicas, mas que nao possuem EC associado porque a
atividade enzimatica ainda ndo tem uma caracterizacdo completa com os dados
experimentais disponiveis. Na verdade, a maioria das enzimas que participam do
metabolismo secundario ndo sdo susceptiveis de serem classificadas por um EC
uma vez que cada etapa da reagdao provavelmente nao sera plenamente
caracterizada de uma maneira tradicional (Barret et al., 1992; Kotera et al., 2004).
Vale lembrar que a classificacdo baseada nos ECs ndao é uma classificagao
molecular de enzimas per se. Em principio, diferentes moléculas com diferentes
sequéncias aminoacidicas e estruturas tridimensionais podem ser classificadas com
o mesmo numero de EC porque catalisam a mesma reacao enzimatica (Kotera et al.,
2004).

Para minimizar os problemas existentes na classificacdo por EC, outro
sistema de classificagdo tem sido proposto, o RC number (Reaction Classification),
que atribui um numero usando o alinhamento entre a estrutura quimica das enzimas
(Hattori et al., 2003). O sistema de classificagado por EC se baseia em um acumulo
de conhecimento humano, entretanto o sistema por RC é derivado de comparacdes
computacionais da estrutura quimica. Desta maneira, espera-se extrair
caracteristicas comuns em reacbes diferentes que nao foram observadas
anteriormente e com isso, melhorar o entendimento das relacbes dos mecanismos
de reacao entre as familias de enzimas. Uma grande vantagem é a classificagao de
enzimas que sao dificeis de caracterizar experimentalmente ou que participam de
vias secundarias ou alternativas. Entretanto, a utilizagcdo desta classificacdo ainda
néo é usada pela IUBMB (Kotera et al., 2004).
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Um desenvolvimento relativamente recente de classificacdo e nomenclatura
tem sido o Gene Ontology (GO) que oferece um vocabulario controlado e, mais
importante, € uma ontologia legivel por maquina, tornando-se muito utilizado em
bioinformatica (Ashburner et al., 2000). Uma ontologia € uma maneira formal de
representacdo do conhecimento em que os conceitos sao descritos tanto pelo seu

significado quanto pela relagdo com outras entidades (Bard & Rhee, 2004).
1.1.5.3. Origem e evolucao de fungdes enzimaticas e vias metabdlicas

‘“Nada na Biologia faz sentido exceto a luz da Evolugao”
(Dobzhansky®, 1973).

Muitos dos problemas enfrentados na elucidagdo da anotagao funcional de
proteinas se devem as limitagcbes no conhecimento da evolugdo destas funcoes,
mesmo com O avango nas analises de suas sequéncias primarias e estruturais
(Valencia, 2005). Um dos aspectos fascinantes da genémica moderna € a mudanca
radical trazida para a biologia evolutiva. Durante a evolugéo da vida, varios eventos
evolutivos ocorreram para permitir a diversificagdo rapida de reagdes
enzimaticamente catalisadas, resultando em um aumento no tamanho dos genomas.
A comparacdo das sequéncias de todos os genes dos genomas de todos os
organismos tornaria possivel a reconstrugdo da historia evolutiva de cada gene em
sua totalidade (Gogarten & Olendzenski, 1999).

A evolugdo pode ser considerada como o processo de alteragbes na
sequéncia nucleotidica que ocorrem durante a histéria das espécies diferenciando-
as de seus ancestrais. A maioria dos evolucionistas acredita que toda a vida na
Terra descende de um ancestral comum, habitualmente chamado de LUCA (Last
Universal Common Ancestor - Ultimo Ancestral Universal Comum). Esta proposicao
baseia-se em caracteristicas comuns, como o codigo genético universal,
compartilhadas pelos organismos atuais. Uma das teorias aceitas para o surgimento
da vida em nosso planeta inicia a partir de uma sopa primordial, contendo um

minimo de nutrientes necessarios a manutengcdo da vida (Miller, 1953). Uma

® Notavel geneticista e bidlogo evolutivo ucraniano. Leal defensor da Evolugdo Darwiniana, publicou o
famoso ensaio anti-criacionista Nothing in Biology Makes Sense Except in the Light of Evolution. No
Brasil, teve grande importancia no desenvolvimento da genética.
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hipotese aceita € que os organismos primordiais evoluiram até o LUCA, entidade
que representa a divergéncia do ponto de partida de todas as formas de organismos

existentes atualmente (Woese, 1998).

A histdria evolutiva de cada gene pode ser compreendida através da analise
comparativa entre as sequéncias de todos os genes em todos os genomas
disponiveis. Assim, é possivel recompor o cenario evolutivo com a ocorréncia de
diversos eventos que levaram a evolugdo destes genes, como: (i) descendéncia
vertical com modificagdo, conhecida como especiagao; (ii) duplicacédo génica; (iii)
perda de genes; (iv) transferéncia horizontal de genes; e (v) fusdo, fissdo e outros
arranjos génicos. Estes eventos estao relacionados com alguns conceitos evolutivos

(Homologia e Analogia).

Numa visao morfoldgica, estruturas com uma mesma origem embrionaria em
diferentes organismos sdo consideradas homoélogas, exercendo ou ndo a mesma
funcdo. Estas estruturas sugerem uma ancestralidade comum. Em contrapartida,
estruturas analogas possuem semelhanga morfoldgica, condizente com a execugao
de fungdes similares, mas com distinta origem embrionaria. Um exemplo classico de
estruturas analogas sao as asas dos insetos e das aves, com origens embrionarias
distintas, mas adaptadas a execucdo da mesma fungdo: o véo. As estruturas
analogas nao refletem por si so6s qualquer grau de parentesco. Elas fornecem
indicios da adaptacao de estruturas de diferentes organismos a uma mesma variavel
ecoldgica através de evolugcdo convergente (Sattler, 1984; Fitch, 2000). A Figura 9
exemplifica as estruturas analogas e homologas nas asas de morcegos, aves e

insetos.
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Asa de morcego homologia Asa de ave
- _m, -

,} analogia
analodgia \

Asa de inseto

Figura 9: Representacao de estruturas analogas e homdlogas nas asas de morcegos, aves e insetos.
Fonte: http://www.mundoeducacao.com.br/upload/conteudo_legenda/42732948a1e7fa8f78a8696d01
567d9.jpg

Em relagdo a genes e seus produtos, a homologia é definida como estruturas
ou sequéncias que possuem um relacionamento de ancestralidade comum. Genes
homologos podem ser classificados em ortélogos e paralogos quando oriundos de
transferéncia vertical de um unico gene ancestral (através de eventos de
especiacao), e por duplicagdo génica, respectivamente. Uma distingéo clara entre
ortdlogos e paralogos é critica para a construgdo de uma classificagao evolutiva
robusta de genes e para uma anotagdo funcional confiavel de genomas
recentemente sequenciados (Koonin, 2005). Na maioria das vezes, proteinas
homodlogas possuem estrutura tridimensional semelhante. Em contrapartida, existe o
termo analogia, que se refere a uma mesma funcao protéica proveniente de origem
evolutiva independente, ou seja, descendem com convergéncia a partir de genes
ancestrais distintos. Essas proteinas normalmente nao possuem similaridade
estrutural (Fitch, 1970). Um esquema da arvore evolutiva da formacao de genes

homologos (ortélogos e paralogos) é representado na Figura 10.
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Figura 10: Arvore evolutiva mostrando a formagéo de genes homologos (ortélogos e paralogos) e
analogos. O gene do ancestral comum 1 sofre um evento de especiagéo originando genes ortélogos
(genes 1 e 2), em espécies diferentes, assim como o evento de duplicagdo origina genes paralogos
em uma mesma espécie (genes 2 e 3). Por evolugdo convergente, genes de ancestrais distintos
(Ancestral 1 e Ancestral 2) podem codificar para proteinas com mesma fung¢do, denominadas

analogas (genes 3 e 4).

A maioria dos estudos de evolugdo molecular esta focada em genes e
proteinas individuais. No entanto, a compreensao da evolugao de redes moleculares
requer uma perspectiva global do sistema, ligando as informagdes de evolugao
molecular de genes a um sistema de vias metabdlicas celulares (Vitkup et al., 2006).
A origem e a evolugao das vias metabdlicas basicas representaram um passo crucial
na evolugcao molecular e celular. As primeiras células possuiam limitado numero de
enzimas, o0 que leva a proposicdo de que estas enzimas possuiam uma ampla
especificidade de substrato, permitindo a catalise de varias reagdes quimicas
diferentes. Assim, a rede ancestral metabdlica hipotética foi, provavelmente,
composta por um numero limitado de nds (enzimas) que eram altamente
interligados, participando de distintos processos bioldgicos, diferente dos modelos
de redes metabdlicas atuais com estruturas extremamente complexas (Fani & Fondi,
2009).

A analise comparativa de genes e genomas de organismos pertencentes a
Archaea, Bacteria e Eukarya revelou que, durante evolucdo, diferentes forgas e
mecanismos moleculares podem ter sido responsaveis pela expansdo de genomas e

habilidades metabdlicas. Um dos mais importantes € a duplicagdo génica, permitindo
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a formacao de novos genes a partir de genes pré-existentes. Outros mecanismos
também podem ter influenciado na taxa de evolugdo metabdlica, como a montagem
modular de novas proteinas por eventos de fusdo génica e transferéncia horizontal,
sendo que este ultimo poderia permitir a transferéncia de toda ou parte de uma via
metabdlica. Esta idéia €& suportada por experimentos de evolugdo dirigida que
mostraram que novas especificidades de substrato podem aparecer em algumas
semanas a partir de enzimas existentes por eventos de recombinagdo dentro de um
gene (Hall & Zuzel, 1980; Ohta, 2000). Provavelmente, os genes ancestrais que
deram origem as vias metabdlicas atuais codificavam para proteinas com
sequéncias simples, e que evolutivamente (por eventos de fusdo génica e
duplicacdo de motivos internos) foram ganhando outros dominios até se tornarem

mais complexas (Lio et al., 2007).

Existem diversas hipoteses sobre a origem e evolugado das vias metabdlicas.
Todas elas baseiam-se em eventos de duplicagdo génica. A primeira tentativa de
explicar em detalhe a origem das vias metabdlicas foi feita por Horowitz, e é
conhecida como a hipétese retrégrada (Horowitz , 1945). Ele sugeriu que as enzimas
biossintéticas foram adquiridas por duplicagdo génica na ordem inversa encontrada
nas vias atuais. Se um composto fosse essencial para a sobrevivéncia de células
primordiais, apds o esgotamento na sopa primordial, uma pressao seletiva serviria
para permitir a sobrevivéncia e reproducdo de células que fossem capazes de
realizar a transformacao de um composto quimicamente relacionado. Assim, eventos
de duplicacao levariam a rotas cada vez mais complexas, até que uma via inteira
fosse criada, comegcando com a sintese do produto final, depois uma via
intermediaria, e assim por diante até o precursor inicial. A descoberta de operons
ajudou a reafirmar esse modelo, onde genes pertencentes ao mesmo operon e/ou
para a mesma via metabdlica deveriam formar uma familia de genes paralogos
(Horowitz, 1965). Esta hipotese possui muitas controveérsias, uma delas esta no fato
de que muitas vias anabdlicas necessitam de muitos intermediarios instaveis, além

do desenvolvimento de rotas biossintéticas envolvendo reacdes diferentes.
Uma alternativa menos conhecida foi proposta por Granick, onde a

biossintese de alguns produtos finais pode ser explicada pela evolugao para frente a

partir de precursores relativamente simples que antecederam o aparecimento de
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compostos mais complexos e, por conseguinte, as enzimas catalisando etapas
anteriores de uma via metabdlica sdo mais antigas do que as posteriores (Granick,
1957). Esta hipotese é talvez improvavel, pois seria necessario que cada um dos
intermediarios fosse decorrente do desenvolvimento de multiplos genes

simultaneamente.

A hipdtese “colcha de retalhos” (Patchwork) sugere que as vias metabdlicas
podem ter sido montadas através do recrutamento de enzimas primitivas que
poderiam reagir com uma grande variedade de substratos quimicamente
relacionados. Essas enzimas nao-especificas podem ter permitido que células com
pequenos genomas pudessem superar as suas capacidades limitadas de
codificagéo (Ycas, 1974; Jensen, 1976). Esta hipétese também é consistente com a
possibilidade de que uma via metabdlica ancestral pode ter tido uma enzima
primitiva catalisando duas ou mais reagdes semelhantes em substratos relacionados
dentro da mesma via e cuja especificidade do substrato foi aperfeicoada como
resultado de eventos posteriores de duplicagdo. A hipdétese de patchwork é
suportada por varias linhas de evidéncia, como a ampla especificidade de substrato
de algumas enzimas que podem catalisar uma série de reagdes quimicas diferentes
(Gerlt & Babbitt, 1998).

Outra hipotese mais recente foi postulada para a origem de algumas vias
metabdlicas, onde enzimas surgem por reagdes nao enzimaticas seguidas pela
aquisicao da funcado enzimatica. Esta hipétese € corroborada pelo conhecimento de
que algumas reagdes quimicas podem ocorrer de forma espontédnea (Lazcano &
Miller, 1996).

Com os dados atuais disponiveis, foi possivel reconstruir as vias metabdlicas
para diversos organismos. Através da comparagao entre estas vias, percebeu-se
que algumas estavam ausentes ou incompletas em alguns organismos (Galperin &
Koonin, 1998; Morett et al., 2003). Em outros casos, algumas atividades enzimaticas
essenciais haviam sido substituidas por outras atividades, com a mesma funcéo
enzimatica, mas com pouca ou nenhuma similaridade em suas estruturas primarias
e terciaria (Galperin et al., 1998; Gherardini et al., 2007; Omelchenko et al., 2010).
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Tais formas alternativas sdo denominadas enzimas analogas e sao resultado de

acontecimentos evolutivos independentes.

A evolugao das enzimas analogas se deu, provavelmente, por um mecanismo
de recrutamento de enzimas existentes, as quais passaram a adquirir novas funcoes
em virtude da mudanca de especificidade ao substrato ou pela modificacdo de
mecanismos cataliticos, como proposto na hipétese da colcha de retalhos. Esta
hipotese € suportada pela presenga das formas analogas de uma dada atividade
enzimatica em um numero limitado de espécies (Galperin et al., 1998). Algumas
enzimas analogas executam funcdes relacionadas com a adaptacdo a novos
ambientes e para estilos de vida diferentes, e podem estar associadas a diferentes
linhagens filogenéticas e/ou possuir distintos mecanismos de catalise (Gherardini et
al., 2007; Omelchenko et al., 2010).

Um estudo detalhado de enzimas analogas pode revelar novos mecanismos
cataliticos, adicionar informag¢ao sobre a origem e evolugdo das vias bioquimicas e
expor potenciais alvos para o desenvolvimento de novas drogas (Doolittle, 1994).
Somente a comparagao na estrutura primaria ndo € capaz de provar que duas
sequéncias estao evolutivamente relacionadas ou n&o. Uma origem comum so6 pode

ser inferida a partir da conservagao da estrutura da proteina (Murzin, 1996).

Estudos prévios ja indicavam a existéncia de atividades enzimaticas
decorrentes de eventos de origem independente em uma fragao substancial, cerca
de 25% (Galperin et al., 1998; Hegyi & Gerstein, 1999; Morett et al., 2003; George et
al., 2004; Gherardini et al.,, 2007; Omelchenko et al., 2010). No entanto, o

conhecimento global sobre tais eventos ainda nao tinha sido amplamente explorado.

1.2. Modelos

Para a realizagdo desse trabalho, alguns modelos foram escolhidos para
exemplificar a utilizacdo de analogos. Entre eles, estdo os tripanossomatideos,
Trypanosoma cruzi, Trypanosoma brucei e Leishmania major. Estas espécies
pertencem a ordem Kinetoplastidae, cujos membros apresentam um ou dois

flagelos, que tipicamente emergem de uma bolsa flagelar e apresentam uma Unica

34



Guimaraes A.C.R. Introducao

mitocondria que se ramifica por todo o corpo do protozoario. Uma caracteristica
importante desta ordem é a presenca de uma grande quantidade de DNA
organizado na forma de minicirculos e maxicirculos localizados numa estrutura

intramitocondrial, chamada de cinetoplasto (DeSouza et al., 2000).

Estes organismos sao parasitas obrigatorios, alternando entre hospedeiros
vertebrados e invertebrados, sendo os agentes etioloégicos de doengas humanas
graves, como a doenga do sono (T. brucei), a doenga de Chagas (T. cruzi), e as
leishmanioses (Leishmania sp.) (Opperdoes, 1994). A doenga de Chagas afeta cerca
de 8 milhdes de pessoas na América Latina, enquanto que a doenga do sono esta
presente principalmente no continente africano. As leishmanioses, entretanto,
possuem uma distribuicdo mundial, atingindo principalmente as regides tropicais e
subtropicais. Tais doencgas ja foram caracterizadas ha bastante tempo, mas ainda
nao existe uma terapia adequada para controla-las, pois normalmente estao
associadas com baixa eficacia, toxicidade dos medicamentos, dificuldades com a
administracao e alto custo (El-on, 2009; Radwanska, 2010; Rassi et al., 2010).

A analise dos genomas fornece uma vista global do potencial metabdlico
desses parasitas. Em termos gerais, T. brucei tem o repertério metabdlico bem
restrito, seguido pelo T. cruzi. O T. brucei ndo possui uma etapa intracelular no ciclo
de vida, tendo, portanto maior acesso a nutrientes no plasma, o que se reflete em
seu metabolismo. Os tripanossomatideos s&o organismos que desenvolveram
solugdes alternativas a fim de administrar suas vias metabdlicas, as quais ja vém
sendo descritas na literatura ao longo dos anos. Uma ampla revisdo do metabolismo
desses organismos, juntamente com analises visando a busca de alvos moleculares
para desenvolvimento de drogas contra estes parasitas é apresentada na segao de

resultados.

Além destes parasitas, dados oriundos do projeto genoma de Homo sapiens
também foram utilizados neste estudo para comparagdes com os genomas dos
parasitas, a fim de buscar proteinas diferenciadas que pudessem ser utilizadas

também como alvos para o desenvolvimento de drogas.
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Geral:

Identificac@o, anotagdo e reconstrugdo metabodlica de enzimas isofuncionais

ndo-homologas em genomas procaridticos e eucaribticos e sua utilizacdo na busca

de novos alvos terapéuticos.

Especificos:

1.

Implementacdo de uma metodologia para busca e identificacdo de enzimas

analogas e reconstrucdo de vias metabdlicas;

Anotacdo de genomas, através da utilizacdo de ontologias para a descricdo

de genes e seus produtos, utilizando a metodologia de busca por analogos;

Reconstrucdo metabodlica de organismos, mapeando a existéncia de enzimas
analogas e especificas (quando comparadas entre parasita e hospedeiro)

como potenciais novos alvos terapéuticos;

Obtencdo de listas organismo-especificas de enzimas candidatas a se
tornarem novos alvos terapéuticos, utilizando uma abordagem baseada na
presenca de atividades enzimaticas compartilhadas pelo parasita e pelo
hospedeiro, mas com estruturas tridimensionais diferenciadas devido a

origem evolutiva distinta entre estas atividades;

Obtencédo de listas organismo-especificas de enzimas candidatas a se
tornarem novos alvos terapéuticos, utilizando uma abordagem baseada na
auséncia de atividades enzimaticas no hospedeiro, mas que se encontram

presentes no parasita;

Obtencao de modelos 3D para os potenciais analogos funcionais identificados

utilizando a ferramenta MHOLIine (http://www.mholline.Incc.br/);

Construcdo de um banco de dados com as analises obtidas neste estudo.
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Capitulo I — Implementacédo da metodologia

A primeira etapa deste trabalho constituiu na constru¢ao e implementacao da
metodologia utilizada para identificar, anotar e comparar enzimas anélogas,
combinando algoritmos de bioinformética. O AnEnPi (Analogous Enzymes Pipeline)
foi desenvolvido para buscar genes andalogos utilizando como entrada, sequéncias
de proteinas armazenadas no banco de dados do KEGG. Acredita-se que proteinas
analogas sao o resultado de eventos evolutivos independentes, ao invés de terem se
originado de uma proteina ancestral comum. Essas proteinas, como mencionado
anteriormente, possuem a mesma funcédo, mas com diferentes estruturas primarias,
secundarias e terciérias.

O AnEnPi é capaz de realizar as seguintes tarefas: i) agrupamento de
sequéncias protéicas gerando grupos usando um arquivo multifasta como entrada
para busca de enzimas analogas (onde as enzimas/proteinas em diferentes grupos
de uma mesma atividade enzimatica sdo consideradas analogas); ii) Analise e
interpretacdo de todos os grupos gerados a partir de todas as enzimas provenientes
do KEGG,; iii) deteccdo de analogia intragendmica nos dados provenientes do KEGG
(existéncia de formas distintas de uma mesma atividade enzimatica em um mesmo
organismo); iv) deteccdo de analogia intergenbmica entre dois organismos
pertencentes ao banco de dados do KEGG (formas distintas de uma mesma
atividade enzimética em dois organismos distintos); v) anotagdo da proteina
(utilizando BLAST ou HMMER); vi) geracdo de mapas, usando as ferramentas
fornecidas pelo KEGG.

A interface é estruturada de acordo com as tarefas executadas pelo AnEnPi,
consequentemente, o usuario pode analisar os resultados apdés cada etapa, ou
refazer apenas uma etapa em particular. Os resultados obtidos com o AnENPI
podem ser recebidos pelo usuario por e-mail ou através da interface web.

A ferramenta AnEnPi estd disponivel para acesso publico em
http://bioinfo.pdtis.fiocruz.br/AnEnPi/. Esta encontra-se descrita no artigo “AnEnPi:
identification and annotation of analogous enzymes.”, publicado em BMC
Bioinformatics 2008; 9:544.
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Abstract

Background: Enzymes are responsible for the catalysis of the biochemical reactions in metabolic
pathways. Analogous enzymes are able to catalyze the same reactions, but they present no
significant sequence similarity at the primary level, and possibly different tertiary structures as well.
They are thought to have arisen as the result of independent evolutionary events. A detailed study
of analogous enzymes may reveal new catalytic mechanisms, add information about the origin and
evolution of biochemical pathways and disclose potential targets for drug development.

Results: In this work, we have constructed and implemented a new approach, AnEnPi (the
Analogous Enzyme Pipeline), using a combination of bioinformatics tools like BLAST, HMMer, and
in-house scripts, to assist in the identification, annotation, comparison and study of analogous and
homologous enzymes. The algorithm for the detection of analogy is based i) on the construction
of groups of homologous enzymes and ii) on the identification of cases where a given enzymatic
activity is performed by two or more proteins without significant similarity between their primary
structures. We applied this approach to a dataset obtained from KEGG Comprising all annotated
enzymes, which resulted in the identification of 986 EC classes where putative analogy was
detected (40.5% of all EC classes). AnEnPi is of considerable value in the construction of initial
datasets that can be further curated, particularly in gene and genome annotation, in studies
involving molecular evolution and metabolism and in the identification of new potential drug
targets.

Conclusion: AnEnPi is an efficient tool for detection and annotation of analogous enzymes and
other enzymes in whole genomes. It is available for academic use at: http://bioinfo.pdtis.fiocruz.br/
AnEnPi/

Background and an Enzyme Commission (EC) number assigned,

Enzymes catalyze biochemical reactions and are classified
according to the recommendations of the Nomenclature
Committee of the International Union of Biochemistry
[1]. Each enzymatic activity has a recommended name

depending on the reaction that it catalyzes [2]. For a better
understanding of the metabolism of a given species it is of
utmost importance to locate, identify and annotate the
genes encoding such enzymatic activities. Most
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approaches to perform these tasks are based on sequence
similarity searches, using computational tools like BLAST
[3] or Hidden Markov Models (HMMer [4]) and curated
databases.

However, comparisons between computational recon-
structions of metabolic pathways from different organ-
isms revealed the existence of gaps [5]. An organism can
truly lack a part of a pathway, use an alternative one, or
the function is present but unannotated for different rea-
sons (for instance, genome assembly problems). Another
explanation is that some of these apparent gaps might
involve alternative enzymes, also known as functional
analogs [6]. Such enzymes are generally believed to be the
result of independent evolutionary events [7]. Some prop-
erties of analogous enzymes include its association with
different phylogenetic origins, possession of distinct cata-
lytic mechanisms and also different foldings [8]. Auto-
mated annotation approaches, normally used for
preliminary gene identification and characterization, usu-
ally employ methods based on sequence similarity crite-
ria. These may not be able to detect analogs, as these
enzymes exhibit virtually no significant sequence similar-
ity between their primary structures [9]. In some cases it is
possible to use other types of data, such as the genomic
context or the experimental detection of a particular enzy-
matic activity, to identify the genes coding for the missing
activities [10].

However, most often such genes are not characterized as
analogous in the accompanying annotation, for Example
in public databases such as KEGG [11].

Previous work performed by other groups suggest that the
fraction of enzymatic activities where multiple events of
independent origin have occurred may be substantial, in
the order of 25% [9]. However, to our knowledge a global
survey of these events, which also has the potential to
shed light on the evolution of biochemical pathways and
genome organization, has not been done.

Analogous enzymes may also constitute a huge and
largely untapped resource for the identification of drug
targets. Strategies to find candidate genes as potential tar-
gets for drug development usually focus on parasite-spe-
cific genes and even complete biochemical pathways [12],
or for structural differences between homologues. Unfor-
tunately, due to technical limitations, the number of
available 3D structures represents only a fraction of all
proteins identified so far, limiting direct structural com-
parisons and inducing researchers to rely on the compari-
son of annotation data. Since analogous enzymes, which
may have Substantially different foldings - a desired pre-
requisite for drug development - are not annotated as
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such, they may be overlooked as possible candidates for
drug development.

To help in the process of identification and annotation of
analogous enzymes, we implemented a web based Tool
named AnEnPi. It analyses and compares genomic data-
sets for analogous enzymes, by clustering the primary
structures of enzymes with the same described activity and
using a Blastp similarity raw score of 120 as cut-off [7].
This resulted in a list of clusters that reflect substantial
structural differences between enzymes with the same
activity but with possibly different evolutionary origins.

Methods

AnEnPi was programmed in Perl using the CGl-interface.
All clusters as well as their HMMer-models are available
for download on the web page.

An overview of AnEnPi is shown in Figure 1. For clustering
we used the similarity score with a cut-off Value 120 of
BLASTp pair wise comparisons between all proteins
included in a specified dataset, based on the experimental
work of Galperin [7]. In the work described here, groups
are composed of proteins sharing the same enzymatic
activity (EC classes). Within a group, protein sequences
are clustered. Enzymes within a given cluster are consid-
ered homologous, while enzymes in different clusters (of
the same group/function) are considered analogous.
These clusters are stored in a flat file database, which can
be used to annotate or re-annotate a set of proteins. To
improve visualization, metabolic maps can be generated
automatically.

Dataset

We have applied AnEnPi to cluster a dataset composed of
311 reference metabolic pathways and 1,871,732 protein
sequences of 36 eukaryotes, 398 eubacteria and 31 archae-
abacteria obtained from the KEGG database [11,13]. In
total, 326,013 sequences had a corresponding EC number
assigned describing their enzymatic activity, belonging to
2,433 different EC classes. This result forms the main
dataset of clusters used by AnEnPi.

Clustering

The clustering algorithm was implemented similarly to
the method proposed by Galperin [7]. First, sequences
with less than 100 amino acids were excluded from the
dataset. For each enzymatic activity, an all-against-all
BLASTp [3] (using a maximum e-value of 0.01 and stand-
ard parameters) was executed and results were trans-
formed in a graph where each node represents an enzyme
[14]. Two nodes are connected by an unweighted and
undirected edge if they belong to the same EC class and
have a similarity score higher or equal to 120 (an e-value
close to ¢°) [7]. This parameter (and others) can be mod-
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Work flow of AnEnPi. Databases are represented as rec-
tangles. Darker gray rectangles represent the five datasets of
clusters. Light gray rectangles are the modular functions of
AnEnPi, described in the text.

ified by the user. All sequences connected in the graph
were assigned to the same cluster and are considered
homologous. Sequences not connected by a path in the
graph are considered analogous. Therefore, the number of
disconnected sub graphs would, in principle, represent
the number of times that the enzymatic activity in ques-
tion is thought to have appeared during evolution within
the current dataset. As a representation of the graph, an
adjacency-matrix [15] was implemented (Figure 2). Each
cluster is finally stored in a flat file database.

Filters for the datasets

Dataset a, the less conservative, is composed by all clusters
formed after the initial clustering step. This dataset was
further refined, using more stringent criteria. Filters were
applied in four successive steps: Firstly, all clusters with
only one sequence (singlets) were excluded (dataset B).

http://www.biomedcentral.com/1471-2105/9/544

Secondly, all enzymatic activities not defined up to the
fourth level of the EC classification were also excluded
(dataset C). Thirdly, all clusters of a determined function
with proteins annotated as subunits of this function and
Belonging to the same species were joined (dataset D).
Finally, all clusters displaying putative intragenomic anal-
ogy (here defined as the identification of analogy between
two enzymes in the same genome) were also joined (data-
set E).

Metabolic map reconstruction

Each result can be visualized as a metabolic map by using
an external resource (a KEGG tool - [16]). Further, EC
classes with potential cases of analogy or without repre-
sentative sequences are highlighted. Color codes are used
to discriminate the significance of the results, as well as
the presence of analogy.

Detection of analogy

In this work, we define a potential case of analogy if the
sequences from a given enzymatic activity present in the
genome of a single organism or between two organisms
are placed in different clusters after grouping (intra-
genomic and inter-genomic analogy, respectively).
Orthologs or recently duplicated paralogs would be
placed in the same cluster. Therefore AnEnPi compares,
within a single species or between two species, the pres-
ence of a given function in each cluster, for all species cur-
rently represented in KEGG database. In the metabolic
reconstruction step, the presence of a given enzymatic
activity in a genome, the presence of analogy and the
degree of significance of similarity searches can be high-
lighted. The result is an interactive list (in HTML or text
format) with links to the EC classes and the metabolic
maps.

Annotation

For the purpose of annotation and identification, the user
can perform similarity searches either by BLASTp or
HMMSearch. In the first case, the database is composed of
all proteins present in the clusters; in the second case, the
database is composed of the probabilistic models con-
structed for each cluster, if the cluster has more than one
element. For the construction of the latter, a multiple
alignment was executed with ClustalW [17] and then
transformed into a HMMer model with the functionalities
available in the HMMer package. This type of annotation
is based on the quality of previously annotated databases.

Therefore, we have introduced filters allowing the con-
struction of different datasets, minimizing the number of
wrongly identified cases of analogy and wrongly attrib-
uted functions. To our knowledge, AnEnPi is the only tool
that provides annotation functionalities with emphasis
on analogous enzymes.
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Similarity matrix. Similarity matrix (central figure) of EC 4.2.1.2 (fumarate hydratase). Each point of the 508 % 508 matrix
represents the blastp similarity score of two enzymes. All scores above 1500 are reset to 1500. Higher similarity scores yield
darker points, (white represents a score below 120). Sequences were sorted by the similarity score, using the longest enzymes
as reference to the other enzymes. The three arrows on the right site indicate the positions of enzymes of L. major (red
arrows) and H. sapiens (blue arrow). Histograms on the left display the distribution of organisms represented in each cluster,
for the three kingdoms: archaebacteria (A), bacteria (B) and eukaryotes (E). In each of the two main (analogous) clusters, sub-
clusters can be observed. The graph at the top of the matrix displays the kingdom of the organism for every enzyme in the

matrix.

Front-end

All components described so far (Figure 1) were included
in a user-friendly web-based interface named AnEnPi. All
main functionalities are independent processes and may
be used in different contexts, for instance in the identifica-
tion of analogous enzymes, in sequence annotation, clus-
tering or metabolic reconstruction. Also, sequences
entered by the user can be clustered and converted into an
annotation database for similarity searches. Results are
displayed in a web page.

Results

We implemented a web based interface http://bio
info.pdtis.fiocruz.br/AnEnPi/ called AnEnPi (Analogous
Enzyme Pipeline) that can be used for the annotation and
visualization of metabolic pathways, and for the detection
of events of analogy. As an example, we applied AnEnPi to
identify possible cases of analogy between enzymes
present in the genome of L. major [18] and the human
genome, using a clusters From the KEGG database to form
our reference datasets.

Work flow, user interface, sequences and organisms
Clustering of the dataset obtained from KEGG produced
6,701 clusters, with 986 enzymatic activities (from the
2,433 represented in the KEGG dataset) having more than
one cluster (approximately 40.5%) (Table 1). 2,199
sequences formed singlets, while 328 EC classes had more
than three clusters. Table 1 shows the number of enzy-
matic activities with putative analogy before and after the
four steps of data filtering. After the third filtering step
(dataset D), the number of functions with more than 5
clusters drops to 46. Still, even after the application of
these 3 filters, 19% of the enzymatic activities contain
putative analogous sequences.

Comparison with literature data

To validate our results, we have searched the literature for
known cases of analogy, predicted or confirmed through
diverse approaches, such as computational and/or experi-
mental methods. We compared our results with those of
[7], where 108 cases of analogy were described. Only for
three enzymatic activities the number of clusters produced
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Table I: Refinement of The initial Dataset (A) through the
application of successive filters.

Datasets # Clusters Max. Clusters % Analogous
I 2 3 >3

A 1447 459 199 328 131 40.5

B 1600 345 113 180 78 26.2

Cc 1560 316 91 97 46 20.7

D 1619 302 73 70 23 19.4

E 1897 142 23 | 5 8.1

Table |: A, dataset obtained after clustering; B, dataset obtained after
the exclusion of singlets (clusters With only one sequence); C, dataset
obtained after the exclusion of EC's which are not defined up to the
Fourth level (incomplete EC' s); D, dataset obtained after the joining
of clusters where some sequences Were annotated as 'subunits'; E,
dataset obtained after the joining of clusters with putative
intragenomic Analogy. Max. Cluster, the maximum number of clusters
found for one specific enzymatic activity; % analogous, fraction of
enzymatic activities where analogy was detected. # Clusters: number
of functions with, respectively, |, 2, 3 or more than 3 clusters.

by AnEnPi was smaller, in each case due to dataset differ-
ences. For all other cases we found at least the same
number of clusters, demonstrating the consistency of the
results. Table 2 illustrates some cases of analogy found in
the literature. All functions listed also display potential
cases of analogous sequences in our results, provided that
the enzymatic activity in question is included in KEGG.

Adjacency matrices and kingdom line

Figure 2 shows an adjacency-matrix for EC 4.2.1.2.(fuma-
rate hydratase), a representation of an all-against-all
BLASTp of all proteins belonging to this enzymatic activ-
ity. Each point in the matrix indicates the similarity score
between two enzymes. Two main clusters can be seen,
where sequences from one cluster have no detectable sim-
ilarity with sequences from the other cluster. Some sub-
clusters can be seen inside each main cluster, representing
groups of more similar sequences, particularly inside clus-
ter 1.

http://www.biomedcentral.com/1471-2105/9/544

The histograms on the left and the 'kingdom line' above
the matrix show the distribution of the organisms repre-
sented in the matrix in terms of kingdoms. Sub-cluster 1.1
has sequences derived from eukaryotes and eubacteria,
while sub-clusters 1.2 and 1.3 from eubacteria only. The
remaining sequences of cluster 1 do not form a well-
defined sub-cluster, but archaeabacterial sequences are
present only in this structure.

However, further identification of subclusters will be stud-
ied in another work, as a refinement of the present meth-
odology. As an example of a potential case of analogy, for
this EC function the location of the corresponding
enzymes of L. major (two genes) and H. sapiens are dis-
played.

Analogy identification

When applying AnEnPi to find analogy between H. sapiens
and L. major, thirty-five potential cases of analogy were
found using dataset D (Table 1). In twelve cases (EC
1.1.1.2, EC 1.3.1.34, EC 1.3.3.4, EC 2.3.1.48, EC 2.7.1.2,
EC 2.7.4.2, EC 3.5.1.14, EC 3.6.1.23, EC 4.2.1.1, EC
4.2.1.2 (Figure 2), EC 5.3.1.6 and EC 5.3.3.2), inter-
genomic analogy was found. The smallest cluster found
comprised 8 individual protein sequences. The great
majority (80 well as intra-genomic analogy. For example,
in EC 2.1.1.17 (phosphatidylethanolamine N-methyl-
transferase), enzymes of L. major and H. sapiens share the
cluster #4, but enzymes of L. major were also found in
cluster #3. Therefore, L. major enzymes from cluster #3 are
analogous to H. sapiens sequences present in cluster #4,
and the sequences from both organisms present in cluster
#4 are homologous. This function can also be used to dis-
play any other differences between two species in the web
frontend (Figure 3).

Intragenomic analogy
As described above, EC 2.1.1.17 is also a case of intragen-
omic analogy in L. major. With AnEnPi we detected a total

Table 2: Examples of analogy Found in The literature and the Methods used.

EC Enzyme Organism Ref.  Method
1.1.1.42 Isocitrate dehydrogenase Escherichia coli/Azotobacter vinelandii [7] a
27.14 Fructokinase Homo sapiens/Streptococcus mutans [7] a
3.2.1.86 6-phospho-beta-glucosidase E. coli/H. sapiens [7] a
3.4.21.72  Immunoglobulin A (IgA) proteases Streptococcus sanguis/Neisseria gonorhoeae [27] a
2.1.1.- N-methyltransferase | Schizosaccharomyces pombe/Chlamydia pneumoniae/Archaeoglobus fulgidus [9] a, b
2.7.7.- Adenylyltransferase Bacillus subtilis/Saccharomyces cerevisiae [9] a,b
3.1.3.11 Fructose-1,6-bisphosphatase Prochlorococcus marinus/E. coli [28] c
2.3.1.- Enoyl thioester reductase E. colifYeast/Rat [29] d
1.13.11.2  Catechol 2,3-dioxygenase Pseudomonas sp./TOL plasmid (pww0) [30] e
27.23 Glyceric acid 3-phosphate kinase Pisum sativum [31] f
5.3.1.1 Triose phosphate isomerase Pisum sativum [31] f

Table 2: a — computational, b — genetic complementation, ¢ — genome sequencing, d — stereochemical assay, e — biochemical assay and f — isoelectric

focusing
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Figure 3

Comparative analysis between H. sapiens and L. major. Brown: analogy between two genes with the same function;
red: function present in both species; blue: Function present only in H. sapiens; green: function present only in L. major; gray:

function not found in both species and white: no representati

of 12 cases of intragenomic analogy in L. major using data-
set D. Application of AnEnPi to Datasets A, B and C
returned 34, 34 and 23 cases, respectively. No intragen-
omic analogy is detected when using dataset e, because all
clusters (from a particular enzymatic activity) with
sequences from the same species are joined. These cases of
intragenomic analogy were not related to a particular met-
abolic pathway.

One example of intragenomic analogy can be seen in the
fructose and mannose metabolism (KEGG map 00051),
where two unrelated sequences of phosphomannomutase
(EC 5.4.2.8) were found in the L. major genome. A biblio-
graphic search revealed almost no data besides the identi-
fication of these twelve enzymatic Activities in L. major,
neither were we able to find systematic studies of intrage-
nomic analogy in general.

Discussion
We described in this work AnEnPi, a tool that can be used
for the annotation and detection of analogous enzymes

ve enzymes in KEGG.

[19], improving the understanding of the biochemical
pathways of the species under analysis. It offers function-
alities for clustering, annotation, or pairwise comparisons
between different species, intended for the identification
and improvement of annotation of putative analogous
enzymes.

Other tools like KAAS [20] or KOBAS [21] also perform
whole genome annotation of enzymes, but AnEnPi is
unique in the detection, comparison and visualization of
events of analogy. In the advanced parameter settings,
each threshold can be modified, such as for clustering,
which should be of use for a large group of users.

The identification of structurally unrelated enzymes shar-
ing the same enzymatic activity may reveal new catalytic
mechanisms, lead to studies on the origin and evolution
of biochemical systems and pathways, and also provide
new candidates for drug design and development [22].
AnEnPi is an implementation of a methodology designed
to help in the identification and annotation of putative
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events of independent origin of enzymatic activities
through the clustering of their primary sequences [23].
AnEnPi also provides information for a more detailed
reconstruction of metabolic pathways, including the sig-
nificance of similarity scores and the presence/absence of
alternative forms of a given enzymatic activity.

It is not a simple task to determine if two different pro-
teins are derived from the same ancestor. Two homolo-
gous proteins may lack major sequence similarity and yet
share a common origin, for example after many years of
evolution [8]. The cut-off used in this work, a similarity
score of 120, is based on the observation that there is a
lack of similarity between the tertiary structures of pro-
teins below this value [7].

Still, it is possible that two enzymes assigned by AnEnPi as
analogous are in fact derived from the same ancestor but
have diverged up to a point where their primary sequences
no longer share recognizable similarity. Molecular mode-
ling techniques, together with appropriate evolutionary
methods, could be used to ascertain that the tri-dimen-
sional structures and sequences of the enzymes assigned
as analogous are indeed different, suggesting their inde-
pendent origin.

To overcome some of these difficulties, methods to
deduce functional information from a certain gene in the
absence of sequence data have been recently proposed
[24]. Needless to say, most approaches rely on high-qual-
ity annotation. As a matter of fact, problems with the data
structure of some databases may create undesirable biases
in our analyses. For instance, we have observed that anno-
tation for a specific enzymatic activity for one particular
subunit of a multimeric enzyme is commonly 'inherited'
by all other subunits composing that enzyme. If these sub-
units are encoded by unrelated genes and do not have the
same function, false cases of analogy will be computed.
False cases of analogy will also appear for enzymatic activ-
ities that are dependent on the simultaneous presence of
more than one type of subunit to form the catalytic site. In
other words, if a hetero-multimeric enzyme is composed
of subunits with different origins, AnEnPi may interpret
the lack of similarity between said subunits as another
case of analogy.

Although we have so far no automatic way to further
refine our dataset, the distribution pattern of species over
the clusters of a given enzymatic activity may indicate the
presence of false positives and therefore serve as a crite-
rion for their identification: the presence of representa-
tives (proteins) from the same organism in several clusters
would mean that that organism has several unrelated
enzymes able to fulfill the same metabolic step. While this
may be real, it is likely that a substantial part of these

http://www.biomedcentral.com/1471-2105/9/544

events are indeed annotation artifacts. In general, our
results were congruent with the available literature on the
subject (Table 2).

It is thus important to discriminate between i) two (or
more) subunits of a given heteromultimeric enzyme
encoded by unrelated genes and ii) two (or more)
enzymes actually sharing the same function, also encoded
by unrelated genes. Table 1 displays the results found
when applying these criteria to improve the dataset.

Most likely, the majority of the clusters with only one rep-
resentative sequence are possibly cases derived from
wrong annotations or cases of very divergent sequences,
which are not included in other clusters due to the cut-off
used. As an example, analysis of T. brucei data produced
14 singlets. The annotation of the metabolic pathways in
this organism was done manually [25], and results
entered in the KEGG database.

The user should choose the best dataset for his purposes.
To be conservative, we have employed in most of our
analyses the dataset D, minimizing the number of false
positives (and consequently probably loosing other real
cases of analogy). Using the dataset E, though very restric-
tive and probably an underestimation, we obtained a set
of analogies with a higher probability of being true cases,
without possible errors due to multimeric proteins; in
fact, even after applying all these criteria for data filtering,
still 8.6% of all enzyme classes have potential cases of
analogy. No doubt, a better handling of inconsistencies
generated during the annotation of multimeric enzymes
would improve the identification and provide a better
estimation of the frequency and distribution of the cases
of intragenomic analogy.

The ability to identify potential cases of analogy between
genes from two different species (Figure 3), as well as dif-
ferences in assigned functions, can be used to indicate the
possibility of alternative pathways or disclose candidates
for drug development. One example analyzed in more
detail is fumarate hydratase (EC 4.2.1.2.) from H. sapiens
and L. major, whose sequences were assigned to distinct
clusters. AnEnPi can help by producing a list of shared
enzymatic activities between the two organisms without
detectable similarity at their primary level, reflecting sub-
stantial differences between their folding patterns. Also,
the overall pattern of similarity scores shown in Figure 2
suggests that fumarate hydratase is evolving in distinct
ways, depending on the group of organisms in question.
More detailed studies are underway to investigate these
points.

Currently, we are developing a database with all putative

analogy events stored in a comprehensive way, linked to
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information from drug databases. AnEnPi is also being
updated, with the inclusion of information from hun-
dreds of new organisms.

Conclusion

AnEnPi is a versatile tool designed to assist the user in the
identification, clustering and annotation of analogous
enzymes. Its modular structure allows its utilization in
other contexts. Addition of color codes to represent bio-
logical attributes allows for a better visualization of meta-
bolic pathways, with more meaningful biological
information, facilitating the interpretation of the results.

| Availability and requirements
AnEnPi is  freely  accessible

info.pdtis.fiocruz.br/AnEnPi/.

at http://bio

e Project name: AnEnPi - Analogous Enzyme Pipeline
(Webserver)

e Project home page: http://bioinfo.pdtis.fiocruz.br/

AnEnPi/

e Operating system: Linux
e Programming language: Perl and HTML
e Licence: AnEnPi is accessible under a GPL license

2 Abbreviations
EC: enzyme commission; AnEnPi: Analogous Enzyme
Pipeline
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Guimaraes A.C.R. Resultados

Capitulo Il — Reconstrucao metabdlica

A reconstrucdo das vias metabdlicas representada neste capitulo é
exemplificada pelo metabolismo de aminoacidos em Trypanosoma cruzi. Este
parasita € o agente etiolégico da doenca de Chagas, afeta a populacdo na maior
parte da América Central e do Sul, e constitui um significativo problema de saude e
sécio-econdmico. O parasita tem um metabolismo em grande parte baseado no
consumo de aminoacidos, principalmente nas formas epimastigotas, que participam
de uma diversidade de vias metabdlicas, gerando muitos compostos cruciais para a
sobrevivéncia do parasita. O estudo de suas enzimas tem potencial para revelar
novos alvos terapéuticos e fomentar o desenvolvimento de novas drogas. Utilizando
a ferramenta AnEnPi, foi possivel reconstruir computacionalmente (in silico) as vias
do metabolismo de aminoacidos de T. cruzi com o objetivo de vincular a informacao
gendmica com a informacéao funcional.

Estes dados fazem parte do artigo “In silico reconstruction of the amino acid
metabolic pathways of Trypanosoma cruzi.”, publicado na revista Genetics and
Molecular Research (GMR) 2008; 7(3):872.
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ABSTRACT. Trypanosoma cruzi is the epidemiological agent of
Chagas’ disease, affecting most of Central and South America,
constituting a significant health and socio-economic problem. The
parasite has a metabolism largely based on the consumption of
amino acids, which participate in a diversity of metabolic path-
ways, leading to many crucial compounds for the survival of this
parasite. Study of its enzymes has the potential to disclose new
therapeutic targets and foster the development of new drugs. In
this study, we employed computational approaches to reconstruct
in silico the amino acid metabolic pathways of 7. cruzi, aiming
to link genomic information with functional information. For that,
protein sequences from 570 EC classes belonging to 25 different
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pathways in general amino acid metabolism were downloaded from
KEGG. A subset of 471 EC classes had at least one sequence de-
posited. Clustering of the proteins belonging to each EC class was
performed using a similarity-based approach implemented in the
tool AnEnPi. Reconstruction of the metabolic pathways comprising
the amino acid metabolism of 7. cruzi was performed by analyz-
ing the output of BLASTP, using as query the dataset of predicted
proteins of 7. cruzi against all sequences of each individual cluster.
This approach allowed us to identify 764 T. cruzi proteins probably
involved in the metabolism of amino acids as well as the identifi-
cation of several putative cases of analogy. Furthermore, we were
able to identify several enzymatic activities of 7. cruzi that were not
previously included in KEGG.

Key words: Amino acid; Metabolism; Trypanosoma cruzi; Analogy

INTRODUCTION

The successful completion of several genome projects has led to a new stage in the
biological sciences, the post-genome era (Kanehisa and Bork, 2003). One of the most im-
portant challenges in this era is the elucidation of cellular functions, which can be viewed
as a particular behavior of a complex system of interactions between several proteins
(Hieter and Boguski, 1997). Typically, information not directly stored in the genome is
necessary for the understanding of a determined situation (Goto et al., 2002). One way to
link genomics with biochemistry is the use of EC (Enzyme Commission) numbers rep-
resenting enzymatic reactions. The assignment of the EC numbers is based on published
experimental data on individual enzymes, by the Joint Commission on Biochemical No-
menclature (JCBN) of the International Union of Biochemistry and Molecular Biology
(IUBMB) and the International Union of Pure and Applied Chemistry (IUPAC) (Kane-
hisa, 2003; Kotera et al., 2004). Currently, there are several projects dealing with the
compilation, analysis and storage of information about molecular complexes and cellular
processes. Among these are EMP, MPW, WIT, UM-BBD, KEGG, MetaCyc, ERGO, and
SEED (Popescu and Yona, 2005).

KEGG (Kyoto Encyclopedia of Genes and Genomes) is considered by many one
of the most important bioinformatics resources for understanding higher-order functional
meaning and utilities of the organism from its genome information. Metabolic networks
are represented by wiring diagrams of protein and other gene products responsible for
various cellular processes, such as metabolism (Kanehisa et al., 2006). This part of KEGG
is supplemented by a set of ortholog group tables. Each reference pathway can be viewed
as a network of enzymes or EC numbers. Once genes encoding enzymes are identified
in the genome (usually by sequence similarity and/or positional correlation) and their
EC numbers are properly assigned, organism-specific pathways can be computationally
reconstructed by correlating genes in the genome with gene products (enzymes) in the ref-
erence pathways in accordance with their EC numbers. Since metabolic pathways are nor-
mally well conserved between most organisms from mammals to bacteria, it is possible
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to manually draw one reference pathway and then generate organism-specific pathways
using a computational approach (Ma and Zeng, 2003). The quality of this reconstruction
largely depends on the quality of the initial assignment of EC numbers (Overbeek et al.,
2000).

A metabolic pathway is a set of oriented reactions interacting under given physi-
ological conditions via simple or apparently simple intermediates (Selkov Jr. et al., 1998).
Pathways are cellular processes that are associated with a specific functionality in the cell,
such as amino acid synthesis and degradation, energy metabolism, signal transduction,
molecular oxidation, and others (Popescu and Yona, 2005). The complexity of a cell is a
function of its underlying processes. Therefore, there is a strong interest in identifying the
active pathways in an organism.

Enzymes that catalyze the same reaction typically show significant sequence and
structural similarity. However, in some cases enzymes with the same activity can be as-
sociated with different phylogenetic lineages and have different catalytic mechanisms
with little structural similarity. Such enzymes are generally believed to have evolved in-
dependently, rather than having descended from a common ancestral enzyme, and are
appropriately referred to as analogous, as opposed to homologous, enzymes (Fitch, 1970).
Sequence comparison alone cannot prove that two sequences are evolutionary unrelated;
a common origin can be inferred from protein structure conservation even after sequence
conservation has been completely washed out by divergence. The possibility of a common
origin can be ruled out only when candidate analogous enzymes have different three-
dimensional folds (Galperin et al., 1998). Some enzymatic activities catalyzing conserved
metabolic pathways that are central to life are present in almost all organisms. However,
enzymes and the mechanisms by which they catalyze the corresponding biochemical re-
action may show differences that can be exploited for drug development. Accordingly,
differences in sequence structure may be used as a first criterion to elect the protein as a
therapeutic target (Silber et al., 2005). However, few studies have been conducted to iden-
tify and annotate the occurrence of analogy, which in this study means the independent
origin of a certain function in different organisms, and can be interpreted as the absence of
detectable similarity and identity between the primary structure of two different proteins
sharing the same function or activity.

Trypanosoma cruzi, the etiological agent of Chagas’ disease, constitutes a signif-
icant health and socio-economic problem in the Americas, with about 18 million people
infected, for the most part in Central and South America (Kirchhoff et al., 2006). The
disease is primarily transmitted by triatominae insects to different mammalian hosts (EI-
Sayed et al., 2005). T. cruzi has a metabolism largely based on the consumption of amino
acids, which participate in a diversity of metabolic pathways, leading to many crucial
compounds for its survival. Also, enzymes associated with the metabolism of amino ac-
ids are potential targets for drug development (Silber et al., 2005). Therefore, a deeper
analysis of the amino acid metabolism of 7. cruzi may reveal important biochemical
features as well as provide new potential targets for the development of drugs against
this parasite.

In the present study, we employed a computational approach to reconstruct the
pathways involved with the amino acid metabolism of 7. cruzi, aiming to link genomic
information with higher-order functional information by compiling current knowledge of
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cellular processes and gene annotations. To accomplish this task, we developed AnEnPi
(Otto TD, Guimaraes ACR, Miranda AB and Degrave WM, unpublished results), a com-
putational tool that groups protein sequences based on their enzymatic function and the
level of sequence similarity, and used it to identify enzymatic functions of the amino acid
metabolism of 7. cruzi. We also present improvements in the annotation of these enzymes
by the addition of biological data, in particular the occurrence of analogy.

MATERIAL AND METHODS
Trypanosoma cruzi proteins

We used the release TSK-TSC v5.0 (July 15, 2005) of the predicted proteins of T.
cruzi - CL Brener genomic sequence (consortium for the sequencing of the 7. cruzi genome),
comprising a total of 19,613 predicted proteins (http://tcruzidb.org/tcruzidb/).

Pathways and enzyme classes

A set of 25 pathways (maps) was downloaded from the KEGG database (http://www.
genome.jp/kegg) (release 41, January 2007). This dataset contains a complete biochemical
description of the pathways related to the amino acid metabolism observed in different organ-
isms. These descriptions were used as templates for the reconstruction of the correspondent
pathways in 7. cruzi. Functions comprising a certain pathway were extracted from these de-
scriptions as a collection of EC numbers. Each pathway is associated with a set of proteins,
usually a list of enzyme families with their EC numbers. To assign 7. cruzi proteins to EC
numbers we used all protein sequences related to the aforementioned maps of all organisms,
as available in the KEGG database.

Clustering

Protein sequences of KEGG containing less than 100 amino acid residues were dis-
carded. Each of the remaining sequences was individually compared with all other proteins
annotated with the same EC number using the BLASTP program (Altschul et al., 1990). A
pair of sequences possessing a similarity score above a cut-off of 120 (corresponding to an
E-value <10%) was grouped by single-linkage clustering. This score is based on a previous
analysis performed by Galperin et al. (1998) where it was observed that this cut-off was able
to separate sequences with different three-dimensional structures. After grouping, proteins
belonging to different clusters of the same enzymatic activity (EC number) were defined as
analogous. Identification of analogous enzymes was based on the fact that under the [UBMB
Nomenclature Commission rules, each EC number specifies one particular reaction. There-
fore, analogous enzymes were identified as a pair of proteins with the same EC number but
with no detectable sequence similarity with each other (Otto TD, Guimaraes ACR, Miranda
AB and Degrave WM, unpublished results). Figure 1 shows the methodology workflow
used in this study. This methodology is implemented at http://bioinfo.pdtis.fiocruz.br/AnEn-
Pi/ for utilization by the scientific community and detailed information about this can be
comprehended following the documentation contained in its homepage.
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Enzymes
(Amino Acid
metabolism)

| Delete Short Sequences |

Cluster Each EC

T cruzi
predicted proteins

Similarity Search

Figure 1. Workflow of methodology. EC = Enzyme Commission number.

Trypanosoma cruzi pathway reconstruction

The reconstruction of the metabolic pathways involved with the amino acid me-
tabolism of 7. cruzi was performed using the BLASTP program, using as query the dataset
of predicted proteins of 7. cruzi against the sequences of each individual cluster, employing
different threshold values. Maps were generated using a tool available at KEGG (http://
www.genome.jp/kegg/tool/color_pathway.html).

RESULTS

Clustering of enzymatic activities

From a subset of KEGG comprising 25 maps representing the pathways involved with
the metabolism of amino acids, we were able to obtain a set of 471 non-redundant EC numbers
with at least one sequence available. However, only 435 EC numbers have a complete (four-
digit) EC number. After clustering, a total of 1384 clusters were obtained. Analysis of these
clusters allowed us to identify 222 enzymatic activities with putative analogous proteins, cor-
responding to 51% of the enzymatic functions with a complete EC number in this particular
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metabolism (Table 1). As expected, no similarity between sequences from different clusters
was detected (Figure 2). There are two different main clusters produced for EC:1.1.1.42 (isoci-
trate dehydrogenase) where no similarity sequence is detected and two sub-clusters generated
in cluster 1. The presence of sub-clusters is due to the low similarity among some sequences
in the cluster and groups of sequences with more similarity.

Table 1. Data obtained after clustering for enzymatic functions of amino acid metabolism.

Data Amount
Maps in KEGG 25
ECs with at least one sequence in KEGG 471
ECs with a complete classification (four-digit EC number) 435
Enzymatic activities with putative cases of analogy 222

KEGG = Kyoto Encyclopedia of Genes and Genomes; EC = Enzyme Commission number.

Cluster 1 Cluster 2

Cluster 1 [ 17000

Cluster 2

Figure 2. A graph depicting the similarity scores of all pairwise comparisons between the sequences belonging
to EC:1.1.1.42 (isocitrate dehydrogenase). The order of the sequences along the axis is arbitrary. The scale of the
similarity score is presented as a vertical bar on the right of the figure. Two main clusters can be observed.

Amino acid metabolism reconstruction of Trypanosoma cruzi

The utilization of BLASTP allowed us to identify several T. cruzi proteins involved in
the metabolism of amino acids. A critical point in this procedure is the cut-off employed. Table
2 displays the number of identified proteins, the number of the corresponding enzymatic activi-
ties, the number of cases of analogy, and the number of groups obtained with different threshold
values. Obviously, the more rigorous the cut-off, the less proteins were identified. However, the
higher cut-off used in this analysis (¢%°) is usually accepted by annotators as a positive result.
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Table 2. Number of proteins, enzymatic activities, cases of analogy and clusters found in the amino acid
metabolism of Trypanosoma cruzi using different E-values as cut-off.

E-value Proteins Enzymatic activities Cases of analogy Groups
<e2 764 229 54 290
<e? 528 192 43 221
<e0 377 136 31 145

Table 3 summarizes our data on the reconstruction of the amino acid metabolic path-
ways of . cruzi, using two different E-values as cut-off (¢ and e*). In all cases, we were able
to identify more proteins when comparing our results to the previously annotated subset of 7.
cruzi proteins present in KEGG or in the tables provided by the consortium for the sequencing
of'the T cruzi genome. For example, from a total of 34 activities participating in the urea cycle
and metabolism of amino group pathway, we identified 18 (E-value = ¢*) and 12 (E-value =
e®%) enzymatic activities while KEGG registers only 7 activities and the consortium, 4.

Analogous enzymes were found in 22 pathways. For instance, three clusters were pro-
duced after grouping of the sequences available in KEGG for the enzyme enoyl-CoA hydratase
(EC:4.2.1.17). In the genome of 7. cruzi, 18 sequences can be found annotated with this en-
zymatic activity; they were all placed in the same cluster. Since they share some degree of
sequence similarity, they probably have a common ancestor; however, they do not display any
detectable similarity with sequences from the other two clusters. In this case, we can say that 7.
cruzi enoyl-CoA hydratase sequences are analogous to sequences from the other two clusters.

Table 3. Data description of the computational reconstruction of the amino acid metabolic pathways of
Trypanosoma cruzi.

Metabolic pathways EC Consortium Ter-KEGG (e™) () Analogy
Glutamate metabolism 36 7 16 22 21 12
Alanine and aspartate metabolism 42 9 15 22 16 10
Glycine, serine and threonine metabolism 60 7 12 33 19 23
Methionine metabolism 37 7 9 18 13 11
Cysteine metabolism 23 2 5 10 7 6
Valine, leucine and isoleucine degradation 33 8 14 19 14 10
Valine, leucine and isoleucine biosynthesis 18 4 4 9 4 5
Lysine biosynthesis 29 2 0 11 5 8
Lysine degradation 53 6 9 13 10 10
Arginine and proline metabolism 75 7 7 26 12 15
Histidine metabolism 40 5 6 14 11 10
Tyrosine metabolism 70 4 6 21 12 15
Phenylalanine metabolism 45 2 3 14 7 9
Tryptophan metabolism 60 6 11 22 15 16
Phenylalanine, tyrosine and tryptophan biosynthesis 31 3 4 8 6 4
Urea cycle and metabolism of amino groups 34 4 7 18 12 8
Beta-alanine metabolism 32 4 6 12 6 7
Taurine and hypotaurine metabolism 17 0 0 3 1 2
Aminophosphonate metabolism 15 2 4 12 5 7
Selenoamino acid metabolism 22 4 7 15 13 10
Cyanoamino acid metabolism 19 2 4 7 5 4
D-glutamine and D-glutamate metabolism 12 0 0 2 1 0
D-arginine and D-ornithine metabolism 8 0 0 1 0 0
D-alanine metabolism 6 1 0 1 0 0
Glutathione metabolism 27 4 6 13 11 6

EC, total number of activities registered in KEGG; Consortium, number of activities identified by the consortium
for the sequencing of the 7. cruzi genome; Ter-KEGG, number of activities registered in KEGG for 7. cruzi; e,
number of activities found with E-value = ¢; e, number of activities found with E-value = ¢®; Analogy, cases of
enzymatic activities with analogy.
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The metabolic pathways involved with the amino acid metabolism of 7. cruzi were
graphically reconstructed using the maps from KEGG as templates. Figure 3 illustrates one
of these maps depicting the selenoamino acid metabolism pathway of 7. cruzi. A comparison
between our annotation (Figure 3A) and KEGG (Figure 3B) shows some enzymatic activities
identified with AnEnPi and absent in KEGG. All maps and data are available at http://www.
dbbm.fiocruz.br/labwim/TcruziAA/.
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Figure 3. Maps of selenoamino acid metabolism showing the enzymatic functions of Trypanosoma cruzi identified
by AnEnPi (A) and annotated for 7. cruzi by KEGG (B). A. The background colors of the boxes specifying EC
classes represent attributes of the enzymatic activities, respectively: white - no representatives in KEGG; gray - not
found in T. cruzi; red - found in 7 cruzi with E-value = ¢*; blue - found in 7. cruzi with E-value = ¢°. Font of EC
numbers: black - no analogy detected; white - possible cases of analogy within that class. B. Green - enzymatic
function of 7. cruzi registered in KEGG.

DISCUSSION

When the reconstruction of a metabolic pathway is accurate, it is likely that the gene
products have been correctly identified. On the other hand, two possibilities arise when this
reconstruction is incomplete: i) gene function has not been correctly characterized, resulting in
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an incorrect assignment of the EC number; ii) incomplete or superficial knowledge of a certain
metabolic pathway. Thus, we developed a tool that allows the identification of enzymatic func-
tions using a methodology previously described by Galperin et al. (1998).

The annotation quality can be influenced by assembling mistakes, generating false
positives (wrongly identified enzymatic activities) or false negatives (absence of enzymes) be-
cause the method used in this study is based on previously annotated functions. Therefore, it is
important to use a curated database. For this main reason, we chose to use data from KEGG.

The model of this study is 7. cruzi due to its socio-economic importance and also the
paucity of therapeutic possibilities. The gut of the hematophagous insect (the invertebrate host
of T. cruzi) has basically proteins and amino acids, and the parasite spends part of its life in this
local using a subset of these amino acids (mainly proline, aspartate, arginine, and glutamate) to
generate energy (Nowicki and Cazzulo, 2007). Some catabolic pathways involved in these and
other processes are, at least partially, connected to energy metabolism, allowing the utilization of
amino acids as a source of energy. Besides, amino acids are also involved in the differentiation
process from the replicative to the non-replicative infective forms. Proline also participates in
the intracellular differentiation cycle inside the mammalian host (Sylvester and Krassner, 1976;
Silber et al., 2005). Together, these data suggest that enzymes participating in the amino acid
metabolism may be good candidates for the development of new drugs against this parasite.

We identified, for example, arginine kinase (EC:2.7.3.3), which is present in the argi-
nine and proline metabolism converting free arginine to phosphoarginine, a phosphagen that
has a role as an energy source and is important during stress conditions (Silber et al., 2005).
This function was already recognized by the consortium annotators and also by KEGG, show-
ing that the methodology used in this study is able to correctly find the enzymatic functions
present in this organism. This was the case for the majority of functions; only a few cases
escaped detection (3 using e as cut-off and 11 with ).

Even using BLASTP with a conservative E-value (¢®), our methodology was able to
find additional enzymatic activities, not registered in KEGG nor identified by the consortium.
For instance, we detected the presence of the enzyme ATP-L-glutamate 5-phosphotransferase
(EC:2.7.2.11), present in the urea cycle and metabolism of amino groups. This enzyme is impor-
tant in the transfer of a phosphate group from ATP to L-glutamate. The enzyme pyrroline-5-car-
boxylate synthetase (EC:1.2.1.41), the next metabolic step, was already present in KEGG for 7.
cruzi. Recognition of ATP-L-glutamate 5-phosphotransferase allowed a more accurate metabolic
reconstruction, showing the importance of more sensitive methods for function attribution.

Other enzymatic functions were identified by annotators from the consortium (EI-
Sayed et al., 2005) but were absent from KEGG, such as EC:3.5.1.-, which is a hydrolase
and participates in the convertion of N,-acetyl L-lysine to L-lysine. EC:6.1.1.6 (lysine-tRNA
ligase) is another example; it is also involved in lysine metabolism, and it is also absent from
KEGG. Both functions were found with our methodology using a conservative cut-off (E-
value = ¢®). Furthermore, we were able to identify enzymatic activities in the D-glutamine
and D-glutamate metabolism with a rigorous cut-off (E-value = ¢*), which were not identified
by KEGG nor by the consortium for the sequencing of the 7. cruzi genome.

Other examples are glutathione reductase and thioredoxin reductase (EC:1.8.1.7),
which are part of glutathione metabolism. 7. cruzi lacks these enzymes but has an enzyme
called trypanothione reductase. Trypanothione is synthesized from glutathione and spermidine
in two consecutive steps. In the first reaction, Gsp is formed, which reacts with a second gluta-
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thione molecule to form trypanothione. Although it forms the basis of the parasite thiol metabo-
lism, trypanosomatids contain also significant levels of free glutathione. Glutathionylation of
proteins is a protective mechanism against oxidative damage as well as a regulation mechanism
of enzyme activities. So, the presence of this enzyme in this organism is essential for its survival
which has already been experimentally proved (Melchers et al., 2007).

Several organisms apparently lack some enzymatic functions in their metabolic path-
ways. For a number of cases, this is certainly true, due to particularities with their life cycle
and/or life style and also their evolution (Galperin and Koonin, 1999; Morett et al., 2003).
Paramount to this point is the existence of alternative enzymes (or sets thereof) that can play
the role of the apparently missing reactions. It is assumed that enzymes catalyzing the same
reaction will typically have significant sequence and structural similarity. In fact, for the ma-
jority of enzymes, this is probably true (Fisher, 2005). However, a large number of enzymes
are found where two or more forms with little or no demonstrable sequence similarity share
the same function (Galperin et al., 1998). In this study, we identified several putative cases of
analogy in the set of enzymatic activities involved in amino acid metabolism. We could ob-
serve that events of analogy were present in the majority of the amino acid metabolism maps,
in accordance with preceding studies (Galperin et al., 1998; Morett et al., 2003).

The computational approach described in this study for the identification of enzymatic
functions and analogy, implemented in AnEnPi and used here with 7. cruzi proteins as a model,
may be used for other organisms as well. The identification of more genes will help obtain a
more accurate view of metabolism. Also, the detection of analogy is interesting not only from an
evolutionary point of view but also from a practical one, since analogous enzymes may be prime
candidates for drug development, and are therefore worthy of recognition and annotation.
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Capitulo Il — Nova abordagem para busca de novos alvos

moleculares

Este capitulo engloba uma revisdo do metabolismo de Trypanosoma cruzi e a
discussdo de uma nova abordagem para a busca de potenciais alvos moleculares
para o desenvolvimento de drogas contra este parasita.

A escolha de T. cruzi se deu porque as opcdes de farmacos disponiveis
atualmente para o tratamento da doenca de Chagas na fase crénica ndo sao
satisfatorias. Além disso, a utilizacdo de dados dos genomas do parasita e de
humanos pode possibilitar a identificagdo de novos alvos para medicamentos e o
desenvolvimento de tratamentos adequados para as fases aguda e crbnica da
doenca de Chagas. Usando um estudo comparativo in silico entre enzimas dos dois
organismos através da anotacdo e busca de enzimas andlogas e especificas, foi
possivel prever um numero consideravel de fun¢des enzimaticas em T. cruzi que
podem vir a serem usadas como alvos moleculares, ndo afetando o hospedeiro
humano.

A revisao, juntamente com os dados analisados, estdo no artigo “A new
approach for potential drug target discovery through in silico metabolic pathway
analysis using Trypanosoma cruzi genome information.”, publicado nas Memorias do
Instituto Oswaldo Cruz 2009; 104(8):1100.
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A new approach for potential drug target discovery through
in silico metabolic pathway analysis using Trypanosoma cruzi
genome information

Marcelo Alves-Ferreira', Ana Carolina Ramos Guimaraes',
Priscila Vanessa da Silva Zabala Capriles?, Laurent E Dardenne?, Wim M Degrave'/*
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The current drug options for the treatment of chronic Chagas disease have not been sufficient and high hopes
have been placed on the use of genomic data from the human parasite Trypanosoma cruzi to identify new drug tar-
gets and develop appropriate treatments for both acute and chronic Chagas disease. However, the lack of a complete
assembly of the genomic sequence and the presence of many predicted proteins with unknown or unsure functions
has hampered our complete view of the parasite’s metabolic pathways. Moreover, pinpointing new drug targets has
proven to be more complex than anticipated and has revealed large holes in our understanding of metabolic path-
ways and their integrated regulation, not only for this parasite, but for many other similar pathogens. Using an in
silico comparative study on pathway annotation and searching for analogous and specific enzymes, we have been
able to predict a considerable number of additional enzymatic functions in T. cruzi. Here we focus on the energetic
pathways, such as glycolysis, the pentose phosphate shunt, the Krebs cycle and lipid metabolism. We point out many
enzymes that are analogous to those of the human host, which could be potential new therapeutic targets.

Key words: Trypanosoma cruzi - metabolism - metabolic pathways - drug target - analogous enzyme

Chagas disease, which is caused by an infection
with the kinetoplastid protozoan parasite Trypanosoma
cruzi, remains a serious public health problem in most
Latin American countries despite successes in control-
ling transmission through vector control and blood do-
nor screening in the affected regions. It is estimated that
about 12 million people are chronically infected with
Chagas disease (Dias 2006). In addition, due to migra-
tion, Chagas disease has become a threat in several ad-
ditional countries (Schmunis 2007).

The acute phase, which appears shortly after infec-
tion, is often hard to notice and after a silent period of a
several years or decades a chronic phase develops in about
one-third of the infected individuals. Due to this clinical
evolution, Chagas disease is often considered a “silent
killer,” impairing early specific diagnosis and treatment
(Tarleton 2007, Bilate & Cunha-Neto 2008). The main
clinical manifestations of Chagas disease are mostly car-
diac, but also digestive alterations and the pathogenesis
is attributed to host immune system disturbances asso-
ciated with a very low and often undetectable parasite
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presence (Rocha et al. 2007, Marin-Neto et al. 2008).
Until now, there has been no immediate prospect for the
development of a vaccine and current clinical therapy
based on heterocyclic nitro compounds (nifurtimox and
benznidazol) is quite unsatisfactory for chronic patients,
thus calling attention to the search for new therapeutic
approaches (Coura & Castro 2002, Dias 2000).

The different developmental stages and changing bio-
chemical interactions between the parasite and the verte-
brate host during the life cycle of 7. cruzi render the de-
velopment of new drugs more difficult (de Souza 2002).

The availability of genomic (El-Sayed et al. 2005) and
proteomic data (Atwood et al. 2005) from the parasite has
set high hopes for the identification of new drug targets
and a large amount of data is currently accessible (http:/
teruzidb.org/tcruzidb/, http://www.genedb.org/, http:/tri-
trypdb.org/tritrypdb/ and http:/eupathdb.org/eupathdb/).
However, difficulties with whole genome assembly due to
the highly repetitive nature of 7. cruzi sequence content,
together with the heterozygosity of the analysed strain and
the presence of many predicted proteins with unknown or
unsure functions has hampered a full view of the metabol-
ic pathways in this parasite. A lack of insight into the reg-
ulation and interplay of those pathways, the limited tools
for functional genetic analysis to prove the essentiality of
certain enzymes and little knowledge on functional differ-
ences with corresponding human enzymes are causes for
the slow development of new drug candidates. Moreover,
drug development for neglected diseases is not widely met
with the necessary attention and determination that the
many patients and people at risk deserve, which has been
largely discussed on different occasions.
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In eukaryotes, the metabolism can be organised in
pathways that are well conserved between different phy-
la; however, a considerable amount of variability can be
noted in enzymatic characteristics, pathways, cellular
compartments and regulatory mechanisms when species
are compared. Protozoa, like the Kinetoplastida, present
a number of features that are distinct from those seen
in other organisms, including several organelles that are
absent in mammalian cells (de Souza 2005, de Souza et
al. 2008). One such organelle, the acidocalcisome, was
discovered more recently in trypanosomatids and in the
Apicomplexa (Docampo et al. 2005). The organelle has
an important role in the regulation of calcium, phosphor
and other elements though the presentation of several
families of transporters on the membrane. The glyco-
some, which is a special type of peroxysome, is typical
of trypanosomatids and contains seven enzymes of the
glycolytic pathway; enzymes involved in carbohydrate
metabolism, lipid metabolism (beta oxidation of fatty
acids and their elongation, synthesis of lipid ethers and
some steps of isoprenoid synthesis) and metabolism of
purines and pyrimidines; and is an important generator
of redox potential in the form of NADPH (Michels et al.
2000, Moyersoen et al. 2004). The mitochondria, vital
organelles for the respiratory process and ATP produc-
tion, participate in several metabolic cycles and are re-
lated to the process of cell death. Recent studies have
indicated that the mitochondrial membrane of trypano-
somatids has a peculiar lipid composition. The specific
replication and editing processes, associated with the al-
ready well studied unusual DNA structure of this organ-
elle, represent potential targets for new drugs.

The trypanosomatids have important and fundamen-
tal differences in their processes to generate energy, al-
though some pathways are common (Tielens & Van Hel-
lemond 1998). The parasitic forms of trypanosomatids
also have metabolic differences during their life cycle,
such as the Krebs cycle in Trypanosoma brucei, which
is nearly inactive in bloodstream forms found in the ver-
tebrate host, but is active in the procyclic form in the
invertebrate host (Hannaert et al. 2003).

Even so, some of the glycosome enzymes are in-
volved in amino acid metabolism, others in fatty acid
synthesis and two enzymes participate in gluconeogen-
esis (van Weelden et al. 2005). All these particularities
constitute potential new drug targets.

Over the last 100 years, different methods and drugs
have been used against 7. cruzi infection (Coura & Cas-
tro 2002). Since the 60s, nitrofurans, such as nifurtimox
(Lampit™) and later imidazole compounds, such as ben-
znidazole (Rochagan™), have been used due to their
oxidising action, through the formation of reactive radi-
cals and their ability to block enzymes and lipids. Newer
chemicals were developed based on the nitrofuran and
nitroimidazole backbone in an attempt to augment activ-
ity while diminishing the many negative side effects of
the drugs. These drugs, which include ketoconazole, flu-
conazole, itraconazole and posaconazole, showed higher
efficiency against the parasite and were also shown to
inhibit enzymes in steroid biosynthesis (Urbina & Do-
campo 2003, Linares et al. 2006). These triazole (antifun-

63

1101

gal) agents are known to block the synthesis of ergosterol
through the inhibition of the enzyme cytochrome P450
lanosterol 14a-demethylase, leading to the accumula-
tion of methylated sterol precursors. Inhibitors of nucle-
otide metabolism, such as the xantine oxidase inhibitor
alopurinol, were also evaluated (Maya et al. 2007). The
trypanosomatid specific enzyme tripanothione reductase
has been extensively analysed as a potential drug target
and both chemical compounds (Maya et al. 2007, Perez-
Pineiro et al. 2009) and natural products (Galarreta et
al. 2008) were found to inhibit the enzyme. Cruzipain,
a cysteine proteinase involved in cellular processes and
host-parasite interactions, was pointed out as another po-
tential target and in vivo assays with different chemical
inhibitors were quite promising (Doyle et al. 2007, Brak et
al. 2008, Fricker et al. 2008). Several other enzymes have
also been targeted, such as gliceraldehyde-3-phosphate
dehydrogenase (Freitas et al. 2009), pteridine reductase
(Cavazzuti et al. 2008), dihydrofolate reductase/thymidi-
late synthase, farnesyl-pyrophosphate synthase and DNA
topoisomerase (Paulino et al. 2005), while a large number
of natural products are also being screened. These stud-
ies seem quite promising and a decisive breakthrough is
cagerly awaited from the scientific community.

A potential new drug target should be a molecule that
is essential to the parasite, for which high affinity in-
hibitors can be identified and which have little or no ef-
fect on the eventual human homologue. Specificity, low
toxicity, bioavailability, stability and ease of administra-
tion are additional requirements for potential drug can-
didates. Strategies usually aim to identify parasite spe-
cific enzymes, complete biochemical pathways (Karp et
al. 1999) or structural differences between human and
parasite homologues. The latter approach is hampered
by the limited availability of 3D structures. With this in
mind, we developed a methodology to identify cases of
enzyme analogy, where two different proteins share the
same function or activity while lacking similarity be-
tween their primary sequences (Galperin et al. 1998). In
these cases, the enzymes are thought to have originated
through independent evolution. Therefore, we designed
a computational workflow and tool, AnEnPi (Otto et al.
2008), to detect them from genomic data. The absence
of (detectable) primary sequence similarity allows for
the expectation of a substantially different folding of the
protein. Besides the importance of identifying analo-
gous enzymes in parasites and humans as potential drug
targets, the identification of structurally unrelated en-
zymes sharing the same enzymatic activity may reveal
new catalytic mechanisms and shed light on the origin
and evolution of biochemical systems and pathways.
Previously, we analysed the amino acid metabolic path-
ways of 7. cruzi (Guimaraes et al. 2008).

Here we further explore the metabolic pathways of 7.
cruzi to assess the extent of analogy in the parasite, while
suggesting important new candidates for drug targeting.

MATERIALS AND METHODS

AnEnPi analysis of the metabolic pathways of T
cruzi was essentially done as previously described (Otto
et al. 2008). Briefly, the AnEnP1i tool was used to cluster
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a dataset composed of 311 reference metabolic pathways
and 1,871,732 protein sequences of 36 cukaryotes, 398
eubacteria and 31 archaeabacteria obtained from the
KEGG database (Kanehisa et al. 2006). In total, 326,013
sequences had a corresponding EC number assigned to
them describing their enzymatic activity, which belong
to 2,433 different EC classes. This result forms the main
dataset for clustering used by AnEnPi. Sequences with
less than 100 amino acids were excluded and an all-
against-all BLASTp was performed for each enzymatic
activity. Enzymes were considered to be homologous if
they belonged to the same EC class and had a similarity
score greater than or equal to 120 (corresponding to an
e-value close to 10-%) (Galperin et al. 1998). Enzymes in
the same EC class with very low or undetectable simi-
larity clustered in separate groups and were considered
analogous. The resulting dataset was further refined by
excluding all clusters with only one sequence (singlets)
or where the enzymatic activity was not defined up to
the fourth level of EC classification. Furthermore, all
clusters of a determined function, with proteins annotat-
ed as subunits of this function and belonging to the same
species, were joined. The results can be visualised as a
metabolic map through the use of an external (KEGG)
resource. For the purpose of this analysis, a potential
case of analogy was identified if the sequences from a
given enzymatic activity, which were present in the ge-
nome of a single organism or between two organisms,
were placed in different clusters after grouping (intra-
genomic and inter-genomic analogy, respectively). Us-
ing this method, orthologs and paralogs would end up in
the same cluster. AnEnPi maps the presence of a given
function, within a single species or between two species,
in one or more clusters. For metabolic analysis, we used
the 70 cruzi genomic TSK-TSC v5.0 dataset of 19,607
predicted proteins (http:/tcruzidb.org). Tentative func-
tion was annotated using BLASTp with e-value cut-offs
of 102, 10*° or 10-*° and subsequently assigned to clus-
ters of enzyme activities derived from the KEGG data-
base as explained above. In the current study, analogous
enzymes in the parasite were identified in comparison
with enzymes in the corresponding human metabolic
pathways as exemplified in Figs 1-3.

RESULTS AND DISCUSSION

Many aspects of 7. cruzi biochemistry have been in-
vestigated and described over the last few decades and
several remarkable features can be noted in the major
metabolic pathways of the parasite, which may consti-
tute valuable focal points for further research and drug
development. Using AnEnPi, we performed a detailed
analysis of the enzymes predicted from the 7. cruzi CL-
Brener genome sequence (as available from http:/tcru-
zidb.org). Using this method we were able to tentatively
annotate a considerable amount of additional enzymatic
functions for the parasite, compared to the KEGG predic-
tion, as shown in Table I. Using e-value cut-offs of 102,
104 and 10-* we found 165, 111 and 65 additional protein
sequences, respectively, with probable enzymatic func-
tions, compared to the 396 functions assigned for 7. cruzi
using KEGG. For the subset of activities present in the
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Fig. 1: reconstruction of the glycolysis and gluconeogenesis pathways
in T" cruzi. Colored boxes symbolize enzymatic activities annotated
by AnEnPi methodology. The map was generated using the reference
map by KEGG (http://www.genome.jp/kegg/pathway.html). Green
boxes: enzymatic activities without putative cases of analogy (for all
species in KEGG database); orange boxes: enzymatic activities with
putative cases of analogy (also for all species in KEGG database);
yellow boxes: enzymatic activities with probable cases of analogy be-
tween Trypanosoma cruzi and Homo sapiens; blue boxes: enzymatic
activities specific for 7. cruzi and absent in H. sapiens.

parasite, 74% (295) had cases of analogy in KEGG dis-
playing more than one cluster, as opposed to 40.5% when
analysing all pathways from all species in the database
(Otto et al. 2008). For protein functional annotation us-
ing an e-value of 10%°, AnEnPi pointed out 127 additional
cases of analogy. When comparing the corresponding hu-
man enzymes, AnEnPi could find 33 analogous enzymes
in 7" cruzi and 124 enzymatic functions that are not pres-
ent in humans. Table II shows the results of this analysis
for the glycolysis and gluconeogenesis pathways and for
the Krebs cycle. The corresponding metabolic maps are
shown in Figs 1 and 2. Lipid and energy metabolism of the
parasite have received considerable attention as potential
drug targets in 7. cruzi and are briefly reviewed below.

Lipid metabolism

Lipids have essential roles in biological membranes
and are sources of stored energy. They also perform sev-

64



Metabolic pathways and new drug targets ® Marcelo Alves-Ferreira et al.

TABLE 1

Computational reconstruction of metabolic pathways in
Trypanosoma cruzi: identification of enzymatic functions
and analogy with human

KEGG AnEnPianalysis

annotation 20 40 80

Enzymatic functions for 70 cruzi 396 561 507 461
Enzymatic activities with analogy 295 422 376 337
Analogy human - T. cruzi NA 33 33 29
Functions specific for T0 cruzi NA 124 106 81

number of those activities for which cases of analogy have
been detected (considering all species in the KEGG database).
Number of analogous enzymes between Homo sapiens and T.
cruzi and number of enzymatic functions encountered that are
specific for 7. cruzi as a result of AnEnPi analysis. NA: not
applicable to the KEGG annotation.

eral other functions, such as being cofactors for enzymes,
acting as hormones, being intra and extra-cellular signal
messengers and involvement in protein anchorage to
membranes and transporters. In trypanosomes, several
molecules, such as miltefosine and azasterol, have been
evaluated as structural analogues of lipids, phospholip-
ids and steroids. They function as inhibitors of key path-
ways in the synthesis of lipids and steroids, respectively
(Croft et al. 2003, Roberts et al. 2003). The lipid me-
tabolism of trypanosomatids has been studied since the
60s (Korn & Greenblatt 1963, Korn et al. 1969, Dixon et
al. 1971, 1972) but the identification of key differences
between the host and the parasite, as well as the study
of the enzymes themselves, has not been fully achieved.
The sterol biosynthesis pathway has been better char-
acterised, especially because of its similarity with the
corresponding pathways in fungi and yeasts where the
main sterol is ergosterol (Roberts et al. 2003). Most of
the experimental work is being done in 7 brucei because
this parasite can be subjected to gene silencing through
RNAI (Lee et al. 2006, van Hellemond & Tielens 2006,
Stephens et al. 2007). Several enzymes of the pathway
have been cloned from 7. cruzi and Leishmania and ex-
perimental drugs that affect these enzymes are being
evaluated (Urbina 1997, Magaraci et al. 2003, Pourshafie
et al. 2004, Lorente et al. 2005).

The first step in the synthesis of isoprenoid, steroids
and other lipid components, such as farnesyl and dolichol,
involves the synthesis of isopentenyl-pyrophosphate.
There are two pathways for the synthesis of this com-
pound: the mevalonate pathway from the acetyl-CoA
precursor and the pathway via DOXP/MEP (1-deoxy-D-
xylulose 5-phosphate/2-C-methyl-D-erythritol 4-phos-
phate), which includes glyceraldehyde-3-phosphate and
pyruvate as precursors. The latter is present in algae,
some bacteria and in protozoa apicomplexa and is tar-
geted by antiparasitic drugs, such as fosmidomycin and
derivates (Wiesner & Jomaa 2007, Haemers et al. 2008).
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On the other hand, higher eukaryotes and trypanosoma-
tids synthesise isoprenoids through the mevalonate path-
way (Urbina 1997, Buhaescu & Izzedine 2007).

Careful analysis of each enzyme in the pathway is
under way, including the HMG-CoA reductase in several
trypanosomatids (Pena-Diaz et al. 1997, Montalvetti et al.
2000, Hurtado-Guerrrero et al. 2002) and the mevalonate
kinase in Leishmania major (Sgraja et al. 2007).

We are studying two enzymes from this pathway:
isopentenyl diphosphate isomerase and phophom-
evalonate kinase, both of which are analogous to the
corresponding human proteins (M Alves-Ferreira,
unpublished observations).

The steroid metabolism in trypanosomatids was ini-
tially studied through the characterisation of intermedi-
ate metabolites using isotopic labelling and inhibitors for
several yeast enzymes (Roberts et al. 2003). In epimas-
tigotes of 7. cruzi, ergosterol and ergosta-5,7,-dien-33-ol
represent about 40% of the steroids, while estigmata-5,7-
dien-3f3-ol and ergosta-5,7,22-trien-33-ol represent about
30% (Beach et al. 1986). The amastigote form of the
parasite does not seem to express the A’ and A?? desatu-
rases and 80% of total sterol was cholesterol, which was
probably present through incorporation from the host
cells (Liendo et al. 1999). The presence of variants with
substitutions on carbon-24 and the therapeutic effects of
azasterols on the parasites clearly show the importance
of the esterol-24-metyltranferase enzyme in the biosyn-
thesis, besides the overall importance of the ergosteroids
in the biology of the parasites. The enzyme sterol-24-
metyltransferase has been described in several species
of Leishmania, in T. cruzi and in T. brucei (Magaraci et
al. 2003, Pourshafie et al. 2004, Jiménez-Jiménez et al.
2006). The exact intracellular localisation of the enzyme
in T cruzi is still unclear and was proposed to be associ-
ated with the glycosome as well as the cytoplasm. In our
analyses using AnEnPi, we identified three homologous
gene copies that encoded this enzyme in T. cruzi, cor-
roborating the previous description of this enzyme and
its indication as a possible new therapeutic target.

The energy metabolism

Energy metabolism begins with nutrient uptake. In 7.
cruzi, a single isoform of the hexose transporter THT1 was
described and several copies are present in the genome. In
T brucei, two isoforms of the transporter were identified
(Bringaud & Baltz 1993, Tetaud et al. 1994). The trans-
porter in 7. cruzi has a high affinity for glucose, but can
also transport other monosaccharides, such as D-fructose,
which differs from the human transporter GLUT1 (Tetaud
et al. 1994, Barrett et al. 1998). More recently, amino-acid
transporters were also described for 7. cruzi, including high
affinity systems for arginine (Pereira et al. 1999) and as-
partate (Canepa et al. 2005), as well as high and low affin-
ity transporters for proline (Silber et al. 2005). A glutamate
transporter was reported in 7° cruzi and it was demonstrat-
ed that the uptake of this amino-acid is five times higher in
epimastigotes than in metacyclics (Silber et al. 2006). It was
further shown that aspartate, glutamine, asparagine, methi-
onine, oxaloacetate and alpha-ketoglutarate also compete
for use of this transport system.
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Fig. 2: reconstruction of the Krebs cycle pathway in Trrypanosoma cruzi. The map was generated using the reference map by KEGG (http:/www.
genome.jp/kegg/pathway.html). Green boxes: enzymatic activities without putative cases of analogy (for all species in KEGG database); orange
boxes: enzymatic activities with putative cases of analogy (also for all species in KEGG database); yellow boxes: enzymatic activities with probable
cases of analogy between Trypanosoma cruzi and Homo sapiens; blue boxes: enzymatic activities specific for 7. cruzi and absent in H. sapiens.

TABLE 11

Computational reconstruction of the Krebs cycle and glycolysis-gluconeogenesis pathways in Ttypanosoma cruzi:
identification of enzymatic functions and analogy with human

KEGG annotation AnEnPi analysis
Glycolysis Krebs cycle Glycolysis Krebs cycle
Enzymatic functions for 7. cruzi 22 9 23 10
Enzymatic activities with analogy 20 9 21 10
Analogy human - T© cruzi NA NA 2 1
Functions specific for 7. cruzi NA NA 2 1

analysis was as described in Table I, but specific to the glycolysis and gluconeogenesis pathways (Fig. 1) and the Krebs cycle (Fig. 2).
An e-value cutoff of e was used. NA: not applicable to the KEGG annotation.

Glycolysis - The enzymes of the glycolytic pathway
in trypanosomatids are organised in two cellular com-
partments, while in higher eukaryotes these enzymes
are present in the cytoplasm. In 7. brucei, the first seven
enzymes of the pathway are present in the glycosome
and transform glucose into 3-phosphoglycerate, while
the three other enzymes are localised in the cytoplasm
(Hannaert et al. 2003, Bringaud et al. 2006). T. brucei is
an exclusively extracellular parasite and its metabolism
is directly related to the concentration of nutrients in the
medium. The slender bloodstream forms of the parasite

produce energy almost exclusively from glucose. The
phosphoglycerol kinase localisation is either glycosomal
or cytosolic, as observed in the promastigotes of differ-
ent Leishmania species and in 7. cruzi epimastigotes and
are required to maintain the glycosomal ATP/ADP bal-
ance, which offers a rationale for the presence of both
phosphoglycerate mutase and enolase in the cytosol
(Hannaert et al. 2003).

In anaerobic conditions, 7. brucei produces mostly
pyruvate and re-oxidises NADH through the use of an
alternative oxidase (van Hellemond et al. 2005). However,
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T. cruzi and Leishmania species require a more complex
energy metabolic system and additional pathways, such
as the Krebs cycle and oxidative phosphorylation, are
compartmentalised in the mitochondria (Taylor & Gut-
teridge 1987, Hannaert et al. 2003).

In T. cruzi, the first enzyme of the pathway, a hexoki-
nase (HK), was described as having different kinetic
characteristics than the human enzyme. It did not suffer
inhibition by D-glucose-6-phosphate or by other verte-
brate HK regulators, such as fructose-1,6-diphosphate,
phosphoenolpyruvate, lactate or citrate; although there is
a weak competitive inhibition by ADP with respect to
ATP (Racagni et al. 1983, Urbina & Crespo 1984). More
recently, additional experiments showed that the enzyme
is inhibited in a non-competitive way by inorganic pyro-
phosphate (PPi) and does not phosphorylate other sugars,
such as fructose, mannose and galactose (Caceres et al.
2003). This suggests that biphosphonates are possible in-
hibitors of this 7. cruzi enzyme. Therefore, the synthesis
of 42 compounds was described, in which the best of this
series demonstrated a K. of 2.2 pM against amastigotes.
Other reports in this direction showed the potent and se-
lective inhibition of HK and inhibition of the proliferation
of the clinically relevant intracellular amastigote form of
the parasite, using aromatic arinomethylene biphospho-
nates, which act as non-competitive or mixed inhibitors
of HK (Hudock et al. 2006, Sanz-Rodriguez et al. 2007).
However, Cordeiro et al. (2007) showed that the parasite
also has a glucokinase with ten times higher affinity for
glucose preferentially in a f-D-glucose isomeric form,
while the preferential HK substrate is the a-isomer. Using
the AnEnPi tool, in silico annotation of 7. cruzi predicted
proteins indicated the presence of both HK and glucoki-
nase. Fig. 1 shows the reconstruction of the glycolytic
pathway and where these two enzymes are located (EC
2.7.1.1 and EC 2.7.1.2). Unlike the HK in this analysis the
glucokinase is clearly analogous to the human enzyme
and constitutes a possibly interesting therapeutic target
in the parasite. Recently, Chambers et al. (2008) showed
that the anti-cancer drug ionidamine was capable of in-
hibiting one of the HKs (TbHK1) from 7. brucei and was
effective against both the recombinant enzyme as well as
the bloodstream and procyclic forms of this parasite.

Another point of regulation in the glycolytic pathway of
eukaryotes resides in the catalytic step of the phosphofruc-
tokinase. This enzyme displays different characteristics in
T. cruzi, including the fact that the enzyme is not sensitive
to typical modulators, such as the activator fructose-6-P
and the inhibitors ATP, citrate and phosphoenolpyruvate
(Urbina & Crespo 1984, Adroher et al. 1990).

The triose phosphate isomerase (TIM) is also a cen-
tral enzyme of the glycolytic pathway that has been
studied in 70 cruzi and in a number of pathogenic pro-
tozoa (Pérez-Montfort et al. 1999, Reyes-Vivas et al.
2001, Rodriguez-Romero et al. 2002, Olivares-Illana et
al. 2006). Recently, two studies showed the possibility
of developing new therapeutic agents against trypano-
somes using TIM as a molecular target. The compound
6, 6’-bisbenzothiazole-2, 2’ diamine in the low micro-
molar range was able to specifically inhibit the TIM of
trypanosomatids (Olivares-Illana et al. 2006), while the
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compound dithiodianiline in nanomolar concentrations
was able to completely inhibit the recombinant TIM of
T. cruzi and was trypanocidal for the epimastigote form
of the parasite (Olivares-Illana et al. 2007).

The phosphoglycerate kinase (PGK) was described
by Concepcion et al. (2001) as having two isoforms: one
of 56 kDa, which is exclusively glycosomal, and a sec-
ond of 48kDa, which is expressed both in the cytoplasm
and in glycosomes. In the same study, the authors dem-
onstrated that 20% of total PGK activity is found in gly-
cosomes and 80% in the cytoplasm.

The pyruvate kinase in 7. cruzi was first reported
by Juan et al. (1976) and following studies demonstrated
the kinetic details, regulation and localisation of this en-
zyme (Cazzulo et al. 1989, Adroher et al. 1990).

The enzyme alcohol dehydrogenase (EC: 1.1.1.2),
which is important in oxidoreduction of alcohol, can
be considered a possible target for therapeutic studies
against 7. cruzi because AnEnPi analysis indicates it
as being an analogue to the enzyme found in humans
(Table II). It was demonstrated that the corresponding
enzyme from Entamoeba histolytica can be inhibited by
cyclopropyl and cyclobutyl carbinols and is considered
as a possible new drug target for this parasite as well as
for Giardia lamblia (Espinosa et al. 2004).

The pentose phosphate shunt - The pentose phos-
phate shunt is the most studied pathway in 7. cruzi and
the participating enzymes have been well characterised
both molecularly and biochemically (Igoillo-Esteve et al.
2007). The enzymes of this pathway were identified as
cytoplasmic, but with secondary localisation in the gly-
cosome. They play an important role in the generation of
NADPH, which is essential in responding to oxidative
processes of the host defence system. Maugeri and Caz-
zulo (2004) showed that under normal conditions 10%
of the glucose captured by 7 cruzi is metabolised in the
pentose pathway. All seven enzymes of the pathway are
expressed in the four life stages of 7. cruzi (Maugeri &
Cazzulo 2004) and this pathway can be divided into oxi-
dative and non-oxidative branches.

The oxidative branch is responsible for the produc-
tion of NADPH and ribose-5-phosphate and is regu-
lated by the ratio of NADP/NADPH through the first
enzyme in the process, glucose-6-phosphate dehydro-
genase (G6PD). This enzyme has several copies in the
T cruzi genome, while the 6-phosphogluconolactonase,
the 6-phosphogluconate dehydrogenase (6PGD) and the
ribose 5-phosphate isomerase are present as only one
copy. The latter enzyme is analogous to the human en-
zyme, which makes it an interesting therapeutic target
(Igoillo-Esteve et al. 2007). Recently, Stern et al. (2007),
using site directed mutagenesis, revealed details on the
reaction mechanism of this enzyme, which acts via the
formation of the 1,2-cis-enediol. They also showed that
the 4-phospho-D-erythronohydroxamic acid, an ana-
logue to the reaction intermediate, competitively inhib-
its this enzyme with a K, = 1.2 mM and an IC50 of 0.7
mM. Mielniczki-Pereira et al. (2007) studied the two
enzymes responsible for NADPH production, G6PD and
6PGD and showed differences in the activities of those
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enzymes between the Tulahuen 2 and Y strains, as well
as the importance of G6PD in protecting the parasite
against reactive oxygen species.

The non-oxidative branch complements the path-
way and the enzymes involved are ribulose-5-phos-
phate epimerase, with two gene copies in 7. cruzi and
the transaldolase and transketolase, each with one copy
per haploid genome (Igoillo-Esteve et al. 2007). One of
the copies of ribulose-5-phophate isomerase presents a
C-terminal (PTS1) signal for glycosome targeting but
the cytosol also showed activity (Maugeri & Cazzulo
2004). A transaldolase is responsible for the transfer of
the dihydroxyacetone group from fructose-6-phosphate
to erythrose-4-phosphate, leading to the synthesis of
sedoheptulose-7-phosphate and glyceraldeyde-3-P. The
biochemical characterisation of the recombinant enzyme
was reported (Igoillo-Esteve et al. 2007). The transketol-
ase of 7. cruzi contains the PTSI signal peptide, which
possibly permits its distribution both in the glycosome
and in the cytoplasm. The recombinant enzyme is appar-
ently a dimer of 146 kDa (Igoillo-Esteve et al. 2007).

Using the AnEnPi approach, we identified the sedohep-
tulose-bisphosphatase (EC: 3.1.3.37) that performs the addi-
tion of H,0 to sedoheptulose 1,7-bisphosphate, resulting in
sedoheptulose 7-phosphate and phosphate. This enzyme is
a possible target for the development of drugs because they
are specific to the parasite and absent in the human host.

The Krebs cycle and oxidative phosphorylation - The
intermediate energy metabolism that occurs in the mito-
chondria of 7. cruzi was studied by several groups and re-
ported several decades ago (von Brand & Agosin 1955, de
Boiso & Stoppani 1973, Docampo et al. 1978, Rogerson &
Gutteridge 1980). Cannata and Cazzulo (1984) reviewed
the metabolism of carbohydrates and described, in de-
tail, current knowledge of the Krebs cycle, as well as the
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process of aerobic fermentation in this parasite. Within
this context, the main products of this peculiar metabolic
pathway would be succinate from the reduction of fumar-
ate coupled with the reduction of oxaloacetate and the
generation of L-malate. More recently, the intermediary
energy metabolism was reviewed by Urbina et al. (1993),
including a discussion on the possibility of regulating the
activity of the Krebs cycle according to the action of two
glutamate dehydrogenases, one NAD*-dependent and the
other NADP* dependent, which indicates the use of amino
acids as a main energy source for the parasite.

The constitutive expression of the ATP-dependent
phosphoenolpyruvate carboxykinase (PEPCK, EC
4.1.1.49) was described in all evolutionary forms of 7.
cruzi. The enzyme catalyses the reaction from phos-
phoenolpyruvate to oxaloacetate yielding ATP. In ver-
tebrates, this enzyme is involved in glycogenesis, while
in T. cruzi it appears to be involved in catabolism. Ad-
ditionally, the inhibition of this enzyme by 3-mercap-
topicolinic acid has been described in studies with the
purified enzyme and in vivo (Urbina et al. 1990). This
enzyme was also shown to have a specific requirement
for transition metal ions that modulate the reactivity of
a single essential thiol group, which differs from the
hyper-reactive cysteines present in vertebrates or yeast
(Jurado et al. 1996). Trapani et al. (2001) elucidated the
3D and dimeric structures of the PEPCK of 7. cruzi,
permitting progress in the study of this enzyme for the
development of new therapeutic agents.

Our data from in silico analysis indicate the pres-
ence of all the enzymes involved in the Krebs cycle,
corroborating the analyses by KEGG, but also indicat-
ed a phosphoenolpyruvate carboxykinase (EC: 4.1.1.49)
specific for 7 cruzi and absent in humans (Table II,
Fig. 2). Furthermore, the enzyme fumarate reductase
(EC: 1.3.99.1) is also specific for 7 cruzi and fumar-
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Fig. 3: map of the oxidative phosphorylation metabolism in Trypanosoma cruzi with a representation of the multi-enzyme complexes and their
corresponding enzymatic function. The map was generated and adapted from the reference map by KEGG (http://www.genome.jp/kegg/path-
way.html). Colored boxes symbolize activities annotated by AnEnPi methodology. Green boxes: enzymatic activities without putative cases
of analogy (for all species in KEGG database); orange boxes: enzymatic activities with putative cases of analogy (also for all species in KEGG
database); yellow boxes: enzymatic activities with probable cases of analogy between 7. cruzi and Homo sapiens; blue boxes: enzymatic activi-
ties specific for 7 cruzi and absent in H. sapiens.
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ate hydratase (EC: 4.2.1.2) in the parasite is analogous
(Fig. 2) to the human protein.

With relation to the mechanism of oxidative phosphory-
lation and the respiratory chain, our data and those of KEGG
indicate the presence of all the multi-enzyme complexes in 7.
cruzi (Fig. 3), with several subunits that are either specific to
the parasite or analogous to the human enzymes. Reports in
the literature suggest that the process of oxidative phospho-
rylation in 7. cruzi does not occur in a manner similar to hu-
mans, having been called oxidative fermentation (Cannata &
Cazzulo 1984). Affranchino et al. (1985) conducted a study
on the regulation of mitochondrial respiration in epimastig-
otes of 7. cruzi, which showed, among other peculiarities,
that the oxidation of NADH is not controlled by ADP.

f-oxidation - The oxidation of fatty acids is an im-
portant source of ATP in many organisms, but this is ap-
parently not the case for most parasites (van Hellemond
& Tielens 2006). Initial analysis of the 7. brucei genome
(Berriman et al. 2005) but also of 7. cruzi and Leishma-
nia identified homologous genes for the four enzymes
responsible for B-oxidation of fatty acids and this path-
way probably occurs both in glycosomes and mitochon-
dria (van Hellemond & Tielens 2006). The oxidation
rates, however, seem minimal and oxidation can be for
very specific fatty acids only or occur only under special
conditions (Wiemer et al. 1996).

The enzyme pyruvate phosphate dikinase was described
in T cruzi epimastigotes with a glycosomal localisation.
The complete function of this enzyme is not completely
understood but its reaction probably leads to pyruvate pro-
duction from phosphoenolpyruvate and PPi (Acosta et al.
2004). The authors showed that palmitoyl-CoA B-oxidation
occurs in glycosomes and suggest that this enzyme could
be a link between glycolysis, fatty acid oxidation and the
biosynthetic PPi-producing pathways in this organelle, as
well as replacing pyrophosphatase in its classical thermo-
dynamic role and eliminating the toxic PPi.

Use of amino acids for energy production - T. cruzi
epimastigotes metabolise asparagine, aspartate, glutamine,
glutamate, leucine, isoleucine and proline (Sylvester &
Krassner 1976). Alanine, aspartate and glutamate provide
the Krebs cycle with intermediates (Silber et al. 2005),
while the latter is an important intermediate in proline me-
tabolism, which is an important carbon and energy source
for the parasite. The amino group of glutamate can be
transferred to pyruvate by both alanine aminotransferase
and tyrosine aminotransferase, yielding a-ketoglutarate
and alanine (Cazzulo 1994) or can be deaminated by glu-
tamate dehydrogenase, which is localised in the cytoplasm
and mitochondria (Duschak & Cazzulo 1991). A detailed
computational analysis of the 7' cruzi metabolic pathways
involving amino acid metabolism was described previous-
ly and many instances of analogous enzymes in the para-
site, compared to human, were pointed out (Guimaraes
et al. 2008). Many questions still remain open regarding
energy metabolism in 7. cruzi and our understanding of
the physiological mechanisms involved in the generation
of energy in this parasite. Furthermore, the identification
of new therapeutic targets needs further work.
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The polyamine metabolism

Due to the importance of polyamines for trypanoso-
matids, which are highly dependent on spermidine for
growth and survival, polyamine metabolism has been
well studied and several enzymes, such as arginase, or-
nithine decarboxylase (ODC), S-adenosylmethionine
decarboxylase (AdoMetDC), spermidine synthase,
trypanothione synthetase and trypanothione reductase
have been targeted for the development of new drugs
(Heby et al. 2007). T. cruzi does not contain ODC, an
effective target of alpha-difluoromethylornithine for
the treatment of sleeping sickness. Instead, the para-
site salvages putrescine or spermidine from the host.
Two candidate aminopropyltransferases have been
proposed. Although 7. cruzi maintains an apparently
functional copy of the AdoMetDC, known inhibitors
of this enzyme do not have much effect on the parasite
(Beswick et al. 2006). The traditional cellular redox
couple formed by the otherwise ubiquitous glutathione/
glutathione reductase couple is replaced in trypano-
somatids by the dithiol bis(glutathionyl)spermidine
called trypanothione and the flavoenzyme trypanothi-
one reductase. Trypanothione is the reducing agent of
thioredoxin and tryparedoxin, which are small dithiol
proteins that are reducing agents for the synthesis of
deoxyribonucleotides, as well as for the detoxifica-
tion of hydroperoxides by different peroxidases. The
trypanothione reductase is an essential enzyme for the
parasite and its absence in the mammalian host makes
it an interesting target for drug development (Krauth-
Siegel & Inhoff 2003, Martyn et al. 2007).

More detailed analysis of biochemical pathways and
increased high-throughput screening activities, using
both synthetic compounds and natural products, set high
hopes for the development of new drugs against Chagas
disease, leishmaniasis and sleeping sickness. The many
ongoing initiatives and the identification of numerous po-
tential targets bring hope that a breakthrough in the treat-
ment of these parasitic diseases will be shortcoming.
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Guimaraes A.C.R. Resultados

Capitulo IV — Analise comparativa e modelagem estrutural

de proteinas analogas

Neste capitulo, foi aplicada uma série de técnicas de modelagem comparativa
para a obtencdo de modelos tridimensionais para algumas proteinas preditas do
genoma de T. cruzi e comparacdo com modelos estruturais de proteinas de Homo
sapiens. Essas proteinas foram originadas a partir da comparacdo de analogos
funcionais entre estes dois organismos, na tentativa de buscar moléculas
estruturalmente distintas com a finalidade de encontrar alvos moleculares para o
desenvolvimento de novas drogas contra o parasita. Estes alvos potenciais podem
ser posteriormente refinados para o desenvolvimento de novas abordagens para o
tratamento da doenca de Chagas.

Os dados provenientes destas analises estdo no manuscrito “Structural
Modelling and Comparative Analysis of Homologous, Analogous and Specific
Proteins from Trypanosoma cruzi versus Homo sapiens: Putative Drug Targets for

Chagas' Disease Treatment”, submetido para a revista BMC Genomics.
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Abstract

Background: Trypanosoma cruzi is the etiological agent of Chagas’ disease, an endemic infection that causes
thousands of deaths every year in Latin America. Therapeutic options remain inefficient, demanding the search
for new drugs and/or new molecular targets. Such efforts can focus on proteins that are specific for the parasite,
but analogous enzymes and enzymes with a three-dimensional (3D) structure sufficiently different from the
corresponding host proteins may represent equally interesting targets. To find these targets we used the
workflows MHOLIline and AnEnII obtaining the 3D models from homologous, analogous and specific proteins
from Trypanosoma cruzi versus Homo sapiens.

Results: We applied genome wide comparative modelling techniques to obtain 3D models for 3,286 predicted
proteins of T. cruzi. In combination with comparative genome analysis to Homo sapiens, we could identify a

subset of 397 enzyme sequences of which 356 are homologous, 3 analogous and 38 specific for the parasite.

74



Conclusions: In this work, we presented a set of 397 enzyme models of T. cruzi that can constitute potential
structure-based drug targets to be investigated for the development of new strategies to fight Chagas' disease.
The strategies presented here support the concept of structural analysis together with protein functional analysis
could be an interesting computational methodology to detect potential targets for structure-based rational drug
design. For example, the analogous enzymes 2,4-dienoyl-CoA reductase (EC 1.3.1.34) and triacylglycerol lipase

(EC 3.1.1.3) were identified as new potential molecular targets.

Background

Chagas’ disease constitutes a significant health and socio-economic problem in most of Central and South
America and Mexico [1,2]. About 18 million people are infected resulting in an estimated 21,000 deaths
per year (WHO, 2002). Cases have also been described in Canada, United States [3-5], Europe and
Australia [6-8].

Hundred years after the discovery of Chagas’ disease, caused by the haemoflagellate protozoan
Trypanosoma cruzi, there are still no appropriate therapies that lead to consistent cure in the chronic
phase of the disease. The incidence and death rates, the toxicity of the current drugs benznidazol and
nifutimox, and the parasite’s ability to develop drug resistance [9,10], all reinforce the importance of
developing new effective chemotherapies [11]. The analysis of the T. cruzi genome [12] opens new
opportunities to develop more effective and less toxic drugs against the parasite. In biological systems,
therapeutic agents can interact with proteins, polysaccharides, lipids and nucleic acids. However, protein
inhibitors, particularly enzyme inhibitors, comprise about 47% of all drugs against pharmacological targets
with commercial interest [13].

Metabolic pathways that are common to many diverse organisms are mostly made up of enzymatic
reactions that are catalysed by conserved proteins. Enzymes performing similar chemical reactions usually
share similar structures. However, analogous enzymes have little or no structural similarity, while sharing
the same catalytic activity, and are thought to be evolutionarily unrelated [14]. In silico sequence analysis
and comparisons of the primary and secondary structures per se cannot prove that two sequences are
unrelated from an evolutionary point of view. A common origin can be inferred from protein structure

conservation, even when the amino acid sequence homology was completely washed out by divergence. The
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possibility of a common origin can only be considered highly unlikely by additional confirmation that two
proteins have different three-dimensional (3D) structures [15]. Furthermore, these differences of 3D
structures contribute as an important factor in selecting a protein as a potential therapeutic target [16].
During the process of the development of a new drug, often many synthetic compounds or natural products
are tested. The efforts to isolate, purify, characterise, and synthesise active compounds and perform pre-
and clinical tests takes many years and can cost billions of dollars [17,18]. When an active compound is
discovered, its mechanism of action is often unknown at the start. Structure-based rational drug design
intends to accelerate the steps of identification and comprehension of the molecular interactions between
receptor and ligand using computational methods [19]. In this context, bioinformatics and molecular
modelling tools can play an important role in the identification and structural investigation of molecular
targets that are essential for the survival of T. cruzi. Indeed, candidate targets must be essential for the
parasite’s infectivity and/or survival, without affecting the (human) host [20], and inhibitors should be
efficient, soluble and bio-available and administrable in an acceptable way, having the potential for a
chemotherapeutic development [21].

Using comparative modelling technique, it is possible to obtain protein models accurate enough to be used
in structure-based rational drug design studies. Models building based on templates of proteins that had
their 3D structure experimentally determined by X-Ray or Nuclear Magnetic Resonance and that share a
reasonable degree of sequence identity with the target have been useful for drug design, and they can guide
the development of more specific non-natural inhibitors for variants of a given enzyme or receptor [22-24].
Models building based on a low and medium similarity between the target and template sequences can be
useful for functional inference and for the design of rational mutagenesis experiments and molecular
replacement in crystallography. Thus, structural biology has been helpful in directing target identification
and discovery, using high-throughput methods of structure determination, and providing an important tool
for initial drug target screening and further optimisation [19)].

A high-throughput functional genomics approach has been used to bridge the gap between raw genomic
information and the identification of possible viable drug targets using techniques in biochemistry,
molecular and cell biology, and bioinformatics [25]. This approach allows a better understanding of the role
played by the steps in biological pathways involved in a variety of diseases.

The search for suitable targets for the development of new drugs is usually based on the identification of
parasite specific enzymes from metabolic pathways. But data about the frequency and distribution of

analogous enzymes suggests that they may represent an untapped resource for such targets, since
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analogous enzymes share the same activity but possess different tertiary structures, an interesting attribute
for drug development.

In previous studies, the existence of functional analogues was observed in several important steps in the
metabolism of T. cruzi, such as the energetic [26] and amino acids pathways [27]. These works show
enzymes that are analogous to those found in the human host, listed as possible new therapeutic targets to
be studied. Other studies involving the analysis of similar enzymes have suggested the presence of several
events of independent origin to about 25% of the total enzymatic activity of an organism [28].

In this work, the protein sequences that have been predicted from the T. cruzi genome sequence were
analysed with the objective to improve the annotation of their putative biological functions, and to model
their probable three-dimensional structures. We used a high-throughput computational environment that
uses the comparative modelling technique for the 3D protein structure prediction. From the comparison
between T. cruzi and Homo sapiens enzyme sequences, we could identify and model the 3D structure of
356 homologous, 3 analogous and 38 specific T. cruzi putative enzymes, that can be investigated as

potential drug targets for Chagas’ disease treatment.

Results and Discussion
Analysis of Enzymatic Functions of Trypanosoma cruzi and Construction of Three-Dimensional Models

We intended to perform a comparative analysis of the 3D structures available or that be constructed
through comparative modelling, for T. cruzi and human enzymes, in order to detect significant differences
that can be exploited and justify these enzymes as potential drug targets. As a starting point, we used the
T. cruzi CL-Brener database (http://tcruzidb.org/tcruzidb/)of predicted proteins, containing 19,607 entries
(translated CDS — Coding Sequences). To remove redundant and very similar sequences, an all-against-all
BLAST analysis was done and the output was submitted to BioParser [29], and from multiple sequences
with more than 95% identity only one member was kept, resulting in a dataset of 12,348 protein sequences.
These were submitted to the MHOLIline workflow (http://www.mholline.lncc.br) to construct 3D protein
structure models by comparative modelling. This analysis resulted in 3,286 models, presented in Table 1,

that were classified according to the criterion described in Table 7.

Inference of Functional Annotation of Trypanosoma cruzi Predicted Proteins
We previously reported results [26,27] on the inference of function to the proteins predicted from the T.

cruzi CL-Brener genome initiative (http://tcruzidb.org/teruzidb/) using the annotation module in the
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AnEnII pipeline [28]. In addition to aforementioned analysis, here we added enzymatic functions specified
in the Swiss-Prot that were absent in the KEGG database, in order to increase the number of enzymatic
functions to be analysed. It was performed due to the fact that there are enzymatic functions that are not
represented in the metabolic pathways described in the KEGG database (e.g. prolineracemase - EC
5.1.1.4).

The choice of the cut-off remains a critical point in this procedure and for this reason we investigated
different e-values as cut-off (10e72°, 10e=4° and 10e=3)(Table 2). In order to confer a high degree of
reliability to our analysis we adopted the cut-off of 10e8° for the next steps.

To establish a good cut-off we should analyse groups of protein families separately and take into account
other parameters like coverage, bit-score and identity, but this is not yet available in AnEnlIl. The inferred
protein functions of T. cruzi were used to find analogy between the parasite sequences and the predicted

proteins of Homo sapiens.

Comparison Between Homo sapiens and Trypanosoma cruzi Enzymatic Functions

Using AnEnlIl, we analysed and compared the predicted protein sequences from Homo sapiens and
Trypanosoma cruzi to establish possible cases of analogy between these two species. For some enzymatic
functions, the sequences of H. sapiens and T. cruzi were allocated in different clusters, representing
probable cases of analogy (see the Methods for more details), while sequences allocated in the same cluster
were considered homologous. We expect the 3D structures to be dissimilar in the first case, and probably
similar in the latter case. This is indeed true in some cases, and it is exemplified in Figure 1. Also, some
sequences are specific of T. cruzi and absent in H. sapiens. The results are summarised in Table 3 and
were acquired using as final dataset the 478 entries obtained by the combination of both KEGG and
Swiss-Prot databases, considering the complete four-digit EC number.

Figure 1 shows examples of comparison between T. cruzi and H. sapiens protein structures, using
functional classification determined by AnEnIl. Figure 1(a) presents the structural alignment

(RMSD¢,, = 0.65A) between the T. cruzi protein model (yellow), obtained with MHOLIline, and the
homologous structure (PDB1F14) of L-3-Hydroxiacyl-CoA Dehydrogenase from Homo sapiens (blue). The
structure of the active site (S137, H158 and N208) of the human protein, according to [30], it is quite
similar to the structure of modelled T. cruzi protein. Figure 1(b) shows the same T. cruzi model (yellow)
and the analogous enzyme (PDB1S08) 3-Hydroxiacyl-CoA Dehydrogenase Type II from H. sapiens

(green). In this figure, the dissimilarity (RMSD¢,, = 13.81/01) between these two structures is evident. The
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RMSDc¢,, were calculated using Swiss-PDB Viewer (v4.0.1) program [31].

Functional Classification of Modelled Enzymes

In a next step, we combined the results presented in Table 1 and Table 3, and could identify a set of 397
predicted proteins from Trypanosoma cruzi to which an enzymatic function could be assigned with the
AnEnII tool, and for which a structure model could be obtained using MHOLIline. These functions have 93
distinct EC numbers assigned to them, as showed in Table 4.

Table 5 summarises the results of the overall analysis in this work. The modelled proteins associated to an
EC number were grouped as follows with regard to the comparison between T. cruzi and H. sapiens: (i)
Homologous enzymes; (i) Analogous enzymes; (iii) Specific of T. cruzi and (iv) Undetermined enzymes —
enzymes with conflicting clustering depending on the KEGG or Swiss-Prot database used for inicial
clustering. Moreover, these protein sequences were classified according to IUBMB Nomenclature with
regard to the first EC number digit. Additionally, they were classified from 1 to 7 according to the

MHOLIline model quality proposed in the Methods.

Discussion and Conclusions

Knowledge of the three-dimensional structures of proteins opens the way to accelerate drug discovery [19].
Theoretical predictions of 3D protein structures and protein folding patterns, even on a genome scale, can
provide valuable information to infer possible protein function and contribute to identification of potential
drug targets [32]. It is believed that evolution tends to conserve functions based more on the preservation
of the 3D structure than on that of the primary sequence. The protein folding permits that distant amino
acids in the sequence interact in the same spatial region, forming distinct conformational patterns,
depending on the ambient conditions. A 3D alignment between structural relatives, even (or mainly)
comprising a small number of residues within a protein active site, can be a powerful method to infer
function [33].

Using the 19,607 predicted protein sequences from Trypanosoma cruzi CL-Brener genome as initial dataset,
we produced a non-redundant dataset comprising 12,348 sequences. After, submitting these sequences to
the MHOLIine workflow, we were able to construct models for 3,286 sequences (26.6% of the total), of
which 1,164 models (35.4%) have a “medium to good” to a “very high” quality (presented in Table 1),
being adequate to structure-based drug design projects.

It is important to note that there are problems in the processes of assembly and annotation of genomes,
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involving for example the quality of the produced sequences, errors derived from automatic gene
prediction, the presence of repetitive regions, lack of usage of controlled vocabulary terms (ontology) and
propagation of previous annotation errors.

Due to the high repetitive gene content and the heterozygosity of the T. cruzi strain at hand, until now the
genome of T. cruzi has not been completely assembled, and many predicted proteins have unknown or
putative functions which hinder the correct identification of proteins and consequently the elucidation of
the parasite’s metabolism. To minimise some of these problems, we used the AnEnlI pipeline to annotate
the T. cruzi genome and to identify enzymatic functions using KEGG and Swiss-Prot databases (Table 2).
From the comparison between T. cruzi and Homo sapiens enzymatic functions, we identified a set of 397
T. cruzi modelled sequences, comprising 93 distinct EC numbers (Table 4). Six sequences originally
annotated (by GeneDB) as hypothetical proteins could be associated to an enzymatic function by AnEnII
(more details in Supplementary Material).

An important result of this work was the identification and construction of 3D protein models for three
sequences classified as analogous and 38 sequences as specific for T. cruzi (listed on Table 6), which can be
considered as possibly interesting molecular targets for the development of drugs against Chagas’ disease.
Among the specific enzymes, we could identify some proteins that are already being studied as drug targets
(e.g. cruzipain and trypanothione-disulfide reductase). In general, to confirm the potential of these 41
proteins as structure-based drug targets, it is necessary to take into account the importance of the
metabolic pathway involved for parasite survival, the existence of possible isoforms and alternative
metabolic pathways, data about enzymatic assays and the quality os constructed model for further
structural analysis, and other information that could help in the understanding of physico-chemical
properties, catalytic sites and pharmacological inhibitors of these proteins. Of course, one should not
discard the 356 sequences classified as homologous proteins in relation to H. sapiens as, for example, the
glyceraldehyde-3-phosphate dehydrogenase [34], an important known drug target.

We have further analysed the models for the T. cruzi analogous enzymes (presented in Table 6)
2,4-dienoyl-CoA reductase (EC 1.3.1.34) and triacylglycerol lipase (EC 3.1.1.3), which are involved in the
metabolism of lipids. The major aspects of lipid metabolism concern fatty acid oxidation to produce
energy, and the synthesis of lipids. Knowledge about the oxidation of fatty acids as a source of ATP for
trypanosomatides remains scare. Previous analysis of T.brucei, T.cruzi and Leishmania genomes identified
orthologous genes encoding enzymes involved in the S-oxidation of fatty acids, and this pathway probably

occurs both in glycosomes and mitochondria [35].
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The oxidation of polyunsaturated fatty acids requires an auxiliary enzyme (2,4-dienoyl-CoA reductase)
that removes the double bonds in the fatty acids. This enzyme (combined with enoyl-CoA isomerase) is
essential to allow beta-oxidation and consequently energy production for the parasite [36]. It is possible
that this reaction occurs in the opposite direction, generating an unsaturation which could be important in
the synthesis of a compound produced in the parasite, whenever the parasite requires it in the composition
of unsaturated fatty acids. The sequence and structure alignment between the two isoforms of
2,4-dienoyl-CoA reductase from T. cruzi suggest that these proteins are paralogous. Figure 2 presents the
difference between the primary and tertiary structures of the paralogous enzymes of T. cruzi and the
2,4-dienoyl CoA reductase 1 (DECR1 - mitochondrial) and 2,4-dienoyl CoA reductase 2 (DECR2 -
peroxisomal) of H. sapiens.

The other analogous enzyme, triacylglycerol lipase, converts triacylglycerol and H2O in diacylglycerol and
a carboxylate. This reaction is important to glycerolipid metabolism. [37] showed that the parasite is able
to take up by endocytosis LDL cholesterol, a molecule that has triglycerides in it composition, justifying
the presence of this enzyme in the parasite. Furthermore, the product of the reaction is composed of
diacylglycerol, an important molecule for the synthesis of membrane lipids (phospholipids and glycolipids).
Taking into account the presented results and the importance of the two enzymatic activities in the
oxidation of polyunsaturated fatty acids and glycerolipids metabolism, these analogous enzymes might be
an interesting choice for further studies for drug development against Chagas’ disease.

The most widely used paradigm in the search of new drug targets is to look for pathogen specific molecules,
where the development of ligands that result in the inactivation of the function but without affecting the
host [20]. However, data on the frequency and distribution of analogous enzymes suggest that these
enzymes should be studied as additional targets since it is expected that they share the same enzymatic
activity with sufficiently different tertiary structures, a prerequisite for the development of drugs [20].

The results presented in this work corroborate the idea that structural analysis could be an attractive
computational methodology for predicting protein functions [38]. The combination of MHOLline workflow
with AnEnII pipeline was effective to infer protein function and to detect and construct structure models of
proteins in high-throughput analysis. Thus, we were able to identify a list of T. cruzi specific or analogous
enzymes that can be considered as target candidates suitable to be used in further structure-based drug

design projects against Chagas’ disease (a complete list of proteins is provided in Supplementary Material).
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Methods

Datasets

In this work, we used the dataset composed of 19,607 predicted protein sequences from the Trypanosoma
cruzi genome (CL-Brener strain). This dataset was obtained from TcruziDB
(http://tcruzidb.org/common/downloads/release-5.0/Tcruzi/ TeruziAnnotated Protein.fas - version 5.0).
AnEnII is a tool for identification and annotation of analogous enzymes [28]. We have used the dataset
contained in AnEnII (Analogous Enzyme Pipeline), which was obtained from KEGG (Kyoto Encyclopedia
of Genes and Genomes) database (from ftp://ftp.genome.ad.jp/pub/kegg/ of December, 2006) [39]. To
increase the number of identifiable enzymatic functions by AnEnll, we incorporated data from
Swiss-Prot [40] (from http://www.expasy.org/sprot/ of May, 2008), resulting in a final dataset composed
by 478 four-digit EC numbers. Each T. cruzi enzyme function obtained (considering the complete
four-digit EC number) was compared with the original genome function annotation list from GeneDB
(from http://www.genedb.org/ of October, 2007).

The structures used as templates to provide 3D models of predicted proteins from T. cruzi were obtained
from the Protein Data Bank (PDB) (44,700 sequences from ftp://ftp.rcsb.org/pub/pdb/derived_data/ of
December, 2006). These models were constructed by comparative modelling method using the workflow

MHOLline, as described in the Methods.

High-Throughput Comparative Modelling

To construct 3D structure models of the predicted proteins from 7. cruzi genome we used the MHOLline
software (http://www.lncc.br). It is a biological workflow that combines a specific set of programs for
automated protein structure prediction, detection of transmenbrane regions, and EC number association.
It extracts distinct and valuable structural information about protein sequences even in large-scale genome
annotation projects

MHOLIine uses the HMMTOP program to identify transmembrane regions. BLAST algorithm is used for
template structure identification by performing searches against the Protein Data Bank [41]. Refinements
in the template search — a key step for the model construction — were implemented with the development
of a program called BATS (Blast Automatic Targeting for Structures). BATS identifies the sequences
where comparative modelling techniques can be applied, by choosing template sequences from the BLAST
output file using their scores, expectation values, identity and sequence similarity as criteria. It also

consider the number of gaps and the alignment coverage.
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BATS also selects the best template for 3D model construction and generates the files for the automated
alignment used by the Modeller program [42]. Statistically, there is no relevant correlation between the
number of templates used during model construction and the overall quality of a model [43]. The generated
models are evaluated by stereochemical quality using the Procheck program [44]. In summary, for each
submitted sequence, MHOLIline generates and aggregates structural information, returns a 3D model, a

Ramachandran plot and comments about structure quality and enzymatic function.

Sequence Filtering and Generation of Distinct Quality Protein Models

To exclude possible redundant and very similar sequences, an all-against-all BLAST analysis was performed
in the dataset composed of all T. cruz: translated CDS, using the BLOSUM62 matrix and an e-value

< 10e~® as cutoff. The result was automatically filtered by identity (< 95%) using the BioParser tool [29].
This non redundant dataset of T. cruzi was submitted to the MHOLIline workflow to construct the 3D
protein models. Sequences were locally aligned by MHOLIline (using BLASTP) with protein sequences
from PDB using an e-value < 10e=5. The MHOLIline program filtered the new set of aligned sequences
with the BATS program and the Filters tool, and it constructed the protein structure models using the

Modeller program. Table 7 displays the criteria used for the classification of the obtained models.

Trypanosoma cruzi Protein Function Inference

AnEnII uses the similarity score of BLASTP pair wise comparisons between all proteins included in a
previously determined group to assign these proteins to separate clusters for each enzymatic function (EC
numbers). Enzymes inside a cluster are considered homologous, while enzymes in different clusters (of the
same group/function) are considered analogous.

With the purpose of annotation and identification, users can perform similarity searches by BLASTP. In
this case, the database is composed of the sequences belonging to each cluster. In this study, AnEnll was
used for the identification of predicted proteins of Trypanosoma cruzi using different e-values as cutoff

(10729, 10e=4° and 10e87).
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Figures

Figure 1 - Structural comparison between a medium to high quality model of 3-Hydroxiacyl-CoA
Dehydrogenase from Trypanosoma cruzi and one homologous and one analogous structures from PDB
(classified according to the AnEnII pipeline).

File format: PNG

Title: Figurel.png

Subtitle: 1(a): structural alignment of the T. cruzi (Tc00.1047053510105.240) protein model (yellow) and a
homologous protein (PDB1F14) from Homo sapiens (blue), detailing its active site residues S137, H158
and N208 according to [30]. The alignment was performed by Swiss-PDB Viewer (v4.0.1) program [31].
1(b): structure of T. cruzi (Tc00.1047053510105.240) model (yellow) and the analogous enzyme
(PDB1SO8) from H. sapiens (green). In detail, it is presented the putative active site residues S154, H175
and N225 of T. cruzi protein (yellow), inferred by the alignment in Figure 1(a), and the H. sapiens (green)
active site (S155, Y168 and K172) from [45]. The images were generated using VMD (Visual Molecular

Dynamics - v1.8.6) software [46]
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Figure 2 - Structural and sequence comparison between 2,4-dienoyl CoA reductase (DECR) from
Trypanosoma cruzi and Homo sapiens, analogous enzymes.

File format: PNG

Title: Figure2.png

Subtitle: 2(a): sequence alignment between putative paralogous DECR enzymes from T. cruzi and
mitochondrial DECR1 and peroxisomal DECR2 enzymes from H. sapiens. The alignment was performed
by ClustalX (v1.83) program [47]. 2(b): structural alignment between the H. sapiens DECR1
(reconstructed PDB:1W6U) (yellow) and DECR2 model (blue), constructed using PDB:1W6U as template.
In detail, it is presented the active site residues V207 and K214 of DECR1 (yellow), according to [48], and
Q175 and K182 of DECR2 (blue). 2(c): structural alignment between DECR enzymes of T. cruzi. In
detail, it is presented the putative active site constituted by Y175 and H261 of Tc00.1047053509941.100
(yellow) and, G180 and H269 of T'c00.1047053510303.210 (blue). The active sites of T. cruzi DECR were
inferred by their structural alignment (not presented) with the DECR protein (PDB:1PS9) from
Escherichia coli, used as template.Its active site residues Y166 and H252 is described by [36]. The
alignments were performed by Swiss-PDB Viewer (v4.0.1) program [31] and the images were generated

using VMD (Visual Molecular Dynamics - v1.8.6) software [46]
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Tables

Table 1 - Trypanosoma cruzi 3D protein models.

Quality TOTAL
1. Very High 50

2. High 200
3. Good 79
4. Medium to Good 835
5. Medium to Low 873
6. Low 759
7. Very Low 490
TOTAL 3,286

Number of Trypanosoma cruzi proteins that could be modeled by comparative modelling using the
MHOLIline workflow and their respective quality. The quality of models depends on sequence identity and
coverage (See the Table 7 in the Methods for detailed description).

Table 2 - Predicted proteins and enzymatic functions of Trypanosoma cruzi using different cutoffs and
KEGG and Swiss-Prot databases.

Cutoff 10e—20 10e—40 10e—80
Database KEGG Swiss-Prot KEGG Swiss-Prot KEGG Swiss-Prot
Predicted Functions® 3,625 2,743 2,805 1,924 1,751 762
Enzymatic Functions® 1,027 749 770 523 517 246

“Total number of predicted proteins with functions inferred by AnEnlI.
Total number of distinct enzymatic functions (EC number) from predicted proteins in ®.

Table 3 - Comparison between Homo sapiens and Trypanosoma cruzi functions obtained from KEGG
and Swiss-Prot databases.

AnEnll Classification KEGG Swiss-Prot

Homologous® 356(107) 194 (71)
Analogous 28 (5) 8 (6)
Specific of T. cruzi 133 (6) 44 (7)

Numbers in parenthesis represent the number of enzymatic functions (EC number) found among the
modelled proteins from 7. cruzi, using a cut-off of 10e~8°.

%In some cases, a given protein of the parasite is analogous to a human protein but has also an homologous
counterpart; these cases were included here.

Table 4 - Enzyme Commission Numbers (EC) associated to modelled Trypanosoma cruzi proteins.
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Table 5 - Protein Models: AnEn7 and enzyme classifications, and model quality.

AnEnII

Enzyme Classes

Quality Models TOTAL

1 2 3 4 5 6 7
1. Homologous Oxidorreductases 5 16 - 25 8 4 1 59 (trypanothione-disulfide reductase)
Transferases 7 17 3 41 12° 15 9 104 (protein kinases, polymerases)
Hydrolases - 9 5 38 17 14 10 93 (trans-sialidase, endopeptidases)
Lyases - 12 1 1 4 2 - 20 (hydratases, endonucleases)
Isomerases - 1 3 8 1 7 2 22 (peptidylprolyl isomerase)
Ligases - 8 1 14 - 5 5 33 (glutathione synthase, ubiquitins)
2. Analogous Oxidorreductases - - - 1 1 - - 2 (dehydrogenases)
Hydrolases - - - 1 - - - 1 (phosphatases)
3. Specific of T. cruzi
Oxidorreductases 1 - 1 - - - - 2 (trypanothione-disulfide reductase)
Transferases - - - 2 - - - 2 (protein kinases, polymerases)
Hydrolases - - 2 23 1 4 4 34 (cruzipain, leishmanolisin)
4. Undetermined®
Hydrolases - - - 22 - - - 22 (leishmanolisin)
Lyases - - - - - - 3 3 (hydratases, endonucleases)

TOTAL

13 63 16 176 44 51 34 397

In parenthesis are presented examples of proteins found in final dataset.
% Conflicting clustering between results obtained by KEGG and Swiss-Prot databases using AnEnII methodology.
b Two sequences were identified as conflicting annotation between the methodology proposed in this work and GeneDB.

Table 6 - List of modelled sequences classified by AnEnlIl as analogous or specific of Trypanosoma
cruzi, in relation to Homo sapiens.

b

Categories Quality EC® Description
Models
A. Analogous 4 1.3.1.34 2,4-dienoyl-CoA reductase(NADPH) (ID®: Tc00.1047053509941.100)
5 1.3.1.34 2,4-dienoyl-CoA reductase(NADPH) (ID“: Tc00.1047053510303.210)
6 3.1.1.3 Triacylglycerol lipase (ID®: Tc00.1047053509005.50)
B. Specific of T. cruzi 1 1.8.1.12 Trypanothione-disulfide reductase (ID¢: Tc00.1047053503555.30)
3 1.8.1.12 Trypanothione-disulfide reductase (ID®: Tc00.1047053504507.5)
4 2.5.1.47 Cysteine synthase (ID¢: Tc00.1047053507165.50, T'c00.1047053507793.20)
3 3.4.22.51 Cruzipain (ID®: Tc00.1047053508595.50, Tc00.1047053507297.10)
6 3.4.22.51 Cruzipain (ID: Tc00.1047053506529.550, T'c00.1047053507537.20)
7 3.4.22.51 Cruzipain (ID°: Tc00.1047053509429.320, Tc00.1047053507603.260,
Tc00.1047053507603.270, T'c00.1047053509401.30)
5 3.6.3.6 Proton-exporting ATPase (ID¢: Tc00.1047053506649.20 )
[ 3.6.3.6 Proton-exporting ATPase (ID¢: Tc00.1047053505763.19 )
4 3.4.24.36 Leishmanolysin (ID¢: Tc00.1047053511211.90, Tc00.1047053510565.150,

Tc00.1047053507623.110, Tc00.1047053508699.100, T'c00.1047053508699.90,
Tc00.1047053509011.80, T'c00.1047053506587.100, Tc00.1047053509205.100,
Tc00.1047053506163.10, T'c00.1047053506163.20, T'c00.1047053508813.40,
Tc00.1047053505965.10, T'c00.1047053506257.50, T'c00.1047053510899.10,
Tc00.1047053505931.10, T'c00.1047053505931.20, T'c00.1047053511203.10,
Tc00.1047053504397.20, T'c00.1047053506921.10, T'c00.1047053508475.30,
Tc00.1047053505615.10, T'c00.1047053508825.10, T'c00.1047053510873.20,
Tc00.1047053507197.10)

¢ EC number determined by AnEnIl methodology.

® EC number description obtained from Swiss-Prot database.
¢ Trypanosoma cruzi identification number according to TcruziDB (version 5.0).
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Table 7 - Classification according to the quality of the models built based on BLAST sequence identity
and BATS coverage of the template in relation to the target.

Quality Identity Coverage
1.Very High > 75% > 90%
2.High > 50% and < 75% > 90%
3.Good > 50% > 70% and < 90%
4.Medium to Good > 35% and < 50% > 70%
5.Medium to Low > 25% and < 35% > 70%
6.Low > 25% > 50% and < 70%
7.Very Low > 25% > 30% and < 50%

Additional Files

Table 1S - Complete list of homologous, analogous and specific 3D protein models of Trypanosoma
cruzi versus Homo sapiens.

File format: PDF
Title: TablelS.pdf

Description: Table 1S - Complete list of homologous, analogous and specific 3D protein models of

Trypanosoma cruzi versus Homo sapiens.
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A utilizacdo da Bioinformatica nos ultimos anos levou ao aumento na
disponibilizacdo de informacfes, cuja compilacdo e divulgacdo costumavam ser
bastante demoradas. Esses dados podem agora servir como ponto de partida para a
elucidacdo de muitos mistérios acerca das ciéncias da vida. Nesta tese, o papel da
bioinformatica foi crucial para uma varredura inicial na busca de alvos moleculares
para o desenvolvimento de novas drogas contra enfermidades causadas por
parasitas. E importante ressaltar que somente uma andlise in silico ndo é capaz de
definir uma molécula como sendo um bom alvo metabdlico, sendo necesséria uma
analise experimental in vitro e in vivo. Este compreende a demonstracado que o alvo
é essencial para o parasita. E necessario demonstrar que este alvo pode ser inibido
(“drugability”) e que isto bloqueara o crescimento ou idealmente matara o parasito
sem toxicidade importante para o ser humano (“indice de seletividade”). Entretanto,
esta abordagem computacional preliminar vem tomando espaco a medida que
contribui para a diminuicdo de duas variaveis importantes nessa busca, tempo e

dinheiro e aporta novos olhares e abordagens para esta tematica.

Anotacédo de sequéncias

Com a andlise comparativa de sequéncias que codificam proteinas em
diversos genomas, é possivel perceber que uma funcédo ndo pode ser inferida para
uma grande parte destes produtos génicos, as vezes por causa da grande distancia
evolutiva (Koppensteiner et al., 2000). Partindo dessa pressuposicao, a ferramenta
AnEnPi (Artigo 1) possibilita a anotacdo funcional de proteinas que possuem
atividade enzimética através da comparacdo com sequéncias similares em bancos
de dados, verificando se descendem de um mesmo ancestral (homdélogas), o que
indicaria  uma mesma funcionalidade. Parte-se da premissa segundo a qual
sequéncias que possuem uma historia evolutiva semelhante tendem a compartilhar
funcBes similares (Lee et al., 2007). Assim, a opcao de “anotar” um produto génico €
feita usando o banco de dados KEGG, levando em consideragdo o alinhamento
(executado com BLAST ou HMMER) entre a sequéncia de entrada (query sequence)
e as sequéncias depositadas no banco (subject sequence). A homologia € inferida
baseada no e-value do alinhamento. Este parametro € importante ja que o valor
obtido corresponde a probabilidade de se obter, com outra sequéncia aleatéria de
mesmo tamanho e composicao de letras, outro alinhamento com pontuacao igual ou

superior. Assim, quanto mais proximo a zero, mais confidvel é a consulta. Nas
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analises feitas com alguns dos modelos escolhidos (Artigos 2, 3 e 4), valores de e-
value bastante restritivos foram eleitos baseado em pontos de corte comumente
estabelecidos em projetos genoma de diversos organismos. Por exemplo, na
inferéncia de funcdo para T. cruzi no Artigo 4 foram adotados pontos de corte
distintos (e-value variando de 10e?° a 10e®), j4 que o valor exato depende de
outros fatores, como conservacdo da familia de proteinas, entre outros. Neste
mesmo exemplo, 0 uso de um e-value bastante restritivo (10e®) confere um alto
grau de confiabilidade para as andlises seguintes de comparacdo dos analogos
funcionais entre o genoma do parasita e de humano. Outros parametros obtidos do
alinhamento entre as sequéncias de entrada e as sequéncias do banco de dados,
como cobertura e pontuacdo do alinhamento normalizada (bitscore), podem ser
bastante informativas na inferéncia de funcédo e devem ser posteriormente incluidas

na ferramenta.

Para o desenvolvimento da ferramenta AnEnPi, e 0 uso subsequiente em
anotacdo, a base de dados inicial escolhida foi o0 KEGG, um importante banco de
dados curado com informacbes funcionais relativas a vias metabdlicas bem
estabelecidas. O KEGG é composto por dados oriundos de projetos genomas
individuais, produtos génicos e suas funcdes, mas um diferencial apresentado por
este banco é a integracdo de informacgfes bioquimicas e genéticas, sendo um dos
bancos de dados amplamente utilizados na consulta de mapas de vias bioquimicas.
Foi possivel obter um nuamero consideravel de “EC numbers” que representam
funcdes enzimaticas para as reacdes envolvidas nas vias metabdlicas de referéncia
armazenadas no banco. Cada mapa de referéncia representa uma via metabdlica, e
€ constituido de uma rede de enzimas (representadas por seu “EC number”
correspondente) interconectadas. Uma vez identificados os genes que codificam
enzimas em um genoma, os “EC numbers” sdo devidamente atribuidos, e assim, as
vias organismo-especificas podem ser reconstruidas computacionalmente,
correlacionando esses genes com seus produtos (enzimas) nas vias de referéncia
depositadas no KEGG (Kanehisa & Goto, 2000). Existem “EC numbers” cuja funcao
em uma via metabdlica ja foi comprovada experimentalmente, mas que nao
possuem sequéncia representativa nos genomas depositados no KEGG. Devido a
este fato, muitas vias metabdlicas podem néo ser inteiramente caracterizadas pela
falta de informacdo de alguns passos nelas presente e, portanto, a reconstrucéo

metabodlica de um organismo utilizando os mapas de referéncia pode ter casos de
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falso-negativos pela auséncia de informacéo nos bancos devido a um baixo niamero

de organismos que contenham tais informacdes.

Um aspecto importante a ser ressaltado é que o KEGG utiliza a classificacao
de “EC numbers” proposta pela IUBMB. Existe controvérsia neste tipo de
classificacdo hierarquica, a qual esta relacionada com a reacdo catalisada pela
enzima, mas ndo leva em conta outros aspectos importantes, como diferencas
estruturais e historia evolutiva (Hattori et al., 2003). Outras classificacdes que
abordam aspectos néo inclusos nos ECs tém sido propostas, porém ainda nao existe
uma classificacéo ideal englobando todas as familias protéicas. Deste modo, adotou-
se para este trabalho a mesma classificacdo utilizada em bancos de dados

relacionados com vias metabdlicas.

Enzimas isofuncionais ndo-homélogas: identificacéo e evolugéo

Assume-se que enzimas que catalisam a mesma reacdo tipicamente teréo
significativas semelhancas entre suas estruturas primarias e terciarias. Para a
maioria das enzimas, isto € provavelmente verdadeiro. No entanto, um grande
namero de enzimas possui duas ou mais formas com pequena ou nenhuma
similaridade de sequéncia, mas demonstrando compartilharem a mesma funcéo.
Estas isoformas alternativas podem ser associadas com diferentes linhagens
filogenéticas, podem ter diferentes mecanismos cataliticos e pequena semelhanca
estrutural. Tais enzimas podem ter surgido através de acontecimentos evolutivos
independentes, ao invés de terem descendido de uma enzima ancestral comum, e
apropriadamente sao referidas como isoformas ndo-homélogas (enzimas analogas),
ao contrario de homologas. A comparacao de sequéncias, por si sO ndo pode provar
gue duas sequéncias tém ligacdo de um ponto de vista evolutivo; sua origem comum
s6 pode ser inferida a partir da conservagdo de estrutura da proteina mesmo depois
que a conservacao da estrutura priméaria seja divergente. A possibilidade de uma
origem comum so6 pode ser rejeitada quando uma candidata a enzima analoga tem
diferente dobras tridimensionais (Fitch, 1970; Galperin et al., 1998; Hegyi & Gerstein,
1999; Morett et al., 2003; George et al., 2004; Gherardini et al., 2007; Omelchenko et
al., 2010).
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Também € sabido que algumas atividades enzimaticas estdo presentes em
guase todos os organismos; estas reacfes de catélise sdo parecem ser centrais.
Entretanto, o potencial do desenvolvimento de drogas atuando em atividades
enzimaticas comuns ao homem e algum patégeno em particular tenha sido
subestimado, pois diferentes enzimas com distintos mecanismos de catalise podem
executar a mesma funcéo, mas possuir diferencas estruturais em suas proteinas, as
guais podem ser aproveitadas para o desenvolvimento de novas drogas (Congreve
et al., 2005). Assim, diferencas na estrutura primaria podem determinar diferencas
estruturais menores que podem ser explorados como um primeiro critério para
eleger a proteina como um alvo terapéutico (Karp et al., 1999; Kramer & Cohen,
2004). A comparacédo isolada de sequéncias ndo pode provar que duas proteinas
nao possuam ligacdo de um ponto de vista evolutivo; a origem comum das mesmas
s6 pode ser descartada (ou inferida) a partir do exame do grau de conservacao e
similaridade de suas estruturas terciarias, mesmo depois da analise de suas
estruturas primarias indicar um alto grau de divergéncia. No entanto, pouco foi feito
para identificar e anotar a ocorréncia de eventos de evolugdo convergente, no
sentido deste trabalho. A ferramenta AnEnPi baseia-se neste principio, utilizando
valores de ponto de corte baseado na diferenca estrutural proposta anteriormente

por Galperin e colaboradores em 1998.

Uma observacdo importante € que andlises prévias feitas por Galperin e
colaboradores em 1998 chegaram a um ponto de corte baseado em analises
estruturais de funcdes enziméticas. Uma reavaliacdo destes parametros foi feita
pelos mesmos autores (Omelchenko et al., 2010), e a maioria das analise foi
validada. Vale a pena comentar que para outros tipos de proteinas (transportadores,
estruturais, etc), o ponto de corte estipulado néo é aceitavel. Outras analises com as
estruturas de tais proteinas teriam que ser refeitas para estabelecer um novo ponto

de corte.

Dominios de proteinas vistos como unidades independentes formam blocos
modulares que se dobram para formar a proteina (Das & Smith, 2000). Estruturas de
classificagcdo poderiam abordar tal estrutura. Porém, a definicdo da estrutura 3D nao
€ um problema totalmente resolvido e que explica algumas das diferencas entre os
atuais sistemas de classificacdo. Muitas proteinas sdo proteinas multi-dominio, e

estas sdo mais comuns em eucariotos do que procariotos, sugerindo o papel da
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evolucdo no surgimento e manutencao da estrutura de dominios na composicao das
proteinas, o que ndo é levado em consideracdo nos sistemas de classificacéo.
Alguns dominios possuem similaridade alta entre suas sequéncias e s&o
evolutivamente relacionados, enquanto outros tem similaridade distante, mas com
topologia similar, ndo deixando clara a evidéncia de ancestralidade comum (Meier et
al., 2007). Uma analise com os dominios das proteinas, verificando sua posicdo na
estrutura, assim como as interagdes com outras regides podem vir a esclarecer a
historia evolutiva das fungbes enziméticas e melhorar as analises de analogia

funcional.

Outro aspecto importante diz respeito as enzimas multiméricas, ou seja,
aquelas que possuem mais de uma cadeia protéica em sua estrutura quaternaria. A
analise buscando por analogia entre proteinas multiméricas com cadeias idénticas
(homo-multiméricas) nao interfere tanto nos resultados, ja que cadeias iguais nao
seriam falsamente alocadas em grupos distintos apds o agrupamento. Ja as hetero-
multiméricas, por apresentarem cadeias distintas, podem resultar em falsos casos de
analogia quando houver diferenca nas estruturas primarias que ultrapasse o valor de
corte estipulado no agrupamento, separando as cadeias em grupos diferentes. Isto
ocorre porque, apesar das diferentes cadeias poderem ser, em varios casos,
oriundas de genes distintos, nas bases de dados € comum que todas “herdem” a
atividade da enzima como um todo, ocasionando falsos positivos quando da busca
por analogia. Ainda é dificil estabelecer uma metodologia para resolver tal problema.
Tentativas mal sucedidas utilizando a nomenclatura foram feitas utilizando diversas
fontes curadas, como BRENDA, ENZYME e SWISS-PROT. Entretanto o problema é
ainda mais complexo, ja que para uma mesma atividade enzimatica determinada por
um unico “EC number”, podem existir proteinas representantes com diferentes
quantidades de subunidades (dimero, trimero, tetramero, etc) dependendo do

organismo analisado.

Alguns trabalhos ja identificavam a presenca de enzimas isofuncionais nao-
homologas em uma fracdo substancial de reacdes bioquimicas (Galperin et al.,
1998; Hegyi & Gerstein, 1999; Morett et al., 2003; George et al., 2004; Gherardini et
al., 2007; Omelchenko et al., 2010). Porém, o conhecimento do papel da
convergéncia na evolucdo dessas proteinas ainda é limitado. Especula se que pelo

menos algumas destas enzimas foram recrutadas a partir de familias de enzimas
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ativas com substratos relacionados e flexiveis para acomodar mudancas na
especificidade do substrato. Sugere-se também que isso ocorreu de forma

relativamente recente (Omelchenko et al., 2010).

A distribuicdo filogenética de enzimas analogas ndo tem um padréo
estabelecido. As formas distintas podem estar distribuidas uniformemente em
diferentes Reinos e também ter formas distintas em um mesmo organismo (analogia
intragenémica); alguns casos possuem uma distribuicdo bem definida, onde cada
forma esta presente em um Reino diferente, com pouca ou nenhuma sobreposicao;
ou até de forma ndo uniforme, com uma forma presente em quase todos o0s

organismos (Gherardini et al., 2007; Omelchenko et al., 2010).

Em relacdo ao tamanho do genoma e ao ecossistema do organismo, foi
observado que microorganismos com genomas pequenos sdo capazes de codificar
uma forma simples da enzima, enquanto que 0S organismos com genoma maior
frequentemente carregam genes para duas ou mais isoformas para a maioria das
enzimas analogas analisadas. Além disso, organismos que vivem em situacdo de
estresse tenderiam a conservar diferentes formas para uma mesma atividade. Estas
observacdes parecem refletir na versatilidade metabdlica de alguns organismos,
principalmente aquelas que habitam ambientes complexos. Nesses organismos, a
redundancia parcial e especializacdo de enzimas parecem crescer mais rapido que

aguela associada ao tamanho do genoma (Omelchenko et al., 2010).

Durante a evolugdo convergente, a fungdo de proteinas como produtos de
genes nao-homodlogos se d& independentemente resultando na realizacdo da
mesma (ou similar) reacdo global, agindo em substratos iguais ou parecidos. Este
tipo de evolucdo convergente ja havia sido descrito 40 anos atras por Wright e
colaboradores (Wright et al., 1969) para relatar a estrutura cristalina da subtilisina.
Mas o mecanismo para tal evento ainda € desconhecido. Assim como o surgimento
e evolucdo das vias metabdlicas, varias hipoteses podem ser tracadas para o
surgimento de enzimas isofuncionais ndo-homdlogas; entretanto, ndo existem
evidéncias suficientemente fortes para corrobora-las. A proposicdo de uma teoria
baseada em transferéncia lateral esbarra na teoria do surgimento de novo de uma
determinada funcdo. Além disso, ndo se tem dados satisfatorios para garantir que

houve uma neofuncionalizacdo ou uma desfuncionalizacéo.
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Reconstrucéo de vias metabolicas

A qualidade da reconstrucao de vias metabdlicas depende em grande parte
da qualidade inicial da designacdo das atividades enzimaticas. A falta de uma
montagem completa das sequéncias do genoma de um organismo e a presenca de
muitas proteinas com fun¢fes desconhecidas tem dificultado a visdo global das vias
metabdlicas de muitos parasitas (Galperin et al., 1998). Além disso, identificar novos
alvos para o desenvolvimento de medicamentos tem provado ser mais complexo do
gue previsto e revelou grandes lacunas no nosso entendimento das vias metabdlicas
e sua regulacdo integrada. Através da utilizacdo da ferramenta AnEnPi, foi possivel
obter avancos na reconstru¢cdo do metabolismo de aminoacidos de T. cruzi (Artigo
2). Algumas vias catabdlicas envolvidas nestes e outros processos participam de
alguma maneira do metabolismo energético, através da utilizacdo de aminoacidos
como fonte de energia. Além disso, os aminoacidos também estdo envolvidos no
processo de diferenciacdo de formas replicativas para as infecciosas nao-
replicativas. Residuos de prolina fazem parte do ciclo de diferenciacao intracelular
no interior do hospedeiro vertebrado (Sylvester e Krassner, 1976; Silber et al., 2005).
Juntos, estes dados sugerem que as enzimas que participam no metabolismo dos
aminoacidos podem ser bons candidatos para o desenvolvimento de novas drogas
contra o parasita. Alvos potenciais identificados neste metabolismo, como a arginina
quinase (EC: 2.7.3.3), a ATP-L-glutamato-5-fosfotransferase (EC: 2.7.2.11), a
pirrolina-5-carboxilato  sintetase (EC: 1.2.1.41) e outras, permitiram uma
reconstru¢cdo metabdlica mais precisa, mostrando a importancia de métodos mais
sensiveis para a atribuicdo da funcdo. Algumas das funcdes identificadas neste
trabalho ja haviam sido reconhecidas pelo consércio de anotacdo do genoma do
parasita e também pelo KEGG, mostrando que a metodologia utilizada foi capaz de
identificar corretamente tais fungdes. Este foi o caso da maioria das identificagdes,
entretanto, alguns casos escaparam da deteccao (3 e 11 casos usando e-value de
e e e® como ponto de corte respectivamente). Uma explicacédo para tal fato é
dificil de ser encontrada ja que ndo é muita clara qual a metodologia empregada
para anotacgdo feita pelo consorcio e pelo KEGG. Entretanto, neste mesmo trabalho,
usando um ponto de corte bastante conservador de acordo com a literatura da area
(e-value €®%), o AnEnPi foi capaz de encontrar atividades enzimaticas ausentes no

KEGG e no consoércio (por exemplo, o EC: 2.7.2.11). A identificacdo desta enzima
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(ATP-L-glutamato 5 fosfotransferase) no parasita era esperada uma vez que 0 passo
metabolico subsequente da via € seguido por uma enzima (sintetase pirrolina-5-
carboxilato - EC: 1.2.1.41), que ja tinha sido identificado anteriormente pelo KEGG.
O reconhecimento da ATP-L-glutamato 5 fosfotransferase permitiu uma reconstrucao
metabolica mais precisa, mostrando a importancia de métodos mais sensiveis para a
atribuicdo da funcédo. Além da reconstrucdo do metabolismo de aminoacido de T.
cruzi, foi possivel observar a existéncia de enzimas analogas, corroborando a idéia
de que tais enzimas encontram-se distribuidas em diversas vias metabdlicas
(Galperin et al., 1998; Morett et al., 2003).

Uma vez reconstruido o metabolismo de aminoacidos de T. cruzi utilizando o
AnENPI, optou-se por comparar uma analise global do metabolismo geral deste
parasita com dados publicados na literatura (Artigo 3). Uma revisdo do que ja havia
sido identificado, juntamente com as analises baseadas na abordagem de busca por
analogos levou a uma comparacgdo de atividades enziméticas presentes em diversas
vias metabdlicas que possuiam isoformas n&o-homélogas em humanos e que
poderiam ser consideradas como bons alvos terapéuticos. Sendo assim, foi possivel
prever um namero consideravel de funcées identificadas para T. cruzi e melhorar a
reconstrucdo de metabolismos de grande importancia, como glicolise, ciclo de Krebs
e metabolismo lipidico. Na literatura ja era observada a grande importancia desses
metabolismos para a manutencéo do parasita. A corroboracdo com nossos dados sé
levou a indicacdo de que moléculas que fazem parte destes metabolismos devem

ser analisadas mais profundamente.

Alguns dados de estrutura foram analisados a partir de enzimas de um
mesmo grupo de um determinado “EC number” que possuem estrutura resolvida no
PDB. Um alinhamento estrutural da indicacdo da semelhanca estrutural em um
grupo de proteinas. Nao foi possivel fazer uma analise global para todos os grupos
gerados, ja que ndo haviam muitas estruturas resolvidas no PDB para as sequéncias

protéicas destes clusters.

A comparacdo de enzimas analogas em organismos distintos nos da a
perspectiva de encontrar bons alvos moleculares que possam vir a ser usados como
modelos para o desenvolvimento de novas drogas contra diversas enfermidades. A

analise comparativa entre as isoformas de T. cruzi e H. sapiens mostrou que a
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integracdo de outra ferramenta (MHOLIine) para predizer modelos tridimensionais de
atividades enzimaticas através de modelagem comparativa, pode agilizar o processo
de triagem inicial nesta busca por alvos moleculares (Artigo 4). Para que as enzimas
analogas encontradas entre dois organismos sejam usadas como alvos para
possiveis drogas é necessaria uma série de experimentos adicionais para validar
esta informacdo. Uma boa proposta que inclui a analise in silico, € a modelagem
molecular ab initio das proteinas que ndo puderam ter modelos resolvidos por
modelagem comparativa, quando a proteina € composta por um nimero pequeno de
residuos de aminoacidos, e posterior docking contra um banco de farmacos
conhecidos com os modelos de proteinas relevantes para a sobrevivéncia do
parasita. A modelagem também enriquece as andlises de analogos em geral, uma
vez que o numero de estruturas tridimensionais ainda ndo é suficiente para uma
analise global. Neste trabalho, a partir de 19.607 sequéncias de proteinas preditas
do genoma do T. cruzi (CL-Brener) como dados iniciais, foi possivel obter modelos
construidos para 3286 sequéncias (26,6% do total). Destes, 1164 modelos (35,4%)
foram classificados, segundo os critérios do MHOLIline, como qualidade de “média
para boa" a ‘muito alta”, adequando-se aos projetos de desenho racional de drogas
baseado em estrutura. Um resultado importante deste trabalho foi a identificacdo e
construcdo de modelos 3D de trés sequéncias protéicas classificadas como
analogos e 38 sequéncias especificas do parasita em relagdo as sequéncias de
humanos. Estas 41 sequéncias podem ser consideradas como interessantes alvos
moleculares para o desenvolvimento de drogas contra a doenca de Chagas. E
importante ressaltar que dentre estas proteinas, foi possivel observar algumas
proteinas que ja estdo sendo estudadas como alvos de drogas(Cruzipaina e
tripanotiona-disulfide redutase). Das anélogas, foi possivel identificar duas atividades
enzimaticas: 2,4-dienoyl-CoA redutase (EC 1.3.1.34) e lipase triacilglicerol (EC
3.1.1.3), envolvidas no metabolismo de lipidios, importante para a manutencédo do
parasita.

A busca pela presenca de isoformas ndo-homadlogas dentro do genoma de um
mesmo organismo, 0 que denominamos de analogia intragendémica, pode levar a
informacBes sobre a finalidade da existéncia destas formas em um mesmo
organismo. As informacdes que temos atualmente ndo podem ser conclusivas, mas
dados esparsos nos levam a especular que sua presenga em um mesmo genoma
eucariotico poderia estar relacionada com uma possivel expressédo diferencial ao

longo do ciclo de vida, ou sua expressdo em diferentes locais (dentro da propria
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célula ou em diferentes tecidos), ou ainda em diferentes estagios do seu
desenvolvimento. No caso dos procariotos, a presenca de distintas enzimas, com
provaveis diferencas entre suas afinidades (pelo substrato especifico), na utilizagdo
de cofatores, entre suas cinéticas, estabilidade, etc, pode oferecer vantagens
importantes na sobrevivéncia em determinadas situacdes. Estas informacdes se
tornardo mais claras com a incorporacdo de dados experimentais como, por
exemplo, dados oriundos da transcriptdbmica e protedmica e por uma vasta busca

bibliografica.

Trabalhos em andamento, perspectivas futuras, dificuldades encontradas,
contribuicdes deste trabalho, suporte financeiro

Este trabalho se tornard mais completo com a finalizacdo de algumas
analises, como o estudo da existéncia de analogias de uma maneira global para
todos os organismos; analise do comportamento destes analogos nas vias
metabdlicas, buscando o entendimento da evolugdo destas vias e as possiveis rotas
alternativas ainda néo identificadas; o desenvolvimento de um banco de dados com
as informacdes obtidas na clusterizagdo, anotacdo e busca de enzimas analogas
com todos os organismos presentes no KEGG; e a disponibilizacdo de todos os

dados em uma interface Web.

O AnEnDB esta sendo desenvolvido como um banco de dados relacional para
armazenar os dados oriundos das analises do AnEnPi, incluindo os dados de
enzimas analogas, comparac¢fes de sequéncias, dados de outros bancos de dados,
taxonomia e outros. O sistema gerenciador de banco de dados é o ORACLE. Este
banco de dados sera disponibilizado na internet com uma interface programada em
HTML/CGI/Perl ou localmente com Perl scripts.

Consultas previamente estabelecidas poderdo ser acessadas, como por
exemplo, quais enzimas reanotadas de uma determinada espécie em uma via
especifica estdo ou ndo presentes em uma outra espécie, possibilidade de mudar os
parametros da andlise, assim como a possibilidade de consultas complexas usando
linha de comando. Outro aspecto importante deste banco de dados é a
representacdo dos resultados. Com o output serdo gerados graficos (utilizando
bibliotecas publicas), tabelas (compativeis com Excel e Matlab), mapas

comparativos coloridos de vias metabdlicas contendo cédigo de cores diferenciado.
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Um diagrama de entidade-relacionamento (DER) foi proposto baseado em um preé-
existente, concebido para 0 projeto ProteinWorldDB
(http://157.86.176.108/ProteinWorldDB/index.php) e esta esquematizado na figura
11.
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Figura 11: Diagrama de relacionamento preliminar do banco de dados AnEnDB, baseado no modelo
conceitual do ProteinWorldDB (http://157.86.176.108/ProteinWorldDB/).

Com a implementacao deste banco de dados a consulta a informacgéo contida
nos dados provenientes do AnEnPi se tornara mais rapida possibilitando uma maior
eficiéncia na andlise destes dados. Uma interface preliminar deste banco é

apresentada na figura 12.
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Basic Search on KEGG data: help
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| Homo sapiens (human) v

Show all analogous of species

Description: The questions you can use here are concerning the KEGG, clustered by AnEnPi.

Work with annotated DB heip

Kegg database Version:. O Version 1 ® Version 2
Parameter from the search: OBIast-identitylﬁﬂ % overlap IEU % e-value 1
OHMMER - score[0 |9 evalug|1

Species Touzi v

Show all analogous

Show all EC of map
Show all © homologe / @ analoge EC map or group of maps

Show all analogous of the chosen species and | Homa sapiens (human) v

Description: Here you can interpretate a species of KEGG against an annotated species of AnEnPi

Work with annotated DB against annotated DB heip

Kegg database Version. O Version 1 ® Version 2
Parameter from the search: O Blast - identity |50 % overlap|50 % e-value |l
OHMMER - score 0 % e-value |1

T.cuzi v against T.cuzi »

Species
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Other experiments heip
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Species

Find difference in 3 species
Find putative genshift in Species 1
Show all © homologe / @analoge EC map or group of maps,

Description: Here you can do experiements of two annotated annotated species of AnEnPi

Figura 12: Interface preliminar do banco de dados AnEnDB.
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No decorrer deste trabalho, me deparei com algumas dificuldades. Algumas
delas foram superadas, como no caso da ferramenta grafica utilizada para a geracao
dos mapas metabdlicos. A principio, a idéia era construir um script que pudesse
“desenhar” os mapas de forma a representar os resultados obtidos nas analises do
AnENPI, utilizando os mapas de referéncia do KEGG. Entretanto, o proprio banco de
dados do KEGG disponibilizou uma ferramenta, a Color Objects in KEGG Pathways
(http://www.genome.jp/kegg/tool/color_pathway.html) que executa este mesmo
trabalho, diminuindo o tempo de espera do resultado pelo usuério, agilizando o

processo de analise da reconstrucéo de vias metabdlicas.

Uma dificuldade que nédo pbde ser superada foi a quantidade limitada de
dados do banco usado como fonte, o0 KEGG. A utilizacdo de um numero maior de
dados, que poderia dar a falsa impressdo de ser mais completo, como o GenBank
(http://www.ncbi.nlm.nih.gov/genbank/) por exemplo, poderia levar a informacdes
errdbneas por ndo ser tdo curado. Porém, existe a possibilidade da inclusdo de novos
bancos de dados de vias metabdlicas e de reacdes enzimaticas, assim como o
cruzamento com informacgdes contidas em outros bancos de dados referentes a
enzimas, como BRENDA (http://www.brenda-enzymes.org/), ENZYME
(http://expasy.org/enzyme/), METACYC (http://metacyc.org/), REACTOME
(http://www.reactome.org/), entre outros.

Uma metodologia baseada em matrizes de distancia foi proposta para fazer
as analises de variabilidade das vias metabdlicas, porém, a falta de informacao
suficiente ndo gerou resultados consistentes. E necessaria a inclusdo de novos
organismos para este tipo de abordagem, o que vem sendo discutido por nosso
grupo. Além disso, uma metodologia alternativa a utilizada neste estudo, nédo
baseada na similaridade entre estruturas primarias para a inferéncia de funcdo,

ainda esta sendo formulada para uma analise diferenciada dos mesmos dados.

No futuro, pretendemos examinar a variabilidade das vias metabdlicas,
levando em conta a existéncia de eventos de analogia, almejando a obtencdo de
conhecimento sobre a frequéncia e distribuicdo desses eventos, usando como
modelo 0os genomas procaridticos e eucaridticos completamente sequenciados e

disponiveis publicamente.
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Outros trabalhos se beneficiaram das idéias e ferramentas utilizadas e

desenvolvidas nesta tese. Entre eles podemos citar:

- "ESTs from seeds to assist the breeding of Jatropha curcas.”, em fase de
finalizacdo, em colaboracdo com o Dr. Nicolas Carels (CDTS/FIOCRUZ). Este
trabalho visa a reconstrucdo metabdlica de sementes de pinho-manso, utilizando
ESTs (Expressed Sequence Tags), concentrando-se nas vias de acidos graxos,
energia e produtos secundarios. A relevancia deste trabalho se da pelo fato destas
sementes apresentarem substancias oleosas que podem ser usadas na producédo de

biodiesel, combustivel alternativo de grande importancia para o pais.

- “Reconstrucdo in silico das vias de processamento da informacao genética nos
TriTryps (Trypanosoma cruzi, Trypanosoma brucei e Leishmania major) — busca por
analogos funcionais.”, dissertacdo de mestrado apresentada pela aluna Monete
Rajdo Gomes, no programa de pdés-graduacdo em Biologia Computacional e de
Sistemas do Instituto Oswaldo Cruz, da Fundagéo Oswaldo Cruz (IOC/FIOCRUZ).
Este trabalho teve como objetivo a reconstrucdo das vias de processamento de
informacdo genética nos Tritryps (0s parasitos Leishmania major, Trypanosoma
brucei e Trypanosoma cruzi), com énfase na busca de analogos funcionais nas

enzimas pertencentes a essas vias.

-“Gendmica Comparativa de Procariotos: Analise da variabilidade em Funcbes
Enzimaticas.”, trabalho de tese de doutorado apresentado pelo aluno Marcos Paulo
Catanho de Souza, no programa de pos-graduacdo em Biologia Celular e Molecular,
Fundacdo Oswaldo Cruz (IOC/FIOCRUZ). A colaboragéo exercida neste estudo se
refere a identificacdo de analogos funcionais em procariotos presentes nas vias

glicolitica e de gliconeogénese.

- “Identificacdo, clonagem, expressdo heteréloga e localizacdo da ribose 5-fosfato
isomerase de Leishmania major.” Monografia de final de curso de graduacao
apresentada pelo aluno Marcos Gustavo Araujo Schwarz, para obtencdo do

Bacharelado em Genética pela Universidade Federal do Rio de Janeiro (UFRJ).

- “ldentificacdo molecular, clonagem e expressdo da fumarato hidratase de

Leishmania major.” Monografia de final de curso de graduacdo apresentada pela
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aluna Renata Cristina Menegussi Pereira, para obtencdo do Bacharelado em

Farmacia pela Universidade Estacio de Sa.

- “Caracterizacao molecular e bioquimica de enzimas da via de sintese de esterdides
de Trypanosoma cruzi.”, trabalho de dissertacdo de mestrado que sera defendido
pela aluna Renata Aloise no Instituto de Biofisica Carlos Chagas Filho, da
Universidade Federal do Rio de Janeiro (IBCCF/UFRJ).

O objetivo dos trés ultimos trabalhos foi fazer uma validacdo experimental de
alvos moleculares propostos a partir da abordagem baseada em enzimas analogas,

exposta neste trabalho.

A realizacdo desta tese contou com o apoio financeiro de diversas fontes,

listadas a seguir:

- Bolsa de doutorado do Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico (CNPq), processo n° 142632/2006-6;

- Bolsa de doutorado-sanduiche da Coordenacao de Aperfeicoamento de Pessoal de
Nivel Superior (CAPES), dentro do programa de Cooperagdo Internacional da
CAPES com a Universidad de La Republica (UDELAR), no Uruguai, como bolsista
do Programa de Doutorado no Pais com Estagio no Exterior (PDEE), com processo
BEX n° 2941090;

- Programa de Desenvolvimento Tecnolégico em Insumos para Saude (PDTIS),

através da Plataforma de Bioinformatica — RJ (RPT04A).

- Projeto “Ecologia gendmica: genes competindo por um nicho metabdlico.”, do
Programa Estratégico de Apoio a Pesquisa em Saude (PAPES), através do
Programa PAPES-V, 2008;

- Projeto “Identificacdo in silico, caracterizagdo molecular e bioquimica de enzimas
envolvidas com o metabolismo lipidico em Leishmania braziliensis e Trypanosoma
cruzi: busca de novos alvos terapéuticos.”, do Edital Universal - MCT/CNPq - n°
15/2007 (processo no 486019/2007-1);
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- Projeto “Estratégias racionais para a identificacdo de alvos terapéuticos e o
desenvolvimento de uma quimioterapia.”, do programa DECIT conforme Edital MCT-
CNPqg / MS-SCTIE-DECIT - n° 25/2006 (processo n° 41.0544/2006-0);

- Projeto “Inovacdo em medicamentos e terapéutica visando profilaxia e tratamento
de pacientes chagasicos agudos e crbnicos.”, do programa DECIT conforme Edital
MCT- CNPq / MS-SCTIE-DECIT - N° 25/2006 (processo n° 40.9078/2006-9);

- Projeto “The Genome Comparison Project: Improving protein functional annotation
in  databases.”, que faz parte do World Community  Grid™
(http://www.worldcommunitygrid.org/) da IBM®;

- Projeto “Analise Comparativa de Genomas Procarioticos.”, do programa CAPES-
UDELAR, conforme Edital — CGCI — n°® 029/2007,

- Projeto “Estratégias racionais para a identificacdo de alvos terapéuticos e o
desenvolvimento de uma quimioterapia antiprotozoarios patogénico.”, do programa
PP-SUS/FAPERJ 2010, com o Dr Wanderley de Souza do Instituto de Biofisica da
Universidade Federal do Rio de Janeiro (UFRJ).
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Conclusdes
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Com base nos resultados obtidos neste trabalho, podemos concluir que:

v" A metodologia desenvolvida no AnEnPi mostrou-se eficiente na identificacao
e anotacdo de enzimas analogas. A estrutura modular permite ao usuario a
utilizacdo em diferentes contextos. A apresentacédo dos resultados € bastante
amigavel, com cddigo de cores que permitem a representacdo de atributos
biolégicos, para uma melhor visualizacdo das vias metabdlicas, facilitando a

interpretagdo dos resultados.

v" Os pontos de corte (cut-offs) utilizados na inferéncia de funcédo foram capazes
de identificar um grande numero de atividades enzimaticas, mesmo quando

-80

aplicado um valor bastante restritivo (e-value e™). A inclusdo de outros

parametros, além do e-value, podem refinar tais inferéncias.

v' A auséncia de algumas atividades nos mapas nédo significa necessariamente
gue esta atividade ndo esteja presente no organismo; isto pode ser explicado
pela falta de sequéncias representativas da atividade em questdo no banco
de dados inicial.

v' Assim como existem diversas atividades enzimaticas conhecidas sem um
gene associado, existem diversos genes sem funcéo conhecida, necessitando
de mais estudos para a identificacdo destas atividades e posterior

reconstrucdo metabdlica

v' Problemas com a montagem e anotacdo de sequéncias de genomas e a
guantidade limitada de dados no banco pode dificultar a analise de busca por

analogos.

v' Enzimas multiméricas podem levar a falsos-positivos na identificacdo de
analogas, uma vez que cadeias distintas podem se alocar em grupos
diferentes (devido a forma como as anotacdes originais foram adicionadas

aos registros das sequéncias).

v" A abordagem computacional descrita neste estudo para a identificacdo das
funcBes enziméticas e da analogia, aplicada no AnEnPi e usadas nos
tripanossomatideos como modelos, podem ser utilizadas para outros
organismos e mostrou que a identificacdo de novos genes ajudara a obter

uma visdo mais realista do metabolismo em geral.
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v' A classificacdo enzimatica poderia ser melhorada com a inclusdo de um
quinto nivel hierarquico no “EC number”, refletindo sua origem; ou a
implementacdo de novas abordagens que levassem em conta caracteristicas

estruturais.

v' A deteccdo de analogia mostrou-se interessante ndo sé do ponto de vista
evolutivo, mas também como uma abordagem alternativa na busca de

enzimas que podem ser candidatos para o desenvolvimento de novas drogas.

v' A combinacdo das ferramentas MHOLIline e AnEnPi mostrou-se importante
para inferéncia de funcdo de proteinas, construcdo de modelos estruturais e
analise comparativa entre dois organismos para identificar proteinas
analogas, homoélogas e especificas que podem ser consideradas como
candidatas em uma triagem inicial para o desenvolvimento de novas drogas.
Foram obtidos modelos para 397 genes codificadores de enzimas de T. cruzi,

representando ~6% das proteinas totais.

v A estratégia utilizada suporta o conceito de que a analise estrutural,
juntamente com a andlise funcional de proteinas, pode ser uma metodologia
computacional interessante para detectar potenciais alvos para o desenho

racional de drogas baseado em estrutura.

v' As analogas funcionais entre T. cruzi e H. sapiens 2,4-dienoyl-CoA reductase
(EC 1.3.1.34) e triacylglycerol lipase (EC 3.1.1.3), foram identificadas como
potenciais alvos moleculares com estrutura tridimensional resolvida. Ambas

sédo de grande importancia no metabolismo do parasita.
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Anexo |: Material Suplementar referente ao artigo “In silico reconstruction of the

amino acid metabolic pathways of Trypanosoma cruzi’. Estes dados encontram-se

também disponiveis em: http://www.dbbm.fiocruz.br/labwim/TcruziAA/.

A) Lista dos mapas representativos do metabolismo de aminoacidos provenientes do

KEGG, no qual foram feitas as reconstru¢cdes metabdlicas para T. cruzi, utilizando o

pipeline do AnEnPi.

Numero do mapa no KEGG

Descricdo do mapa no KEGG

251
252
260
271
272
280
290
300
310
330
340
350
360
380
400
220
410
430
440
450
460
471
472
473
480

Glutamate metabolism

Alanine and aspartate metabolism
Glycine, serine and threonine metabolism
Methionine metabolism

Cysteine metabolism

Valine, leucine and isoleucine degradation
Valine, leucine and isoleucine biosynthesis
Lysine biosynthesis

Lysine degradation

Arginine and proline metabolism

Histidine metabolism

Tyrosine metabolism

Phenylalanine metabolism

Tryptophan metabolism

Phenylalanine, tyrosine and tryptophan biosynthesis

Urea cycle and metabolism of amino groups
beta-Alanine metabolism

Taurine and hypotaurine metabolism
Aminophosphonate metabolism
Selenoamino acid metabolism

Cyanoamino acid metabolism

D-Glutamine and D-glutamate metabolism
D-Arginine and D-ornithine metabolism
D-Alanine metabolism

Glutathione metabolism
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B) Mapas da reconstrucdo metabodlica para os 25 mapas representativos do

metabolismo de aminoacidos de T. cruzi.

Legenda das figuras: Reconstrucdo metabdlica das funcdes enziméticas de T.cruzi,
identificados pelo AnEnPi. As cores de fundo das caixas dos EC numbers
representam: em branco, atividades enzimaticas sem representantes no KEGG; em
cinza, ndo identificados em T. cruzi, mas com representantes no KEGG para outros
organismos; coloridos, identificados em T. cruzi com o AnEnPi com diferentes e-

80 (vermelho), e (azul), e e*® (verde).

values como ponto de corte valor, sendo e
Os algaritmos em branco representam atividades enzimaticas com possiveis casos

de analogia.
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ALANINE AND ASFARTATE METABOLISM
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| METHIONME METABOLISM |
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CYSTEINE METAEBOLIZM I
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I VALINE LEUCINE AND EQLEUCINE DECEADATION I
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I VALIME LEUCIME AND SOLEUCINE EIOSYNTHESIS I
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LYSINE BIOSYNTHESIR I
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| ARGININE AND PROLINE METABOLEM |
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I UREA CYCLE AND METABOLISM OF AMINO GROUFS I
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TAURINE AND HYFOTAURINE METABOLISM

Cryanoa ming acid
me tabolizm Cyatearmine

Glutathione =

metabolizm L
L-alanine

L-Cysteine O—11S11 20— P-O——=——o0 —#0 Hypotanrine

I
Csteing
e taholizm

v [
441.10 ———M

(O S-Glutarnyl-taniine

Excretion
Tanrocyamine
-0

27354
Taurine y Tawrocyamineg
2

phosphate
Tanrocholate O

Pryusrate
|

aminaretaliehyle O 1141117 [ei77[1a11] [1az-]
Snlfur |
- -

Pryruvate ——o-=|Z31E

- <« [E516] > 0«58
me tabolism Acetyl Cod Tﬁ;cetyl Bulfoac etaldehide
phosphate
[z721]  [112-] 12.1.- |—0 Sulfoacetate
x
o O e Excretion
Aretate Isethionate

00430 &f25/05

| AMNOPHOSPHONATE METABOLISM |

(Sphj.ngophospho]ipid binavnthesis —— ét%ﬁhﬁﬁ?hzo&ﬁm-
———— Lipophosphonoglycan

-
Z-Hwdroxy-
ethylanine

|
|
Ceramide ciliatine I
|
| . 3-Phosphono- Phosphos nol-
Disewlzlweryl- | Phosphonoalanine pEITate pyTate

2 anisoetst O 4 o~ [Ea ~o<+—— (>
Phosphonolipids - Phosphonate Ciliating

CHMPriliatine

2-Hpdroxvethyl- 41.1.82

|
|
. . _ phosphoxate |

Diacylelye eyl 2-Aminoe thyl ~
2-rimet il phosphocholate ;?;91;’2,{‘;;&5 |
aminoethyl- . -""r_ |
phosphonate 2-Methylarming- |
e ethylphosphanate |
|
2-Hwlroxypropyl- |
CMP- Phosphono- 31111 phosphonat: |
et e O e |
aminoethyb 2-Drime thylarm I

hosphonate 2-Tamethylaming- = " 31112
phosp ethylphnsghonane ethylphoaphonats - O Phosphonomycin |
O d— O o @ Oo-————— = Clpeolysis
Bialaphos Phosphono-  Hydmoxsmethyl-  Acetate  Acetaldehmle

formate phosphonate

00440 111907

152



Guimaraes A.C.R. Anexos

| sELENOAMING AcD METABOLISM |
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D-GLUTAMINE AND D-GLUTAMATE METABOLISM
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C) Atividades enzimaticas identificadas a partir das proteinas preditas de T.cruzi, nos respectivos grupos (clusters), provenientes das

anélises feitas com o AnEnPi, tendo como ponto de corte um e-value de e?°, com os identificadores das sequéncias (TCR HIT).

EC NUMBER CLUSTER | TCRHIT
1.1.1.- 1 Tc00.1047053509715.90, Tc00.1047053510105.100
1.1.1.- 11 Tc00.1047053504057.40
1.1.1.- 13 Tc00.1047053506263.10, Tc00.1047053506263.20, Tc00.1047053506263.30, Tc00.1047053510099.120
1.1.1.- 17 Tc00.1047053506295.160, Tc00.1047053510091.80, Tc00.1047053510421.320, Tc00.1047053511469.100
Tc00.1047053506219.40, Tc00.1047053506567.70, Tc00.1047053506959.64, Tc00.1047053507049.60, Tc00.1047053508297.50,
1.1.1.- 2 Tc00.1047053508805.80, Tc00.1047053509213.100, Tc00.1047053509767.170, Tc00.1047053510257.60, Tc00.1047053510997.10
Tc00.1047053507547.40, Tc00.1047053508441.70, Tc00.1047053508981.39, Tc00.1047053509701.10, Tc00.1047053509717.90,
1.1.1.- 22 Tc00.1047053510105.240
1.1.1.- 3 Tc00.1047053505807.180, Tc00.1047053507017.40
1.1.1.- 30 Tc00.1047053507831.70
1.1.1.- 32 Tc00.1047053505183.20, Tc00.1047053505183.30, Tc00.1047053508647.270, Tc00.1047053508647.280
1.1.1.- 4 Tc00.1047053505183.120, Tc00.1047053511287.49, Tc00.1047053511627.120
1.1.1.- 45 Tc00.1047053507617.9, Tc00.1047053508461.80, Tc00.1047053509941.100
1.1.1.- 5 Tc00.1047053504151.60, Tc00.1047053509459.79
1.1.1.- 6 Tc00.1047053504339.19, Tc00.1047053504425.60, Tc00.1047053506485.80, Tc00.1047053508677.80, Tc00.1047053509331.210
1.1.1.- 7 Tc00.1047053506357.50, Tc00.1047053511277.60
Tc00.1047053504339.19, Tc00.1047053504425.60, Tc00.1047053506485.80, Tc00.1047053508677.80, Tc00.1047053509331.210,
1.1.1.1 1 Tc00.1047053510265.10, Tc00.1047053510311.90
1.1.1.1 2 Tc00.1047053506357.50, Tc00.1047053511277.60
1.1.1.1 3 Tc00.1047053505183.120, Tc00.1047053511287.49, Tc00.1047053511627.120
1.1.1.103 1 Tc00.1047053504339.19, Tc00.1047053504425.60, Tc00.1047053508677.80, Tc00.1047053509331.210
1.1.1.103 2 Tc00.1047053507923.10, Tc00.1047053511753.120
1.1.1.29 1 Tc00.1047053506263.10, Tc00.1047053506263.30, Tc00.1047053510099.120
Tc00.1047053505807.180, Tc00.1047053506727.100, Tc00.1047053506727.90, Tc00.1047053507017.40,
1.1.1.31 1 Tc00.1047053511529.160, Tc00.1047053511529.170, Tc00.1047053511865.50, Tc00.1047053511871.40
1.1.1.35 1 Tc00.1047053506567.70, Tc00.1047053507049.60, Tc00.1047053507801.90, Tc00.1047053511627.150

156




Guimaraes A.C.R.

Anexos

EC NUMBER CLUSTER | TCRHIT
Tc00.1047053506629.220, Tc00.1047053507001.80, Tc00.1047053508465.110, Tc00.1047053508827.40, Tc00.1047053508951.40,
1.1.1.35 3 Tc00.1047053509153.120, Tc00.1047053509829.20, Tc00.1047053510121.40, Tc00.1047053510303.290
1.1.1.42 1 Tc00.1047053506925.319, Tc00.1047053511575.60
1.1.1.49 1 Tc00.1047053436535.19, Tc00.1047053506953.49, Tc00.1047053509287.50
1.1.1.85 3 Tc00.1047053510817.60
1.1.1.95 1 Tc00.1047053506263.10, Tc00.1047053506263.20, Tc00.1047053506263.30, Tc00.1047053510099.120
1.1.1.95 2 Tc00.1047053508207.200, Tc00.1047053509509.60
1.1.2.- 2 Tc00.1047053504151.60
1.1.3.- 2 Tc00.1047053507047.150, Tc00.1047053509179.100
1.1.99.- 1 Tc00.1047053506851.20, Tc00.1047053511141.20, Tc00.1047053511229.20, Tc00.1047053511589.170
1.1.99.- 8 Tc00.1047053504151.60, Tc00.1047053509459.79
1.1.99.1 1 Tc00.1047053506851.20, Tc00.1047053511141.20, Tc00.1047053511229.20, Tc00.1047053511589.170
1.11.1.12 1 Tc00.1047053503899.110, Tc00.1047053503899.119, Tc00.1047053503899.130, Tc00.1047053507515.10, Tc00.1047053507515.4
1.11.1.6 2 Tc00.1047053503745.30, Tc00.1047053506193.60
Tc00.1047053487507.10, Tc00.1047053504839.28, Tc00.1047053504839.44, Tc00.1047053505983.9, Tc00.1047053507259.10,
1.11.1.7 3 Tc00.1047053508649.5, Tc00.1047053509445.10, Tc00.1047053509499.14
1.11.1.7 4 Tc00.1047053503899.110, Tc00.1047053503899.119, Tc00.1047053503899.130, Tc00.1047053507515.10
1.11.1.7 6 Tc00.1047053503745.30, Tc00.1047053506193.60
Tc00.1047053503899.110, Tc00.1047053503899.119, Tc00.1047053503899.130, Tc00.1047053507515.10, Tc00.1047053507515.4,
1.11.1.9 1 Tc00.1047053511019.99, Tc00.1047053511543.60
1.13.11.- 8 Tc00.1047053508409.160, Tc00.1047053510141.10
1.14.13.- 1 Tc00.1047053508173.100
1.14.13.- 2 Tc00.1047053508153.170, Tc00.1047053508183.10
Tc00.1047053505941.30, Tc00.1047053506567.60, Tc00.1047053507049.50, Tc00.1047053507623.90, Tc00.1047053509117.19,
1.14.13.- 7 Tc00.1047053509777.90, Tc00.1047053509789.10
1.14.13.39 1 Tc00.1047053506585.70, Tc00.1047053506931.80, Tc00.1047053510657.170, Tc00.1047053510747.60, Tc00.1047053510877.120
Tc00.1047053506297.260, Tc00.1047053506585.70, Tc00.1047053506931.80, Tc00.1047053506945.190, Tc00.1047053509231.10,
1.14.14.1 1 Tc00.1047053509719.40, Tc00.1047053510101.50, Tc00.1047053510657.170, Tc00.1047053510747.60, Tc00.1047053510877.120
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9,
1.2.1.- 1 Tc00.1047053509351.10, Tc00.1047053510943.50, Tc00.1047053511523.100, Tc00.1047053511733.10, Tc00.1047053511751.120
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Tc00.1047053503687.20, Tc00.1047053503723.90, Tc00.1047053506409.240, Tc00.1047053506885.413, Tc00.1047053506943.50,
Tc00.1047053506943.60, Tc00.1047053508537.10, Tc00.1047053509065.60, Tc00.1047053509065.70, Tc00.1047053509717.80,
1.2.1.- 3 Tc00.1047053510105.230, Tc00.1047053510187.60, Tc00.1047053511235.20, Tc00.1047053511461.14
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9,
1.2.1.16 1 Tc00.1047053510943.50, Tc00.1047053511523.100, Tc00.1047053511733.10, Tc00.1047053511751.120
1.2.1.18 1 Tc00.1047053506155.60, Tc00.1047053507641.60
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9,
1.2.1.19 1 Tc00.1047053510943.50, Tc00.1047053511751.120
1.2.1.19 2 Tc00.1047053509799.140, Tc00.1047053511037.20
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9,
1.2.1.24 1 Tc00.1047053510943.50, Tc00.1047053511523.100, Tc00.1047053511733.10, Tc00.1047053511751.120
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9,
1.2.1.27 1 Tc00.1047053510943.50, Tc00.1047053511751.120
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9,
1.2.1.3 1 Tc00.1047053509351.10, Tc00.1047053510943.50, Tc00.1047053511523.100, Tc00.1047053511733.10, Tc00.1047053511751.120
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053510943.50,
1.2.1.32 1 Tc00.1047053511751.120
1.2.1.38 2 Tc00.1047053506155.60, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053510943.50, Tc00.1047053511751.120
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9,
1.2.1.39 1 Tc00.1047053510943.50, Tc00.1047053511523.100, Tc00.1047053511733.10, Tc00.1047053511751.120
1.2.1.41 1 Tc00.1047053509067.70, Tc00.1047053511023.10
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9,
1.2.1.47 1 Tc00.1047053510943.50, Tc00.1047053511751.120
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9,
1.2.1.5 1 Tc00.1047053510943.50, Tc00.1047053511751.120
1.2.1.51 1 Tc00.1047053506585.70, Tc00.1047053510657.170, Tc00.1047053510747.60, Tc00.1047053510877.120
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509351.10,
1.2.1.60 1 Tc00.1047053510943.50, Tc00.1047053511751.120
Tc00.1047053506155.60, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9, Tc00.1047053510943.50,
1.2.1.71 1 Tc00.1047053511751.120
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Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509065.9,
1.2.1.8 1 Tc00.1047053509351.10, Tc00.1047053510943.50, Tc00.1047053511523.100, Tc00.1047053511733.10, Tc00.1047053511751.120
Tc00.1047053506295.160, Tc00.1047053506853.50, Tc00.1047053507831.70, Tc00.1047053508781.110, Tc00.1047053510091.80,
1.24.1 1 Tc00.1047053510421.320, Tc00.1047053511261.160, Tc00.1047053511469.100
1.24.1 3 Tc00.1047053508637.114, Tc00.1047053511911.159
1.2.4.2 1 Tc00.1047053408345.20, Tc00.1047053503793.10, Tc00.1047053506337.70, Tc00.1047053510717.30, Tc00.1047053510797.10
1.2.4.2 4 Tc00.1047053506853.50, Tc00.1047053507831.70, Tc00.1047053508781.110
Tc00.1047053506295.160, Tc00.1047053506853.50, Tc00.1047053507831.70, Tc00.1047053508781.110, Tc00.1047053510091.80,
1.2.4.4 1 Tc00.1047053510421.320, Tc00.1047053511261.160, Tc00.1047053511469.100
1.3.1.- 2 Tc00.1047053506567.70, Tc00.1047053507049.60
Tc00.1047053507641.280, Tc00.1047053507641.290, Tc00.1047053507641.300, Tc00.1047053509063.30,
1.3.1.- 6 Tc00.1047053509157.279, Tc00.1047053510187.551, Tc00.1047053510725.99, Tc00.1047053511733.130, Tc00.1047053511735.10
1.3.1.- 7 Tc00.1047053507617.9, Tc00.1047053508461.80, Tc00.1047053509941.100, Tc00.1047053510303.210
Tc00.1047053506367.10, Tc00.1047053506629.220, Tc00.1047053507001.80, Tc00.1047053508465.110, Tc00.1047053508827.40,
1.3.99.10 1 Tc00.1047053508951.40, Tc00.1047053509153.120, Tc00.1047053509829.20, Tc00.1047053510121.40, Tc00.1047053510303.290
Tc00.1047053503559.109, Tc00.1047053506629.220, Tc00.1047053507001.80, Tc00.1047053508465.110,
Tc00.1047053508827.40, Tc00.1047053508951.40, Tc00.1047053509153.120, Tc00.1047053509829.20, Tc00.1047053510121.40,
1.3.99.2 1 Tc00.1047053510303.290, Tc00.1047053511693.90
1.3.99.2 2 Tc00.1047053506567.70
Tc00.1047053506629.220, Tc00.1047053507001.80, Tc00.1047053508465.110, Tc00.1047053508827.40, Tc00.1047053508951.40,
1.3.99.3 1 Tc00.1047053509153.120, Tc00.1047053509829.20, Tc00.1047053510121.40, Tc00.1047053510303.290
Tc00.1047053506629.220, Tc00.1047053507001.80, Tc00.1047053508465.110, Tc00.1047053508951.40,
1.3.99.7 1 Tc00.1047053509153.120, Tc00.1047053509829.20, Tc00.1047053510121.40, Tc00.1047053510303.290
14.1.2 1 Tc00.1047053505843.10, Tc00.1047053507875.20, Tc00.1047053508111.30, Tc00.1047053509445.39
14.1.3 1 Tc00.1047053507875.20, Tc00.1047053508111.30
1.4.1.4 1 Tc00.1047053507875.20, Tc00.1047053508111.30
14.3.- 2 Tc00.1047053511909.40
1.4.3.16 1 Tc00.1047053503849.60, Tc00.1047053508535.10, Tc00.1047053510215.10, Tc00.1047053511909.40
1.4.4.2 1 Tc00.1047053422507.10, Tc00.1047053509163.80, Tc00.1047053510817.5, Tc00.1047053510911.50
1.4.4.2 3 Tc00.1047053504643.30, Tc00.1047053509161.10
1.4.4.2 4 Tc00.1047053506885.430, Tc00.1047053508457.30
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1.5.1.- 3 Tc00.1047053507641.60, Tc00.1047053509351.10, Tc00.1047053510943.50
1.5.1.- 7 Tc00.1047053507617.9, Tc00.1047053508461.80, Tc00.1047053509941.100
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053509351.10,
1.5.1.12 1 Tc00.1047053510943.50, Tc00.1047053511751.120
1.5.1.2 1 Tc00.1047053506857.20, Tc00.1047053509207.90
Tc00.1047053506155.60, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053510943.50,
1.5.1.35 1 Tc00.1047053511751.120
1.5.1.7 4 Tc00.1047053506163.50, Tc00.1047053508177.90, Tc00.1047053508821.40, Tc00.1047053511691.39
1.53.1 1 Tc00.1047053504017.40, Tc00.1047053509799.140, Tc00.1047053511037.20, Tc00.1047053511231.50
1.5.99.1 1 Tc00.1047053504017.40, Tc00.1047053511231.50
Tc00.1047053506155.60, Tc00.1047053506411.30, Tc00.1047053506943.4, Tc00.1047053507023.120, Tc00.1047053507641.60,
1.5.99.8 1 Tc00.1047053509351.10, Tc00.1047053510943.50, Tc00.1047053511751.120
Tc00.1047053503753.29, Tc00.1047053506585.70, Tc00.1047053506931.80, Tc00.1047053510657.170, Tc00.1047053510747.60,
1.8.1.2 1 Tc00.1047053510877.120
1.8.1.2 2 Tc00.1047053511367.230
Tc00.1047053484299.10, Tc00.1047053503555.30, Tc00.1047053504507.5, Tc00.1047053506701.10, Tc00.1047053507089.270,
Tc00.1047053507757.60, Tc00.1047053507757.70, Tc00.1047053508933.10, Tc00.1047053508933.20, Tc00.1047053509379.10,
1.8.1.4 1 Tc00.1047053511025.110
Tc00.1047053484299.10, Tc00.1047053503555.30, Tc00.1047053504507.5, Tc00.1047053506701.10, Tc00.1047053507089.270,
Tc00.1047053507757.60, Tc00.1047053507757.70, Tc00.1047053508933.10, Tc00.1047053508933.20, Tc00.1047053509379.10,
1.8.1.7 1 Tc00.1047053511025.110
2.1.1.- 1 Tc00.1047053506661.80, Tc00.1047053511245.79
2.1.1.- 10 Tc00.1047053507009.110, Tc00.1047053510667.50
2.1.1.- 15 Tc00.1047053507011.260, Tc00.1047053510663.80
Tc00.1047053503515.7, Tc00.1047053503823.160, Tc00.1047053504147.40, Tc00.1047053504427.90, Tc00.1047053504867.110,
Tc00.1047053505807.220, Tc00.1047053506147.60, Tc00.1047053506363.130, Tc00.1047053506529.50, Tc00.1047053506853.30,
Tc00.1047053506883.80, Tc00.1047053506947.80, Tc00.1047053507017.70, Tc00.1047053507057.30, Tc00.1047053507087.50,
Tc00.1047053507207.19, Tc00.1047053507583.20, Tc00.1047053508153.1110, Tc00.1047053508153.370,
Tc00.1047053508405.110, Tc00.1047053508461.30, Tc00.1047053508593.110, Tc00.1047053508741.290,
Tc00.1047053509331.50, Tc00.1047053509805.40, Tc00.1047053509951.10, Tc00.1047053510187.240, Tc00.1047053510285.60,
Tc00.1047053510311.140, Tc00.1047053510321.20, Tc00.1047053510429.20, Tc00.1047053510943.180, Tc00.1047053511269.20,
2.1.1.- 2 Tc00.1047053511307.6, Tc00.1047053511619.5
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2.1.1.- 21 Tc00.1047053508463.29, Tc00.1047053508625.120, Tc00.1047053509757.20, Tc00.1047053510659.130
2.1.1.- 30 Tc00.1047053503923.30, Tc00.1047053508583.10
2.1.1.- 5 Tc00.1047053504003.70, Tc00.1047053510515.130
2.1.1.- 67 Tc00.1047053439125.10, Tc00.1047053509455.120
2.1.1.10 1 Tc00.1047053506479.120, Tc00.1047053508993.20
2.1.2.1 1 Tc00.1047053509937.150, Tc00.1047053510407.90
Tc00.1047053505051.30, Tc00.1047053506375.10, Tc00.1047053506375.60, Tc00.1047053507589.14, Tc00.1047053507693.5,
2.1.2.1 4 Tc00.1047053510647.30, Tc00.1047053510671.20, Tc00.1047053510905.19
2.1.2.10 1 Tc00.1047053504017.40, Tc00.1047053506801.110, Tc00.1047053511231.50
2.1.2.10 2 Tc00.1047053506885.430, Tc00.1047053508457.30
2.1.2.10 3 Tc00.1047053422507.10, Tc00.1047053509163.80, Tc00.1047053510911.50
2.1.2.9 1 Tc00.1047053509267.100, Tc00.1047053510031.60
Tc00.1047053506747.20, Tc00.1047053507059.70, Tc00.1047053507059.80, Tc00.1047053507091.50, Tc00.1047053508373.10,
2.1.3.2 1 Tc00.1047053508373.20, Tc00.1047053508375.30, Tc00.1047053511643.30, Tc00.1047053511647.4, Tc00.1047053511923.110
2.1.3.3 1 Tc00.1047053507091.50, Tc00.1047053508375.30, Tc00.1047053511643.30, Tc00.1047053511923.110
2.3.1.- 100 Tc00.1047053511315.20, Tc00.1047053511755.50
2.3.1.- 11 Tc00.1047053506227.230, Tc00.1047053506713.40, Tc00.1047053509719.9, Tc00.1047053511809.120, Tc00.1047053511811.30
2.3.1.- 16 Tc00.1047053508851.40, Tc00.1047053511587.120
2.3.1.- 17 Tc00.1047053407477.10, Tc00.1047053509463.30, Tc00.1047053510507.20, Tc00.1047053511003.60, Tc00.1047053511389.150
2.3.1.- 25 Tc00.1047053504157.20, Tc00.1047053511109.120
Tc00.1047053503935.20, Tc00.1047053506025.60, Tc00.1047053507601.70, Tc00.1047053509717.20, Tc00.1047053510105.170,
2.3.1.- 28 Tc00.1047053510351.90
Tc00.1047053506605.160, Tc00.1047053507611.290, Tc00.1047053507723.110, Tc00.1047053509203.60,
2.3.1.- 46 Tc00.1047053511239.150
2.3.1.- 9 Tc00.1047053506177.100, Tc00.1047053506181.104
2.3.1.1 2 Tc00.1047053506713.40, Tc00.1047053509719.9
Tc00.1047053503935.20, Tc00.1047053506025.60, Tc00.1047053507601.70, Tc00.1047053509717.20, Tc00.1047053510105.170,
2.3.1.12 1 Tc00.1047053510351.90, Tc00.1047053511367.70
Tc00.1047053407477.10, Tc00.1047053509463.30, Tc00.1047053510507.20, Tc00.1047053511003.60, Tc00.1047053511389.150,
2.3.1.16 1 Tc00.1047053511393.10
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Tc00.1047053503453.100, Tc00.1047053506405.50, Tc00.1047053506959.70, Tc00.1047053511071.140, Tc00.1047053511899.10,
2.3.1.29 1 Tc00.1047053511899.40
2.3.1.30 1 Tc00.1047053504013.40, Tc00.1047053510879.80
2.3.1.31 2 Tc00.1047053510661.250, Tc00.1047053510741.10
2.3.1.37 1 Tc00.1047053503453.100, Tc00.1047053506405.50, Tc00.1047053506959.70, Tc00.1047053511071.140, Tc00.1047053511899.40
23.14 1 Tc00.1047053508831.120, Tc00.1047053511671.70
Tc00.1047053503555.30, Tc00.1047053503793.10, Tc00.1047053503935.20, Tc00.1047053506025.60, Tc00.1047053506295.160,
Tc00.1047053506337.70, Tc00.1047053506701.10, Tc00.1047053507089.270, Tc00.1047053507601.70, Tc00.1047053507757.60,
Tc00.1047053507757.70, Tc00.1047053508933.10, Tc00.1047053508933.20, Tc00.1047053509379.10, Tc00.1047053509717.20,
Tc00.1047053510091.80, Tc00.1047053510105.170, Tc00.1047053510351.90, Tc00.1047053510421.320, Tc00.1047053510717.30,
2.3.1.61 1 Tc00.1047053510797.10, Tc00.1047053511025.110, Tc00.1047053511469.100
Tc00.1047053507211.10, Tc00.1047053508355.40, Tc00.1047053509611.140, Tc00.1047053509999.90, Tc00.1047053510857.10,
2.3.1.7 1 Tc00.1047053511303.40, Tc00.1047053511763.19, Tc00.1047053511807.284
2.3.1.8 1 Tc00.1047053505183.20, Tc00.1047053508647.270
2.3.1.9 1 Tc00.1047053407477.10, Tc00.1047053509463.30, Tc00.1047053510507.20, Tc00.1047053511003.60, Tc00.1047053511389.150
2.3.3.10 1 Tc00.1047053511903.40
2.4.2.- 10 Tc00.1047053506865.2, Tc00.1047053508989.9, Tc00.1047053509569.100
Tc00.1047053506321.310, Tc00.1047053506839.80, Tc00.1047053507773.60, Tc00.1047053507809.30, Tc00.1047053508717.30,
2.4.2.17 2 Tc00.1047053510431.250, Tc00.1047053511661.90
2.4.2.28 1 Tc00.1047053506789.280, Tc00.1047053508387.20
2.5.1.16 1 Tc00.1047053503855.20, Tc00.1047053504033.130, Tc00.1047053510337.40, Tc00.1047053510339.50
2.5.1.18 1 Tc00.1047053510163.20
2.5.1.22 2 Tc00.1047053503855.20, Tc00.1047053504033.130, Tc00.1047053510337.40, Tc00.1047053510339.50
Tc00.1047053506905.50, Tc00.1047053507165.50, Tc00.1047053507793.20, Tc00.1047053508175.360, Tc00.1047053508177.110,
Tc00.1047053508177.120, Tc00.1047053508177.129, Tc00.1047053508241.140, Tc00.1047053509149.9, Tc00.1047053510381.10,
2.5.1.47 1 Tc00.1047053511691.10, Tc00.1047053511691.20
2.5.1.47 2 Tc00.1047053510661.250, Tc00.1047053510739.19, Tc00.1047053510741.10
2.5.1.48 1 Tc00.1047053510661.250, Tc00.1047053510739.19, Tc00.1047053510741.10
2.5.1.49 1 Tc00.1047053510661.250, Tc00.1047053510739.19, Tc00.1047053510741.10
2.5.1.6 1 Tc00.1047053506945.160, Tc00.1047053510445.50

162




Guimaraes A.C.R.

Anexos

EC NUMBER CLUSTER | TCRHIT
Tc00.1047053506529.420, Tc00.1047053506529.430, Tc00.1047053510187.20, Tc00.1047053510187.30, Tc00.1047053510187.40,
Tc00.1047053510187.50, Tc00.1047053510187.70, Tc00.1047053510565.11, Tc00.1047053510795.10, Tc00.1047053510889.120,
2.6.1.- 1 Tc00.1047053510889.140, Tc00.1047053511461.20
2.6.1.- 2 Tc00.1047053506457.60, Tc00.1047053509693.100
2.6.1.- 7 Tc00.1047053503679.10, Tc00.1047053503841.70, Tc00.1047053510945.70
Tc00.1047053503679.10, Tc00.1047053503747.10, Tc00.1047053503841.70, Tc00.1047053506529.420, Tc00.1047053506529.430,
Tc00.1047053510187.20, Tc00.1047053510187.30, Tc00.1047053510187.40, Tc00.1047053510187.50, Tc00.1047053510187.70,
Tc00.1047053510565.11, Tc00.1047053510795.10, Tc00.1047053510889.120, Tc00.1047053510889.140, Tc00.1047053510945.70,
2.6.1.1 1 Tc00.1047053511461.20
2.6.1.16 1 Tc00.1047053510303.200
Tc00.1047053510187.20, Tc00.1047053510187.30, Tc00.1047053510187.40, Tc00.1047053510187.50, Tc00.1047053510187.70,
2.6.1.17 1 Tc00.1047053510795.10, Tc00.1047053511461.20
2.6.1.2 1 Tc00.1047053506529.420, Tc00.1047053506529.430, Tc00.1047053510889.120, Tc00.1047053510889.140
2.6.1.37 1 Tc00.1047053506457.60, Tc00.1047053509693.100
2.6.1.44 1 Tc00.1047053506457.60, Tc00.1047053509693.100
2.6.1.45 1 Tc00.1047053506457.60, Tc00.1047053509693.100
Tc00.1047053503747.10, Tc00.1047053508535.50, Tc00.1047053508537.5, Tc00.1047053509041.10, Tc00.1047053510187.20,
Tc00.1047053510187.30, Tc00.1047053510187.40, Tc00.1047053510187.50, Tc00.1047053510187.70, Tc00.1047053510565.11,
2.6.1.5 1 Tc00.1047053510795.10, Tc00.1047053511461.20
2.6.1.5 2 Tc00.1047053503679.10, Tc00.1047053503841.70, Tc00.1047053510945.70
2.6.1.51 1 Tc00.1047053506457.60, Tc00.1047053509693.100
2.6.1.57 1 Tc00.1047053503679.10, Tc00.1047053503841.70, Tc00.1047053510945.70
Tc00.1047053510187.20, Tc00.1047053510187.30, Tc00.1047053510187.40, Tc00.1047053510187.50, Tc00.1047053510187.70,
2.6.1.57 2 Tc00.1047053510795.10, Tc00.1047053511461.20
2.6.1.7 1 Tc00.1047053510187.70, Tc00.1047053511461.20
Tc00.1047053506297.300, Tc00.1047053506357.40, Tc00.1047053508041.60, Tc00.1047053508461.130, Tc00.1047053508949.4,
Tc00.1047053510119.20, Tc00.1047053510119.9, Tc00.1047053511277.70, Tc00.1047053511367.360, Tc00.1047053511367.370,
2.7.1.25 1 Tc00.1047053511369.10, Tc00.1047053511369.20, Tc00.1047053511369.30, Tc00.1047053511369.5
2.7.1.31 1 Tc00.1047053508741.170, Tc00.1047053509139.10
2.7.1.39 1 Tc00.1047053503597.10, Tc00.1047053509167.150
2.7.1.71 3 Tc00.1047053508177.20, Tc00.1047053511693.60
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2.7.2.11 1 Tc00.1047053509067.70, Tc00.1047053511023.10
2.7.2.4 6 Tc00.1047053422507.10, Tc00.1047053509163.80, Tc00.1047053510911.50
2.7.3.2 1 Tc00.1047053482369.29, Tc00.1047053507241.30
2.7.3.2 2 Tc00.1047053508463.29, Tc00.1047053508625.120, Tc00.1047053509757.20, Tc00.1047053510659.130
2.7.3.3 1 Tc00.1047053482369.29, Tc00.1047053507241.30
2.7.7.14 1 Tc00.1047053511727.120
2.7.7.15 1 Tc00.1047053511727.120
Tc00.1047053503697.90, Tc00.1047053504013.50, Tc00.1047053504077.40, Tc00.1047053504105.210, Tc00.1047053504109.150,
Tc00.1047053506235.10, Tc00.1047053506297.300, Tc00.1047053506357.40, Tc00.1047053506583.60, Tc00.1047053506677.39,
Tc00.1047053507081.30, Tc00.1047053508041.60, Tc00.1047053508169.20, Tc00.1047053508169.9, Tc00.1047053508461.130,
Tc00.1047053508601.130, Tc00.1047053508949.4, Tc00.1047053509199.10, Tc00.1047053510119.20, Tc00.1047053510119.9,
Tc00.1047053510533.120, Tc00.1047053510879.70, Tc00.1047053510963.90, Tc00.1047053510965.5, Tc00.1047053511111.10,
Tc00.1047053511277.70, Tc00.1047053511367.360, Tc00.1047053511367.370, Tc00.1047053511369.10, Tc00.1047053511369.20,
2.7.7.4 1 Tc00.1047053511369.30, Tc00.1047053511369.5, Tc00.1047053511821.110
2.7.8.- 2 Tc00.1047053506559.40, Tc00.1047053506631.20
2.7.8.- 4 Tc00.1047053506795.40, Tc00.1047053509937.30
2.7.8.- 8 Tc00.1047053506581.10, Tc00.1047053508169.60
2.7.8.1 1 Tc00.1047053508153.920, Tc00.1047053508181.40, Tc00.1047053509791.150, Tc00.1047053511039.3
2.7.8.2 1 Tc00.1047053508153.920, Tc00.1047053508181.40, Tc00.1047053509791.150
2.7.8.8 1 Tc00.1047053505071.100, Tc00.1047053511395.20
2.7.9.3 1 Tc00.1047053504079.6, Tc00.1047053508717.36
2.8.1.2 1 Tc00.1047053508173.40
2.8.3.5 1 Tc00.1047053504153.360, Tc00.1047053506301.50
Tc00.1047053506727.100, Tc00.1047053506727.90, Tc00.1047053508153.130, Tc00.1047053508185.10,
3.1.24 1 Tc00.1047053511529.160, Tc00.1047053511529.170
3.1.4.3 4 Tc00.1047053504149.160
3.3.1.1 1 Tc00.1047053511229.50, Tc00.1047053511589.200
3.4.-.- 15 Tc00.1047053507681.200
Tc00.1047053506363.70, Tc00.1047053506363.90, Tc00.1047053506975.30, Tc00.1047053506975.40, Tc00.1047053507657.10,
Tc00.1047053507657.20, Tc00.1047053507689.30, Tc00.1047053507689.40, Tc00.1047053507689.50, Tc00.1047053508971.40,
3.4.-.- 17 Tc00.1047053509213.120, Tc00.1047053510257.80, Tc00.1047053510837.20, Tc00.1047053510837.9, Tc00.1047053511391.120
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3.4.-.- 20 Tc00.1047053460127.20, Tc00.1047053510431.40
3.4.-.- 27 Tc00.1047053503697.9, Tc00.1047053507083.60, Tc00.1047053509627.30, Tc00.1047053509901.140, Tc00.1047053511649.60
3.4.-.- 29 Tc00.1047053507047.110, Tc00.1047053509179.150
3.4.-.- 38 Tc00.1047053504147.80, Tc00.1047053506411.10, Tc00.1047053511237.10
Tc00.1047053503671.10, Tc00.1047053506529.90, Tc00.1047053508153.60, Tc00.1047053508593.150, Tc00.1047053509683.130,
3.4.-.- 39 Tc00.1047053510325.69, Tc00.1047053511051.70
3.4.-.- 4 Tc00.1047053503991.20, Tc00.1047053507081.110, Tc00.1047053510655.120
Tc00.1047053487507.10, Tc00.1047053504839.28, Tc00.1047053504839.44, Tc00.1047053505983.9, Tc00.1047053507259.10,
3.4.-.- 40 Tc00.1047053509445.10, Tc00.1047053509499.14
3.4.-.- 46 Tc00.1047053506739.50, Tc00.1047053510819.60
3.4.-.- 48 Tc00.1047053508665.14, Tc00.1047053508737.100, Tc00.1047053508807.10, Tc00.1047053509125.20
3.4.-.- 6 Tc00.1047053508397.30, Tc00.1047053509885.30
3.4.-.- 8 Tc00.1047053510155.80, Tc00.1047053511181.50, Tc00.1047053511585.80
Tc00.1047053506529.90, Tc00.1047053508153.60, Tc00.1047053508593.150, Tc00.1047053509683.130, Tc00.1047053510325.69,
3.4.11.2 1 Tc00.1047053511051.70
3.4.11.4 1 Tc00.1047053506513.110, Tc00.1047053508917.49
3.4.11.5 2 Tc00.1047053504153.140, Tc00.1047053508799.240, Tc00.1047053509859.40, Tc00.1047053510515.60
3.4.11.5 3 Tc00.1047053510655.120
3.5.1.- 2 Tc00.1047053447255.20, Tc00.1047053506559.80, Tc00.1047053507519.60, Tc00.1047053508207.150
3.5.1.- 3 Tc00.1047053508839.80, Tc00.1047053511381.50
3.5.1.- 5 Tc00.1047053506363.70, Tc00.1047053506363.90, Tc00.1047053506975.30, Tc00.1047053506975.40
3.5.1.- 7 Tc00.1047053506593.60, Tc00.1047053506829.80
3.5.1.1 2 Tc00.1047053504147.110, Tc00.1047053505555.61, Tc00.1047053510823.80
Tc00.1047053506363.70, Tc00.1047053506363.80, Tc00.1047053506363.90, Tc00.1047053506975.30, Tc00.1047053506975.34,
3.5.1.14 1 Tc00.1047053506975.40
3.5.1.14 2 Tc00.1047053509213.120, Tc00.1047053510257.80
Tc00.1047053507657.10, Tc00.1047053507657.20, Tc00.1047053507689.30, Tc00.1047053507689.40, Tc00.1047053507689.50,
Tc00.1047053508971.40, Tc00.1047053509213.120, Tc00.1047053510257.80, Tc00.1047053510837.20, Tc00.1047053510837.9,
3.5.1.16 1 Tc00.1047053511391.120
3.5.1.16 2 Tc00.1047053504105.30, Tc00.1047053509011.20
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Tc00.1047053507657.10, Tc00.1047053507657.20, Tc00.1047053507689.30, Tc00.1047053507689.40, Tc00.1047053508971.40,
3.5.1.18 1 Tc00.1047053509213.120, Tc00.1047053510257.80, Tc00.1047053510837.20, Tc00.1047053510837.9, Tc00.1047053511391.120
3.5.1.3 1 Tc00.1047053510241.120, Tc00.1047053510579.20
3.5.1.32 1 Tc00.1047053506363.70, Tc00.1047053506363.90, Tc00.1047053506975.30, Tc00.1047053506975.40
3,514 2 Tc00.1047053508839.80, Tc00.1047053511381.50
3.5.1.47 1 Tc00.1047053506363.70, Tc00.1047053506363.90, Tc00.1047053506975.30, Tc00.1047053506975.40
3.5.1.54 1 Tc00.1047053504835.20, Tc00.1047053509913.10
3.5.1.6 1 Tc00.1047053509979.150, Tc00.1047053510039.40
3.5.1.78 1 Tc00.1047053504427.10, Tc00.1047053508479.110, Tc00.1047053509099.50, Tc00.1047053509319.90, Tc00.1047053509331.134
3.5.2.- 3 Tc00.1047053509803.40
3.5.2.14 1 Tc00.1047053508889.4, Tc00.1047053509803.40, Tc00.1047053511273.59
3.5.2.2 1 Tc00.1047053506747.20, Tc00.1047053507059.70, Tc00.1047053508373.20
3.5.2.7 1 Tc00.1047053441401.10, Tc00.1047053506247.220, Tc00.1047053508741.140, Tc00.1047053509137.30
3.5.2.9 1 Tc00.1047053508889.4, Tc00.1047053509803.40, Tc00.1047053511273.59
3.53.1 1 Tc00.1047053509497.30, Tc00.1047053510947.40
3.5.3.11 1 Tc00.1047053507031.90, Tc00.1047053507963.20
3.5.3.8 2 Tc00.1047053507031.90, Tc00.1047053507963.20
3.5.5.1 1 Tc00.1047053509979.150, Tc00.1047053510039.40
3.7.1.2 1 Tc00.1047053510657.50, Tc00.1047053510749.10
3.7.1.3 1 Tc00.1047053503881.10, Tc00.1047053508119.110
3.7.1.5 1 Tc00.1047053510657.50, Tc00.1047053510749.10
4.1.1.- 11 Tc00.1047053511017.20
4.1.1.- 3 Tc00.1047053505965.50, Tc00.1047053510903.50
4.1.1.- 4 Tc00.1047053510657.50, Tc00.1047053510749.10
4.1.1.- 9 Tc00.1047053509051.30, Tc00.1047053509965.380
4.1.1.15 1 Tc00.1047053506941.150, Tc00.1047053511511.150
Tc00.1047053503847.20, Tc00.1047053503905.10, Tc00.1047053504103.30, Tc00.1047053504867.120, Tc00.1047053506685.50,
Tc00.1047053506779.190, Tc00.1047053507057.4, Tc00.1047053507093.210, Tc00.1047053507445.50, Tc00.1047053507739.110,
Tc00.1047053507811.120, Tc00.1047053509663.10, Tc00.1047053510943.190, Tc00.1047053511151.100,
4.1.1.15 2 Tc00.1047053511527.70, Tc00.1047053511649.80
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4.1.1.25 1 Tc00.1047053506941.150, Tc00.1047053511511.150
4.1.1.50 1 Tc00.1047053504257.30, Tc00.1047053504257.60, Tc00.1047053509167.110, Tc00.1047053509167.120
4.1.1.65 1 Tc00.1047053407335.9, Tc00.1047053508459.18, Tc00.1047053509551.149
4.1.1.68 1 Tc00.1047053510657.50, Tc00.1047053510749.10
4.1.1.9 1 Tc00.1047053506401.50, Tc00.1047053509603.19, Tc00.1047053509605.10
41.2.- 2 Tc00.1047053503991.39, Tc00.1047053507081.130
4.1.2.11 1 Tc00.1047053508671.20, Tc00.1047053509695.210, Tc00.1047053509695.220, Tc00.1047053509695.230
4.1.3.- 6 Tc00.1047053503991.39, Tc00.1047053507081.130
4.1.3.27 1 Tc00.1047053511807.110
4134 1 Tc00.1047053506635.80, Tc00.1047053508027.129, Tc00.1047053508029.10
4.2.1.- 15 Tc00.1047053507257.60, Tc00.1047053507669.10, Tc00.1047053509879.40, Tc00.1047053510329.270
4.2.1.- 32 Tc00.1047053437575.9, Tc00.1047053508897.10, Tc00.1047053510027.10
Tc00.1047053506727.100, Tc00.1047053506727.90, Tc00.1047053506959.40, Tc00.1047053507547.40, Tc00.1047053508153.130,
Tc00.1047053508185.10, Tc00.1047053508441.70, Tc00.1047053508981.39, Tc00.1047053510997.40, Tc00.1047053511277.210,
4.2.1.- 5 Tc00.1047053511529.160, Tc00.1047053511529.170
4.2.1.- 6 Tc00.1047053506567.70, Tc00.1047053507049.60
4.2.1.11 1 Tc00.1047053504105.140, Tc00.1047053511029.10, Tc00.1047053511529.90
Tc00.1047053504233.4, Tc00.1047053506727.100, Tc00.1047053506727.90, Tc00.1047053506959.40, Tc00.1047053507107.40,
Tc00.1047053507547.40, Tc00.1047053508153.130, Tc00.1047053508185.10, Tc00.1047053508441.70, Tc00.1047053508981.39,
Tc00.1047053509261.30, Tc00.1047053509701.10, Tc00.1047053509717.90, Tc00.1047053510105.240, Tc00.1047053510997.40,
42.1.17 1 Tc00.1047053511277.210, Tc00.1047053511529.160, Tc00.1047053511529.170
4.2.1.18 1 Tc00.1047053506959.40, Tc00.1047053508153.130, Tc00.1047053508185.10, Tc00.1047053510997.40, Tc00.1047053511277.210
Tc00.1047053447925.10, Tc00.1047053506905.50, Tc00.1047053507165.50, Tc00.1047053507793.20, Tc00.1047053508175.360,
Tc00.1047053508177.110, Tc00.1047053508177.120, Tc00.1047053508177.129, Tc00.1047053508241.140,
4.2.1.22 1 Tc00.1047053508241.149, Tc00.1047053509149.9, Tc00.1047053510381.10, Tc00.1047053511691.10, Tc00.1047053511691.20
4.2.1.33 1 Tc00.1047053511277.290
4.2.1.36 1 Tc00.1047053511277.290
4.2.1.49 1 Tc00.1047053504045.110, Tc00.1047053504047.5
4.2.1.9 1 Tc00.1047053511003.190
4.23.1 1 Tc00.1047053504213.80, Tc00.1047053508857.160
423.1 2 Tc00.1047053505183.80, Tc00.1047053506337.210
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4.3.1.19 1 Tc00.1047053506825.70

4.3.1.3 1 Tc00.1047053506247.220, Tc00.1047053508741.140, Tc00.1047053509137.30

4.3.1.5 1 Tc00.1047053506247.220

4.3.2.2 1 Tc00.1047053503855.30, Tc00.1047053510337.30

44.1.1 1 Tc00.1047053510661.250, Tc00.1047053510739.19, Tc00.1047053510741.10

4.4.1.1 3 Tc00.1047053506629.70, Tc00.1047053508465.10, Tc00.1047053509831.10, Tc00.1047053510659.44

4.4.1.11 1 Tc00.1047053510661.250, Tc00.1047053510739.19, Tc00.1047053510741.10

4.4.1.16 1 Tc00.1047053506629.70, Tc00.1047053508465.10, Tc00.1047053509831.10, Tc00.1047053510659.44

4.4.1.16 2 Tc00.1047053509163.80, Tc00.1047053510911.50

4.4.1.16 3 Tc00.1047053510661.250, Tc00.1047053510739.19, Tc00.1047053510741.10

4.4.1.8 1 Tc00.1047053510661.250, Tc00.1047053510739.19, Tc00.1047053510741.10

51.1.1 1 Tc00.1047053508303.10, Tc00.1047053511179.150

5.1.1.10 1 Tc00.1047053506681.70, Tc00.1047053506825.70

5.1.1.11 1 Tc00.1047053503559.100, Tc00.1047053504157.20, Tc00.1047053511109.120, Tc00.1047053511693.100

5114 1 Tc00.1047053506795.80, Tc00.1047053509935.29

5.3.1.23 1 Tc00.1047053503971.40, Tc00.1047053508269.30

5.3.3.- 1 Tc00.1047053506959.40, Tc00.1047053508153.130, Tc00.1047053508185.10, Tc00.1047053510997.40, Tc00.1047053511277.210

5.3.3.- 2 Tc00.1047053510657.50, Tc00.1047053510749.10

5.3.3.10 1 Tc00.1047053510657.50, Tc00.1047053510749.10

5.4.2.9 1 Tc00.1047053508851.189, Tc00.1047053511589.140

6.1.1.1 1 Tc00.1047053506573.30, Tc00.1047053508321.50, Tc00.1047053509207.50, Tc00.1047053509937.180, Tc00.1047053511217.200

6.1.1.10 1 Tc00.1047053506573.30, Tc00.1047053508321.50, Tc00.1047053509207.50, Tc00.1047053509247.50, Tc00.1047053511217.200

6.1.1.11 1 Tc00.1047053506777.80, Tc00.1047053511163.10

6.1.1.11 2 Tc00.1047053506155.60, Tc00.1047053507023.120, Tc00.1047053507641.60, Tc00.1047053511751.120
Tc00.1047053503815.20, Tc00.1047053505807.120, Tc00.1047053506559.350, Tc00.1047053507233.94, Tc00.1047053508971.30,
Tc00.1047053509037.50, Tc00.1047053509039.4, Tc00.1047053509695.10, Tc00.1047053509967.30, Tc00.1047053510777.20,

6.1.1.12 1 Tc00.1047053511911.21

6.1.1.14 2 Tc00.1047053504017.79, Tc00.1047053511229.110, Tc00.1047053511589.260
Tc00.1047053503939.80, Tc00.1047053506831.70, Tc00.1047053507913.39, Tc00.1047053508277.160, Tc00.1047053509805.130,

6.1.1.15 1 Tc00.1047053511731.60
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6.1.1.15 2 Tc00.1047053509167.100, Tc00.1047053509797.40, Tc00.1047053510443.9
Tc00.1047053506531.60, Tc00.1047053506905.50, Tc00.1047053507165.50, Tc00.1047053507297.20, Tc00.1047053507537.30,
Tc00.1047053507793.20, Tc00.1047053508175.360, Tc00.1047053508177.110, Tc00.1047053508177.120,
Tc00.1047053508177.129, Tc00.1047053508241.140, Tc00.1047053509149.9, Tc00.1047053509399.9, Tc00.1047053510381.10,
6.1.1.16 1 Tc00.1047053511691.10, Tc00.1047053511691.20
6.1.1.16 3 Tc00.1047053503939.80, Tc00.1047053509805.130
Tc00.1047053503939.80, Tc00.1047053506831.70, Tc00.1047053507913.39, Tc00.1047053508277.160, Tc00.1047053509805.130,
6.1.1.17 1 Tc00.1047053511731.60
6.1.1.18 1 Tc00.1047053506831.70, Tc00.1047053507913.39, Tc00.1047053507915.5, Tc00.1047053508277.160, Tc00.1047053511731.60
6.1.1.19 1 Tc00.1047053508355.320
Tc00.1047053505051.30, Tc00.1047053506375.10, Tc00.1047053506375.60, Tc00.1047053507589.14, Tc00.1047053507693.5,
6.1.1.2 1 Tc00.1047053509365.61, Tc00.1047053510647.30, Tc00.1047053510671.20, Tc00.1047053510905.19
6.1.1.20 1 Tc00.1047053506127.30, Tc00.1047053508271.10, Tc00.1047053511727.140
6.1.1.21 1 Tc00.1047053507019.40
6.1.1.22 1 Tc00.1047053506559.350, Tc00.1047053509695.10, Tc00.1047053509967.30, Tc00.1047053510777.20
6.1.1.3 1 Tc00.1047053508299.80, Tc00.1047053511181.80
6.1.1.4 1 Tc00.1047053509167.100, Tc00.1047053509679.9, Tc00.1047053509797.40, Tc00.1047053510443.9, Tc00.1047053511049.40
6.1.1.5 1 Tc00.1047053504137.10, Tc00.1047053509167.100, Tc00.1047053509797.40, Tc00.1047053510443.9
6.1.1.5 2 Tc00.1047053503939.80, Tc00.1047053509805.130
6.1.1.6 1 Tc00.1047053503815.20, Tc00.1047053505807.120, Tc00.1047053508971.30, Tc00.1047053510777.20
Tc00.1047053504883.50, Tc00.1047053506511.30, Tc00.1047053506863.10, Tc00.1047053508299.80, Tc00.1047053511181.80,
6.1.1.7 1 Tc00.1047053511825.220
6.1.1.7 2 Tc00.1047053509153.90, Tc00.1047053510303.320
6.1.1.9 1 Tc00.1047053504257.70, Tc00.1047053509167.100, Tc00.1047053509797.40, Tc00.1047053510443.9
6.3.1.1 1 Tc00.1047053503625.10, Tc00.1047053503899.90
6.3.1.2 1 Tc00.1047053503405.10, Tc00.1047053508175.370
6.3.1.8 1 Tc00.1047053504427.10, Tc00.1047053508479.110, Tc00.1047053509099.50, Tc00.1047053509319.90, Tc00.1047053509331.134
6.3.2.- 1 Tc00.1047053509611.100, Tc00.1047053510857.50
6.3.2.- 11 Tc00.1047053503559.100, Tc00.1047053504427.110, Tc00.1047053509331.30, Tc00.1047053511693.100
6.3.2.- 14 Tc00.1047053508303.4, Tc00.1047053511179.160
6.3.2.- 15 Tc00.1047053511003.80
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Tc00.1047053504147.190, Tc00.1047053506275.90, Tc00.1047053507099.40, Tc00.1047053507515.70, Tc00.1047053507515.90,
Tc00.1047053507669.210, Tc00.1047053507875.10, Tc00.1047053508111.40, Tc00.1047053508211.60, Tc00.1047053508213.9,
Tc00.1047053508231.60, Tc00.1047053508257.250, Tc00.1047053508439.30, Tc00.1047053508547.201, Tc00.1047053508971.50,
Tc00.1047053509053.10, Tc00.1047053509875.250, Tc00.1047053509965.350, Tc00.1047053510747.170, Tc00.1047053510749.4,
6.3.2.- 2 Tc00.1047053511725.160
6.3.2.- 21 Tc00.1047053507797.9, Tc00.1047053510165.30, Tc00.1047053510645.20, Tc00.1047053511807.60
Tc00.1047053506477.30, Tc00.1047053506743.210, Tc00.1047053506775.30, Tc00.1047053506885.270, Tc00.1047053506941.80,
Tc00.1047053508409.170, Tc00.1047053508797.10, Tc00.1047053508995.30, Tc00.1047053509253.20, Tc00.1047053510141.20,
6.3.2.- 22 Tc00.1047053510729.150, Tc00.1047053511169.29, Tc00.1047053511277.440, Tc00.1047053511511.80
Tc00.1047053504427.250, Tc00.1047053508043.30, Tc00.1047053509777.100, Tc00.1047053510155.120,
6.3.2.- 27 Tc00.1047053511585.130, Tc00.1047053511655.69
6.3.2.- 4 Tc00.1047053503897.40, Tc00.1047053509563.30
6.3.2.2 5 Tc00.1047053507625.99, Tc00.1047053507787.100
6.3.2.3 2 Tc00.1047053506659.30, Tc00.1047053508865.10
Tc00.1047053507059.80, Tc00.1047053507091.50, Tc00.1047053508373.10, Tc00.1047053508375.30, Tc00.1047053511643.30,
6.3.4.16 1 Tc00.1047053511647.4, Tc00.1047053511923.110
6.3.4.16 2 Tc00.1047053504835.20, Tc00.1047053509913.10
6.3.4.4 1 Tc00.1047053508731.60, Tc00.1047053509683.80
6.3.4.6 1 Tc00.1047053504835.20, Tc00.1047053509913.10
6.3.5.1 1 Tc00.1047053427789.30, Tc00.1047053506221.80
6.3.5.2 1 Tc00.1047053508085.10, Tc00.1047053511807.110
Tc00.1047053506747.20, Tc00.1047053507059.70, Tc00.1047053507059.80, Tc00.1047053507091.50, Tc00.1047053508373.10,
6.3.5.5 1 Tc00.1047053508373.20, Tc00.1047053508375.30, Tc00.1047053511643.30, Tc00.1047053511647.4, Tc00.1047053511923.110
Tc00.1047053504835.20, Tc00.1047053506773.40, Tc00.1047053508373.10, Tc00.1047053508799.170, Tc00.1047053509913.10,
6.4.1.1 1 Tc00.1047053511647.4
6.4.1.3 1 Tc00.1047053504835.20, Tc00.1047053506773.40, Tc00.1047053508799.170, Tc00.1047053509913.10
6.4.1.4 1 Tc00.1047053504835.20, Tc00.1047053509913.10
6.4.1.4 2 Tc00.1047053506773.40, Tc00.1047053508799.170
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Anexo II: Material Suplementar referente ao artigo “Structural Modelling and Comparative Analysis of Homologous, Analogous and

Specific Proteins from Trypanosoma cruzi versus Homo sapiens: Putative Drug Targets for Chagas' Disease Treatment”.

A) Tabela com a lista completa dos modelos tridimensionais das enzimas homoélogas, analogas e especificas de T. cruzi versus H.

sapiens.
MHOLIline EC

CATEGORIES QUALITY TCRID NUMBER EC DESCRIPTION
Matching
Annotation Homologous 1 Tc00.1047053510187.30 | 2.6.1.5 Tyrosinetransaminase
Matching
Annotation Homologous 1 Tc00.1047053510187.40 | 2.6.1.5 Tyrosinetransaminase
Matching
Annotation Homologous 1 Tc00.1047053510187.50 2.6.1.5 Tyrosinetransaminase
Matching
Annotation Homologous 1 Tc00.1047053505999.90 | 2.7.2.3 Phosphoglyceratekinase
Matching Glyceraldehyde-3-
Annotation Homologous 1 Tc00.1047053509065.60 | 1.2.1.12 phosphatedehydrogenase(phosphorylating)
Matching Glyceraldehyde-3-
Annotation Homologous 1 Tc00.1047053509065.70 | 1.2.1.12 phosphatedehydrogenase(phosphorylating)
Matching Glyceraldehyde-3-
Annotation Homologous 1 Tc00.1047053506943.50 1.2.1.12 phosphatedehydrogenase(phosphorylating)
Matching Glyceraldehyde-3-
Annotation Homologous 1 Tc00.1047053506943.60 | 1.2.1.12 phosphatedehydrogenase(phosphorylating)
Matching
Annotation Homologous 1 Tc00.1047053511461.20 | 2.6.1.5 Tyrosinetransaminase
Matching
Annotation Homologous 1 Tc00.1047053511419.40 | 2.7.2.3 Phosphoglyceratekinase
Matching
Annotation Homologous 1 Tc00.1047053510663.70 | 1.1.1.44 Phosphogluconatedehydrogenase(decarboxylating)
Matching
Annotation Homologous 1 Tc00.1047053510795.10 | 2.6.1.5 Tyrosinetransaminase
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Matching

Annotation Homologous Tc00.1047053508153.130 | 4.2.1.17 Enoyl-CoAhydratase

Matching

Annotation Homologous Tc00.1047053506925.300 | 5.2.1.8 Peptidylprolylisomerase

Matching

Annotation Homologous Tc00.1047053506925.319 | 1.1.1.42 Isocitratedehydrogenase(NADP(+))
Matching Glyceraldehyde-3-

Annotation Homologous Tc00.1047053510187.60 1.2.1.12 phosphatedehydrogenase(phosphorylating)
Matching

Annotation Homologous Tc00.1047053508175.360 | 4.2.1.22 Cystathioninebeta-synthase

Matching

Annotation Homologous Tc00.1047053507993.80 | 2.7.11.26 | [Tauprotein]kinase

Matching

Annotation Homologous Tc00.1047053509965.380 | 4.1.1.35 UDP-glucuronatedecarboxylase

Matching Glyceraldehyde-3-

Annotation Homologous Tc00.1047053510105.230 | 1.2.1.12 phosphatedehydrogenase(phosphorylating)
Matching

Annotation Homologous Tc00.1047053510303.290 | 1.3.99.3 Acyl-CoAdehydrogenase

Matching

Annotation Homologous Tc00.1047053504427.110 | 6.2.1.1 Acetate--CoAligase

Matching

Annotation Homologous Tc00.1047053510421.320 | 1.2.4.1 Pyruvatedehydrogenase(acetyl-transferring)
Matching

Annotation Homologous Tc00.1047053507089.270 | 1.8.1.4 Dihydrolipoyldehydrogenase

Matching

Annotation Homologous Tc00.1047053511903.30 | 6.3.2.19 Ubiquitin--proteinligase

Matching

Annotation Homologous Tc00.1047053509233.180 | 3.6.3.14 H(+)-transportingtwo-sectorATPase
Matching

Annotation Homologous Tc00.1047053509695.190 | 2.7.11.22 | Cyclin-dependentkinase

Matching

Annotation Homologous Tc00.1047053509331.30 6.2.1.1 Acetate--CoAligase

Matching

Annotation Homologous Tc00.1047053508541.220 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053508541.230 | 2.7.11.1 Non-specificserine/threonineproteinkinase

172




Guimaraes A.C.R.

Anexos

Matching

Annotation Homologous Tc00.1047053508541.240 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053508815.110 | 3.1.3.16 Phosphoproteinphosphatase
Matching Glyceraldehyde-3-

Annotation Homologous Tc00.1047053509717.80 | 1.2.1.12 phosphatedehydrogenase(phosphorylating)
Matching

Annotation Homologous Tc00.1047053511301.110 | 1.1.1.205 | IMPdehydrogenase

Matching

Annotation Homologous Tc00.1047053509153.120 | 1.3.99.3 Acyl-CoAdehydrogenase

Matching

Annotation Homologous Tc00.1047053510609.70 | 2.7.11.22 | Cyclin-dependentkinase

Matching

Annotation Homologous Tc00.1047053511019.90 | 1.15.1.1 Superoxidedismutase

Matching

Annotation Homologous Tc00.1047053511071.140 | 2.3.1.29 GlycineC-acetyltransferase
Matching

Annotation Homologous Tc00.1047053511071.70 | 6.3.2.19 Ubiquitin--proteinligase

Matching

Annotation Homologous Tc00.1047053506457.10 | 3.4.11.18 | Methionylaminopeptidase
Matching

Annotation Homologous Tc00.1047053506201.30 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053506201.70 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053506201.80 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053511575.60 | 1.1.1.42 Isocitratedehydrogenase(NADP(+))
Matching

Annotation Homologous Tc00.1047053510761.60 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053508241.140 | 4.2.1.22 Cystathioninebeta-synthase
Matching

Annotation Homologous Tc00.1047053511179.160 | 6.3.2.19 Ubiquitin--proteinligase

Matching

Annotation Homologous Tc00.1047053508177.110 | 4.2.1.22 Cystathioninebeta-synthase
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Matching

Annotation Homologous Tc00.1047053508177.120 | 4.2.1.22 Cystathioninebeta-synthase
Matching

Annotation Homologous Tc00.1047053508303.4 6.3.2.19 Ubiquitin--proteinligase
Matching

Annotation Homologous Tc00.1047053511025.110 | 1.8.1.4 Dihydrolipoyldehydrogenase
Matching

Annotation Homologous Tc00.1047053510091.80 1.24.1 Pyruvatedehydrogenase(acetyl-transferring)
Matching

Annotation Homologous Tc00.1047053507883.109 | 1.1.1.37 Malatedehydrogenase
Matching

Annotation Homologous Tc00.1047053507757.50 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053510381.10 | 4.2.1.22 Cystathioninebeta-synthase
Matching

Annotation Homologous Tc00.1047053506905.50 | 4.2.1.22 Cystathioninebeta-synthase
Matching

Annotation Homologous Tc00.1047053503617.10 | 2.7.11.22 | Cyclin-dependentkinase
Matching

Annotation Homologous Tc00.1047053509499.14 | 1.11.1.15 | Peroxiredoxin

Matching

Annotation Homologous Tc00.1047053506583.40 | 2.7.11.22 | Cyclin-dependentkinase
Matching

Annotation Homologous Tc00.1047053509051.30 | 4.1.1.35 UDP-glucuronatedecarboxylase
Matching

Annotation Homologous Tc00.1047053509633.50 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053509633.60 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053507211.40 | 1.1.1.205 | IMPdehydrogenase
Matching

Annotation Homologous Tc00.1047053510647.30 | 6.1.1.2 Tryptophan--tRNAligase
Matching

Annotation Homologous Tc00.1047053508137.30 | 6.3.2.19 Ubiquitin--proteinligase
Matching

Annotation Homologous Tc00.1047053511899.40 | 2.3.1.29 GlycineC-acetyltransferase
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Matching

Annotation Homologous Tc00.1047053507541.30 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053511691.20 | 4.2.1.22 Cystathioninebeta-synthase

Matching

Annotation Homologous Tc00.1047053504181.40 | 2.7.11.22 | Cyclin-dependentkinase

Matching

Annotation Homologous Tc00.1047053507305.20 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053507305.30 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053506677.20 | 2.7.11.22 | Cyclin-dependentkinase

Matching

Annotation Homologous Tc00.1047053510027.10 | 4.2.1.47 GDP-mannose4,6-dehydratase

Matching

Annotation Homologous Tc00.1047053504929.10 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053508185.10 | 4.2.1.17 Enoyl-CoAhydratase

Matching

Annotation Homologous Tc00.1047053507031.120 | 3.4.11.18 | Methionylaminopeptidase

Matching

Annotation Homologous Tc00.1047053509693.50 | 3.4.11.18 | Methionylaminopeptidase

Matching

Annotation Homologous Tc00.1047053505999.100 | 2.7.2.3 Phosphoglyceratekinase

Matching

Annotation Homologous Tc00.1047053508541.225 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053506795.80 | 5.1.1.4 Prolineracemase

Matching

Annotation Homologous Tc00.1047053508897.110 | 5.2.1.8 Peptidylprolylisomerase

Matching

Annotation Homologous Tc00.1047053510755.138 | 3.1.3.16 Phosphoproteinphosphatase

Matching

Annotation Homologous Tc00.1047053508413.40 | 3.1.3.16 Phosphoproteinphosphatase

Matching

Annotation Homologous Tc00.1047053504111.20 | 3.4.11.18 | Methionylaminopeptidase
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Matching

Annotation Homologous Tc00.1047053511419.50 | 2.7.2.3 Phosphoglyceratekinase
Matching

Annotation Homologous Tc00.1047053509149.9 4.2.1.22 Cystathioninebeta-synthase
Matching

Annotation Homologous Tc00.1047053510259.50 | 5.2.1.8 Peptidylprolylisomerase
Matching

Annotation Homologous Tc00.1047053453445.20 | 6.3.2.19 Ubiquitin--proteinligase
Matching

Annotation Homologous Tc00.1047053511277.630 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053506885.400 | 5.2.1.8 Peptidylprolylisomerase
Matching

Annotation Homologous Tc00.1047053510187.20 | 2.6.1.5 Tyrosinetransaminase
Matching

Annotation Homologous Tc00.1047053510187.234 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053510187.500 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053510187.70 | 2.6.1.5 Tyrosinetransaminase
Matching

Annotation Homologous Tc00.1047053508355.380 | 3.1.2.15 Ubiquitinthiolesterase
Matching

Annotation Homologous Tc00.1047053508741.320 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053506435.300 | 6.3.2.19 Ubiquitin--proteinligase
Matching

Annotation Homologous Tc00.1047053507993.190 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053506855.180 | 2.7.4.3 Adenylatekinase

Matching

Annotation Homologous Tc00.1047053506247.230 | 3.4.21.26 | Prolyloligopeptidase
Matching

Annotation Homologous Tc00.1047053508277.160 | 6.1.1.18 Glutamine--tRNAligase
Matching

Annotation Homologous Tc00.1047053509429.290 | 3.1.2.6 Hydroxyacylglutathionehydrolase

176




Guimarées A.C.R. Anexos
Matching

Annotation Homologous Tc00.1047053510105.240 | 1.1.1.35 3-hydroxyacyl-CoAdehydrogenase
Matching

Annotation Homologous Tc00.1047053507023.120 | 1.2.1.5 Aldehydedehydrogenase(NAD(P)(+))
Matching

Annotation Homologous Tc00.1047053507023.200 | 2.4.2.29 QueuinetRNA-ribosyltransferase
Matching

Annotation Homologous Tc00.1047053507641.60 | 1.2.1.3 Aldehydedehydrogenase(NAD(+))
Matching

Annotation Homologous Tc00.1047053506321.310 | 2.7.6.1 Ribose-phosphatediphosphokinase
Matching

Annotation Homologous Tc00.1047053511817.40 | 1.6.2.2 Cytochrome-b5reductase

Matching

Annotation Homologous Tc00.1047053510431.250 | 2.7.6.1 Ribose-phosphatediphosphokinase
Matching

Annotation Homologous Tc00.1047053510421.180 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053506195.80 | 2.7.4.3 Adenylatekinase

Matching

Annotation Homologous Tc00.1047053506945.110 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053506945.20 | 2.7.2.3 Phosphoglyceratekinase

Matching

Annotation Homologous Tc00.1047053510729.10 3.5.4.6 AMPdeaminase

Matching

Annotation Homologous Tc00.1047053511421.60 | 2.5.1.46 Deoxyhypusinesynthase

Matching

Annotation Homologous Tc00.1047053509733.180 | 2.7.4.3 Adenylatekinase

Matching

Annotation Homologous Tc00.1047053507603.230 | 3.1.2.6 Hydroxyacylglutathionehydrolase
Matching

Annotation Homologous Tc00.1047053511751.120 | 1.2.1.5 Aldehydedehydrogenase(NAD(P)(+))
Matching

Annotation Homologous Tc00.1047053511751.30 | 2.4.2.29 QueuinetRNA-ribosyltransferase
Matching Malatedehydrogenase(oxaloacetate-
Annotation Homologous Tc00.1047053508647.270 | 1.1.1.40 decarboxylating)(NADP(+))

177




Guimaraes A.C.R.

Anexos

Matching Malatedehydrogenase(oxaloacetate-
Annotation Homologous Tc00.1047053508647.280 | 1.1.1.40 decarboxylating)(NADP(+))

Matching

Annotation Homologous Tc00.1047053510661.60 | 2.7.1.30 Glycerolkinase

Matching

Annotation Homologous Tc00.1047053509695.10 | 6.1.1.12 Aspartate--tRNAligase

Matching

Annotation Homologous Tc00.1047053507053.70 2.5.1.60 Proteingeranylgeranyltransferasetypell
Matching

Annotation Homologous Tc00.1047053506503.69 | 1.1.1.37 Malatedehydrogenase

Matching

Annotation Homologous Tc00.1047053508181.140 | 3.6.1.1 Inorganicdiphosphatase

Matching

Annotation Homologous Tc00.1047053510089.170 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053509167.100 | 6.1.1.9 Valine--tRNAligase

Matching

Annotation Homologous Tc00.1047053509109.120 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053509109.130 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053505807.120 | 6.1.1.6 Lysine--tRNAligase

Matching

Annotation Homologous Tc00.1047053509179.140 | 3.1.3.25 Inositol-phosphatephosphatase
Matching

Annotation Homologous Tc00.1047053507047.120 | 3.1.3.25 Inositol-phosphatephosphatase
Matching

Annotation Homologous Tc00.1047053506743.110 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053506743.130 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053510861.140 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053508577.160 | 3.4.25.1 Proteasomeendopeptidasecomplex
Matching

Annotation Homologous Tc00.1047053509647.70 | 2.7.4.8 Guanylatekinase
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Matching

Annotation Homologous Tc00.1047053507521.50 | 3.4.25.1 Proteasomeendopeptidasecomplex
Matching

Annotation Homologous Tc00.1047053509717.90 | 1.1.1.35 3-hydroxyacyl-CoAdehydrogenase
Matching

Annotation Homologous Tc00.1047053506779.50 | 3.4.25.1 Proteasomeendopeptidasecomplex
Matching

Annotation Homologous Tc00.1047053510603.60 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053510603.80 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053510575.180 | 2.7.4.3 Adenylatekinase

Matching

Annotation Homologous Tc00.1047053511859.170 | 1.6.2.2 Cytochrome-b5reductase

Matching

Annotation Homologous Tc00.1047053509967.30 | 6.1.1.12 Aspartate--tRNAligase

Matching Malatedehydrogenase(oxaloacetate-
Annotation Homologous Tc00.1047053505183.20 | 1.1.1.40 decarboxylating)(NADP(+))

Matching Malatedehydrogenase(oxaloacetate-
Annotation Homologous Tc00.1047053505183.30 | 1.1.1.40 decarboxylating)(NADP(+))

Matching

Annotation Homologous Tc00.1047053507831.70 | 1.2.4.1 Pyruvatedehydrogenase(acetyl-transferring)
Matching

Annotation Homologous Tc00.1047053508569.20 | 6.3.2.19 Ubiquitin--proteinligase

Matching

Annotation Homologous Tc00.1047053511153.140 | 3.4.25.1 Proteasomeendopeptidasecomplex
Matching

Annotation Homologous Tc00.1047053509213.70 | 5.1.3.1 Ribulose-phosphate3-epimerase
Matching

Annotation Homologous Tc00.1047053506835.70 | 2.7.2.3 Phosphoglyceratekinase

Matching

Annotation Homologous Tc00.1047053510667.60 | 5.2.1.8 Peptidylprolylisomerase

Matching

Annotation Homologous Tc00.1047053510515.60 | 3.4.11.1 Leucylaminopeptidase

Matching

Annotation Homologous Tc00.1047053506649.70 | 3.1.3.11 Fructose-bisphosphatase
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Annotation Homologous Tc00.1047053509011.20 | 2.7.7.6 DNA-directedRNApolymerase
Matching

Annotation Homologous Tc00.1047053509607.10 | 6.3.2.19 Ubiquitin--proteinligase

Matching

Annotation Homologous Tc00.1047053509607.70 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053504055.81 | 6.3.2.19 Ubiquitin--proteinligase

Matching

Annotation Homologous Tc00.1047053511293.69 | 1.1.1.37 Malatedehydrogenase

Matching

Annotation Homologous Tc00.1047053506839.60 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053506839.80 | 2.7.6.1 Ribose-phosphatediphosphokinase
Matching

Annotation Homologous Tc00.1047053509775.40 | 1.15.1.1 Superoxidedismutase

Matching

Annotation Homologous Tc00.1047053511837.70 | 2.7.11.24 | Mitogen-activatedproteinkinase
Matching

Annotation Homologous Tc00.1047053507009.100 | 5.2.1.8 Peptidylprolylisomerase

Matching

Annotation Homologous Tc00.1047053510257.30 | 5.1.3.1 Ribulose-phosphate3-epimerase
Matching 3-methyl-2-oxobutanoatedehydrogenase(2-
Annotation Homologous Tc00.1047053508781.110 | 1.2.4.4 methylpropanoyl-transferring)
Matching

Annotation Homologous Tc00.1047053507061.30 | 1.15.1.1 Superoxidedismutase

Matching

Annotation Homologous Tc00.1047053508717.10 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053510243.50 | 2.7.4.3 Adenylatekinase

Matching

Annotation Homologous Tc00.1047053508971.30 6.1.1.6 Lysine--tRNAligase

Matching

Annotation Homologous Tc00.1047053503479.30 | 2.7.4.3 Adenylatekinase

Matching

Annotation Homologous Tc00.1047053508357.40 | 3.1.2.15 Ubiquitinthiolesterase
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Annotation Homologous Tc00.1047053509047.110 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053506585.70 | 1.6.2.4 NADPH--hemoproteinreductase

Matching

Annotation Homologous Tc00.1047053511857.80 | 3.5.4.6 AMPdeaminase

Matching

Annotation Homologous Tc00.1047053510131.50 | 2.7.7.7 DNA-directedDNApolymerase

Matching

Annotation Homologous Tc00.1047053510131.70 | 2.7.7.7 DNA-directedDNApolymerase

Matching

Annotation Homologous Tc00.1047053509859.40 | 3.4.11.1 Leucylaminopeptidase

Matching

Annotation Homologous Tc00.1047053506831.70 | 6.1.1.18 Glutamine--tRNAligase

Matching

Annotation Homologous Tc00.1047053507883.100 | 1.1.1.37 Malatedehydrogenase

Matching

Annotation Homologous Tc00.1047053507883.80 | 2.7.4.3 Adenylatekinase

Matching

Annotation Homologous Tc00.1047053511299.70 | 2.7.11.24 | Mitogen-activatedproteinkinase

Matching

Annotation Homologous Tc00.1047053510945.70 2.6.1.1 Aspartatetransaminase

Matching 3-methyl-2-oxobutanoatedehydrogenase(2-
Annotation Homologous Tc00.1047053506853.50 | 1.2.4.1 methylpropanoyl-transferring)

Matching 3-methyl-2-oxobutanoatedehydrogenase(2-
Annotation Homologous Tc00.1047053506853.50 | 1.2.4.4 methylpropanoyl-transferring)

Matching

Annotation Homologous Tc00.1047053510437.40 | 1.1.1.37 Malatedehydrogenase

Matching

Annotation Homologous Tc00.1047053503755.10 | 2.7.7.7 DNA-directedDNApolymerase

Matching

Annotation Homologous Tc00.1047053503755.30 | 2.7.7.7 DNA-directedDNApolymerase

Matching

Annotation Homologous Tc00.1047053511047.40 | 1.6.2.2 Cytochrome-b5reductase

Matching

Annotation Homologous Tc00.1047053503841.70 2.6.1.1 Aspartatetransaminase
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Matching

Annotation Homologous Tc00.1047053510123.20 | 2.7.11.24 | Mitogen-activatedproteinkinase
Matching

Annotation Homologous Tc00.1047053503687.40 | 5.2.1.8 Peptidylprolylisomerase
Matching

Annotation Homologous Tc00.1047053508351.10 | 3.1.3.11 Fructose-bisphosphatase
Matching

Annotation Homologous Tc00.1047053503851.24 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053503581.20 | 5.2.1.8 Peptidylprolylisomerase
Matching

Annotation Homologous Tc00.1047053506937.10 | 1.1.1.37 Malatedehydrogenase
Matching

Annotation Homologous Tc00.1047053503471.10 | 3.1.3.48 Protein-tyrosine-phosphatase
Matching

Annotation Homologous Tc00.1047053503513.10 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053504167.30 | 2.7.11.24 | Mitogen-activatedproteinkinase
Matching

Annotation Homologous Tc00.1047053510221.39 | 3.5.4.6 AMPdeaminase

Matching

Annotation Homologous Tc00.1047053511691.10 | 4.2.1.22 Cystathioninebeta-synthase
Matching

Annotation Homologous Tc00.1047053503815.20 | 6.1.1.6 Lysine--tRNAligase

Matching

Annotation Homologous Tc00.1047053503679.10 2.6.1.1 Aspartatetransaminase
Matching

Annotation Homologous Tc00.1047053507107.40 | 5.3.3.8 Dodecenoyl-CoAisomerase
Matching

Annotation Homologous Tc00.1047053510671.20 | 6.1.1.2 Tryptophan--tRNAligase
Matching

Annotation Homologous Tc00.1047053503753.29 | 1.6.2.4 NADPH--hemoproteinreductase
Matching

Annotation Homologous Tc00.1047053510777.20 6.1.1.12 Aspartate--tRNAligase
Matching

Annotation Homologous Tc00.1047053508129.9 3.5.4.6 AMPdeaminase
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Annotation Homologous Tc00.1047053508795.19 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053461927.9 3.5.4.6 AMPdeaminase

Matching

Annotation Homologous Tc00.1047053508153.820 | 3.6.1.1 Inorganicdiphosphatase
Matching

Annotation Homologous Tc00.1047053506559.524 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053506559.530 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053511127.400 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053506435.30 | 2.7.7.7 DNA-directedDNApolymerase
Matching

Annotation Homologous Tc00.1047053504105.30 | 2.7.7.6 DNA-directedRNApolymerase
Matching

Annotation Homologous Tc00.1047053511727.300 | 1.1.1.271 | GDP-L-fucosesynthase
Matching

Annotation Homologous Tc00.1047053510431.140 | 2.7.12.1 Dual-specificitykinase
Matching

Annotation Homologous Tc00.1047053506195.90 | 2.7.4.3 Adenylatekinase

Matching

Annotation Homologous Tc00.1047053509167.120 | 4.1.1.50 Adenosylmethioninedecarboxylase
Matching

Annotation Homologous Tc00.1047053507723.189 | 5.3.4.1 Proteindisulfide-isomerase
Matching

Annotation Homologous Tc00.1047053511825.210 | 2.7.1.24 Dephospho-CoAkinase
Matching

Annotation Homologous Tc00.1047053506821.210 | 1.6.2.2 Cytochrome-b5reductase
Matching

Annotation Homologous Tc00.1047053509029.10 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053503893.70 | 1.6.2.2 Cytochrome-b5reductase
Matching

Annotation Homologous Tc00.1047053511491.100 | 3.1.3.16 Phosphoproteinphosphatase

183




Guimarées A.C.R. Anexos
Matching

Annotation Homologous Tc00.1047053509911.90 3.4.24.56 Insulysin

Matching

Annotation Homologous Tc00.1047053509901.170 | 4.2.99.18 | DNA-(apurinicorapyrimidinicsite)lyase
Matching

Annotation Homologous Tc00.1047053507601.10 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053508273.10 | 3.5.4.6 AMPdeaminase

Matching

Annotation Homologous Tc00.1047053506947.90 | 2.7.4.3 Adenylatekinase

Matching

Annotation Homologous Tc00.1047053506221.30 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053511237.10 3.4.24.16 Neurolysin

Matching

Annotation Homologous Tc00.1047053510749.40 | 3.1.2.15 Ubiquitinthiolesterase

Matching

Annotation Homologous Tc00.1047053504013.110 | 3.1.3.16 Phosphoproteinphosphatase
Matching

Annotation Homologous Tc00.1047053507883.90 | 2.7.4.3 Adenylatekinase

Matching

Annotation Homologous Tc00.1047053506569.10 | 3.1.2.15 Ubiquitinthiolesterase

Matching

Annotation Homologous Tc00.1047053509215.10 | 2.7.7.7 DNA-directedDNApolymerase
Matching

Annotation Homologous Tc00.1047053511481.50 | 4.2.99.18 | DNA-(apurinicorapyrimidinicsite)lyase
Matching

Annotation Homologous Tc00.1047053507389.70 | 3.4.24.56 | Insulysin

Matching

Annotation Homologous Tc00.1047053504443.10 | 3.1.2.15 Ubiquitinthiolesterase

Matching

Annotation Homologous Tc00.1047053511543.60 | 1.11.1.9 Glutathioneperoxidase

Matching

Annotation Homologous Tc00.1047053504005.10 | 4.2.99.18 | DNA-(apurinicorapyrimidinicsite)lyase
Matching

Annotation Homologous Tc00.1047053506411.10 3.4.24.16 Neurolysin
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Annotation Homologous Tc00.1047053510259.6 2.7.7.7 DNA-directedDNApolymerase
Matching

Annotation Homologous Tc00.1047053506701.10 | 1.8.1.4 Dihydrolipoyldehydrogenase
Matching

Annotation Homologous Tc00.1047053509379.10 | 1.8.1.4 Dihydrolipoyldehydrogenase
Matching

Annotation Homologous Tc00.1047053503873.10 | 1.6.2.2 Cytochrome-b5reductase
Matching

Annotation Homologous Tc00.1047053443397.9 1.6.2.2 Cytochrome-b5reductase
Matching

Annotation Homologous Tc00.1047053506559.350 | 6.1.1.22 Asparagine--tRNAligase

Matching

Annotation Homologous Tc00.1047053508461.400 | 2.7.4.6 Nucleoside-diphosphatekinase
Matching

Annotation Homologous Tc00.1047053506247.10 | 5.3.4.1 Proteindisulfide-isomerase
Matching

Annotation Homologous Tc00.1047053506789.180 | 2.3.2.5 Glutaminyl-peptidecyclotransferase
Matching

Annotation Homologous Tc00.1047053511367.260 | 3.1.2.15 Ubiquitinthiolesterase

Matching

Annotation Homologous Tc00.1047053511727.40 | 6.3.2.19 Ubiquitin--proteinligase

Matching

Annotation Homologous Tc00.1047053506945.220 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053506859.10 | 6.3.2.19 Ubiquitin--proteinligase

Matching

Annotation Homologous Tc00.1047053506265.30 | 2.7.7.7 DNA-directedDNApolymerase
Matching

Annotation Homologous Tc00.1047053506739.190 | 2.7.12.1 Dual-specificitykinase

Matching

Annotation Homologous Tc00.1047053505807.10 | 5.2.1.8 Peptidylprolylisomerase

Matching

Annotation Homologous Tc00.1047053507083.30 | 4.2.99.18 | DNA-(apurinicorapyrimidinicsite)lyase
Matching

Annotation Homologous Tc00.1047053506871.100 | 3.5.1.88 Peptidedeformylase
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Annotation Homologous Tc00.1047053508569.130 | 2.7.1.105 | 6-phosphofructo-2-kinase

Matching

Annotation Homologous Tc00.1047053508177.129 | 4.2.1.22 Cystathioninebeta-synthase

Matching

Annotation Homologous Tc00.1047053508699.10 | 5.99.1.3 DNAtopoisomerase(ATP-hydrolyzing)
Matching

Annotation Homologous Tc00.1047053510173.90 | 2.4.2.30 NAD(+)ADP-ribosyltransferase

Matching

Annotation Homologous Tc00.1047053503733.20 | 2.7.1.105 | 6-phosphofructo-2-kinase

Matching Glyceraldehyde-3-

Annotation Homologous Tc00.1047053503723.90 | 1.2.1.12 phosphatedehydrogenase(phosphorylating)
Matching

Annotation Homologous Tc00.1047053509033.30 | 5.2.1.8 Peptidylprolylisomerase

Matching

Annotation Homologous Tc00.1047053509203.70 | 5.99.1.3 DNAtopoisomerase(ATP-hydrolyzing)
Matching

Annotation Homologous Tc00.1047053508865.4 3.1.3.16 Phosphoproteinphosphatase

Matching

Annotation Homologous Tc00.1047053506315.90 | 2.7.12.1 Dual-specificitykinase

Matching

Annotation Homologous Tc00.1047053506483.69 | 2.7.11.24 | Mitogen-activatedproteinkinase

Matching

Annotation Homologous Tc00.1047053511499.50 | 3.1.2.15 Ubiquitinthiolesterase

Matching

Annotation Homologous Tc00.1047053506025.60 | 2.3.1.61 Dihydrolipoyllysine-residuesuccinyltransferase
Matching

Annotation Homologous Tc00.1047053509721.60 | 2.4.2.30 NAD(+)ADP-ribosyltransferase

Matching

Annotation Homologous Tc00.1047053509505.10 | 5.3.4.1 Proteindisulfide-isomerase

Matching

Annotation Homologous Tc00.1047053507897.30 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053511735.60 | 1.15.1.1 Superoxidedismutase

Matching

Annotation Homologous Tc00.1047053509261.30 | 5.3.3.8 Dodecenoyl-CoAisomerase
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Annotation Homologous Tc00.1047053511521.30 | 1.15.1.1 Superoxidedismutase

Matching

Annotation Homologous Tc00.1047053507693.5 6.1.1.2 Tryptophan--tRNAligase

Matching

Annotation Homologous Tc00.1047053503935.20 | 2.3.1.61 Dihydrolipoyllysine-residuesuccinyltransferase
Matching

Annotation Homologous Tc00.1047053511813.20 | 6.3.2.19 Ubiquitin--proteinligase

Matching

Annotation Homologous Tc00.1047053508585.29 | 3.1.3.16 Phosphoproteinphosphatase

Matching Glyceraldehyde-3-

Annotation Homologous Tc00.1047053508537.10 | 1.2.1.12 phosphatedehydrogenase(phosphorylating)
Matching

Annotation Homologous Tc00.1047053511277.20 | 2.7.7.6 DNA-directedRNApolymerase

Matching

Annotation Homologous Tc00.1047053506885.390 | 3.5.4.6 AMPdeaminase

Matching

Annotation Homologous Tc00.1047053508707.180 | 3.1.2.15 Ubiquitinthiolesterase

Matching

Annotation Homologous Tc00.1047053507063.100 | 2.7.7.7 DNA-directedDNApolymerase

Matching

Annotation Homologous Tc00.1047053511367.70 | 2.3.1.12 Dihydrolipoyllysine-residueacetyltransferase
Matching

Annotation Homologous Tc00.1047053506357.90 | 2.7.7.6 DNA-directedRNApolymerase

Matching

Annotation Homologous Tc00.1047053510729.299 | 2.7.11.22 | Cyclin-dependentkinase

Matching

Annotation Homologous Tc00.1047053508387.120 | 2.3.2.5 Glutaminyl-peptidecyclotransferase
Matching

Annotation Homologous Tc00.1047053511825.220 | 6.1.1.7 Alanine--tRNAligase

Matching

Annotation Homologous Tc00.1047053510879.10 | 3.1.3.16 Phosphoproteinphosphatase

Matching

Annotation Homologous Tc00.1047053506733.20 3.5.4.6 AMPdeaminase

Matching

Annotation Homologous Tc00.1047053506375.10 | 6.1.1.2 Tryptophan--tRNAligase
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Matching

Annotation Homologous Tc00.1047053510241.120 | 3.5.1.88 Peptidedeformylase

Matching

Annotation Homologous Tc00.1047053509073.30 | 3.1.2.15 Ubiquitinthiolesterase

Matching

Annotation Homologous Tc00.1047053508995.40 | 3.6.4.6 Vesicle-fusingATPase

Matching

Annotation Homologous Tc00.1047053510579.20 | 3.5.1.88 Peptidedeformylase

Matching

Annotation Homologous Tc00.1047053506627.10 | 3.5.4.6 AMPdeaminase

Matching

Annotation Homologous Tc00.1047053506863.10 | 6.1.1.7 Alanine--tRNAligase

Matching

Annotation Homologous Tc00.1047053506477.20 | 3.6.4.6 Vesicle-fusingATPase

Matching

Annotation Homologous Tc00.1047053506419.20 | 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching Glyceraldehyde-3-

Annotation Homologous Tc00.1047053511235.20 | 1.2.1.12 phosphatedehydrogenase(phosphorylating)
Matching

Annotation Homologous Tc00.1047053506851.10 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053510597.9 2.7.11.1 Non-specificserine/threonineproteinkinase
Matching

Annotation Homologous Tc00.1047053510905.19 | 6.1.1.2 Tryptophan--tRNAligase

Matching

Annotation Homologous Tc00.1047053510443.9 6.1.1.9 Valine--tRNAligase

Matching

Annotation Analogous Tc00.1047053509941.100 | 1.3.1.34 2,4-dienoyl-CoAreductase(NADPH)
Matching

Annotation Analogous Tc00.1047053510303.210 | 1.3.1.34 2,4-dienoyl-CoAreductase(NADPH)
Matching

Annotation Specific of T. cruzi Tc00.1047053503555.30 | 1.8.1.12 Trypanothione-disulfidereductase
Matching

Annotation Specific of T. cruzi Tc00.1047053508595.50 3.4.22.51 Cruzipain

Matching

Annotation Specific of T. cruzi Tc00.1047053507297.10 | 3.4.22.51 | Cruzipain
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Matching

Annotation Specific of T. cruzi 3 Tc00.1047053504507.5 1.8.1.12 Trypanothione-disulfidereductase
Matching

Annotation Specific of T. cruzi 4 Tc00.1047053507165.50 | 2.5.1.47 Cysteinesynthase
Matching

Annotation Specific of T. cruzi 4 Tc00.1047053507793.20 | 2.5.1.47 Cysteinesynthase
Matching

Annotation Specific of T. cruzi 5 Tc00.1047053506649.20 3.6.3.6 Proton-exportingATPase
Matching

Annotation Specific of T. cruzi 6 Tc00.1047053506529.550 | 3.4.22.51 Cruzipain

Matching

Annotation Specific of T. cruzi 6 Tc00.1047053507537.20 3.4.22.51 Cruzipain

Matching

Annotation Specific of T. cruzi 6 Tc00.1047053505763.19 | 3.6.3.6 Proton-exportingATPase
Matching

Annotation Specific of T. cruzi 7 Tc00.1047053509429.320 | 3.4.22.51 | Cruzipain

Matching

Annotation Specific of T. cruzi 7 Tc00.1047053507603.260 | 3.4.22.51 | Cruzipain

Matching

Annotation Specific of T. cruzi 7 Tc00.1047053507603.270 | 3.4.22.51 Cruzipain

Matching

Annotation Specific of T. cruzi 7 Tc00.1047053509401.30 3.4.22.51 Cruzipain

Matching Conflicting Clustering (a)

Annotation (Homologous/Analogous) 7 Tc00.1047053511895.10 | 4.6.1.1 Adenylatecyclase
Matching Conflicting Clustering (a)

Annotation (Homologous/Analogous) 7 Tc00.1047053510581.20 | 4.6.1.1 Adenylatecyclase
Matching Conflicting Clustering (a)

Annotation (Homologous/Analogous) 7 Tc00.1047053509449.10 | 4.6.1.1 Adenylatecyclase
Surface Homologous 4 Tc00.1047053510503.100 | 3.4.24.36 | Leishmanolysin

Surface Homologous 4 Tc00.1047053509369.50 | 3.4.24.36 | Leishmanolysin

Surface Homologous 4 Tc00.1047053410797.10 | 3.4.24.36 | Leishmanolysin

Surface Homologous 6 Tc00.1047053508165.310 | 3.4.24.36 | Leishmanolysin

Surface Homologous 6 Tc00.1047053506289.140 | 3.4.24.36 | Leishmanolysin

Surface Homologous 6 Tc00.1047053506289.170 | 3.4.24.36 | Leishmanolysin

Surface Homologous 6 Tc00.1047053506289.210 | 3.4.24.36 | Leishmanolysin

Surface Homologous 6 Tc00.1047053511257.100 | 3.4.24.36 | Leishmanolysin
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Surface Homologous 6 Tc00.1047053511151.54 | 3.4.24.36 | Leishmanolysin
Surface Homologous 6 Tc00.1047053506515.29 | 3.2.1.18 Exo-alpha-sialidase
Surface Homologous 6 Tc00.1047053509483.10 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053511211.90 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053510565.150 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053507623.110 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053508699.100 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053508699.90 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053509011.80 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053506587.100 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053509205.100 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053506163.10 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053506163.20 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053508813.40 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053505965.10 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053506257.50 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053510899.10 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053505931.10 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053505931.20 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053511203.10 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053504397.20 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053506921.10 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053508475.30 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053505615.10 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053508825.10 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 4 Tc00.1047053510873.20 | 3.4.24.36 | Leishmanolysin
Surface Specific of T. cruzi 6 Tc00.1047053507197.10 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)
Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053511277.610 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)
Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053506401.380 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)
Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053506435.370 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)
Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053507993.350 | 3.4.24.36 | Leishmanolysin
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Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053508999.170 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053506321.240 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053508693.100 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053510657.200 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053510747.40 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053511257.60 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053510761.80 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053511281.50 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053505989.70 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053508545.40 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053506867.40 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053510263.30 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053508609.10 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053508611.30 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053511723.10 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053507919.10 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053511035.10 | 3.4.24.36 | Leishmanolysin
Conflicting Clustering (a)

Surface (Homologous/Specific of T. cruzi) 4 Tc00.1047053507917.10 | 3.4.24.36 | Leishmanolysin
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Hypothetical Homologous 5 Tc00.1047053507057.20 | 2.7.4.3 Adenylatekinase
Hypothetical Homologous 6 Tc00.1047053510303.230 | 3.1.1.29 Aminoacyl-tRNAhydrolase
Hypothetical Homologous 6 Tc00.1047053511763.19 | 2.3.1.7 CarnitineO-acetyltransferase
Hypothetical Homologous 7 Tc00.1047053509207.130 | 5.2.1.8 Peptidylprolylisomerase
Hypothetical Homologous 7 Tc00.1047053506857.60 | 5.2.1.8 Peptidylprolylisomerase
Hypothetical Analogous 6 Tc00.1047053509005.50 | 3.1.1.3 Triacylglycerollipase
Conflicting

Annotation (b) Homologous 5 Tc00.1047053506959.70 | 2.3.1.29 GlycineC-acetyltransferase
Conflicting

Annotation (b) Homologous 5 Tc00.1047053503453.100 | 2.3.1.29 GlycineC-acetyltransferase

(a) Conflicting clustering between results obtained by KEGG and Swiss-Prot databases using AnEnPi methodology.
(b) Conflicting annotation between the methodology proposed in this work and GeneDB
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