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Classificacao de ortélogos e paralogos

* Problema
— |Identificar paralogos e separa-los dos ortologos

* Aplicacoes
— Transferéncia de anotacao (alta precisao!)
— Inferéncia Filogenética / filogenémica
— Predicao de interacoes: contexto gendmico



duplicacao
< geénica

arvore das/

espécies o

arvore dos
genes

especiacao

Aa, Ca e Da : ortélogos
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Exemplo real: evolucao das globinas
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The €-globin and B-globin genes arose
via duplication of a proto B-globin gene
in the ancestor of therian mammals.

The EP- and Bp-globin genes arose via
duplication of a proto B-globin gene in
the monotreme lineage.

<> Speciation Event

® Gene Duplication
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Paralogos e ortologos: métodos

 Baseados em arvores
Mais confiavel se feito corretamente, porém... na maioria
das vezes, é (i) dispendioso computacionalmente e (ii) dificil
de automatizar sem erros

* Baseados em grafos (similaridade)
Geralmente rapidos, mais sujeitos a erros (por ex.: extincao
diferencial de genes)

* Hibridos
Combinam aspectos dos dois anteriores, ainda incipientes
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Kuzniar et al. (2008) Trends in Genetics, 24(11): 539-551



Métodos baseados em grafos

1. Calcular similaridade de todas as proteinas de cada genoma contra
todas as proteinas de todos os outros genomas

2. Construir um grafo (rede) relacionando todos os resultados
(similaridade)

3. Escolher os melhores resultados reciprocos (BBH: best bidirectional hit)
ou filtrar com outro critério

4. Refinar e estender os grupamentos presentes no grafo (varios métodos:
single-linkage, complete-linkage, Markov clustering, etc.)

5. A classificacao se sustenta mesmo se o nivel absoluto de similaridade
entre as sequéncias de proteinas em questao for relativamente baixo.

genoma B

A G




Cluster of Orthologous Groups: método

1. Fazer uma comparacao das sequéncias proteicas todas-contra-todas.

2. Detectar e colapsar in-pardlogos, isto é, proteinas do mesmo genoma que
sao mais similares entre si do que a quaisquer proteinas de outras espécies.

3. Detectar triangulos de BBHs mutuamente consistentes (genome-specific
best hits - BeTs), levando em consideracao os paralogos identificados.

4. Juntar os triangulos com um lado comum para formar COGs.
5. Realizar uma andlise caso a caso (manualmente!) de cada COG.
e Eliminar falsos positivos

* Identificar proteinas de multiplos dominios através da representacao
grafica do BLAST.

e Separar essas sequéncias em segmentos de dominios unicos e repetir
etapas 1-4, de forma a classificar dominios individuais de acordo com
suas afinidades evolutivas.

6. Examinar os grandes COGs com técnicas filogenéticas de forma a incluir
novos membros ou separar alguns COGs em grupos menores.

Fonte: The NCBI Handbook - http://www.ncbi.nlm.nih.gov/books/NBK21101/



Cluster of Orthologous Groups: método

O Species

D,A, ... Genes/ Domains

== SymBet

__> Sets of in-paralogs




http://www.ncbi.nlm.nih.gov/COG/

Functional categories

J Translation, ribosomal structure and biogenesis

org pro CcoG cat annotation

709 1356 C€0GOOO8 J Glutamyl- or glutaminyl-tRNA
synthetase

697 1021 (C0GOBOS J tRNA A37
threonylcarbamoyladenosine
synthetase subunit
TsaC/SUA5/YrdC

699 728 (€0G6B12 J Ribosome-binding ATPase YchF,
GTP1/0BG family

708 812 (€0GEO13 J Alanyl-tRNA synthetase

707 731 (€0GeB16 J Phenylalanyl-tRNA synthetase
alpha subunit

410 488 (€0GOO17 J Aspartyl/asparaginyl-tRNA
synthetase

700 763 (€0GOB18 J Arginyl-tRNA synthetase

261 275 (€0GeB23 J Translation initiation factor
1 (eIF-1/SUIl)

703 983 (€0GeB24 J Methionine aminopeptidase

702 825 C0GOB3® J 16S rRNA A1518 and A1519 N6-
dimethyltransferase
RsmA/KsgA/DIM1 (may also have
DNA glycosylase/AP lyase
activity)

703 1150 C€0GO837 J tRNA(Ile)-lysidine synthase
TilS/Mes]

619 972 C€0GOB42 J tRNA-dihydrouridine synthase



Outros bancos de dados de ortélogos

« COG
Clusters of Orthologous Genes
o KEGG (KEGG Orthologs)
Kyoto Encyclopedia of Genes and Genomes
. eggNOG (http://eggnogdb.embl.de/app/home)

Evolutionary genealogy of genes: non-supervised
Orthologous Groups

o Outros
OrthoMCL, InParanoid, etc. etc.



KEGG

Kyoto Encyclopedia of Genes and Genomes (1995)

[ J
o Colecao de 17 bancos de dados diferentes
. [ o . V4 .
« O principal: vias metabdlicas
. . . ~ 7 /7 .
o Inclui classificacao de ortdlogos propria (KO)
Category Database Content
v
Svst KEGG PATHWAY  KEGG pathway maps S:a':'??rliygrate _metab?"flm [PATH: ko00010]
YS ems . . . JUUL1U LlycCcolysls / sluconeogenesls 2 ko000 L0
information KEGG BRITE BRITE functional hierarchies K HK; hexokinase [EC:2.7.1.1]
KEGG MODULE KEGG modules of functional units .. er . . e
1 GCK; glucokinase [EC:2.7.1.2]
KEGG ORTHOLOGY KEGG Orthology (KO) groups Kl glk; glucokinase [EC:2.7.1.2]
S\?gr::]ai:ion KEGG GENOME  KEGG organisms with complete genomes ::'p?f pg? ; g‘“l":fse"i'_pf"‘gs‘ph?:e isomerase [EC:Z
KEGG GENES Gene catalogs of complete genomes ng - g‘LLc;:-OI’:.'h'.JJP"a s . ar“:a’:zl
‘ -pgi; transaldolase / lucose-6-phos te
KEGG SSDB Sequence similarity database for GENES I af pg.., ‘1‘”’”“ ,J 2 L}_ I_J P - pha
W103210 gl—pmi; ucose/mannose-o-phosphate i1someras
KEGG COMPOUND Metabolites and other small molecules » 0 Pgr-pati gon " phosi _oEeme
K00850 pfkaA, PFK; 6-phosphofructokinase 1 [EC:2.7.1
KEGG GLYCAN Glycans . - - [ L
) - - - K pfkB; 6-phosphofructokinase 2 [EC:2.7.1.11]
;’;em|cat! KEGG REACTION Blochemlcal‘reactlorls ' Kl FBP, fbp; fructose-1,6-bisphosphatase I [EC::3
information KEGG RPAIR Reac?ant pair chemical transformations K glpX; fructose-1,6-bisphosphatase II [EC:3.1.
KEGG RCLASS Reaction class defined by RPAIR K11532 glpX-SEEP; fructose-1, 6-bisphosphatase II / =
KEGG ENZYME Enzyme nomenclature K01086 <£fbp-SEBP; fructose-1,6-bisphosphatase I / sec
KEGG DISEASE  Human diseases K04041 £bp3; fructose-1,6-bisphosphatase III [EC:3.1
Health KEGG DRUG Drugs K01623 ALDO; fructose-bisphosphate aldolase, class I
information KEGG DGROUP  Drug groups K11645 fbaB; fructose-bisphosphate aldolase, class I
KEGG ENVIRON Crude drugs and health-related substances K01624 FBA, fbaA; fructose-bisphosphate aldolase, cl

Chemical information category is collectively called KEGG LIGAND
Health information category is collectively called KEGG MEDICUS

http://www.genome.jp/kegg/



Vias metabolicas de fato
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K[“ Glycolysis / Gluconeogenesis - Ornithorhynchus anatinus (platypus)

[ Pathway menu | Organism menu | Pathway entry | Download KGML | Show description | User data mapping ]

| Ornithorhynchus anatinus (platypus)

v||Go| [100% v |

I GLYCOLYSIS / GLUCONEOGENESIS
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Vias
(das quais essa
proteina participa)

J. M. P. Alves

K[cc

Ornithorhynchus anatinus (platypus): 100079206

Organism

Help
Entry 100079206 CDS T01045
Gene name |(GPI
Definitiop glucose-6-phosphate isomerase
KO ucose-6-phosphate isomerase [EC:5.3.1.9]

ithorhynchus anatinus (platypus)

Pathway

0aab0010
0aab0030
0aab0500
0aa00520
0aa01100
0aab01130
0aa01200

Glycolysis / Gluconeogenesis

Pentose phosphate pathway

Starch and sucrose metabolism

Amino sugar and nucleotide sugar metabolism
Metabolic pathways

Biosynthesis of antibiotics

Carbon metabolism

Module

oaa MOEOO1 Glycolysis (Embden-Meyerhof pathway), glucose =>
pyruvate

oaa MOGOO4 Pentose phosphate pathway (Pentose phosphate cycle)

Brite

KEGG Orthology (KO) [BR:0aaf0001]
Metabolism
Overview
01200 Carbon metabolism
100079206 (GPI)
Carbohydrate metabolism
00010 Glycolysis / Gluconeogenesis
100079206 (GPI)
00030 Pentose phosphate pathway
100079206 (GPI)
00500 Starch and sucrose metabolism
100079206 (GPI)
00520 Amino sugar and nucleotide sugar metabolism
100079206 (GPI)
Enzymes [BR:0a2a01000]
5. Isomerases
5.3 Intramolecular oxidoreductases
5.3.1 Interconverting aldoses and ketoses, and related compoun
5.3.1.9 glucose-6-phosphate isomerase
100079206 (GPI)
Exosome [BR:0aa04147]
Exosomal proteins
Exosomal proteins of haemopoietic cells
100079206 (GPI)
Exosomal proteins of other body fluids (saliva and urine)
100079206 (GPI)
Exosomal proteins of colorectal cancer cells

100079206 (GPI)
q »

BRITE hierarchy

(B-cell, T-cell, DC-cel

SSDB

Ortholog = Paralog GFIT

Motif

Pfam: PGI
Motif

Other DBs

NCBI-ProteinID: XP 007669717
NCBI-GI: 620979733
NCBI-GeneID: 100079206

LinkDB

All DBs




0

ORTHOLOGY: K02355
Help

Entry

K02355 KO

fusA, GFM, EFG

Definition

elongation factor G

Disease

HOE891 Combined oxidative phosphorylation deficiency (COXPD)

Brite

Translation factors [BR:ko03012]
Eukaryotic Type
Elongation factors
K02355 fusA, GFM, EFG; elongation factor G
Prokaryotic Type
Elongation factors
K02355 fusA, GFM, EFG; elongation factor G
Mitochondrial biogenesis [BR:ko03029]
Mitochondrial DNA transcription, translation, and replication fac
Mitochondrial transcription and translation factors
Mitochondrial translation factors
K02355 fusA, GFM, EFG; elongation factor G
Mitochondrial quality control factors
Regulator of mitochondrial biogenesis
Ubiquitas transcription factors
K02355 fusA, GFM, EFG; elongation factor G
4 »

|BRITE hierarchy

Other DBs

C0G: COGO480
GO: 0003746

HSA: 84340(GFM2) 85476(GFM1)

PTR: 460812(GFM1) 471518(GFM2)

PPS: 100981523(GFM1) 100991789 (GFM2)

GGO: 101133759 101135526 101147436(GFM1)
PON: 100173642(GFM2) 100173763 (GFM1)

NLE: 100594248(GFM2) 100600876 (GFM1)

MCC: 704247(GFM2) 706456(GFM1)

MCF: 102122671(GFM2) 102140197 (GFM1)

CSAB: 103223136(GFM2) 103241412 (GFM1)

RRO: 104662312(GFM2) 104665852 (GFM1)
» show all

Taxonomy KOALA || UniProt

Reference
Authors

J. M. P. Alves

PMID:18213444
Noble CG, Song H

All links

Ontology (4)

KEGG BRITE (2)
GO0 (1)
coG (1)

Disease (1)

KEGG DISEASE (1)

Gene (202118)

KEGG GENES (6109)
KEGG DGENES (20)
KEGG MGENES (164444)
RefGene (30996)
EGENES (384)

0C (165)

Protein sequence (5011)
UniProt (4178)
SWISS-PROT (833)

Literature (3)

PubMed (3)
All databases (207137)

Download RDF

4= |jnks para outros bancos

<=m Links para genes



Contexto genomico

O que fazer quando nada é conhecido sobre os homadlogos de um
gene/proteina de interesse?

 Métodos computacionais para previsao de vinculos funcionais

* Premissa: a existéncia de vinculos funcionais gera correlacoes
entre na distribuicao e nas posicoes de genes em genomas

e |dentificados usando a comparag¢ao de genomas

A homologia serve apenas para identificar os genes mas nao determina o
padrao na sua distribuicao



Perfil
filogenético

Correponde a uma
correlacao na distribuicao
de genes homaologos
entre genomas

Padrao de
presenca/auséncia nos
genomas

Analogo a experimentos
de knock-out
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Biological Rosetta stones

Gene neighborhoods Gene fusion events
Gene X GeneA GeneB GeneA GeneB
Organism1 = —-—-— Organism 1 —-—-—
Gene A GeneB GeneY Gene AB

organism2 ———{-EII— - organism2  ——{IND—

Gene Z Gene A GeneB

Organism 3 == _-'-_

Inference: Selective pressure to regulate Inference: Gene fusion confers selective
these genes together; functionally or advantage; the two gene products are
physically linked. physically or functionally linked.

Co-expression or physical interaction Protein-protein interaction or common pathway



Evolucao da distribuicao e ordem dos genes

Escherichia coli
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Exemplo: paralogos de tRNA sintetase

* AlbC catalisa a sintese de dipeptideos ciclicos

Cyclodipeptide biosynthesis mediated by CDPS
(Albonoursin biosynthesis)

HaC NH, CHa H (o] CHjy H o)
R {RNA AlbC HaC N AlbA HaC N
+ HaC —. —_— s -
o CDPS oxidoreductase
H N o N N
H

/

Phe-tRNA Leu-tRNA cyclo(L-Phe-L-Leu) Albonoursin

Gondry et al. Cyclodipeptide synthases are a family of tRNA-dependent peptide bond—forming
enzymes. Nature Chemical Biology 5, 414 - 420 (2009)

* Descobrimos que AlbC é um paralogo remoto das tRNA

sintetases da Classe-Il (e.g. Tyr-tRNA syntetase) que se
especializou em catalizar a formacao das atua na sintese de

peptideos nao ribossomais



Inferéncias baseadas em contexto

e Contexto dos homologos de AlbC

AlbB AlbC AlbD

27447466 (Streptomyces noursei ATCC 11455)

MarR AlbC

256671793 (Streptomyces sp. AA4)

AlbC QD LysR

256378646 (Actinosynnema mirum DSM 43827)

16080560 (Bacillus subtilis subsp. subtilis str. 168)

Ferredoxin AlbC Mur_ligase M18/42 peptidase

280956168 (Desulfovibrio aespoeensis Aspo-2)
AlbC Hiskintrec JEREFEE  AbC Hiskin+rec § GNAT-+GNAT

1‘\ 160871535 (Rickettsiella grylli)
20GFeDO

Rossmann_OR D TonB receptor

TonB recepto. (  20GFeDO

N
78060433 (Burkholderia sp. 383)

2-oxoglutarato Fe-dioxigenases:

Cupin-like dioxigenases



Inferéncias baseadas em contexto

Opa! Ja haviamos observado fusdes do dominio catalitico da metionil-tRNA
syntetase com as “metal-binding cupins” (dioxigenases da classe estrutural,
a.k.a fold, DSBH)

Cupin Met-tRS

lyer LM, Abhiman S, de Souza RF, Aravind L. Nucleic
Acids Research, 38(16):5261-79 (2010) Journal of Molecular Biology 294(5) :1287-1297 (1999)



Operons de Cupin+MtRS: funcao

A conservacao da vizinhanca em diversas linhagens de bactérias fornece suporte ao vinculo com uma
N6-lisina hidroxilase

Nucleo conservado: Lisina oxidoreductase + cupin + MtRS

Atividades enzimaticas para dois aminoacidos (Lys, Met): o composto é pelo menos um dipeptideo

ATP-Grasp containing operons

oA N 450 | AP Grasp )| MFS FADOR/MOO 4 cCupin+MtRS JIDGEL I ACP NTN transacylase

242240498 (Dickeya dadantii Ech703)
Cupin+MtRS JOR ATP_Grasp

256801435 (Strep viridochr DSM 40736)

ACP Cupin MERS ATP_Grasp )| Amidinotase | snoa pC_ike )| PBP ) ATP Grasp )| New_papain
159037752 (Salinispora arenicola CNS-205) O utras
159036236 (Salinispora arenicola CNS-205) Pe pt | d O- I | ga ses
DHDPS Rhampose) HAD Cupin+MtRS OxRed GAT2+AsnSyn ARD mrs [ Fabor ) e AP Grasp »
259907081 (Erwinia pyrifoliae Ep1/96)

Cupin Cupin+MtRS JRESD FADOR [ M >

229076690 (Bacillus cereus Rock4-18)

New_papain | [ FADOR ACP Cupin MtRS ATP_Grasp )| AmidinoTase )| snoal pC ke )| PBP I ATP_Grasp
256376782 (Actinosynnema mirum DSM 43827)

Cupin MtRS FADOR )| ATP_Grasp )| snoal pc_ike |  OxRed2 [AgiCoa NN ATP_Grasp
290955751 (Streptomyces scabiei 87.22)

Other operons

Cupin+MtRS

20804107 (Mesorhizobium loti)

104780203 (Pseudomonas entomophila L48)
MRS ACP+Cupin Snoal_pC [ eroe [ ravor ) Bur_Papoin
49658915 (Yersinia pseudotuberculosis)

17549651 (Ralstonia solanacearum GMI1000)

MtRS Cupin VImR
17546537 (Ralstonia solanacearum GMI1000)
71735085 (Pseudomonas syringae pv. phaseolicola 1448A)

NTN transacylase

FADOR/MOO Cupin+MtRS

transglutaminase_ ah2FeOX

86741959 (Frankia sp. CcI3) Aq u i n 5 O h al pe pt Ild e O

FADOR/MOO Cupin+MtRS

CNS-205)

1 1( ini: i
FaDoR 00 —mommED  |igase conhecidalllll

256378249 (Actinosynnema mirum DSM 43827)




Inferéncias baseadas em contexto

Resultados

AlbC representa um exemplo de tRNA sintetase recrutada para sintese em outra via metabdlica
O paralogo de MtRS é um novo exemplo de paralogo de tRNA sintetase que catalisa a formacao de

uma ligacdo peptidica entre uma lisina e uma metionina como evidenciado pelo contexto genémico.

Cupin domain

S
H3C/ \/\/\kOH

NH,
Methionine derivatives

Predicted reactions of the Met-tRNA synthetase paralog and

Saccharopine
dehydrogenase

?

Lysine
N6-hydroxylase

Lysine 2,3
aminomutase

Predicted reaction catalyzed
by Met-tRNA synthetase
paralog

/, >

ATP

associated enzymes

ACP+

Acyl-coA-ligase

+GNAT

0]

HyN
MOH

NH,
Lysine derivatives

Predicted reaction catalyzed
by Met-tRNA synthetase
paralog

NH,

H3C\SWAMP

Aravind,L. et al. (2010) Predicted class-I
aminoacyl tRNA synthetase-like proteins in
non-ribosomal peptide synthesis. Biology

Direct, 5, 48.

NH,

Predicted minimal core of the
peptide metabolite

—»Further modifications




Banco de dados de contexto e interacoes

What's that gene (or protein)? Online resources STRING
for exploring functions of genes, transcripts, and

proteins Combina multiplos tipos de dado:
e e ot Ntonl e RcherheScetique (CNRS, 3639 Verrpole e Contexto genémico
Expressao génica
% STRING InteragGes (PPI)
Text mining
http://www.string-db.org

Welcome to STRING
A B

Input:
EEEEEE  ABC-type phosphate transport system, ATPase component

Protein-Protein Interaction Networks

Functional Enrichment Analysis

Predicted functional associations: Score:
ORGANISMS PROTEINS INTERACTIONS [OXGE  ABC-type phosphate transport system, periplasmic component 0997
. i ABC-type phosphate transport system, permease component 0997
14094 67.6 mio >20 bln A e hphite amport s o7
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Pratica de contexto gendmico

Ver contexto no KEGG (procurar ftsA e clicar em “Clusters”)

Acessar o banco de dados String: www.string-db.org
— Procurar pelo gene ftsA de E. coli K12 MG

Procurar por ftsA no Gene Context Tool
— http://biocomputo.ibt.unam.mx:8080/GeConT/

Repetir as analises para AmiC e NlpD

Repetir as analises para xcsD


http://www.string-db.org/
http://biocomputo.ibt.unam.mx:8080/GeConT/

