JGB71E - Bioinformatique appliquée

Annotations des genomes

Analyse du transcriptome
Analyse des voies meétaboliques

Jacques van Helden

Jacques.van-Helden@univ-amu.fr
Aix-Marseille Université, France
Technological Advances for Genomics and Clinics
(TAGC, INSERM Unit U1090)
http://jacques.van-helden.perso.luminy.univ-amu.fr/




Annotation des genomes

Rappel des prérequis
o Structure des genes et des génomes
o Alignements
o Homologie
Annotation des génomes
o Organisation des génomes
o Bases de données génomiques
o Localisation des genes
o Annotation de fonction par similarité de séquences
o Coupable par association
L'analyse du transcriptome
o Détection de genes exprimés différentiellement
o Clustering des génes
Annotation métabolique
o Bases de données métaboliques
o Projection métabolique
Enrichissement fonctionnel

Réseaux d'interaction



Statistiques pour I'analyse du transcriptome

= Rappels/prérequis
o Test de comparaison de moyenne
o Choix d'un test en fonction des hypotheses de travail (Student, Welch, Wilcoxon)
o Population, échantillon, échantillonnage
o Interprétation d'une p-valeur
= Sources de variations en analyse du transcriptome

= Interprétation de la p-valeur
o Ce qu'elle veut dire et ne veut pas dire
o Significativité versus effet: volcano plots
o Corrections de tests multiples
= Controles des modéles
o Geneése de jeux de contrble: données artificielles, permutations des valeurs, ...
o Distributions de p-valeurs
o Courbes de ROC
o Evaluation de la robustesse par rééchantillonnage
= Clustering

s Enrichissement fonctionnel



Quelques rappels



Structure d'un gene eucaryote

= Dessin au tableau — photo a insérer ici



Structure d'un gene eucaryote

= Exon does not mean coding !!!

o 3'UTR, 5 UTR
o There are non-coding genes (tRNAs, rRNAs, IncRNAs, ...), which may be spliced.
= The only valid definition of exon / intro relates to the splicing mechanism !!!

https://en.wikipedia.org/wiki/Exon
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Scénarios évolutifs

Nous disposons de deux séquences, et nous supposons qu’elles divergent d’un ancétre commun.
= La divergence peut résulter
d’'une duplication (dédoublement d'un segment d'ADN menant a la formation de plusieurs copies dans le méme
génome)

o oud’une spéeciation (formation d'especes séparées a partir d’'une espéce unique).
Les fleches violettes indiquent les mutations (substitutions, délétions, insertions) qui s’accumulent au
sein d’'une séquence particuliére au cours de son histoire évolutive. Ces mutations sont a I'origine de la
diversification des séquences, des structures et des fonctions.
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Représentation détaillee des evénements de spéciation / duplication

= La figure de droite combine deux niveaux
de représentation

o Les lignes noires fines représentent les
relations évolutives entre molécules
(arbre des molécules).

o Les ombrages épais représentent I'arbre
des espéces.

= Les spéciations (Sp) sont représentées
par des branchements triangulaires sur
I'arbre des espéces

o En cas de spéciation, la molécule
ancestrale se retrouve dans chacune
des espéces dérivées.

= Les duplications (Dp) sont représentées
par des branchements rectangulaires.

o En cas de duplication, on retrouve au
sein de la méme espéce deux copies de
la séquence ancestrale.

Sp1
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Sp2

Dp2

[~
Al ABI1 B1 B2 C1 c2 C3

trends in Genetics

The idealized evolution of a gene (lines) is shown from a common ancestor in an ancestral population
(the gray background), descending to three populations labelled A, B and C. There are two speciation
events (Spl and Sp2), each occurring at the junctions shown as an upside down Y. There are also two
gene-duplication events (Dpl and Dp2), depicted by a horizontal bar. Two genes whose common
ancestor resides at a Y junction (speciation) are orthologous. Two genes whose common ancestor resides
at a horizontal bar junction (gene duplications) are paralogous. Thus, C2 and C3 are paralogous to each
other but are orthologous to B2. Both are paralogous to B1 but orthologous to Al. The red arrow denotes
the transfer of the B1 gene from species B to species A. As a result, the AB1 gene is xenologous to all six
other genes. All three subtype relationships are reflexive, that is, Al=>B1 implies Bl =>>A1 where
== should be read, for example, as ‘is orthologous to." However, the relationships are not transitive.
Thus, C2=>A1==>C3 might be true, but it is not necessarily therefore true that C2=>>C3, as indeed
it is not in the figure if => is read as ‘is orthologous to.” A different non-transitivity occurs for ‘is
paralogous to’ with B2=>C1=>C2.



= L’article de Fitch (2000) définit les concepts suivants.

o Fitch, W. M. (2000). Homology a personal view on some of the
problems. Trends Genet 16, 227-31.

= Homologie

o Owen (1843). « le méme organe sous toutes ses variétés de
forme et de fonction ».

o Fitch (2000). L’homologie est la relation entre toute paire de
caracteres qui descendent, généralement avec divergence,
d’un caractére ancestral commun.

* Note: “caractére” peut se référer a un trait phénotypique, un
un site d’'une séquence, a un géne entier, ...

o Application moléculaire: deux génes sont homologues s’ils
divergent d’'un géne ancestral commun.

Analogie: relation entre deux caractéeres qui se sont développés
de fagon convergente a partir d’ancétres non-apparentés.
Cénancétre: I'ancétre commun le plus récent pour les groupes
taxonomiques considérés.

Orthologie: relation entre deux caractéres homologues dont
'ancétre commun se trouve chez le cénancétre des taxa a partir
desquels les séquences ont été obtenues.

Paralogie: relation entre deux caracteres émanant d’'une
duplication de géne pour ce caractére.

Xénologie: relation entre deux caracteres dont I'histoire, depuis
leur dernier ancétre commun, inclut un transfert entre espéces

(horizontal) du matériel génétique pour au moins l'un de ces
caractéres.

Définitions des concepts d’apres Fitch (2000)
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The idealized evolution of a gene (lines) is shown from a common ancestor in an ancestral population
(the gray background), descending to three populations labelled A, B and C. There are two speciation
events (Spl and Sp2), each occurring at the junctions shown as an upside down Y. There are also two
gene-duplication events (Dpl and Dp2), depicted by a horizontal bar. Two genes whose common
ancestor resides at a Y junction (speciation) are orthologous. Two genes whose common ancestor resides
at a horizontal bar junction (gene duplications) are paralogous. Thus, C2 and C3 are paralogous to each
other but are orthologous to B2. Both are paralogous to B1 but orthologous to Al. The red arrow denotes
the transfer of the B1 gene from species B to species A. As a result, the AB1 gene is xenologous to all six
other genes. All three subtype relationships are reflexive, that is, Al=>B1 implies Bl =>Al where
== should be read, for example, as ‘is orthologous to.” However, the relationships are not transitive.
Thus, C2=>A1=>C3 might be true, but it is not necessarily therefore true that C2=>C3, as indeed
it is not in the figure if => is read as ‘is orthologous to." A different non-transitivity occurs for ‘is
paralogous to’ with B2=>C1=>C2.

Analogie
Homologie
Paralogie
Xénologie ou non
(xénologues issus de paralogues)

Orthologie
Xénologie ou non
(xénologues issus d’orthologues)



Exercice

s Sur base des définitions de Zvelebil & Baum’s

(ci-dessous), qualifiez la relation entre chaque
paire de genes dans le schéma de Fitch (ci-

contre).
a P paralogie
a O orthologie
o X xenologie
a A analogie

Al ABl1 Bl B2 C1 C2 C3

Al
AB1
Bl
B2
C1
C2
C3

Al
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= Paire d’orthologues: paire de génes

dont le dernier ancétre commun précéde
immédiatement un événement de
spéciation (ex: a, and a,).

Paire de paralogues: paire de genes
dont le dernier ancétre commun précéde
immédiatement une duplication génique
(ex: b, and b,).

Source: Zvelebil & Baum, 2000
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Exercice

= Exemple: B1 versus C1
o Les deux séquences (B1 and C1) proviennent
respectivement des taxa B and C.
o Le cénancétre (fleche bleue) est le taxon qui Sp1
précéde le second événement de spéciation
(Sp2). Dp1
o Le géne ancestral commun (point vert) coincide

avec le cénancétre. Sp2
= -> B1 et C1 sont orthologues
\W Dp2
|— -
B2 c

A1l ABI1 B1 1 c2 C3
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Al AB1L Bl B2 C1 _C2 c3
Al
AB1
B1 = Paire d’orthologues: paire de génes
3 5 dont le dernier ancétre commun précéde
c2 immeédiatement un événement de
c3 spéciation (ex: a, and a,).

= Paire de paralogues: paire de génes
dont le dernier ancétre commun précéde
immédiatement une duplication génique
(ex: b, and b,).
Source: Zvelebil & Baum, 2000
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Exercice

= Exemple: B1 versus C2
o Les deux séquences (B1 and C2) proviennent

respectivement des taxa B and C.
Le dernier géne ancestral commun (point vert) Sp1

est celui qui précéde immeédiatement la

duplication Dp1. Dpl
Cet ancétre commun est bien antérieur a la
spéciation qui a séparé les espéces B et C Sp2
(fleche bleue).

= -> B1 et C2 sont paralogues Dp2

[~
A1 ABI1 B1 B2 C1 c2 C3
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Al  ABl1 B1 B2 C1 c2 C3

Al
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= Paire d’orthologues: paire de génes
dont le dernier ancétre commun précéde
immeédiatement un événement de
spéciation (ex: a, and a,).

w O

= Paire de paralogues: paire de génes
dont le dernier ancétre commun précéde
immédiatement une duplication génique
(ex: b, and b,).
Source: Zvelebil & Baum, 2000
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Non-transitivity of the orthology relationship

= In the figure

o B and C are orthologs, because their last common
ancestor lies just before the speciation
A->B+C
o B1 and B2 are paralogs because the first event that
follows their last common ancestor (B) is the duplication
B->B1+B2
= Beware ! These definitions are often misunderstood, even in

some textbooks. Contrarily to a strong belief, orthology can be
a 1 to N relationship.

o B1 and C are orthologs, because the first event after their
last common ancestor (A) was the speciation A->B + C

o B2 and C are orthologs because the first event after their
last common ancestor (A) was the speciation A->B + C

= The orthology relationship is reciprocal but not transitive.
o C <-[orthologous]-> B1

o C <-[orthologous]-> B2
o B1 <-[paralogous]-> B2

time

Common
ancestor

Speciation
A->B+C

divergence

Duplication
B ->B1+ B2

R

divergence

H

}

A A 4

now B1 B2 C

Orthologs are sequences whose last
common ancestor occurred
immediately before a speciation event.

Paralogs are sequences whose last
common ancestor occurred
immediately before a duplication event.
(Fitch, 1970; Zvelebil & Baum, 2000)



Inferring orthology / paralogy by phylogenetic inference

= To assess whether a pair of homologous genes are orthologs or paralogs, the
most suitable method is to reconcile molecular and species trees.
o In Ensembl and EnsemblGenomes, orthology/paralogy is inferred by phylogenetic tree
reconciliation.

o However, this may become complex: When the number of species increases,
computing time increases quadratically or worse.

o In 2014, EnsemblGenomes contains >10,000 Bacteria, but the orthology/paralogy is
established for 123 of them only.



Inferring orthology / paralogy by reciprocal best hits

Fallback approach: use heuristics that
approximate the solution.

o The most commonly used method: bidirectional
best hits (BBH), also called reciprocal best hits
(RBH).

Let us assume
o Genome A contains 4000 protein-coding genes.
o Genome B contains 5000 protein-coding genes
Procedure

o BLAST each protein of proteome A (query) against
each protein of proteome B (database).

o For each protein, identify best hit from A in B.

o Note: the best hit is the hit with the lowest E-value.

Proteome A E-value Proteome B
A1 B1
A2 B2
A27

/ B82

o 1.2e-112
A134 <
2.3e-25
B1599
A2341
A4000

B5000



Inferring orthology / paralogy by reciprocal best hits

Fallback approach: use heuristics that
approximate the solution.

o The most commonly used method: bidirectional
best hits (BBH), also called reciprocal best hits
(RBH).

Let us assume
o Genome A contains 4000 protein-coding genes.
o Genome B contains 5000 protein-coding genes
Procedure

o BLAST each protein of proteome A (query) against
each protein of proteome B (database).

o For each protein, identify best hit from A in B.

o BLAST each protein of proteome B (query) against
each protein of proteome A (database).

o For each protein, identify best hit from B in A.

o Note: the best hit is the hit with the lowest E-value.

Proteome A E-value Proteome B
A1 B1
A2 B2
A27 1\
1.1e-47
B82
3.4e-101

A134 /

1.1e-7

B1599
A2341

A4000

B5000



Inferring orthology / paralogy by reciprocal best hits

Fallback approach: use heuristics that
approximate the solution.

o The most commonly used method: bidirectional
best hits (BBH), also called reciprocal best hits
(RBH).

Let us assume
o Genome A contains 4000 protein-coding genes.
o Genome B contains 5000 protein-coding genes
Procedure

o BLAST each protein of proteome A (query) against
each protein of proteome B (database).

o For each protein, identify best hit from A in B.

o BLAST each protein of proteome B (query) against
each protein of proteome A (database).

a For each protein, identify best hit from B in A.
o ldentify bidirectional best hits.

o Note: scores may differ depending on the BLAST
direction.

Advantages
o Scales up with large number of species.
Limitations

o May miss a large number of true orthologies.

o Intrinsic conceptual flaw: BBH is by definition a 1-
to-1 relationship, whereas true orthology is n-to-n.

Proteome A E-value Proteome B
A1 B1
A2 B2
A27
B82

1.2e-112

A134
B1599

A2341

A4000
B5000



Inferring orthology / paralogy by reciprocal best hits

For some proteins, there may be no reciprocal Proteome A E-value Proteome B
best hit.

In this figure, arrow widths are proportional to the A1 B1
significance of the hit (lower E-values are A2 B2
thicker).

Bidirectional best hits
o For A27, the best hit is B1599.
o For B1599, the best hit is A27. B82
a A27 and B1599 are thus BBH.
o Same reasoning for A134 and B82.

Protein without BBH

A27

A134

o For A2341, the best hit is B1599.

o But for B1599, the best hit is A27.

o There is thus no BBH for A2341. B1599
A2341
A4000

B5000



Conceptual problem with the RBH/BBH approach

= Let us come back to the schematic example:

o B and C are orthologs, because their last common

ancestor lies just before the speciation
A->B+C

o B1 and B2 are paralogs because the first event that

follows their last common ancestor (B) is the duplication
B->B1+B2

= Beware ! These definitions are often misunderstood, even in

some textbooks. Contrarily to a strong belief, orthology can be
a 1 to N relationship.

o B1 and C are orthologs, because the first event after their
last common ancestor (A) was the speciation A->B + C

o B2 and C are orthologs because the first event after their
last common ancestor (A) was the speciation A->B + C

= The orthology relationship is reciprocal but not transitive.
o C <-[orthologous]-> B1

o C <-[orthologous]-> B2
o B1 <-[paralogous]-> B2
= Consequences

o The strategy to_search reciprocal best hits (RBH) is
thus a simplification that misses many true orthologs (it is
essentially justified by pragmatic reasons).

o The commonly used concept “clusters of orthologous
genes (COG)” is thus an aberration.

time

Common
ancestor

Speciation
A->B+C

divergence

Duplication
B ->B1+ B2

R

divergence

H

}

A A 4

now B1 B2 C

Orthologs are sequences whose last
common ancestor occurred
immediately before a speciation event.

Paralogs are sequences whose last
common ancestor occurred
immediately before a duplication event.
(Fitch, 1970; Zvelebil & Baum, 2000)



Limitations of the BBH approach to infer orthology

Concepts
o Best hit (BH)
o Reciprocal (RBH) or bidirectional (BBH) best hit.
Problem 1: non-reciprocity of the BH relationship, which may result from various effects
o Multidomain proteins -> non-transitivity of the homology relationship
® Detection: no paralogy
o Paralogs in one genome corresponding to the same ortholog in the other genome

o Non-symmetry of the BLAST result (can be circumvented by using dynamical
programming, e.g. Smith-Waterman)

Problem 2: unequivocal but fake reciprocal best hit
o Duplication followed by a deletion

o Two paralogs can be BBH, but the true orthologs are not present anymore in the
genome (due to duplication).

o Ex: Hox genes
Conceptual problem: intrinsically unable to treat multi-orthology relationships
o Ex: Fitch figure: B2 is orhtolog to both C2 and C3, but only one of these will be its Best
Hit.
Conclusion: the analysis of BBH is intrinsically unable to reveal the true orthology
relationships



How to circumvent the weaknesses of RBH ?

= Solutions to the problems with RBH
o Domain analysis: analyse the location of the hits in the alignments

* Resolves the problems of gene fusion (two different fragments of a protein in
genome A correspond to 2 distinct proteins of genome B)

o Analysis of the evolutionary history : full phylogenetic inference + reconciliation of the
sequence tree and the species tree

* Resolves the cases of multiple orthology relationships (n to n)
® Does not resolve the problems of differential deletions after regional duplications
o Solving the problem of regional duplications followed by differential deletion
® Analysis of synteny: neighbourhood relationships between genes across genomes

® Analysis of pseudo-genes: allows to infer the presence of a putative gene in the
common ancestor

* This is OK when the duplication affects a regions sufficiently large to encompass
multiple genes.

= These solutions require a case-by-case analysis -> this is not what you will find in the
large-scale databases.

= Resources:
o EnsEMBL database
o SPRING database



Bases de donnéees biomoléeculaires




Exemples de bases de données biomoléculaires

= Séquence et structure des macromolécules
o Séquences protéiques (UniProt)
o Séquences nucléotidiques (EMBL / ENA, Genbank, DDBJ)
o Structures tridimensionnelles des protéines_(PDB)
o Motifs structurels (CATH)
o Motifs dans les séquences (PROSITE, PRODOM)

= Génomes
o Bases de données génériques (Ensembl, UCSC, Integr8, NCBI genome, ...)
o Bases de données spécifiques d’'un organisme (SGD, FlyBase, AceDB, PlasmoDB,
..)
= Fonctions moléculaires
o Fonctions enzymatiques, catalyses_(Expasy, LIGAND/KEGG, BRENDA)
o Reégulation transcriptionnelle (JASPAR, TRANSFAC, RegulonDB, ...)

= Processus biologiques
o Voies métaboliques (MetaCyc, KEGG pathways, Biocatalysis/biodegradation)
o Interactions protéine-protéine (DIP, BIND, MINT)

o Transduction de signal (Transpath)

a
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Bases de données de bases de données

= || existe des centaines de bases de données
spécialisées pour la biologie moléculaire et la biochimie. Nucleic Acid
Ce nombre augmente chaque année. UCI€IC ACIAS

= Pour s’y retrouver, la revue Nucleic Acids Research
consacre chaque année son numéro de janvier a une
revue des bases de données existantes, et maintient un
catalogue des bases de données:

o http://www.oxfordjournals.org/nar/database/c/

m Plusieurs centaines de bases de données sont
disponibles.

Research

= Fernandez-Suarez and Galperin, 2013, NAR D1-D7 24



Annotation des géenomes




= Depuis 1985 on observe une croissance
exponentielle des séquences soumises aux
bases de données.

= Actuellement, la majorité des séquences
proviennent de projets de séquengage
genomique (WGS=Whole Genome
Sequencing).

Assembled/annotated sequence bases by dataclass
11-Jan-2016

CON
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= http://www.ebi.ac.uk/ena/about/statistics

Assembled/annotated sequence growth
11-Jan-2016
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Assembled/annotated sequences by dataclass

11-Jan-2016
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" " M .° [
UniProt - the Universal Protein Resource Prot ¢
http://www.uniprot.org/

= Contenu Uniprot (11 Janvier 2016) _ D :
O Unreviewed (TrEM BL) oo Number of entries (polypeptides) in UniprotKB/Swiss-Prot
e 55270.679 protéines http://www.expasy.org/sprot/relnotes/relstat.html
* Traduction et annotation sok T
automatique de toutes les a00k |
séquences codantes d’EMBL
o Section Swiss-Prot d’'UniProtkKB sook

(« reviewed »):
* 550.116 protéines
® annotation par des experts
® Contenu informationnel important.
®* Nombreuses références a la
littérature scientifique. pacieria {60%)
® Bonne fiabilité des informations.

o La majorité des annotations de
séquences protéiques sont donc faites
automatiquement, sans étre vérifiées par
un étre humain !!!

. Swissprot

o La base de données de protéines la plus
compléte au monde.

o Une énorme équipe: >100 annotateurs +
développeurs d’outils.

o Annotation par experts, spécialistes des
différents types de protéines.

. References
o Bairoch et al. The SWISS-PROT protein

sequence data bank. Nucleic Acids Res
(1991) vol. 19 Suppl pp. 2247-9

o The UniProt Consortium. The Universal
Protein Resource (UniProt) 2009. Nucleic
Acids Res (2008). Database Issue.
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Some milestones

[=
o _5 *E 2
‘la 1) = k1) (] ‘6
o - = 3 o g £
> (] O [T o Y= -_
c N o] (<2 — oD © T
) » S o o3 £ o 8
'-E ] = €9 c O T 2T ﬁ
S £ g £¢ 55 § £ o %
= o ) c = v o 2 ©
1] o 2 c
3 s 5 8z 8% § §8§
Speices name Common name & 1) i) s5 L8 2 &k
Mb Kb % % % %
Bactérie
Mycoplasma genitalium Mycoplasma 1995 0.6 481 1.2 90 10 Small genome (intracellular)
Haemophilus influenzae 1995 1.8 1717 1.0 86 14 First bacterial genome sequenced
Escherichia coli Enterobacteria 1997 4.6 4 289 1.1 87 13
Levures
Saccharomyces cerevisiae ~ Baker's yeast 1996 12 6 286 19 72 28 First eukaryote genome
Animaux
Caenorhabditis elegans Nematod worm 1998 97 19 000 5 27 73 First metazoan genome
Drosophila melanogaster Fruit fly 2000 165 16 000 10 15 85
Ciona intestinalia 174 14 180 12
Danio rerio Zebrafish 1527 18 957 81
Xenopus laevis Amphibian 1511 18 023 84
Gallus gallus Chicken 2 961 16 736 177
Ortnithorynchus anatinus Ornithorhynchus 1918 17 951 107
Mus musculus Mouse 2002 3421 23 493 146
Pan troglodytes Chimp 2929 20 829 141
Homo sapiens Human 2001 3200 21 528 149 2 98 46 28 Draft version in 2001
1000 génomes humains > 2008 Project announced Jan 2008
Plantes
Arabidiopsis thaliana 2001 120 27 000 4 30 70 First plant genome sequenced
Oryza sativa Rice 390 37 544 10
Zea mais Maize 2500 50 000 50 50 Nb of gene is an approximation
Triticum aestivum Wheat 16 000 Hexaploid genome
Lilium 120 000
Psilotum nudum 250 000




Genes and genome size

number of genes
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Bacteria
Archaea
Fungi
Viridiplantae
Metazoa
Mammalia
Alveolata
Microsporidia
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genome size
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I
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In prokaryotes, the
number of genes
increases linearly with
genome size

In eukaryotes, this is
not the case: the
genome size increases
faster than the number
of genes



* Bacteria

gene spacing (kb/gene) (log)
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* Archaea
*  Fungi
* Viridiplantae

* Metazoa

e Mammalia

e Alveolata

* Microsporidia

genome size (log scale)

Gene spacing increases
considerably with the
complexity off the
organisms.

Note: the X axis si
logarithmic, not the Y
axis -> the increase
seems grossly
exponential.



Gene organization

A. Human
V28 V29-1 TRY4 TRY5
0 10 20 30 40 50 kb

B. Saccharomyces cerevisiae
Ty2 t BUD3

GLK1 SRO9 HIS4 FUS1 AGP1 t
30 40 50 kb

0 10 20
C. Maize
Adhl-F
0 10 20 30 40 50 kb
D. Escherichia coli
thrB ISI86  ISI
thrA | thrC dnaK l carB fixA
0 10 20 30 40 50 kb
KEY

Bl Gene Intron [} Human pseudogene [I] Genome-wide repeat t tRNA gene

Source: Mount (2000)



Approches d'annotation de la fonction des genes

Expérimentation: phénotypes de perte et gain de fonction, action d'inhibiteurs,
caractérisation biochimique des protéines, ...

Annotation par similarité de séquence.
Approches "coupable par association”

o Appartenance au méme opéron

o Fusions de genes

o Profils phylogénétiques
Analyse du transcriptome

o Groupes de genes co-exprimeés
Analyses de réseaux

o Interactions protéines-protéines

o Interactions fonctionnelles / génétiques



Gene function

= After having localized genes on the
sequence, we have to predict their function.

= Some genes have already been
characterized before the genome project,
but these are generally a minority of those
found in the genome.

= For the majority of the genes, one tries to
predict function on the basis of similarities
between the sequence of the newly
sequenced gene and some previously
known genes (function assignation by
sequence similarity).

= Example: yeast genome (1996): there are
still 2500 genes (39%) whose function is
completely unknown. However

o Yeastis among the best known model
organisms (genetics, molecular biology).

o The full genome is available since 1996.

=  When the first draft of the Human genome
has been published, 60% of the predicted
genes were of unknwown function.

>PHO4,SPBC428.03C :

THIAMINE-REPRESSIBLE ACID PHOSPHATASE PRECURSOR

: 001682;Q9UU70;
Length = 463 Score = 161 bits (408), Expect = le-40
Identities = 138/473 (29%), Positives = 223/473 (46%), Gaps = 47/473 (9%)
Query: 9 ILAASLVNAGTIPLGKLSDIDKIGTQTEIFPFLGGSGPYYSFPGDYGISRDLPESCEMKQ 68
+LAAS+V+AG S + + LG Y+ P G + PESC +KQ
Sbjct: 10 LLAASIVHAGK-----—- SQFEAFENEFYFKDHLGTISVYHE-PYFNGPTTSFPESCAIKQ 62
Query: 69 VOMVGRHGERYPT---——-— VSKAKSIMTTWYKLSNYTGQFSGALSFLNDDYEFFIRDTK 121
V ++ RHG R PT VS A+ I KL N G S+ + 12 T
Sbjct: 63 VHLLQRHGSRNPTGDDTATDVSSAQYIDIFQONKLLN--GSIPVNFSYPENPLYFVKHWTP 120
Query: 122 NLEMETTLANSVNVLNPYTGEMNAKRHARDFLAQYGYMVENQTSFAVFTSNSNRCHDTAQ 181
++ E S + G + R +Y Y + + + + T+ R D+A+
Sbjct: 121 VIKAENADQLSSS-—-—-- GRIELFDLGRQVFERY-YELFDTDVYDINTAAQERVVDSAE 173
Query: 182 YFIDGL-GDKFN--ISLQTISEAESAGANTLSAHHSCPAWDDDVNDDILKK----- YDTK 233
+F G+ GD + + E +SAGAN+L+ ++SCP ++D+ D+ + aF
Sbjct: 174 WFSYGMFGDDMONKTNFIVLPEDDSAGANSLAMYYSCPVYEDNNIDENTTEAAHTSWRNV 233
Query: 234 YLSGIAKRLNKE-NKGLNLTSSDANTFFAWCAYEINARGYSDICNIFTKDELVRFSYGQD 292
+L IA RLNK + G NLT SD + + C YEI R SD C++FT E + F Y D
Sbjct: 234 FLKPIANRLNKYFDSGYNLTVSDVRSLYYICVYEIALRDNSDFCSLFTPSEFLNFEYDSD 293
Query: 293 LETYYQTGPGYDVVRSVGANLFNASVKLLKE--SEVQDQKVWLSFTHDTDILNYLTTIGI 350
I+ Y GP + ++G N L++ + D+KV+L+FTHD+ I+ +G
Sbjct: 294 LDYAYWGGPASEWASTLGGAYVNNLANNLRKGVNNASDRKVFLAFTHDSQIIPVEAALGF 353
Query: 351 IDDKNNLTAEH-VPFMENTF----HRSWYVPQGARVYTEKFQCS-NDTYVRYVINDAVVP 404
D +T EH +P +N F S +VP + TEF CS N YVR+++N V P
Sbjct: 354 FPD---ITPEHPLPTDKNIFTYSLKTSSFVPFAGNLITELFLCSDNKYYVRHLVNQQVYP 410
Query: 405 IETCSTGPGFS----CEINDFYDYAEKRVAGTDFLKVCNVSSVSNSTELTFFW 453
+ C GP + CE++ + + + + + ++ + N ++ST +T ++
Sbjct: 411 LTDCGYGPSGASDGLCELSAYLNSSVRVNSTSNGIANFNSQCQAHSTNVTVYY 463

Select Ontology: I Biological Proces: |

PANTHER Biological Process
Total # Genes: 25431 Total # process hits: 39522

Select Species: I Human:l

Click to get gene list for a category:
Amino acid metabolism (BP00013
Apoptosis (BPO0179)
M Biological process unclassified (BP00216
Blood circulation and gas exchange (BP00209)
M Carbohydrate metabolism (BP00001
W Cell adhesion (BPO0124
W Cell cycle (BPO0203
Cell proliferation and differentiation (BPO0224)
Cell structure and motility (BPO02B5)
Coenzyme and prosthetic group metabolism (BPOD0B1
Developmental processes (BP00193)
Electron transport {(BPODO76
W Homeostasis (BPO0267
Immunity and defense {BPO0148)
Intracellular protein traffic (BPO0125)
Lipid, fatty acid and steroid metabaolism (BPO0019)
Miscellaneous (BPO0211
Muscle contraction {(BPOD173
Meuronal activities (BPO0166
Nitrogen metabolism (BPODOSO
Non-vertebrate process (BP0D301)
Mucleoside, nucleotide and nucleic acid metabolism (BPO0D31
**Chart tooltips are read as: Category name (Accession): # genes; Percent of Oncogenesis (BPO0281)
gene hit agalnst total # genes; Percent of gene hit against total # Process hits M Other metabolism (BP00289)
W Phosphate metabolism (BPO009S
B Protein metabaolism and modification (BPOOO60
Protein targeting and localization (BPO0137
M Sensory perception (BPO0182
Signal transduction (BPO0102
Sulfur metabolism (BPO0101)
Transport (BP00141)
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For each gene of the query genome (e.g. E.coli), orthologs are searched in all the sequenced
genomes

Each gene is characterized by a profile of presence/absence in all the sequenced genomes
Groups of genes having similar phylogenetic profiles are likely to be functionally related

Gene

0
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0
0
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0
1
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16127995
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0
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0
0
0
0
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0
1
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0
0
0
0
1
1

0
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Pellegrini et al. (1999). Proc Natl Acad Sci U S A 96(8), 4285-8.



Phylogenetic profiles reveal groups of functionally related genes

. In 1999, based on the 16 genomes available at that time, Pellegrini et al. propose a method relying on phylogenetic

profiles
o For each gene of a reference genome, detect all orthologs in a set of other genomes (phylogenetic profiles of gene
occurrence)

o Detect groups of co-occurring genes : similar profiles of presence / absence across genomes
= This method can now be applied to several thousands of genomes. Its power increases with the number of genomes.

’ GGenomes: Table 1. Phylogenetic profiles link protein with similar keywords

- No. No.
neighbors  neighbors
No. in keyword in random
Keyword proteins group group

Ribosome 60 197 27
Transcription 36 17 10
tRNA synthase and ligase 26 11 5
E.coli (EC) H. influenzae (H1) Membrane proteins* 25 89
Flagellar 21 89
Iron, ferric, and ferritin 19 31
‘ Profile Clusters: Galactose metabolism 18 31
Molybdoterin and Molybdenum,
Phylogenetic Profile: ] and molybdoterin 12 6 1
Hypothetical 1,084 108,226 8,440

S. cerevisiae (SC)

Pl P2 P3 P4
PS5 P6 P7

NN W

EC SC BS HI P2 | 1 0
10 1 Proteins grouped on the basis of similar keywords in SwissProt have
0 _> more similar phylogenetic profiles than random proteins. Column 2
0 11 [Pl T o 1}{ps ‘BT gives the m.1mber of nonhomologoqs pr(_)tei'ns in the keyword group.

P21 0 0 | Column 3 gives the number of protein pairs in the keyword group with
1
0
i

1ol profiles that differ by less than 3 bits. These pairs are called neighbors.
1o 6 0 1 1 Column 4 lists the number of neighbors found on average for a random
10 group of proteins of the same size as the keyword group.
._ *Only membrane proteins without uniformly zero phylogenetic pro-
| ‘ files were included.
NS4 TUnlike the other rows of the table, the hypothetical proteins do

e - contain homologous pairs.
| Conclusion: P2 and P7 are functionally linked ,

i P3 and P6 are functionally linked

= Pellegrini et al. Assigning protein functions by comparative genome analysis: protein phylogenetic profiles. Proc Natl Acad Sci USA (1999) vol. 96 (8) pp. 4285-8



Phylogenetic profiles reveal groups of functionally related genes

Reference organism: Escherichia coli K12 MG1665
Query genomes
154 Bacteria (among 2065) Selected 1 species for each group at depth 5 of the taxonomic tree, to avoid redundant genomes.

= The phylogenetic profile table
indicates the presence/absence
of genes (one row per gene) in a
set of genomes (one column per
Cross-species comparison).

= Reference organism: Escherichia
coli K12 MG1665

= Query genomes

o Selected 154 Bacteria among
2065 (1 species for each
group at depth 5 of the
taxonomic tree, to avoid
redundant genomes).

o Reference genome contains
4322 CDS.

= Ortholog identification: BLAST
BBH

o Max expect: 1e-10
o Min identity: 30%
o Min length: 50

o At least one non-E.coli
ortholog (BBH) found for 1994
genes.
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thrA NP_414543.1 84 1 1 1 1 111111111 11111111111
thrB NP_414544.1 23 1 111 11 1 1 1 1 1
thrC NP_414545.1 46 1 11 1 1
yaaX NP_414546.1 1 1
yaaA NP_414547.1 22 1 1 1
yaal NP_414548.1 41 1 1 1 1 1 1
tald NP_414545.1 37 11 1 11111111
mog NP_414550.1 46 1 11 1 1 1 1 1
yaaH NP_414551.1 17 1 1
yaaw NP_414552.1 1 1
yaal NP_414554.1 1 1
dnak NP_414555.1 115 1 1 11 1 1 1 11 11 1 1 1 1 1 11 1 1 1 1
dnal NP_414556.1 116 11 1 1 1 1 1111111 11111111111
mokC NP_414559.1 1 1
nhaA NP_414560.1 36 1 11 1 1 1 1 1 1 1
nhaR NP_414561.1 13 1 11
rpsT NP_414564.1 86 1 1 1 1 11 1 11 11 1 1 1 1
yaaY NP_414565.1 1 1
ribF NP_414566.1 112 11111111 1111111 11111111111
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fkpB NP_414565.1 19 1 1 1 11
ispH NP_414570.1 72 1 1 11 1 1 1 1 1 1 1 1
rihC NP_414571.1 7 1
dapB NP_414572.1 85 11 1 1 1111111 1 11
carA NP_414573.1 108 11111111111 11111:1 1111111 11
carB NP_414574.1 105 i11111111111111111111111111



Co-occurrence network extracted from phylogenetic profiles

Co-occurrence network extracted from
phylogenetic profiles
o Reference organism: Escherichia coli K12
MG1665

o Query genomes
® 154 Bacteria (among 2065)
® Selected 1 species for each group at

depth 5 of the taxonomic tree, to
avoid redundant genomes.

o Similarity metrics: hypergeometric
significance
Resulting network
o 1433 nodes (genes)
o 20728 edges
For a discussion about network inference
parameters, see

o Ferrer et al. A systematic study of genome context
methods: calibration, normalization and
combination. BMC Bioinformatics 2010 11:493
(2010) vol. 11 (1) pp. 493
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Co-occurrence network extracted from phylogenetic profiles

= Groups of inter-connected genes are
generally involved in a common function.

o eut
o men menaquinol-8 biosynthesis |




Clusters of co-occurring genes reveal pathways

= Phylogenetic profiles reveal a group of co-
occurring genes whose name starts by

= Phylogenetic profiles revealed the
associations between these genes without
any indication of their function.

= However these genes can be mapped onto
annotated pathways to indicate their
respective roles.

= The 6 genes of the “men” cluster code for
enzymes that catalyze 6 among 10
reactions of the superpathway
“menaquinol-8 biosynthesis I”.

= Without any prior information, the footprint-
discovery approach thus revealed the
functional relationship between these 6
genes, on the simple base of their co-
occurrence across genomes.
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Gene fusions / fissions

= In 1999, two groups propose a method to

predict functional interactions between
genes based on cross-genome
identification of gene fusions.

o Marcotte et al., Science, 1999
o Enright et al., Nature, 1999

Detecting Protein Function and
Protein-Protein Interactions

from Genome Sequences

Edward M. Marcotte, Matteo Pellegrini, Ho-Leung Ng,
Danny W. Rice, Todd O. Yeates, David Eisenberg*

A computational method is proposed for inferring protein interactions from
genome sequences on the basis of the observation that some pairs of interacting
proteins have homologs in another organism fused into a single protein chain.
Searching sequences from many genomes revealed 6809 such putative protein-
protein interactions in Escherichia coli and 45,502 in yeast. Many members of
these pairs were confirmed as functionally related; computational filtering
further enriches for interactions. Some proteins have links to several other
proteins; these coupled links appear to represent functional interactions such
as complexes or pathways. Experimentally confirmed interacting pairs are
documented in a Database of Interacting Proteins.

Protein interaction maps for complete
genomes based on gene fusion events

Anton J. Enright, loannis lliopoulos, Nikos C. Kyrpides*
& Christos A. Ouzounis

Computational Genomics Group, Research Programme, The European
Bioinformatics Institute, EMBL Cambridge Outstation, Cambridge CB10 1SD,
UK

* Integrated Genomics Inc., 2201 West Campbell Park Drive, Chicago,

Illinois 60612, USA

A large-scale effort to measure, detect and analyse protein—
protein interactions using experimental methods is under
way"%, These include biochemistry such as co-immunoprecipita-
tion or crosslinking, molecular biology such as the two-hybrid
system or phage display, and genetics such as unlinked noncom-
plementing mutant detection’. Using the two-hybrid system®, an
international effort to analyse the complete yeast genome is in
progress’. Evidently, all these approaches are tedious, labour
intensive and inaccurate®. From a computational perspective,
the question is how can we predict that two proteins interact
from structure or sequence alone. Here we present a method that
identifies gene-fusion events in complete genomes, solely based
on sequence comparison. Because there must be selective pressure
for certain genes to be fused over the course of evolution, we are
able to predict functional associations of proteins. We show that
215 genes or proteins in the complete genomes of Escherichia coli,

Marcotte et al. Detecting protein function and protein-protein interactions from genome sequences. Science (1999) vol. 285 (5428) pp. 751-3
Enright et al. Protein interaction maps for complete genomes based on gene fusion events. Nature (1999) vol. 402 (6757) pp. 86-90
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Fig. 2. Reconstruction of two
metabolic pathways in E. coli,
with only interactions predicted
by the domain fusion method.
Pathways A and C are the known
pathways for biosynthesis of
shikimate and purine, respective-
ly; they are ordered by the tra-
ditional method of successive
action of the enzymes on the
known metabolites. Pathways B
and D are constructed from the
proteins in pathways A and C
with connections predicted by
the domain fusion method. In
both cases, more than half of the
proteins in the biochemical path-
way are predicted by the domain
fusion method to interact with
other proteins of the pathway. It
is possible that these groupings

represent multiprotein complexes.

homologs.

AroH
AroF
AroG

AroB
AroD
AroE

AroK
ArolL

AroA

AroC

®

YDIB __ AroK
AroE AroL
P
AroA — AroB
®)

Inferring groups of functionally related genes from gene fusions

Marcotte et al. further show that groups of fused genes (Fig B, D) are functionally linked.
They show two examples of gene groups coding for the enzymes of specific metabolic pathways (A, C).

This opens the perspective to guess the function of unknown genes based on their fusion with genes of
known function (method called “guilty by association”).
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v

GuaA =< PurH — PurA

Enzymes stacked together (for example, AroK and Arol) are

= Marcotte et al. Detecting protein function and protein-protein interactions from genome sequences. Science (1999) vol. 285 (5428) pp. 751-3
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Gene fusion analysis

= ltis quite frequent to observe that Query genome
two genes of a given organism A B
are fused into a single gene in Ecoli 2 components U
another organism.

= Fusions between more than 2 Reference genomes
genes are occasionally observed. AMB

= Fused genes are likely to be B.subtilis 1 composite [T 1
functionally related.

H.pylori 1 composite [T 1

Query genome

A B C D E
E.coli 5 components

Reference genomes
9 C D AMNBAE
B 0 ]

Yeast 1 composite

References
Marcotte, et al. (1999). Science 285(5428), 751-3.

Marcotte, et al. (1999). Nature 402(6757), 83-6.
Enright, et al. (1999). Nature 402(6757), 86-90.



Bases de données biomoléculaires

La base de données “Gene ontology” (GO)




Ontologie — définition générale

= Ontologie: partie de la métaphysique qui s'intéresse a I'étre en tant qu'étre,
indépendamment de ses déterminations particulieéres
m  Le Petit Robert - dictionnaire alphabétique et analogique de la langue francaise. 1993
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Les"bio-ontologies”

Les bio-ontologies ne constituent pas une « ontologie » au sens philosophique du
terme, elles se rapportent a un sens dérivé en informatique: classification des
concepts liés a un champ disciplinaire.

Les bio-ontologies visent a répondre au probleme d’inconsistance entre annotations.

Pour y répondre, on met en place
o Un vocabulaire contrélé
® On utilise toujours le méme mot pour désigner le méme concept.
® Les listes de synonymes permettent d’établir les correspondances.
o Classification hiérarchique entre les termes de ce vocabulaire contrdlé.

La « Gene ontology » établit une classification des génes et protéines selon trois
critéeres complémentaires:

o Fonction moléculaire (ex: aspartokinase, transporteur de glucose, ...).

o Processus biologique (ex: biosynthése de la méthionine, réplication, ...).

o Composante cellulaire (ex: membrane mitochondriale, noyau, ...).
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Gene ontology: exemples de processus biologiques

a DNA metabolism
DNA degradation-— a2 —-DNA recombination
CDC9 mei-9 Ligl
Lig3
D A L] -
NA packaging DNA re{:l.ication DN rep:::; Ligt
RNIH35 Ratl. Reccl mei-9 Ligd
RNR1 RnrS Rrmi mua209
mitochondrial Rrm2 hay
genome maintenance Rads1
DNA—deY endent
DNA replication

DNA replication CDC9 DNA-HgI Ligl

mitochondrial <_/ &» Y
DNA-dependent \ DNA ligation

DNA-lg I Lig3
pre-replicative complex
formation and maintenance
M2 w2 Mo NS el ongris
MCM3 Mom3 Momd DNA Remc::! pol-o
CDC54/MCM4E Mond Mcmd4  unwinding N——,
CDCA6/MCM5 Momi5 MCM2 lagging strand
MCM6 Momé Mcmd6 MCM3 elongation
CDC47/MCM7 Mon7 cocsymcve DNA hﬁlt)iNA D2
On2  CDC46/MCM5 Ppriming ‘kﬁ‘"’t DPB11
MCM6 leading gtrand POL2
MCM2
Il SACCHAROMYCES CDCAzIMCMT A i P
CDC54/MCM4  Momdd
[l prOsorPHILA CDCA6/MCMS Memd5 DNA pol-5 DPB11
Il Mus MCME hay POL2

CDCA7/IMCM7 Rad51
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Gene ontology: exemples de fonctions moléculaires

b molecular function
nucleic acid binding/ \ enzyme
Y hehcase adenosme
DNA binding triphosphatase
Y \
chromatin binding
MCM2 Mcm2 Mcmd2 DNA ATP-dependent DNA-dependent
MCM3 Mcm3 Mcmd helicase hellcase adenosine
CDC54/MCM4 Momid triphosphatase
CDCM/%% ﬁm mu3309 Rad51
cmb Mcemd6
CDC47/MCM7 Mcm7 Mcmd7
ATP-dependent /
DNA hehcase
. . MCMB
lamin/chromatin CDC54/MCM4 Mcmd4
binding CDC46/MCM5
MCM6 Mcmd6
B sACCHAROMYCES CDC47/MCM7 Memd7

[l brROSOPHILA

| rus
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Gene ontology: exemples de composantes cellulaires

c cell
/ RNH \
cytoplasm nucleus .
DNA-ligI REV3 DNA-ligli
Mcmd
MCM2
MCM3
CDC54/MCM4 Mcmd4 nucleolus m‘;‘,:fll,‘;if,e
CDC46/MCM5 Mocmd5
MCM6 o nucleoplasm
e / \
pre-replicative o — repllcatlon fork
complex McM2
MCM2 Mcm2 Mcmd2  alpha DNA polymerase McM3
MCM3 Mcm3 Mcemd primase complex CDC54/MCM4
CDC54/MCM4 Mcm4 Mcemd4 CDC46/MCM5
CDC46/MCM5 Mcm5 MCMé6

MCM6 Mcmé6 Memd6 delta DNA polymerase
CDC47/MCM7 Mcm7 Mcmd7 CDC2 Poldl DNA pol-5

Pold2 mus209
DNA replication factor A complex

CDC47/MCM7

origin
[ SACCHAROMYCES DNA replication factor C complex recognition
Il DROSOPHILA complex

ORC2 Orc2 Orc2
| mus
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Gene ontology — some statistics

= Even for model organisms, the majority of annotations relies on "non-

experimental” indications.

Annotations by Species

600000

500000

400000

300000

200000

Annotations (non-exp and exp)

100000

Py

.%% N

= http://geneontology.org/page/current-go-statistics

Species

mmmm experimental
@ NON-experimental




Gene ontology — some statistics

= Annotation by sequence similarity remains the main approach to annotate genes.

1.8e+06

Annotation Overview (by Source)

1.6e+06

1.4e+06

1.2e+06

1le+06

Count

800000

600000

400000

200000

0

= http://geneontology.org/page/current-go-statistics

Source

mmmmm genomic context evidence
== combinatorial evidence
mmmm 2Uthor statement

mmmmm Curator inference

mmmmm experimental evidence
mmmmm Similarity evidence




Annotation des voies metaboliques




Boerhinger-Mannheim Metabolic Wall Chart
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EcoCyc metabolic chart
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KEGG - Kyoto Encycplopaedia of Genes and Genomes

= La “carte globale” donne une vue d’ensemble de la complexité du métabolisme.
Chaque point représente une molécule, chaque ligne une réaction meétabolique.
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Methionine Biosynthesis in E.coli

Aspartate

biosynthesis

»L-Aspartate

aspartate kinase Il/
homoserine dehydrogenase II

ek

L-aspartyl-4-P

Lysine
biosynthesis

Threonine
biosynthesis

Cysteine
biosynthesis

NADPH Aspartate semialdehyde
NADP+: Pi >Eii| deshydrogenase - asd
< L-aspartic semialdehyde ——e metJ
NADPH
NADP+>E'¢?Z| repr
< L-Homoserine
SuccinylSCoA Homoserine ioni
HSCoA ‘ —2-3-1 46 O-succinyltransferase “fg;?é%';g'f
inhib | l )
Alpha-succinyl-L-Homoserine
» L-Cysteine
>§’5:| 4.2.99.9[«Cystathionine-gamma-synthase
Succinate
Cystathionine
metR
oo «—[@a18]— cystathiont
Fr6 | 4418 Cystathionine-beta-lyase metC
Pyruvate; NH4+
Homocysteine Cobal d dent
obalamin-independent-
5-MethylITHF 2.1.1.141" homocysteine transmethylase metE metR
r
THF Cobalamin-dependent-
2.1.1.13]" homocysteine transmethylase metH < up-reg
L-Methionine
ATP; H20 S-adenosylmethionine
Pi- PP 2.5.1.6 synthetase {expr}- meti
S-Adenosyl-L-Methionine [ act

= Data provided by Georges Cohen, 1998 55



Methionine Biosynthesis in S.cerevisiae

Aspartate
biosynthesis

» L-Aspartate

L-aspartyl-4-P

AAS:Z 2.7.2.4 Aspartate kinase «—  HOM3

NADPH Aspartate semialdehyde
NADP+: pi deshydrogenase Hom2

L-aspartic semialdehyde

Threonine
biosynthesis

< L-Homoserine

AcetlyCoA
CoA

O-acetyl-homoserine

— Sulfide
\+~

Homocysteine

Sulfur
assimilation

Cysteine biosynthesis

5-methyltetrahydropteroyltri-L-glutamate
5-tetrahydropteroyltri-L-glutamate

L-Methionine

H,0; ATP
Pi, PPi

S-Adenosyl-L-Methionine
= Data provided by Georges Cohen, 1998

NADPH i
NADP+ deshydrogenase

Homoserine HOM6

Homoserine

O-acetyltransferase MET2

O-acetylhomoserine
(thiol)-lyase

+«— MET17

Methionine synthase
(vit B12-independent)

+«— MET6

S-adenosyl-methionine
synthetase | SAM1

S-adenosyl-methionine
synthetase Il SAM2

Met31p
met32p

MET31
MET32

MET28
Cbf1p/Met4p/Met28p 4_E CBF1

complex

*

Gcndp «— GCN4

1

MET4 <«—

Met30p «— MET30

56



Sulfate (extracellular)

| Sulfate tlransport <

Sulfate transporter «—— SUL1

Sulfate transporter «— SUL2

Sulfate (intracellular)

Sulfur Assimilation in yeast

ATP Sulfate adenylyl _
PPi transferase - MET3
Adenylyl sulfate (APS) Met31p MET31
Met32p MET32
ATP Adenylyl sulfate _
ADP 2.7.1.25 kinase « MET14
3'-phosphoadenylylisulfate (PAPS)
NADPH 3'-phosphoadenylylsulfate l
1.8.99.4 re(?uctaps’e i MET16 MET28
NADP+; AMP; H+;
3'-phosphate (PAP) sulfite Chbf p/c“f,?:,fo'i'é'femp *E ;zil
Putative !
3 NADPH; 5H+ Sulfite reductase MET5
_ 1.8.1.2 ] Gcndp — GCN4
3 NADP+; 3 H20 .
Sulfite reductase MET10 |
(NADPH) ‘
sulfide
Methionine biosynthesis

= Data provided by Georges Cohen, 1998

Met31p «— MET30



= In yeast, Sulfur is
incorporated in amino

acids in the methionine

biosynthetic pathway,
and then transferred
from methionine to
cysteine.

In E.coli, sulfur is
incorporated in amino
acids through the
cysteine biosynthetic
pathway, and then
transferred to
methionine.

= Data provided by Georges Cohen, 1998

S.cerevisiae

L-Aspartate

*

L-aspartyl-4-P

L-aspartic semialdehyde

L-Homoserine

Alternative methionine pathways

E.coli

O-acetyl-homoserine

4.2.99.10

Alpha-succinyl-L-Homoserine

3

4.2.99.9

Cystathionine

4.4.1.8

l

Homocysteine

L-Methionine

S-Adenosyl-L-Methionine
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MetaCyc — Sulfur incoroporation in amino-acids

TCA cycle . . .
Via methionine
. (e.g. yeast S.cerevisiae)
F 3
Y
L-aspartate sulfate
F 3 A
b v
L-aspartyl-4-phosphate adenosine 5'-phosphosulfate

F

Y
L-aspartate-semialdehyde phosphoadenosine-5'-phosphosulfate
F

L-homoserine sulfite

O-acetyl-L-homoserine hydrogen sulfide

L-homocysteine

L-methionine

Via cysteine
(e.g. Bacteria E.coli)

glycolysis |
sulfate 3-phospho-D-glycerate
& F
Y h J
adenosine 5'-phosphosulfate 3-phospho-hydroxypyruvate
F &

phosphoadenosine-5'-phosphosulfate 3-phospho-L-serine
F

hi ki
sulfite L-serine
F &
Y Y
hydrogen sulfide O-acetyl-L-serine
L-cysteine
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Sulfate (extracellular)

| Sulfate tlransport <

Sulfate transporter «—— SUL1

Sulfate transporter «— SUL2

Sulfate (intracellular)

Sulfate reduction in yeast

ATP Sulfate adenylyl _
PPi transferase - MET3
Adenylyl sulfate (APS) Met31p MET31
Met32p MET32
ATP Adenylyl sulfate _
ADP 2.7.1.25 kinase « MET14
3'-phosphoadenylylisulfate (PAPS)
NADPH 3'-phosphoadenylylsulfate l
1.8.99.4 re(?uctaps’e i MET16 MET28
NADP+; AMP; H+;
3'-phosphate (PAP) sulfite Chbf p/c“f,?:,fo'i'é'femp *E ;zil
Putative !
3 NADPH; 5H+ Sulfite reductase MET5
_ 1.8.1.2 ] Gcndp — GCN4
3 NADP+; 3 H20 .
Sulfite reductase MET10 |
(NADPH) ‘
sulfide
Methionine biosynthesis

= Data provided by Georges Cohen, 1998

Met31p «— MET30



MetaCyc Saccharomyces cerevisiae Pathway: sulfate reduction | (assimilatory)

ATP sulfurylase: MET3 adenylylsulfate kinase: MET14
2774 27.1.25
sulfate p-adenosine 5'-phosphosulfate #3'-phosphoadenylyl-sulfate
a reduced thioredoxin
ATP  diphosphate ATP  ADP ralk
+ +
H H PAPS reductase: METIG
15848 \L 2K
an oxidized thioredoxin
adenosine 3',5'-bisphosphate
sulfite reductase (NADFPH):
MET10 METS
1812 k 4
L-homocysteine hiosynthesis-+——hydrogen sulfide-+ sulfite
3 H0 3 NADPH
3 NADP? SH*

= http://biocyc.ora/YEAST/NEW-IMAGE ?type=PATHWAY &object=SO4ASSIM-PWY &detail-level=2 61




EcoCyc — Cysteine biosynthesis |

YD

- serine acetyltransferase: cyskE 0
- 2.3.1.30
serine / threonine:Na™ symporter —— H§N’ r __\
0 / Hﬁ“"
L-serine coenzyme A
O-acetyl-L-senne
COA/\
acetyl-Cofh
H—"—H
/ hydrogen sulfide
+ =) cysteine synthase: cysM N
+ @-acetylserine sulfhydrylase: cysk H
2.5.147 \
0
o)k
acetate

-
HEN? r
0
L-cysteine

= http://ecocyc.org/ECOLI/NEW-IMAGE?type=PATHWAY &object=CYSTSYN-PWY &detail-level=4 62




BioCyc Escherichia coli K-12 MG 1655 - sulfate reduction | (assimilatory)

+ sulfate adenylyltransferase:

cysD cysi + adenylylsulfate kinase: cysC
2774 27.1.25
sulfate #adenosine 5'-phosphosulfate #3'-phosphoadenylyl-sulfate
ATP diphosphate ATP ADP
H* H*
/~a reduced thioredoXin
3'-phospho-
+ adenylylsulfate reductase: cysH +
18438 =
an oxidized thioredoXin
adenosine 3',5'-bisphosphate
+' sulfite reductase: cysJ cysl
18.1.2 : J
hydrogen sulfide- sulfite
3 H0 3 NADPH
3 NADP? SH*

= http://biocyc.org/ECOLI/NEW-IMAGE ?type=PATHWAY &object=SO4ASSIM-PWY 63




EcoCyc - Superpathway of sulfate assimilation and cysteine biosynthesis

glycolysis | (from glucose B-phosphate) ATP
H sulfate adenylyltransferase (Ec):
Ec-cysD Ec-cysN
3-phospho-D-glycerate :,—‘/ 2774
diphosphat
NaD* LY
_\ D-3-phosphoglycerate adenosine 5'-phosphosulfate

- dehydrogenase (Ec): Ec-serA

N:?H_‘,/ 1.1.1.95 ATP—\

adenylylsulfate kinase (Ec): Ec-cysC
¥ 27.1.25
3-phospho-hydroxypyruvate l’:{P _‘/

L-glutamat ) Y
3-phosphoserine 3'-phosphoadenylyl-sulfate
b\ aminotransferase (Ec): Ec-serC phesy »y

2-oxog|u-tam1e‘/ Ead=e areduced thioredoxin—\

Y i 3'-phospho-adenylylsulfate
3-phospho-L-serine - reductase (Ec): Ec-cysH
- . i _‘/ 1848
H,0 ) an oxidized thioredoxin
\ phosphoserine adenosine 3',5'-bisphosphate
phosphatase (Ec): Ec-serB v
o 3133 Ifit
phosphate suiirte
k4
L-serine 3 NADPH
+
acetyl-Co e \ sulfite reductase (Ec):
Y A—\ . Ec-cysJ Ec-cysl
- serine acetyltransferase (Ec): Ec-cysE 1812
A‘// 23.1.30 3 NappP? T
coenzyme 3 H0
hi Y
O-acetyl-L-serine hydrogen sulfide

cysteine synthase (Ec): Ec-cysM

H' O-acetylserine
acetate sulfhydrylase (Ec): Ec-cysK
25147
L-cysteine

= http://biocyc.com/META/NEW-IMAGE ?type=PATHWAY &object=SULFATE-CYS-PWY &detail-level=2 64




MetaCyc - Superpathway of methionine biosynthesis by sulfhydrylation

TCA cycle | {prokaryotic)

= Chez les levures (notamment),
I'incorporation du soufre fait partie de la
voie de biosynthése de la méthionine. Le
soufre est ensuite transféré de la
meéthionine a la cystéine.

oxaloacetate

h 4
L-aspartate sulfate

Y
L-aspartyl-4-phosphate

A
L-aspartate-semialdehyde

L-homoserine

O-acetyl-L-homoserine

-.__\-‘

-

adenosine 5'-phosphosulfate

hi
3'-phosphoadenylyl-sulfate

sulfite

h 4
hydrogen sulfide
fﬂd’

"

L-homocyg.teine

)

L-methionine

= http://biocyc.org/META/NEW-IMAGE?type=PATHWAY &object=PWY-5345&detail-level=1




MetaCyc — Sulfur incoroporation in amino-acids

TCA cycle . . .
Via methionine
. (e.g. yeast S.cerevisiae)
F 3
Y
L-aspartate sulfate
F 3 A
b v
L-aspartyl-4-phosphate adenosine 5'-phosphosulfate

F

Y
L-aspartate-semialdehyde phosphoadenosine-5'-phosphosulfate
F

L-homoserine sulfite

O-acetyl-L-homoserine hydrogen sulfide

L-homocysteine

L-methionine

Via cysteine
(e.g. Bacteria E.coli)

glycolysis |
sulfate 3-phospho-D-glycerate
& F
Y h J
adenosine 5'-phosphosulfate 3-phospho-hydroxypyruvate
F &

phosphoadenosine-5'-phosphosulfate 3-phospho-L-serine
F

hi ki
sulfite L-serine
F &
Y Y
hydrogen sulfide O-acetyl-L-serine
L-cysteine
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KEGG ‘reference” pathway - Methionine metabolism (1998)

METHIONINE METABOLISM

Glycine, serine and
thre onine metabolism

O-Succinyl- '
L-homose rine

O 2-Oxobutanoate

: () Homoserine

Cystathionine

O-&cetyl-

[42.999] [ Cysteine —=0 4411
L-Cysteine

42999

L-homoss rine
3-D-Ribosyl-

l[42.122|[44.13 |

L-homocysteine

L-Sexine O

+ — S-adeno-
L-homocysteine

L| T |
1841 ! 2115 [[2.1.1.10

Sulfur
Homocystine metabolism

2.1.1.13[2.1.1.14

el 35.1.31

er it 341312

N-Formylme thionyl-

{RN& L-Methionyl-tRNA&

00271 424198

O 2129 —0 6.1.1.10—""

L-Methionine 36.1.25 L-methionine
A\ a1 L-Methionine
| 1845 | L a®) S-oxide
==l 4-Methylthio-
Iﬂl »0 Z-oxobutanoate
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KEGG “reference” map - Cysteine and methionine metabolism (Jan 2016)

I CYSTEINE AND METHIONINE METABOLISM |

= In principle, merging

methionine and cysteine ) W
should highlight the
relationship between the two e

sulfur-containing amino

O-Phospho-L-serine

25147 Sands O O-Acetyl-L-serine

[25147

— ‘Taurine and hypotaurine

|
|
|
|
|
|
I
2.5.165] [25.165] |
|
|
|
|
|
|
|

¢
= |
(24195}
a C | d S o Pentothenate | 44125
" Cod biosynthesis |
| (25)-3-Sulfolactate
|
|

|
|
i LUBIO O pooe @

| L-Cysteine

= Questions:
o 3% 4,4.1.1u|->'c|> Oum===l g O-—i=| Pymwate

ke

rigtabolisra

4

a Where is L-Cysteine ? ( ==t meaion ) 7
. . . [2611][2613])[4418][aa11]  [Giag 302 | {(Gly Serd The metdbolis b —— — ——, of Falie lowire ard
o Where is L-Methionine ? ] Lo e

O 6322 O 6323 O

(2R)-3-Sulfolactate T

-Cyste 2-Oxobutanoaty L 2-fmino- Ly-Glutarng Ophthalmate
3-Sulfino- & Z’ e butanoate arr}\rimbutam))’}ne o
pjmmhe 2611 < > ropanoate metabolsr
1
{25.14]
O Sulfite v .
11127 Taurine and hypotawine L-Alarine . Aspartate metsholisr
reetabolisra v
o ( Sulfur metabolism ) O 2724012111 O 1.1.13 PO
- L-Aspartate-
Shercepblctt: e b et [22.13]]
o [¥ L-Cystathionine —
25.1.48
[25.148][25149] [25.148][ 25.1-]
1841 L-Hormocystsine
Homoeystine O et 21110 S-Adenosyl- & S5-D-Ribosyl. N-Acyl-Lhoraoserine
21.1.14 L-homocysteine L-homocysteine lactone
L Methionine 21137
i © 53754l
S-oxide S-Adenosyl 1231184} Moty S Meloi
) L-methiorane B nosing -thioinosine
L-Ivlethionine 6
N-Fomugl: O 2516 41150 c— 354310
L-methionine S-%dgms}d
Arinoacyl: o
Lmethyorine 1-Aminocyclopropane- "
1-cartboxylate O— — =] 5
Methanethiol © 2-Oxobutanoate y ‘2‘28| |2‘4‘7‘44|
26.15][26.1.57
[oek ] [257)
—
S-Wethyl.5-thio-
D-rbose 1-phosphate
21277}
'( 31377 53123
4Iethsithio- O 113.1154—0 3.1387 1—-—15.3.2.5 O 421109—0

12Dikydroxy.  2-Hythoxy3-deto.  2,3-Diketo-S-uethgl:  S-Methyl5-thio-
Fheto-Smetigh- T e e B bdon 1 phospt
thinpentene 1-phosphate

= http://www.genome.jp/kegg/pathway/map/map00270 o0z 119115

c) Kanehisa Laboratories




KEGG - Cysteine and methionine metabolism (201

— S.cerevisiae

= KEGG cysteine and
methionine pathway.

» Saccharomyces cerevisiae.

= Question

o How is sulfur incorporated into
amino acids in this Fungus ?

I CYSTEINE AND METHIONINE METABOLISM |

- N - L-Serine 2-Aminoacrylate
Glyeine, serine and threonine | _ __ __ 221171
-_nm)gboﬁsm o 43117 ;
|
23130 |
. O-Phospho-L-serine |
S-Sulfo- L-cysteme |
[25.147] S O-Acetyh-Loserine |
|
|
[25.147)[25.165] [25.185] | N pr——
If raetabolism
|
G;m ﬂ:nne Pontothon and Il 44125
I"> Cod biosynthesis Il
o | Il (25)-3-Sulfolactate
| Il — [ERETT N,
S Gl\mthwnyl LCysie 1|
L-cysteine Wyl L-Cysteine v pymvahe
: 3 441 10»O%{2611] 441 24O —
LCysteats 3. Pynwvate
L ——= Glutathione retabolisra Lt (2R)-3-Sulfblactate
e e Valine, leusine and
[2611][2613][4418][4411] [s.0010] [113020 Gly, Ser & Thr retabolisra \II/‘ b ,sowmbwsymws,s
W 26142
(6322 (6323 ]
2-Oxcbutanoate 26.194); 5 b rino- Ly Glutamyl Ophﬂ\almnte
411 - ! te andinobutandate
¥ Propanoate retabolisr }<)
3-Mercapto-
pyruvate
25148
O v .
11127 I i Tewine and hypoteurine |-+ e —{_ hspatate wetabolisra
v v etabolisra v
o Sulfur retabolisr 0—|2724|—>o—{121.ul—:o4—|“13|->bn
5 L-As ite L-4 &spartyl-
3 Mercaptolactate ks dsexialdehyde [33.131]
1% L-Costathionine el O-hcef
25149 O Difheetit
421 [25148)[25.140] [250.48][ 25.1-]
Glyrine, serine and threoni
el
L-Serine g
f =T
1841 L-Horaocysteine
-s
Horocystine O S-Ades $-D-Ribos: N-Acyl-L-homoserine
ys T e O § Ry ine lastoriz
§hionine o
o $-Adenosyl 231184 eyl S Nett
L Methionine _Lotoeth asiig Y mﬁﬂ;mmm
N-Fomyl: O 35131} > 2516 {41150} > —— 35431%0
N-Forul. o {35131} B ndenosyl. [25122
ﬁmﬁnsﬂ O«—| 341312
14 o 3229 [32216
o e e i o——»(f;:mﬁej ‘I—I
Metharethiol 20 SMedso. S [24228]  [24244]
261526157 Lt Bbos
27110
Lo | (7259 3
B2 e phosphate
0se S|
I 31377 53123
g_wehmia- 031{113,1154]—04—{31387]—04—{ 5325 )—ld—lemmgl—o
124 Dﬂ?ﬂm s3-keto-  2.3-Diketo-S-methyl-  5-Methyl-S-thio-
Tleto-> eyt % methyl!gopemenﬂ iopentyL I phospiate  D-rbulose 1-phosphate
tene
00270 119115
{c) Kanehisa Laboratories

= http://www.genome.jp/kegg-bin/show pathway?org name=sce&mapno=00270




KEGG - Cysteine and methionine metabolism (2016) — E.coli

= KEGG cysteine and
methionine pathway.

m Escherichia coli K12.

= Question

o How is sulfur incorporated
into amino acids in this in
this Bacteria?

I CYSTEINE AND METHIONINE METABOLISM |

Glyrine, serine and threonine
netabolisra

S-Sulfo-] Lcysheme

L-Serine 2-Arninoacrylate
————= 43117 %
O-Phospho-L-serine

{25147} Sulfds O O-Acetyl-L-serine

¢
O I
Pantothenate and
[1343] Clufatione (™ _Col biosynttesis ] I
[1206] supe o I i
S- Gl\lﬁaﬂ\mnyl | L-Cysteine |
o

Taurine and hypotaurine
D

|
|
|
|
|
|
I
[25.1.47][2.5.1.65] [25.165] |
|
|
|
|
|
|
|

4

[2611][2613][4418][4411] [5.010] [tz

3-Mercapto- .
pynrvate

L-Cysteine- 4411
M ey ’

te | 2
141112 O
R
X G514z}
‘|7 25148
‘Taurine and hypotaurine -4
reetabolisra

L-Cyste: te
\——b{ Glutathione metabolisra ﬁ yeee

[ 2-Oxobutanoate

Gly, Ser & Thr reetabolisa fj=—————=~, ~———

44125

(2S) 3. Su]fo]actam
11310 Pisulfits
44124 O-— 4>
(QR)3-Sulfolactate PR
__________ o Valine, leucine and
isoleucine biosymthesis

(6322 | (6323 |
L-y-Glutar 0 ﬂm]mahe
an)\‘inob‘:lhnﬁbe P

[e]

e )
v

11127 | |
v v
o] Sulfur reetabolisra ﬁ

3-Mercaptolactate

Glyrine, serine and threonine =
wembolism — o
L-Serine

- L& he-
L Aspartate ;ﬁ;};fﬂ%nyl sparta

[¥ L-Cystathionine

[25.1.48][ 25.1-]

{2514 .
[25.1.48][2.5.1.99]

f

1341 LH°’"°°YS‘W
Homocystine O Hobost L bomossrine
ne
L Mot
; % 231184l T
S-oxide $-Adenosyl. 123114} SMethl  SMethyl.
L iovine | L_,Ine" ; 5'-thioadenosine S-Hun(l)msme
N-Fomyl. O r 1 > 2516 > 41150 O———
mesgmc 35131 125.16 S-Adengegh. J
ﬁmﬁ;ﬂ Ow—|341312
1-Aminocyclo - 3220132216
o R O —-of Prpunese 3
Methanethiol 2 Oxobutanoate
S ety 5-thio- [24228] [24244]
26.15|[26.157 Motheith D-nbose
[MhE ] [ 33 Povereg

‘DIJT.IIJ 1119115

O
Ethylene _Methmmne salvage

th
D-nbose 1-phosphate
1131157
'f— 31377 [53.123]
4 WMethylthio- ot—is—oe—{iizs—oe—{5325 421109 st
1.2-Diks 2 Hytroxy-3-keto-  2,3-Diketo-5-methy -thio-
L b R F e e Dxioutons 1-phosg
thiopentene 1-phosphate

) Kanehisa L

= http://www.genome.jp/kegg-bin/show pathway?org name=eco&mapno=00270
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KEGG - Cysteine and methionine metabolism (2016) — M.genitalium

s Mycoplasma genitalium

o Very small genome (500
genes).

o Intra-cellular parasite.

o Parasitism allowed to
loose many pathways.

o Relies on host for the
corresponding
compounds.

= For genome annotation,
pathway impoverishment is
indicative of the metabolic
conditions.
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Résumé

= Les voies métaboliques connues ont été caractérisées a partir d'une poignée
d'organismes modéles.

= Selon les organismes, la méme molécule peut étre construite par des voies
alternatives.

= Les voies métaboliques sont régulées a plusieurs niveaux: transcription, activité
enzymatique, transport.

= Les bases de données offrent des perspectives complémentaires sur le
meétabolisme.
o EcoCyc: annotations détaillées pour un organisme modeéle (Escherichia coli K12).
o BioCyc: annotations détaillées pour quelques organismes de référence.
o MetaCyc: modeéles métaboliques élaborés a partir de quelques organismes modéles
(projection).
o KEGG: cartes de référence rassemblant diverses voies alternatives pour un
meétabolisme donné.
= Pour I'énorme majorité des organismes actuellement seéquences, on ne sait
quasiment rien du meétabolisme. Les annotations métaboliques reposent
majoritairement sur la projection des enzymes identifiées dans le génome sur les
cartes de référence.
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The diauxic shift revisited by DeRisi, lyer and Brown (1997)
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Distinct temporal patterns of induction of repression

= The diauxic shift experiment reveals
clusters of co-expressed genes, which
are induced or repressed at specific time
points of the experiment.

= These temporal patterns are consistent
with the known function of these genes.

= The experiment also uncovers genes of
unknown function that are co-expressed
with genes of known function.

= Co-expression might be a hint about
possible involvement in a same biological
process.
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Fig. 5. Distinct temporal patterns of induction or repression help to group genes that share regulatory
properties. (A) Temporal profile of the cell density, as measured by OD at 600 nm and glucose
concentration in the media. (B) Seven genes exhibited a strong induction (greater than ninefold) only at
the last timepoint (20.5 hours). With the exception of IDP2, each of these genes has a CSRE UAS. There
were no additional genes observed to match this profile. (C) Seven members of a class of genes marked
by early induction with a peak in mRNA levels at 18.5 hours. Each of these genes contain STRE motif
repeats in their upstream promoter regions. (D) Cytochrome ¢ oxidase and ubiquinol cytochrome ¢
reductase genes. Marked by an induction coincident with the diauxic shift, each of these genes contains
a consensus binding motif for the HAP2,3,4 protein complex. At least 17 genes shared a similar
expression profile. (E) SAM1, GPP1, and several genes of unknown function are repressed before the
diauxic shift, and continue to be repressed upon entry into stationary phase. (F) Ribosomal protein
genes comprise a large class of genes that are repressed upon depletion of glucose. Each of the genes
profiled here contains one or more RAP1-binding motifs upstream of its promoter. RAP1 is a transcrip-
tional regulator of most ribosomal proteins.

DeRisi,J., lyer,V. and Brown,P. (1997) Exploring the metabolic and genetic control of gene expression on a genomic scale. Science, 278, 680-686.



