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Biologie des systemes

L'approche systémique en biologie

Reconstruire un réseau biologique
* Les différents types de réseaux
Reconstruction directe

Reconstruction indirecte
Les obstacles a la reconstruction

Analyser un réseau biologique

*  Theorie des graphes
* Topologie des réseaux
*  Les réseaux sans échelles

Utiliser un réseau biologique
*  Etat de I'art des reseaux biologiques les plus étendus
* Bases de données en biologie des systemes

Modéliser un reseau biologique




Du Phenotype au Genotype

103 m

Comment caractériser un
organisme vivant ?
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les ?) phénotype

« Le phénotype c’est I'ensemble des traits observable » wikipedia
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Le gene comme élément héreditaire
expliquant un phenotype
Walter Sutton (1902)

Séparation des paires de chromosomes pendant

Gregor Mendel (1822-1884)

Le phénotype est héréditaire la méiose
S Le génotype
J |
00|00 h
R Thomas Morgan (1910)
19 90|9|® " .
| TR Théorie chromosomique de I'hérédité
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Le génotype et le phénotype sont liés




LADN comme support DU GENOTYPE

Franklin, Watson, Crick (1953)

Squelette Sucre-phosphate

Thymine (T)

Adénine (A)

Cytosine (C)

Guanine (G)

Désoxyribose (sucre)

Phosphate

Liaison hydrogéne

AGGGTCATTAAATATATATAAAGATCTATATAGAGATC ATTAGATCTACTATTAAGGAGCAGGATCTTTGTGGAT
AAGTGAAAAATGATCAACAAGATCATGCGATTCAGAAGGATCAGATCGTGTGATCAACCACTGATCTGTTCAAGGATTAG
CTGGGATCAAAAACCTATGTTATACACAGCCACCTTGGGATCTAAAACTTGTTATATGGATAACTATAGGAAGATCACCG
GATAATCGTATAGTTATCCACATGAGATTTGATTGAAAAAGCATCAATCAATTTTTTCACTACCGTTAAATTTATCCACA
ATCCAAAAAAAAGAGCGGCATTAAGCCGCTCTGCATGGAATAGGTCATTATTTAGAAGCGATTGATGACGCGTTTGAGCC
AAGCTTCAGCGGCATCTTCAGGCACTGGGTGCTCTTGTACATCGATGGTAAAGCAGTTGGCCAGAGGTTTAGCACCAATA
TCCCCCAGCAGCTGATAGGCATGTTTACCTGCCGCGCAGAAAGTATCGTAGCTTGAATCACCAATCGCGACCACGGCATA
ACGTAGTGCAGAGGTATTCGGTGGTGTATTCTGCAGAGCCTGAATAAAGGGCTGGATATTATCCGGGTACTCACCAGCCC
CGTGGGTTGAGGTGATGATCAGCCAAGTCCCTTTAGCAGGGATCTCACTCATGTTGGGCTGGTTATGAA GGTGTCA
AAGCCTTGTTCTTGCAGTAAATCACTCAGGTGGTCACCCACATATTCCGCACCGCCTAGGGTGCTGCCAGTAATGATATG
AATCATAGCGTTACTCTATTTCCCAATACAGAATGATGAAAAAATGCGGCCAAGCAGATCATCGGAGCTGAACTCGCCCG
TAATTTCGTTAAGGTGTTGCTGGGCTATACGCAGCTCTTCGGCGAGGATTTCTCCGGCCATATAGCCTTCAAGTTGTTGC
TGGCCAATCGCTAAGTGCTCTGCGGCTCGCTCTAGGGCATCGAGATGACGGCGGCGTGCCATAAAGCCACCTTCCTGATT
GCCTGAAAAACCCATGCACTCTTTGAGGTGCTGACGCAAGGCATCGACCCCTTGGCCTG GGCTGATAGGCGGATCA
AGGTGGGTTGATTAACATGGCAGATCCCAAGGGGCTCACCAGTTTGATCGGCTTTATTACGGATCACAGTGATCCCAATA
TTCTCTGGCAGTTTGTCAACAAAATCAGGCCAGATGTCCTGTGGATCGGTGGCCTCTGTGGTGGTGCCATCGACCATAAA
CAGTACGCGATCGGCTTGGCGGATCTCTTCCCATGCGCGCTCAATACCAATTTTTTCTACCGCATCAGAAGCGTCTCGTA
GTCCCGCAGTATCGATGATGTGCAGCGGCATCCCATCAATATGGATATGCTCACGCAGAACATCACGGGTGGTACCGGCA
ATGTCGGTAACGATGGCAGACTCTTTACCTGAAAGCGCATTGAGTAGGCTCGATTTACCCGCATTAGGACGCCCAGCAAT
CACCACCTTCATCCCTTCGCGCATAATGGCGCCTTGGTTGGCTTCACGGCGCACTGCGGCAAGATTATCTATGATGGTTT
GCAGATCAGCGGAAACCTTACCATCGGCCAGAAAATCGATCTCTTCTTCTGGGAAATCAATTGCGGCTTCAACATAGATG
CGCAGGTGAATCAGCGATTCCACCAAGGTATGGATGCGTTTAGAAAACTCGCCTTGCAGTGATTGCAGCGCGGATTTCGC
GGCTTGCTCAGAGCTGGCATCAATCAGGTCTGCGATGGCTTCCGCTTGGGTTAAATCCATCTTGTCATTGAGGAAAGCGC
GTTCTGAGAATTCACCGGGACGGGCTGGGCGCACTCCTTTAATCTGCAAAATACGGCGGATCAGCATATCCATGACGACC
GGGCCACCGTGACCTTGCAGCTCAAGCACATCTTCACCGGTAAATGAATGAGGATTGGGGAAAAACAGCGCAATGCCTTG
ATCGAGCTGTTGGCCATCTTCATCGGTGAAAGGCAAGTATTCGGCATAGCGGGGTCTGAGCGTGCGTCCAGTGACTGTCT
GCGCGACGTGGGCAGCCAGTGGGCCTGATACACGAATAATGCCGACACCACCACGGCCGGGTGCCGTAGCTTGCGCGACA
ATGGTATCTGTTGTCATAGTGTTACCTGAACAGGATTGAATTAGCGCCATTGTAATCAGCAGCCAACAAAAAGGCGACCT
TTTGGCCGCCTCTTTATTACTCAATCAAACTTACTTGGAGTGTAAGCCTTTTTTCTCTAGCGCTTTGTAGATCAGCGTTT
GCTGGATTAGCGTTACGATGTTCGACACCAACCAGTACAGAACCAGACCTGATGGGAACCACAGGAAGAAGAAAGTGAAC
ATGACTGGCATGAAGGTCATGATCTTCTGTTGCATTGGATCGGTGATCGTGGTCGGGCTCATCTTCTGGATAACGAACAT
GCTCGCACCCATCAGCAGTGGCAAGATGTAGTAAGGATCTTGCGCGGACAAGTCATGAATCCAACCAAAGAATGGAGAGT
GACGCAGCTCTACCGACTCCATCAGTGCCCAGTACAGCGCAATGAAAATCGGCATTTGCAGAAGGATAGGGAGACAGCCA
CCCAGTGGGTTTACTTTCTCTTTCTTATACAGCTCCATCATCTCTTGGCTCATGCGCTGGCGATCATCGCCAATCCGCTC
ACGCATCGCTTGCAGTTTAGGTTGCAGCATGCGCATTTTCGCCATTGAGGTGTACTGTGCTTTGGTCAGTGGGTACATCG
CACCACGAACAATAAAGGTTAAGCAGATGATGGCCACACCCCAGTTGCCAACAAAGGTCTGAATCACAGACAGCAACCAG
TGCAGTGGCTTAGCAATGAACCACAACCAACCATAATCAACCACCAGATCAAGATTAGGGGCTGTTGCGGCCATTTGGTC
TTGCAG GGGCCTACCCATAAGGTTGCTTCAAACTCTGCTTTATCACCGTTGGCAATGG GTTTGGTGTACGGA
TACCCATATCACCTAAATTATTGATAACGCGTGAGTAAAGCTGTGCTTGCGGCTCATCACGTGGGATCCATGCTGAAGCG
AAGTAGTGCTGGATCATCGCGACCCAGTTTACCGTCACATCGTTTGGTGCACTGAGGTTGCGATCTTTCATGTCGTCGAA
GCTGTACTTCTTGTAACGCACATCGCTGGTTGAGTAAGCACCACCACGGTAAGTTGGCATGGCGAGGTTGCCACCAGAAT



Du genotype au PHENOTYPE PAR
a regulation genetique

Genetic Regulatory Mechanisms in the Synthesis of Proteins
F. Jacob, J. Monod, J. Mol. Biol. 1961
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F1c. 6. Models of the regulation of protein synthesis.



Décoder le Genotype

Protéine

Insuline de bovin
1955

A chain B chain
Gly Phe
lle Val
Val Asn
Glu GIn
GIn His
Cys Leu
Cys Cys
Ala Gly
Ser Ser
Val His
Cys Leu
Ser Val
Leu Glu
Tyr Ala
Gln Leu
Leu Tyr

lu Leu
Asn Val
Tyr Cys
Cys / Gly
Asn Glu
Arg
Gly
Phe
Phe
Tyr
Thr
Pro
Lys
Ala
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Frederick Sanger (1918 — 2013)
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5S rRNA

120 nucleotides

1965

E. Virus ®X174
5386 nucléotides
1977

“Sanger sequencing method”
Mitochondrie 16569 bp
Bacteriophage A 48502 bp
1977



Le sequencage du genome humain

Human Genome Project

Lancé en 1985
par le gouvernement
ameéricain

1989-2001

5 milliards de dollars
20 Instituts

6 pays

Celera Genomics
(J. Craig Venter)

THESS .-/

HUMAN
GENOME "%

1998-2001

300 millions dollars
(Shotgun sequencing)

Février 2001



Different Generations of Sequencing

Du Phenotype au genotype
La revolution omique

Tissue/Cell Lines

@@
‘I’l . Genomics -

Chromosomu = ¢

* NGS: Whole genome sequencing (DNA-Seq)
* NGS: Exome sequencing (DNA-Seq)

NGS : DNA -seq

Mutation screening . SNP microarrays

2001 2002 2002 2004 2006 2006 2007 2008 2009 2010 2014 2042 2013 2014 2015 2016 2017 2018 2019

Metabolomics
-| Metabolomic profiling
-| * Mass spectrometry

)

1972: Sanger started work on DNA sequencing

1977: Sanger developed Di-deoxy chain termination method of DNA sequencing

1977: Maxam and Gilbert developed chemical degradation method of DNA sequencing
1977: First DNA based genome sequenced (®X174 bacteriophage)

Carbohydrates
Glycomics

1995: Firstb i was d by shotgun method : {
1996: Applied Biosy developed d DNA ing based on Sanger’'s method / 3
1996: First eukaryotic g ( isiae) was seq
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2001: Firsthuman genome draft was publlshed by two dlﬁeren( independent teams

|

» 2005: First NGS platform released Roche 454 GS-20 ﬁ d
» 20086: Introduction of second NGS platform —Solexa Genome Analyzer
» 20086: Initiation of 1000 genome project T i AmlﬂO .Cld‘
» 2007: Introduction of Roche 454 GS-FLX & ABI-SOLID sequencer ran
» 2008: Development of lllumina GA-II scr p'om’c, mR"A
( » 2009: Introduction of Roche 454 GS-FLX Titanium P t ‘
» 2010: Introduction of Roche 454 GS-Junior s : . | » DNA microarrays rotein 2 2 « Mass spectrometr
» 2011: Introduction of SOLID 5500 W & liumina MiSeq Gene-expression profiling .| NGS‘ RNA. Proteomic profiling - * Mass spectrometry
» 2012: Introduction of llumina HiSeq M : -seq
» 2013: Introduction of SOLID 5500x! W & lllumina MiniSeq v
| > 2014:Introduction of Roche 454 GS-Junior+, lllumina NextSeq 500 & MicroRNA-expression profilin | » DNA microarrays Proteomics * Mass spec !lomftr) after
lllumina HiSeq X Ten p g - : tat with
Phosphoproteomic immunoprecipriation wi
L_ > 2017:Introduction of lllumina iSeq 100 . NGS :small RNA-seq .
 » 2008: Development of first commercial platform of third generation technology i..e Heliscope by proﬁhn‘ thph(",' fo»""C'-‘Pf\"ﬁf
Helicose Biosciences '
anty 1
2010: lon Torrent released the Personal Genome Machine (PGM) bodies

2011: Introduction of PacBio RS C1/C2

2012: Introduction of PacBio RS C2 XL & PacBio RS |1 C2 XL, lon Torrent released lon Proton

2013: Introduction of PacBio RS 11 C2 XL

2014: Introduction of PacBio RS Il P5 C3 & PacBio RS I P6 C4 Wu R . Q-, -l . d e nt . Resea rC h ) 20 10
2015: Introduction of lon S5/S5XL 520/530/540

{__ » 2016: Introduction of PacBio sequel

(o)

Third
Generation | |

L G g B S B

» 2014: Release of MinION platform by Oxford Nanopore Technologies

» 2017: Release of ProMethlON, GridION & SmidglON X5 platforms by Oxford
Nanopore Technologles

» 2018:C of P ON platform by Oxford Nanopore Technologies

Microbial Technology for the Welfare of Society, 2019, Springer




Le Projet ENCODE

Encyclopedia of DNA Element
2003 - Présent
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Du Phenotype au Genotype
Qu’avons-nous appris 7

Il n’y a pas que 3 échelles omiques de régulation

ADN

Les genes ne sont pas les seuls éléments du génome

Importance des parties non-codantes

Les modes de régulation sont quasi-infinies
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La biologie des systemes

LacZ operon version 2021

Genetic Regulatory Mechanisms in the Synthesis of Proteins

F. Jacob, J. Monod, J. Mol. Biol. 1961

https://www.genome.jp/kegg-bin/show pathway?ko00052+K01190
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Fi1c. 6. Models of the regulation of protein synthesis.
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https://www.genome.jp/kegg-bin/show_pathway?ko00052+K01190

Réseau de régulation genéetique chez Escherischia Coli

Chaque point est un gene
Chaque ligne est un lien de régulation entre gene

Il y a 4292 genes

Le réseau a été reconstruit en utilisant :
524 puces ADN dans 264 conditions expérimentales

Allen et al., PlosOne, Jan 2012
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La biologie des systemes

Cancer gene network — Institut Curie

* Etudier les processus biologiques avec une approche de
réseau

e Une approche « Top-down »

* Le tout est plus que la somme de ses parties




Biologie des systemes

Lapproche systémique en biologie

Reconstruire un réseau biologique
* Les différents types de réseaux
Reconstruction directe
Reconstruction indirecte
Les obstacles a la reconstruction

Analyser un réseau biologique

*  Theorie des graphes
* Topologie des réseaux
*  Les réseaux sans échelles

Utiliser un réseau biologique
*  Etat de I'art des reseaux biologiques les plus étendus
* Bases de données en biologie des systemes

Modéliser un reseau biologique




Les genes

Les transcrits

Les protéines

Les complexes de protéines
Les métabolites

Les réactions enzymatiques

Mol. BioSyst., 2007, 3, 598-603

Les eléements fondamentaux des réseaux biologiques

Biological
Component Uate type
Gene Locus —3» 11633.1
Transcriptomic

Transcripts —» -

Functional
Protein —>» <«— Proteomic
Complex

DCK]“ DCKZH < Fluxomic

Reactions
\ (@) ©
o ~u Meta b0|'
Q E.)N 9 -Qw 5 omic
_9 (0]

~ -y

@ o
il wmt



Types de réseaux biologiques

e Réseau d’interaction protéine-protéi

Q Proteins

Metabolites

* Réseau métabolique

Metabolism
== p Gene regulation

« « «» Cell signaling

* Réseau de régulation génétique

w—  PPls

* Réseau de signalisation cellulaire



Réseau d’interaction
protéine-protéine (PPI)

Chaque nceud est une protéine

Q Proteins

——  Protein-protein interactions

Chaque aréte représente un lien
d’interaction physique entre protéines

Le réseau est non orienté



Exemple de PP

(Protein protein interaction)

20S proteasome TFIIH transcription factor core
TF2H
PSMB6 ERCC3 el GTF2H1
- N /7 \
—PSMBA GTF2H4 == GTF2H3 == GTF2H1
/ PSMB7 7
X . \ 7/
PSMB3 TF2H5
PSMB1 / GTF2H2C
0

PSMB2 == PSMB8

2 4
PSMB5 A R & \ Mo 1 5 GTF2H4

z’x‘v"v'
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¥

\
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e R B e
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53
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RFC complex

RFC1
I

RFC3 Edge/node color

1\ structural evidence
RFC2 -I- RFC4 M YES

\Nl7z I NO

RFC5

3137 interactions de protéines

» 5000 protéines

Prédiction faites en utilisant
FoldDock et AlphaFold

Burke et al.
Nature Structural &
Molecular Biology 2023



Réseau
métabolique

* Les noceuds sont les métabolites et les
enzymes

* Les arétes représentent les réactions
métaboliques et leurs flux

* Le réseau est orienté

O

Metabolites

Proteins

Metabolism



Exemple de réseau méetaboliqgue

Human Glycolis TCA PPP

BIGGS Models 2023
I
éf:bc,Ll @N
Glycolysis
= e~ — a= TCA Cycle




Réseau de regulation

génétique (GRN) @
" b O Gene

* Les nceuds sont les genes et les "4

facteurs de transcription

l
1’ — —+ (Gene regulation
* Les arétes représentent les régulations @
/
”

transcriptionnelles

"4

* Le réseau est orienté @



Exemple de GRN
(Gene regulation Network)

. g~ ? Un réseau de régulation génétique chez la souris
\ v
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Met2e | ! v Li et al., Briefings in Bioinformatics, 2019
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Réseau de signalisation
cellulaire (pathway) @
Q Protein
Les nceuds sont les protéines, mais

aussi les génes et métabolites - —+»  Cell signalling

Les arétes orientées représentent les @

voies de signalisation cellulaire

Les autres réseaux peuvent étre vu \

comme des sous-graphes de celui-ci @



Example de pathway

GLYCINE, SERINE AND THREONINE METAB OLISM
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KEGG Pathway database 2023

Glycine, Serine, and threonine metabolism

Genes = rectangles
Metabolites = les points

Autres pathway = ellipses



Reconstruction des réseaux biologiques

ANGPT1

Known Interactions Predicted Interactions
9t from curated databases At gene neighborhood
At experimentally determined Vet gene fusions

NfY  gene co-occurrence

L'exemple de I'interaction protéines-protéines  Qthers

At textmining

~. N

Réseau d’interaction protéine-protéine .
. . ’ g . A e 7
de I'insuline prédite par string-db.org o g oo G A

A protein homology

~. p—




Reconstruction des réseaux biologiques

L'exemple d’interaction protéines-protéines

Reconstruction directe Reconstruction indirecte

. Predicted Interactions
Known Interactions
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Reconstruction directe des réseaux métaboliques

Class

EC1
Oxidoreductases

EC2
Transferases

EC3
Hydrolases

EC4
Lyases

EC5
Isomerases

EC6
Ligases

Top-level EC numbers!®!

Reaction catalyzed

To catalyze oxidation/reduction reactions; transfer of H and O

atoms or electrons from one substance to another

Transfer of a functional group from one substance to another. The
group may be methyl-, acyl-, amino- or phosphate group

Formation of two products from a substrate by hydrolysis

Non-hydrolytic addition or removal of groups from substrates. C-C,

C-N, C-O or C-S bonds may be cleaved

Intramolecule rearrangement, i.e. isomerization changes within a

single molecule

Join together two molecules by synthesis of new C-O, C-S, C-N or
C-C bonds with simultaneous breakdown of ATP

Typical reaction

AH + B — A + BH (reduced)
A 4+ O — AO (oxidized)

AB+C—-A+BC

AB + H20 — AOH + BH

| RCOCOOH — RCOH + CO, or
[X-A+B-Y] — [A=B + X-Y]

ABC — BCA

X +Y + ATP — XY + ADP + P;

Enzyme Commission number for enzymes

https://en.wikipedia.org/wiki/List_of enzymes

| Enzyme example(s) with

trivial name

Dehydrogenase, oxidase

Transaminase, kinase

' Lipase, amylase, peptidase, |
| phosphatase

Decarboxylase

Isomerase, mutase

Synthetase



Reconstruction directe : Mesure d’interaction protéique

Western blot : Mesure de protéine
unique Gel 2D : Mesure de plusieurs protéines




Evolution de la protéomique

Detection
faraday
collectors

m/q} — 46 __3 ..............
§m/q} = 45 % ........ ;
m/q} =44 — |
-
=1
magnet ,

amplifiers VVV

[ S

ratio
lon source output
L beam focussing
«—— ion acelerator
’,:l "~ electron trap
ion repeller
gas inflow (from behind)  '€9end:

m ... ion mass

ionizing filament g ...ion charge

Spectrométrie de masse
1888 - 1918

Pour pouvoir passer les protéines dans un spectrometre
il faut les ioniser

Reduction

Mélange //e\’ase(f —

matrice-échantillon 50\)‘('
Oxidation
* ®L 5

:,_ @2;@ % . c .

g. 4 Ion:molécfjlaires.

- & Iomsatjon ® ® -

Desor tion e e 24
® & Electrons
High voltage
power supply
lonisation des protéines par spray lonisation des protéines par laser

ESI - 1968 MALDI - 1985



Evolution de la protéomique

Les protéines ionisées sont injectées dans le spectrometre de masse.

Samples:
Multiple component

Solvents: mobile phase

Mixtures
[ $ 3 3 Detection
| S B |
-
kMass Spectrometer 'V

-t o ——
-/
G s
\//' -

LC-MS
| Interface+

lon source Q 0

High performance liquid HPLC Chromatogram+
Chromatography (HPLC) device ~ Column Mass spectrum analysis

.

Schéma du LiquidChromatography/MassSpectrometry LC/MS - 2009

On rajoute un fractionnement des peptides pour avoir une meilleure précision
LC/MS/MS



Reconstruction directe des interactions protéines-protéines

Base de données : Reactome, PDB, KEGG

@ Binary mapping
Interaction 2 a 2

Yeast two-hybrid (Y2H)

(b) .
Co-complex mapping

‘ Identification by
> mass spectrometry

Affinity purification
followed by mass
spectometry ‘ ‘ . .

(AP-MS)
Complexe protéique

Identification by

-fractionati
o fEcionsion ‘ : mass spectrometry

followed by mass

spectrometry ~._"j;}f.:‘-‘.‘ ,
@ y Lo

Time

®
Intensity

(. Protein —— Direct physical interaction ~  ----- Protein association )




Reconstruction Directe des Gene Regulatory Network
Détection des facteurs de transcription
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Reconstruction Directe des Gene Regulatory Network

Détection des facteurs de transcription

Recherche de motif Meéthode CHIPSeq Validation des TF

Transcription Factor Motif Motif Fold Enrichment

Neurod family QCCATCTGC? 2.39
|
memsns Oy (CATRG.AC =

o 232
ovel Hox dimer IAAIT$ _xAAITAA

Novel Nifi dimer TGCC A TGGC A 2.06

Tou g ]
o
cs u c10 c1 cr

Cluster ©9 [Te3N | e




Different Generations of Sequencing

Comment detecter les regulations transcriptomiques ?

1972: Sanger started work on DNA sequencing

1977: Sanger developed Di-deoxy chain termination method of DNA sequencing
1977: Maxam and Gilbert developed chemical degradation method of DNA seque
1977: First DNA based genome sequenced (DX174 bacteriophage)

1995: First bacterium Haemophilus influenzae was sequenced by shotgun methc
1996: Applied Biosystems developed automated DNA sequencing based on San¢
1996: First eukaryotic genome (Saccharomyces cerevisiae) was sequenced
2001: Firsthuman genome draft was published by two different independent tean

VNN NN YN

First
Generation

2005: First NGS platform released Roche 454 GS-20

20086: Introduction of second NGS platform —~Solexa Genome Analyzer
20086: Initiation of 1000 genome project

2007: Introduction of Roche 454 GS-FLX & ABI-SOLID sequencer
2008: Development of lllumina GA-II

: Introduction of Roche 454 GS-FLX Titanium

2010: Introduction of Roche 454 GS-Junior

2011: Introduction of SOLID 5500 W & lllumina MiSeq

2012: Introduction of lllumina HiSeq

2013: Introduction of SOLID 5500xI W & lllumina MiniSeq

Second
| conemmon )

VVVVVVVVVVY
n
(=]
o
O

2014: Introduction of Roche 454 GS-Junior+, lllumina NextSeq 500 &
lllumina HiSeq X Ten
» 2017: Introduction of lllumina iSeq 100

— » 2008: Development of first commercial platform of third generation technology i..
Helicose Biosciences

2010: lon Torrent released the Personal Genome Machine (PGM)

2011: Introduction of PacBio RS C1/C2

2012: Introduction of PacBio RS C2 XL & PacBio RS Il C2 XL, lon Torrent relea
2013: Introduction of PacBio RS || C2 XL

2014: Introduction of PacBio RS II P5 C3 & PacBio RS Il P6 C4

2015: Introduction of lon S5/S5XL 520/530/540

2016: Introduction of PacBio sequel

)

VVVVVYVYY

Third
—
Generation
» 2014: Release of MinION platform by Oxford Nanopore Technologies
Fourth » 2017: Release of ProMethlON, GridlION & SmidglON X5 platforms by Oxford
('9-» - Nanopore Technologies
Generation » 2018: Commercialization of ProMethION platform by Oxford Nanopore Technol¢ .«

Microbial Technology for the Welfare of Society, 2019, Springer

J’I Genomics -

Chromosomes G

>\ﬁ?
Transcriptomics mRNA

Tissue/Cell Lines

aé

P4

* NGS: Whole genome sequencing (DNA-Seq)
* NGS: Exome sequencing (DNA-Seq)

Mutation screening . NGS:PNA_SEq
/ / *  SNP microarrays
'Ag,?
.,JJ,:. Lipids
_ © N Lipidomics
\;;?.‘“

Metabolomics \
Metabolomic profiling

Carbohydrates S 4
Glycomics \ 1

=

Amino acids
- L

Protein

Gene-expression profiling | * DNA microarrays Proteomic profiling + * Mass spectrometry
* NGS:RNA-seq J
MicroRNA-expression profiling | « DNA microarrays Proteomics - * Mass spccl(om:lr;\ aﬂa'h
= munopr on w
*  NGS :small RNA-seq ‘ Pbo’p.bopl’oleomc IRENSOpreCvI0s Wi
profiling phosphotyrosine-specific
antibodics

Wu R.Q., J. dent. Research, 2010



Evolution de la transcriptomique
Les prémices avec les puces ADN

A .
. Pg:::us mRNA MRNA ’ Filter
Phenol » Protein Amlnoa!lyl [ AReversg Cy Dyes A * Zs laser
Y Phase - _,m. Nucleotides , Transcriptase 'c'y% _,;' -
— Y
cDNA - Iagelled cDNA
Sample Purification RT Coupling Hybridization Scanning

and washes

R R
BIWTIE PERIREY * Expression des ARNs

 Comparaison de génomes
« SNP
 ChIP

“intensity
© ratio

Normalization
and analysis



Séquencage haut débit - short-read

MRNA extraction

o ORF-1 ORF-2

Reads mapping
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https://www.illumina.com/content/dam/illumina-marketing/documents/applications/ngs-library-prep/ForAllYouSegMethods.pdf



https://www.illumina.com/content/dam/illumina-marketing/documents/applications/ngs-library-prep/ForAllYouSeqMethods.pdf
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https://www.illumina.com/content/dam/illumina-marketing/documents/applications/ngs-library-prep/ForAllYouSeqMethods.pdf

Séquencage haut débit - long-read

MRNA extraction

o ORF-1 ORF-2

Reads mapping



Séguencage a cellule unique

_ 10x Next GEM Technology for Smgle Cell Partitioning

( =
O'tvi
Gel Sample il Gel Beads in EMulsion (GEMs) oo
Beads |® o.o‘

4

Adapted from 10x Genomics



Une varieté de technigues single-cell

Lineage State Trajectory

Cell surface proteins
* CITE-seq®
* REAP-seq?!
® 4142 . .

Intracellular s Spatial position

protein o MERFISH0%108.109

- e PEA%50 e smFISH®
- * STARmap?™ 000
il ©2%%¢
g 0 00070
ot 0o0g °
e 00 ‘o
2 --. 0000
Q N Op ©0000
( ? 0o ©0 ©e o
" ®eoo,
. 0%
" \ O
4 Odﬂ%fpo
DNA o

methylation i
* scBS-seq"’
* snmC-seq’®

Pseudotime

-
—(
;_{:

* Monocle™”
* sci-MET® mRNA o .
* scGESTALT?*? L. Histone ° Drop—ssq“ : yllSthn(;BO
° 33 s s ° |nDr0p elocyto
ScarTrace sequence modifications s « Diffusion’
« LINNAEUS* * SNS? Chromatn)tiln o scChlP-seq??*  ° m?g'zggf
° 27 ® _ 10 kil ° =
hsed” R 10X Gonoics
* sCiATAC-seq* * SPLiT-seq®

® scTHS-seq®
* 10X Genomics

Integrative single cell analysis, Stuart & Satija, Nature Rev. Genetics. 2019

* sci-RNA-seq’



Reconstruction indirecte des réseaux biologiques

Paradigm | B
- = = ==
- Hybrid  spectrometry Curated
interactions
o } | }

N Human Interactome

Q. ] i ? 2 E';(gression dalta
s 2 eno e
Disease mo&l‘ﬂeﬁ?ﬁ’@ g § \Q\ o P w
~Q 7L o
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=1 { Disease genes Motif data |:]
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Motif data
Conditions : E
Interaction data
Expression data Conditions

(Phenotype I)

Statisical
Analysis

Expression data

ndition Phenotype Il

Potential disease . / \ ]
gene .%‘ | \.
ilt by association) F: /

Differentially Identifying differential
Co-expressed genes
Expressed genes xp gel

Expression data
(Phenotype II)

-

Paradigm Il

IN

-

Network for

Phenotype | l [:I

7
Identify Differential targeting
&4

" |
-

Network for
Phenotype I

Network Medicine in the Age of Biomedical
Big Data
Front. Genet., 11 April 2019



Reconstruction indirecte des réseaux biologiques

Paradigm |

Yeast-2 Mass- Literature

Py T Corrélation de données multi-omiques
PG ! |

Human Interactome
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Reconstruction indirecte des réseaux biologiques

C Paradigm II

Conditions Correlation Network

I
\0

Expression data
(Phenotype l)

N\
“ 29 & k”_ _
Statisical r? $5/4 Ny
Analysis g5 / / § \ .
“T-test” 25 . ¥ N g
§7 \ \g®, L1 |_#
g N ” ,
3 v.\ / ~i
1 - /.
Potential disease /\.\ \ /Q\

_gene . - -Q~f~.
(Guilt by association) i \. /

Identifying differential
Co-expressed genes

Cindltions

Expression data
(Phenotype li) Expressed genes

Differentially

Réseau de co-expression

A partir de données de transcriptomiques on calcule

Une valeure de corrélation pour regrouper
ensemble les genes ayant un « profile d’expression »

Commun

« Guilt by association »



Réseau de co-expression

Condl Cond2 Cond3 Cond4 Co-expression des genes

S e e
LT

1 @




Workflow de reconstruction d’un réseau de

CO-expression

Matrice de comptes
genes x samples

Graphe du réseau
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Reconstruction de Reseau de co-expression

(exemple en python)

# Read the table

data = pd.read_table("CoExpr-Cours3.txt", index_col=0, decimal="',"')

# Calculate Pearson correlation coefficients

cor_matrix = data.T.ilocl:, :].corr()

# Define a cutoff value

cutoff = 0.5

# Create an adjacency matrix

adjacency_matrix = np.where(abs(cor_matrix.values) >= cutoff, 1, 0)
np.fill_diagonal(adjacency_matrix, 0)

# Create a network graph from the adjacency matrix

G = nx.Graph(adjacency_matrix)

# Plot the co-expression network

pos = nx.spring_layout(G) # You can choose different layout algorithms
nx.draw(G, pos, with_labels=True, node_size=200, node_color='skyblue')
plt.title("Co-expression Network with cutoff 0.5")

plt.show()

Co-expression Network with cutoff 0.5



Reconstruction de Reseau de co-expression
(exemple en R)

# Read table . .
data <- read.table(file="CoExpr-Cours3.txt", sep="\t", dec = ",", Pearson co-expression with CUtOff 05

header = TRUE, row.names = 1)

# Calculate Pearson correlation coefficients (3éﬁk9
cor_matrix <- cor(t(data), method = "pearson") (}éﬁb3

G&n:8
# Create an adjacency matrix (3€ﬁb4
adjacency_matrix_0_5 <- ifelse(abs(cor_matrix) >= 0.5, 1, @) (3€ﬁb6
diag(adjacency_matrix_0_5) <- @ (}éﬁb2

# Create a graph object from the adjacency matrix

graph <- graph_from_adjacency_matrix(adjacency_matrix_0_5, mode = "undirected")
# Plot the network
plot(graph, layout = layout_with_fr, vertex.label = V(graph)$name, (}éﬁbl

main="Pearson co-expression with cutoff 0.5")



Ajout des facteurs de transcriptions dans |a

reconstruction

Co-expression

Outil pyScenic

a Tool: GENIE3 / GRNBoost b

Expression matrix

Co-expression modules

Gene 1
nel
ne2
ne3 Gene 2
ne4
Gene 3
Gene 5
Gene 6

Gene regulatory network

Motif & Track discovery

TF2 ll ACGATCcCr.

TF4 AATGCTAA

Chromatin accessibility
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Observable data
Features
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Assignment of TFs



Gene regulatory network inference

“ature reviews genetics https://doi.org/10.1038/s41576-023-00618-5

Review article

Gene regulatory network inference
in the era of single-cell multi-omics

™ Check for updates

Pau Badia-i-Mompel @', Lorna Wessels ® '?, Sophia Miiller-Dott®’, Rémi Trimbour ®'?, Ricardo O. Ramirez Flores ®’,
Ricard Argelaguet®* & Julio Saez-Rodriguez®'

Multi-omics data Transcriptomics data

Chromatin accessibility data

Preprocessing and normalization

of gene expression data

Genes

Cells

Expression

Preprocessing and integration
of both data modalities

Genes  Peak regions

Expression Accessibility

Preprocessing and peak calling
of chromatin accesability data

Peak regions

Cells

Accessibility

£

N

Prediction of gene expression
from TF gene expression

Assignment of TFs to CREs

using binding motif information
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< @
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Association of CREs to genes
based on genomic distance

Maximum distance
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Reconstruction a l'aide d’information
genetique

Gene co-occurrence

Gene fusion

Protein Homology

Synthetic Genetic Array

TheCellMap.org: A Web-Accessible Database for Visualizing and Mining the Global Yeast Genetic
Interaction Network. Usaj et al., G3 (Bethesda) 2017



Reconstruction indirecte par Text-Mining

e Extraire les mots clés dans les publications et
bases de données

* Nettoyer la liste de mots clés = Molécules, genes,
protéines

 Annoter ces élements avec informations disponibles
dans bases de données

* Chercher les co-occurrence dans les publications

 Mettre a jour les bases de données avec ces
nouvelles informations

0
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Reconstruction indirecte des réseaux biologiques

Paradigm Il

Expression data
Phenotype |

-

Motif data [:]

Network for
Phenotype |

D%VDD

Motif data >
Identify Differential targeting
4

*

Interaction data

Conditions

Expression data et

Phenotype Il Network for

Phenotype Il

Corrélation de différents réseaux biologiques

On peut par exemple corréler un réseau d’interaction
protéine-protéine avec un réseau de co-expression des genes,
en ajoutant une information de motif trouvées dans ces genes



Reconstruction du réseau biochimique d’un organisme

Palsson et al., Nature
Review Microbiology,
2009



Reconstruction du réseau biochimique d’un organisme

Palsson et al., Nature Review Microbiology, 2009



Reconstruction des réseaux biologiques

Network representations
= L Il faut multiplier les types de reconstruction

Biomedicine Data P
™ 2l ¢ Outcomes
PecoDe] Biomarkers
| ﬂw "1\\' ‘ 3{
TCGA! W‘ i
g e | r etwc
s -
c r"i a0 T K Therapeutics
66 - B
o= Diagnostics Il n’y a finalement qu’UN réseau global
= Diagnosis & ) .
iy oAtk a reconstruire
g & e ?ﬁ | Disease subtyping
GTEX ) ZIN & Classification
" - Network Medicine in the Age of Biomedical Big Data
5 Front. Genet., 11 April 2019

Symptoms network



Les obstacles a la reconstruction

* Disponibilité de 'annotation (=les nceuds du réseau)

* Disponibilité des données omiques pour reconstruire les arétes

* Biais de mesures

* Biais de connaissances

* Impossibilité d’avoir une vision en « instantanée » d’'un organisme



Annotation des génomes

Pedrosa et al., The CardioRNA COST Action 2019

Genome

ot s Il Long s
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~ Transcriptome
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. Protein

GENCODE 21, Frankish et al., N.A.R. 2021

GENCODE Human release (version 43)
62703 genes

Lore non-<coding A genes N
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Biais de connaissance dans I'ensemble des genes



Biais de connaissance dans I'ensemble des genes



Les difféerences d’echelles temporelles

Division, Replication, Transcription,

Translation & Degradation Rates
at 37°C with a temperature dependence Q10 of =2-3 — r ADN
9. Cell cycle time (exponential growth in rich

media): E. coli =20-40 min; yeast 70-140

min; human cell line (Hela): 15-30 hours v
1 0. Rate of replication by DNA polymerase

E. coli «200-1000 bases/s;

human =40 bases/s. Transcription by

RNA polymerase 10-100 bases/s

11 Translation rate by ribosome 10-20 aa/s

| 2. Degradation rates (proliferating cells):
mRNA half life < cell cycle time;
protein half life = cell cycle time

Protéines

= TONUMB3SR5S

THE DATABARASE OF USEFUL EBIOLOGICAL NUMEBERS




Probleme du multi-omique

Transcriptomique vs Proteomique

Transcriptomique Protéomique
- Seuil de détection bas - Seuil de détection plus haut
- Sila molécule est présente on doit la détecter - Certaines molécules ne vont pas étre detectées
- On peut amplifier le signal facilement (PCR) - Plus compliqué d’amplifier le signal
On mesure une grande majorité des ARNs présents On mesure moins de la moitié des protéines
dans I’échantillon présentes dans I'échantillon

Comment corréler les échelles omiques dans ce contexte ?
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Comparing protein abundance and mRNA expression

M U |ti—o m |q ue levels on a genomic scale
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Biologie des systemes

Lapproche systémique en biologie

Reconstruire un réseau biologique
* Les différents types de réseaux
Reconstruction directe

Reconstruction indirecte
Les obstacles a la reconstruction

Analyser un réseau biologique

*  Theorie des graphes
* Topologie des réseaux
* Les réseaux sans échelles

Utiliser un réseau biologique
*  Etat de I'art des reseaux biologiques les plus étendus
* Bases de données en biologie des systemes

Modéliser un reseau biologique




Théorie des graphes

Le Probleme des sept ponts de Konigsberg
Leonhard Euler - 1735
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Existe-t-il une solution, a partir d'un point de départ au choix,
de passer une et une seule fois par chaque pont, et de revenir a son point de départ ?

RépOnse : Non | Théorie des graphes



Définition d’un graphe orienté avec boucles

Un graphe est un triplet G = (V,E,®)

* V est un ensemble de noeuds (sommets,
points)

* Eestun ensemble d’arétes orientées
(fleches)

e @ est une fonction d’incidence décrivant
chaque

aréte orientée comme une paire de sommets

@ E - {{x,y}| (x,¥) € V?}

Aréte 1

Aréte 3

Aréte 5

Aréte 2




Théorie des graphes

Définitions

L'ordre d’'un graphe est son nombre de noeuds
Deux noeuds reliés par une aréte sont adjacents

Le degré d’un noeud est le nombre d’arétes dont ce
noeud est une extermité

(exemple : Le noeud 1 a pour degré 3)

Une chaine est une suite d’arétes reliant deux noeuds

(exemple : La chaine {Aréte 3, Aréte 2, Aréte 1} qui relie le noeud 3 au noeud 4)

La longueur d’une chaine est le nombre d’arétes qui la
composent

Un cycle est une chaine dont les extremités coincident.

Aréte 1

Aréte 3

Aréte 5

Aréte 2




Matrice d’adjacence d’un graphe

Visualisation graphique

Aréte 3

Aréte 1 '

Aréte 2

Matrice d’adjacence

Matrice A de taille n x n
ou n est 'ordre du graphe (nb de nceuds)

Nol No2 No3 No4 No5

Nol 0 1 1 0 1
No2 1 0 0 1 0
No3 1 0 0 0 1
No4 0 1 0 0 0
No5 1 0 1 0 0

A=[ai,j] = nb.arétes {l)]}



Les graphes

pondérés

Un graphe est dit pondéré si ses arétes

sont affectées d’un nombre posit

if

- La pondération est nommée le poids d’'une aréte
- Le poids d’'une chaine est la somme des poids des arétes

Une plus petite chaine entre deux sommets est la
chaine avec le poids minimal

N
v

N

30

Matrice d’adjacence

Matrice A de taille n x n
ou n est 'ordre du graphe (nb de nceuds)

Nol No2 No3 No4 No5

Nol 0 20 0 0
No2 0 0 0
No3 5 0 0 27
No4 0 30 0 0
No5 0 0 0 0

A=[ai,j] = nb.arétes {l)]}



Quelgues Problemes classiques en théorie

des graphes

la chaine (ou chemin) la plus courte
entre deux nceuds ?

la chaine (ou chemin) la plus longue
entre deux nceuds ?

Probleme de coloration de graphe ?

La distribution des degrés des noeuds
?



Topologie des réseaux

R

Graphe hiérarchique Graphe centralisé

Graphe homogenes Graphe cyclique Graphe hétérogene
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Mesure de la topologie

distribution des degrés
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Mesure de |la topologie

distribution des degreés

Réseau aléatoire

Réseau small world

Réseau centralisé
(sans échelles)
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Mesure de |la topologie

Notion de centralité

A - Centralité d'intermédiarité
B - Centralité de proximité
C - Centralité de vecteur propre

D - Centralité de degré




« betweenness centrality »

Linton Freeman 1977

Centralité d’'intermédiarité

'intermédiarité d’un noeud v est calculé comme
suit :

* On calcule les chemins reliant deux noeuds s et
t

 On détermine la proportion de chemins entre
tous les

nceuds qui passent par v

* On somme cette fraction sur tous les couples
(s,t) de noeuds.

Col)= Y 2

O«
sFv#£teV st

O-St est le nombre de chemins entre le noeud s et le noeud t

Ot (U) est le nombre de chemins, passant par v, entre le noeud s et le noeud t



Module, Cluster, Motifs

ustering de réseau




Module, Cluster, Motifs

Exemple de clustering : Algorithme de Louvain 2008

Optimisation de la modularité

0= szI ' ]5(61,01)

Trouver le « meilleur » partitionnement c = trouver I'’ensemble des ¢;

Algorithme heuristique

Deux phases :
- On change l'appartenance des nceuds a leur classe et on calcule le

changement de modularité que ¢a induit. On selectionne les
Nouvelles assignations augmentant la modularité.

- On optimise le partitionnement en créant un graphe des classes et
Optimisant ce graphe avec la méthode de la premiere phase




Module, Cluster, Motifs
Exemple de clustering : Algorithme de Louvain 2008

Move nodes

Aggregate

Level 2

Move nodes

i Leiden (2018
Louvain (2008) ( ) Traag et al., Scientific Reports 2018



Module, Cluster, Motifs

Les motifs

&

N

Les motifs sont I'ensemble des sous-graphes de k nceuds

- -

Exemple pourk=3:




Réseau de regulation chez Escherichia Coli

e

Shen-Orr et al., Nature 2002

577 interactions

424 operons

116 facteurs de transcriptions

b
Extrait de RegulonDB %
Que des facteurs de transcription validés directement ‘ | ‘
Z1 Z2 Z3

1r input X
Eost H

Z05¢ . \\

0 2 4 6 8 10 12 14 16 18 20

0 2 4 6 8 10 12 14 16 18 20

1r output Z 1\

0 2 4 6 8 10 12 14 16 18 20

time
T x
08 2Z3 threshold
0.6
2Z2 threshold
0.4
0.2 1Z1 threshold

0 1 |2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10
time



es motifs privilegiés dans les réseaux

Network Nodes  Edges | Mreal Nrand*SD Zscore | Nreal  Nrand=SD  Zscore | Mreal  Nrand =SD Zscore
Gene regulation — X Feed- X Bi-fan
H H (transcription) V forward
Milo et al., Science 2002 y loop
\V Z w
>z
E. coli 424 519 40 T+3 10 203 47+12 13
S. cerevisiae* 685 1,052 70 11+4 14 1812 300+40 41
Neurons — X Feed- X Y Bi-fan X Bi-
Les motifs sont-ils les briques y ool <
- Y loo Y, Z
q V% P Z W N\ ¥«
— z W
/7 7 . -~ e
e I e m e nta I re S d e C. eleganst 252 509 125 90 + 10 39 127 55+13 5.3 227 35+ 10 20
Food webs X Three X Bi-
V chain 2R parallel
. V4 Y Y Z
construction des réseaux ? v N
VA W
Little Rock 92 984 3219 3120 £50 2.1 7295 2220+210 25
Ythan 83 391 1182 1020 £ 20 2 1357 230 +50 23
St. Martin 42 205 469 450+ 10 NS 382 130 £ 20 12
A Chesapeake 31 67 80 82+4 NS 26 5+2 8
- - Coachella 29 243 279 235+12 3.6 181 80 +20 S
transcription neuron synaptic ecological Skipwith 25 189 184 150 £7 5.5 397 80 +25 13
network connection network food web B. Brook 25 104 181 13047 7.4 267 3047 32
Electronic circuits X Feed- X Y Bi-fan X Bi-
X—’Y represents X x (forward logic chips) \% forward Z N parallel
Y Z
o/ e/ |CC= Y toop N v
Vv Z W %
genex geney z
s15850 10,383 14,240 | 424 2+2 285 1040 1+1 1200 480 2+ 335
$38584 20,717 34,204 | 413 10£3 120 1739 6+2 800 711 9+2 320
B $38417 23,843 33,661 | 612 32 400 2404 I+1 2550 531 22 340
$9234 5,844 8,197 | 211 21 140 754 1£1 1050 209 1£1 200
s13207 8,651 11,831 ] 403 21 225 4445 1+1 4950 264 2+1 200
Electronic circuits X Three- X Y Bi-fan X—>Y Four-
(digital fractional multipliers) ﬂ \ node node
1 2 3 4 5 6 2 feedback feedback
Y<— 7 loop Z w Z<—W loop
s208 122 189 10 1+1 9 4 11 3.8 5 1+1 5
s420 252 399 20 1+1 18 10 11 10 11 11 11
s838% 512 819 40 1 38 22 1+1 20 23 11 25
8 9 10 11 12 13 World Wide Web X Feedback X Fully X Uplinked
<D, with two Z’ \ connected f ‘\ mutual
$ mutual y<—> 7 triad Yy<—> 7 dyad
R dyads
Z
nd.edu§ 325,729  1.46e6 | 1.1e5 2e3 +le2 800 6.8¢6 Sed+4e2 15,000 1.2e6 le4 = 2e2 5000




L'évolution = |la sélection de motifs de regulation ?

Kim, Tae-Hwan et al. Evolutionary design principles and functional characteristics based on kingdom-specific
network motifs. Bioinformatics 2010

A A.thaliana S.cerevisiae

e Robustesse

. /’

Ite

Multistabil

Cam, o = ms we BY mEpEsap e s
. g% ¥ -D¥0d e . ¥

« Homeostaticité

N\
C 11009 10428 d . :
u A.thaliana u S.cerevisiae " H.sapiens
Sk E 38593619 333 34.2859753186 36.09 52352733
99 785 = 10.04




Le réseau d’interaction protéine-proteine chez la levure

1548 / 6000 protéines — 2358 interactions

Le réseau a été reconstruit en combinant :

* Analyses d’un ensemble de mutants

* Réseau de coexpression

 Co-evolution

20 * Yeast two hybrid
Schwikowski, Nature Biotechnology, 2000 -



Le réseau d’interaction protéine-proteine chez la levure

Jeong, Nature 2001

a b o ] P(k) = le nombre de protéines avec un degre k
o i .- :. .". _?L
b3 b ;",.'- y e - o t -
- \ ::. ";".0 P s i . . . 7 . . .
i % ; = i La distribution des degrés suit une loi de puissance
« o SR, o L -
;o “v 2 n | .
R g # de la forme :
SRRCY N . |
. Ry ot b LK S - —
N R Ta e AN L o s gl P(k)~k=3
Sadi 1 10 100
st SRR = _ C’est ce que I'on appelle un réseau sans
5 fes 2 T ‘ : échelles ! (scale-free network)
:.-. . }:.-.;'_ .g 60 [ "
o ':./ Z :“_" 40| i B . J4 \
. S 5 . Hp Y l l : - Un petit nombre de nceud a un degré tres grand
B :)o_:f 1 > 2
o J ¢ s i b § B [I 1
Y4 Y b & Ot - Un grand nombre de nceud a un degré tres petit
No. of links

Lethality and centrality in protein networks

The most highly connected proteins in the cell are the most important for its survival.



Les réseaux sans echelles sont partout

Distribution des degrés de différents réseaux

T lllllll' T llllllll

107 10”
Loi de probabilité d’un réseau

sans échelles

(a) collaborations
in mathematics

(c¢) World Wide Web

(b) citations

Coovd vl ERETIT RS B R T P(k)Nk_y
1 10 100 1 10 100 1000
M. Newman, Siam Review, 2003
’ ’ Avec 2<y <3
]00 URLEELIL B R B R R I? ]OOE — 1 T 3 100: T T T T 1177 T T 13
107 E 10" - 0'E -
107 F 3 2L : r 1
: 3 0E ER U = 3
10° [ i C (f) protein i
E (d) Internet 3 10" E" (e) power grid 3 103 interactions -
10'4 N | llllllll ] |ll||||| 1 Illlllll C 1 1 | | | 1 E 1 1 11 II||| 1 1 1 l:
1 10 100 1000 0 10 20 1 10



La structure de réseau sans echelles

Albert-Laszlo Barabasi, The architecture of complexity, IEEE 2007

Number of Nodes with k Links

@ L J
A Bell Curve A Power Law Distribution e ° .
i ° o
N 8 .-\ 7 [&]
2t Very Many Nodes o \:‘—.._\. ]
Most Nodes Have il / with Only a Few Links o 9~
the Same Number of Links "< |\ 4V 5 \.
= ©
§ ./\. A Few Hub h
- ith a
No Highly S ew Hubs with a
Cornec ediNodes % Large Number of Links ‘ °
@ -
Qo e
// E
-y
z

(a)

Albert-Laszlo Barabasi

SCIENCE




Exemple de réseau sans échelles

Gene expression network

Wrestling with pleiotropy:
genomic and topological analysis
of the yeast gene expression
network _

Bioessays - 2002

David E. Featherstone* and Kendal Broadie

Q

Fraction of deletion mutants
p(K)

0 100 200 300 400 500 600 700

Genes with significantly altered expression



Exemple de réseau sans échelles

Les réseaux méetaboligues

The large-scale organization of metabolic networks

H. Jeong', B. Tombor?, R. Albert’, Z. N. Oltvai’ and A.-L. Barabasi'

Nature 2000

(a) A. fulgidus (Archae)

P(k)~k™Y
(b) E. coli (B acterium)

Avec 2<y <3

(c) C. Elegans (Eukaryote)

105 F (¢) 7
)

10° 10! 102 10%10° 10! 10% 10°
k k

(d) Moyenne sur 43 organismes




Des réseaux partout |

NSFNET T3 Network 1992
Interaction protéine-protéine
chez |la Levure
Jeong, Nature 2001

Réseau SNCF 2020




La science des réseaux

_ _ Network motifs in the transcriptional regulation
Collective dynamics of network of Escherichia coli
‘small-world’ networks

Duncan J. Watts* & Steven H. Strogatz

Department of Theoretical and Applied Mechanics, Kimball Hall,
Cornell University, Ithaca, New York 14853, USA 2002

Shai S. Shen-Orr!, Ron Milo?, Shmoolik Mangan! & Uri Alon!?

1998

Science

Emergence of Scaling in Random Networks

Edition spéciale de
Science en 2009

Albert-Laszlo Barabasi* and Réka Albert

Department of Physics, University of Notre-Dame, Notre-Dame, IN 46556

1999




Modele de génération des reseaux

* Existe-t-il une loi générale permettant de construire les réseaux
?

* Existe-t-il une propriété générale aux réseaux « naturelles » ?

* Peut-on prédire le comportement d’un systeme a partir de Ia
structure de son réseau ?



L'exemple de |la physique statistique

Quel est le lien entre :

Mouvement brownien des atomes

ET la température d’un gaz

Théorie cinétique des gaz

o . o e
o
o
s °°% o ¢
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e o o
s @® (1




Physique statistique et théorie des réseaux

Description microscopique

Ensemble des états d’'un nosud ?
Ensemble des états d’'une aréte ?
Distribution statistique des connexions ?

Distribution statistique des chemins ?

Description macroscopique

La distribution des degreés




Modele Erdos-Renyi - 1959

) @ <
o : e > " :
® - . ® v osoe =
PRV S)57F Silte SerS. N On établit deux parametres :
(&) .:_) (o] .. e ® .. o ©
e 70 o ® (@) e ® L=
QW O o s n le nombre total de sommets
3 k=] e Ty . s
¢ IR .° P la probabilité que deux nceuds soient connectes
(=] (=) ®
o ® e
o @ ®

Le modele d’Erdos-Renyi nous permet de générer un réseau avec une
distribution des degrés représentant une loi binomiale

P(deg(v) = K) = (” A 1) (1 py1h




Modele sans échelle de Barabasi-Albert

Génération de réseau comportant des « hub »

- Un petit nombre de nceud a un degrés tres grand

- Un grand nombre de nceud a un degré tres petit

° * Oninitialise le réseau avec un ensemble m de noeuds

* On ajoute des nouveaux nceuds un par un avec une probabilité de

ki

ou k; est le degré du nceud i

connexion aux autres nceudsi: p; =

2jkj

Ce modele nous permet de générer des réseaux avec une distribution de
degrés en loi puissance P(k)~k~3

Ces réseaux sont dit « sans «échelle »




Une loi naturelle ?

« Les riches deviennent plus riches ? » Scienc'é

Spécialisation et centralité

Mécanisme de I'évolution "y ,
Edition spéciale de

Science en 2009

Robustesse ?

Lethality and centrality in protein networks

Jeong, Nature 2001



Biologie des systemes

L'approche systémique en biologie

Reconstruire un réseau biologique
* Les différents types de réseaux
Reconstruction directe

Reconstruction indirecte
Les obstacles a la reconstruction

Analyser un réseau biologique

*  Theorie des graphes
* Topologie des réseaux
*  Les réseaux sans échelles

Utiliser un réseau biologique
*  Etat de I'art des reseaux biologiques les plus étendus
* Bases de données en biologie des systemes

Modéliser un reseau biologique




LacZ operon version 2023

MODEL I
Operator Structural
Regulator gene gene genas
R A
e 'TO} . B }— Genes
! Vo
Repressor v ’V\,f\l MNNN Messengers
l 1 ¢
- : A TWAOT Proteins
Repression or in’ductlion
Metabolite —/
MOOEL I
Operator Structural
Regulator gene gene genes
R O, A B
AL — 4 ¢ t— Cenes
l Operator l
Repressor Vv prgnanganang  Messengers
Lt S
: e AT Proteins

- |

Repression or induction

Metabolite

Fi1c. 6. Models of the regulation of protein synthesis.

Genetic Regulatory Mechanisms in the Synthesis of Proteins

F. Jacob, J. Monod, J. Mol. Biol. 1961

GALACTOSE METAB OLISM

- 1139
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- >0 2715827117 I
11139 D-Galactono-1,5-lactone J
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Yaino s ﬂf’ nucleo intercorversions 41255 A pathway
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’:‘184 513302716 F»? B 132] —»0 |
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— Sucrose |
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3139 N-bcetd- ¥
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O s > 4 |
o-D-Glucose 2 2712 .D-Glucose-6P |
| I
321220 Galactinol | ¥ 271- :
S S Lactose-6'P yrolysis
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{11121} - 11116 e % 271101 > 5.13.40 (5
I — — D-Tegatose-6P 4 D-Fructose-6P
271200 - 111251
Galactitol- 1P
00052 5129120
(c) Kanehisa Laboratories

https://www.genome.jp/kegg-bin/show pathway?ko00052+K01190



https://www.genome.jp/kegg-bin/show_pathway?ko00052+K01190

Le cycle de Krebs en 2023 : Phosphorylation oxydative

Cytosol
A A A A A N

0 B

+ + Membrane externe
H’ H H v v v v v
wa mATP fADP mADP fAMP Pi
- £\ casscssttn Mg + fATP 5 mATP
1 T fATP fADP Mg + fADP 55 mADP
fAMP fADP Intermembrane space H,PO; 5 HPOZ + H*
fADP H* K* H*

B-88 58

H* + NADH'T NAD 0, " H,0 mADP+Pi mATP fATP

NADH o

) de
Matrice Qe?

Succinate
0, Fumarate

..!31

H,PO;

N

K* OH~
Mg + fATP S mATP
Matrix Mg + fADP 5 mADP

& H,PO;  HPOZ + H* //

Heiske et al., FEBS Journal 2017

SN

Phosphorylation de ’ADP en ATP

dans les mitochondries
(wikipedia)




Le cycle de Krebs en 2023 : Phosphorylation oxydative

Matrix

DH
MgATP,
MgADP,

Pdiss,

Inner membrane

c1

e
L)

F1FO

AAC
AAU

PiOH
KH

Hleak
Kleak

Intermambrans space E%LJ_U_ = (+w1 = v3 )1/ Wim (44)

AK
MgATR:
MgADP,,

Pdissis

Dehydrogenasze  NAD, - H, +* NADH, - { + ot — Bt — 2ved — A \ 135)
reaction o — s (T T | ) W INAD), = Nai, — [NADH), 153
Mg”* binding on  fATP,+ Mgy + mATF \ i — T)eiF0 + 21004 + Wesk — VKH . . .
\ Ql,, = Q. - [QH] (54)
ff-TP j.K. Lam . m

Mg?* binding on  fADP, + Mg, ~ mADP, —‘j—r =(+=wy = wl/ W (36) [Cox, = Ci, — [Cred], (55)
fADP o/

Pi dissociation H;P0., = HPOy, + H, === —WIgATP, — Y\gADP 137) :-nA.DF’],= f( (K ..+ ADPyn, = Mgy ) 56)

Complex | NADH, + G, = 5H += ha. = (=vou — viry |/ W (38) (Kd,.,. +ADPi, + Mgy, ’ )
NAD, + QHym ~ 4H . - AN 2
o - . . A A —4(Mgyy, - ADRx, )
Complex Il QM = 2Cox,. + 2H, d fATP., = —vaar [V — WioATP (30)
Q. = 2Cred;. +~ 4H. g: '

.-
7 [fADPL = ADPy — /mAD 57)
Complex IV Crad,, + 0.25 O; ~ 2H, +* Cox;. d/mATP vee [ ) (401 v v ADEL DPy, — [MADF), (57)
——:‘—L = +viE, [ W+ vigarr 40)
~0.5H;0 + Hi. ' x faTp mATP )

Mal. = Mgy, — [mADF)]. (58)
ATP =vi = NADE, < PL - ng K. = H, +* FA T .
ATP synthase mMADP, + Pi +ng H, + H dfADPL, _ FAAC/ W — WoADP (41) , tapp e .
d: L VIBALE, r [Mg].. = [Mg]. (59

mATP. + na Hy
ADPJATP carrier  fATP, = fADP,, + fATP,, + fADP, d'mADP v '
Pi/OH antiportar  H;POy, = OH, = H;POL, = OH, g = v 5 /W wigane, 42)
K*/H* antiporter K+ H = K,+ H;. - . K] — 'K]. (61)
H leak Hiz == Hx =g = (—wg = veml /WL (43) T
K* leak Ki. ¥ K

L fADP [P} = [Pi} (60

H], = [H]. 62)
Adenylate kinase mATP,, ~ fAMP, ~* mADP, « [HPOL] i = g (63)

A . .
AUFs = (=2wq — 2w /W, (45)

Mg”* binding on  fATPs = Mgz += mATPix dt [HPO = Fy; . 64
fATP dfATPL. _ , o

VIATP... + VAAC,. — V2K, )/ WM — wigate (46) :OH “h— (65)
10-14
H-

Mg?* binding on  fADP,, + Mg, ~ mADP,, dt

fADP dmATPL _ 0 A+ wears a7 [OH
Pi dissociation H2PO4z == HPOus + His : " ¥YmATP/ Phis VBRI, '

Outer mambrane :i:f»‘-ADF‘] . - - - J

fATP.
mATF. -,
fADP o
mMADP:m
fAMP.,
P om
Mg.*

External spac

MgATF, *

MgADP,.*

fATP diffusion  fATP. « fATR, mteeedl® = (+uviape,, — VAAG, + 2K, )/ Wz — vivgare, (48

mATP diffusion mMATP. = mATP,, d'mADPI i ) '
fADP diffusion fADP, = fADP,, —eedlz = Lymape_ [ Wis + vigATe, (48
mADP diffusion  mADP. +* mADPi.

A itk 1AL, = 1AM, == (e — ) W “* Heiske et al., FEBS Journal 2017

Mg?* diffusion Mg. = Mg, d P‘ R Vo (51)

;
(—wvoiou+ voi_ )/ WV

a/cytoso

Mag** bindin ATP. + Mg. = mATP. dav¥
v1g‘- :ﬁr‘:itrg fATP. - Mg. mATP. (81 + 2v03 + AV0E — M - Kok N
on fATP dt (52)

Mg’* binding fADP. + Mg. ~* mADP. — VAAC — Wdesk — v/ C
on fADP
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Le cycle de Krebs en 2023 : Phosphorylation oxydative

Optimisation non-linéaire sous contrainte

& a C 100 D 100
A
< —_— —_—
A g 50 g 50
A - -3
0 0
50 100 50 100 0 50 100 (] 50 100
Inhibition of C1 (%) Inhibition of C3 (%) Inhibition of C4 (%) Inhibition of F1FO (%)
F 100 G 180 H 100
g
2 2 o
o 50 T 140 ® 50
_,O _’O E
w
0 ; 100 0
50 100 0 50 100 0 1500 30 0 100 200 300
Inhibition of AAC (%) Inhibition of PiOH (%) H leak (- dHleak) H leak (- dHleak)

On obtient une modélisation de I'évolution de
toutes les concentrations

Cytosol
A A N N A A

v v A 4 A\ 4 v v
fATP mATP fADP mADP famp Pi
Mg + fATP = mATP
fADP Mg + fADP 5 mADP
fAMP fADP Intermembrane space H,PO; 5 HPO] + H*

H,PO;

fADP H' K* H*

v Vv

K* OH-

Mg + fATP 5 mATP
Matrix Mg + fADP = mADP

H,PO; & HPOZ™ + H' J

Heiske et al., FEBS Journal 2017

Réglage fin de tous les parametres du modele
20 pages de description du modele !

Le modele reste « simple » ce n’est pas

un organisme entier



Modele d’'organisme entier

Whole-Cell Modeling
ENO

Models: Comprehensive computational models of individual cells

Archetypal bacterium

The archetypal bacterium model generator is a tool for generating WC models that represent user-
specified numbers of genes, RNA, proteins. and reactions. The models generated by the model
generator represent the metabolism. replication. transcription, translation, RNA and protein
degradation. and cell division of a typical bacterium. The archetypal bacterium model generator is
particularly useful for driving the development of WC modeling tools, as well as teaching WC
modeling.

Availability: In development
Author: Karr Lab, Sinai %

Mycoplasma genitalium

The M genitalium \WC model was the first model that represented each characterized gene function
of an organism. The model is composed of 28 submodels of 28 cellular processes. In total the modet
represents the functions of 401 genes. 722 compounds, 1.857 reactions, and 1.836 parameters. In
addition to demonstrating the feasibility of WC models, the model has been used to gain new
insights into cell cycle regulation, learn unknown parameters, and suggest new uses of existing
antibiotics for Mycoplasmas.

Availability: Download %

Author: Covert Lab, Stanford %

More info: Docs % | Source % | License % | Tests %
Reference: Karr JR et al Cell 2012 %

Mycoplasma pneumoniae

The M pneumoniae \WC model will be the most comprehensive. most systematically constructed
and most extensible WC model to date. The model will represent all of the major cellular functions
of M pneumoniae, including the function each characterized gene. The model will be based primarity
on M. pneumoniae genomic data. The model will be used to drive the development of WC modeling
methods, as well as to help design a reliable. energy efficient. fast-growing chassis for future
biocengineering

Availability: In development
Author: Karr Lab. Sinal %

Escherichia coli

The E coli WC model represents the core cellular functions of E coli. The model is the most detailed
and most thoroughly tested WC model to date

Availability: In development
Author: Covert Lab, Stanford %

Homo sapiens (H1-hESC)

The H1 human embryonic stem cell (hESC) modet is the first step toward WC models of human cells.
The model will represent the core cellular functions of all human cells including their metabolism.
DNA replication. transcnption. translation; protein complexation. RNA and protein degradation. and
division. The model focuses on H1-hESCs because ESCs behave as individual cells. because ESC
lines are karyotypically normal. because ESCs grow quickly. and because H1-hESC has been
extensively charactenzed. In addition to demonstrating the feasibility of human WC models and
driving the development of WC modeling tools, the model will be used to gain insights into how
stem cells maintain pluripotency.

Availability: In development
Author: Karr Lab. Sinai %

Homo sapiens cancer signaling (MCF10A)

” *‘.
Amechanistic ordinary differential equation medel describing the interactions between commonly

mutated pan-cancer signaling pathways—receptor tyrosine kinases. Ras/RAF/ERK, PI3K/AKT.
mTOR, cell cycle, DNA damage. and apoptosis.

Availability: Bouhaddou M et al. A mechanistic pan-cancer pathway model informed by multi-omics
data interprets stochastic cell fate responses to drugs and mitogens. PLoS Comput Biol 26, 1005985
(2018). %

Author: Birtwistle Lab. Clemson %
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« Base de données la plus compléte sur terre »

Reguloni:)

Escherichia coli

Réseau TF vs gene

Réseau TF vs TF
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Regulon DB en 2023

Reguloni)

Escherichia

coli K-12
Transcriptional
Regulatory Network

Currently the best
electronically-encoded
regulatory network of
any free-living
organism.

Read more

Object _ Weak Evidence | Strong Evidence | Confirmed Evidence | Without Evidence

Transcription Units: “ ” 3696 2768 “
| Genes: “ “ 4736 “ “ 4736
Promoter. | | 8795 3099 | 5680 16 |
Operon: I l 2592 I “ 2592
TF binding Sites: l 6958 5030 l 1558 ” 370
Regulatory Interactions: l 3951 3169 86 ' | 696 |
small RNA Interactions: l 247 171 76
Terminators: | 3se \ 366
RBSs - Shine-Dalgarno: l I 179 I “ 179
Transcriptional Factors: 229 96 130 | 3
Simple Regulons: 124
Complex Regulons: | l 432
Effectors: “ “ 138 | “ ” 138
Attenuators: 751 751
Riboswitches: 51 51
Synonyms: || | 30794 “
| Growth Global Conditions: || “ 16 I H "
| Experiment Conditions: ” ” 82 | H "
Affected Genes in Different Experimental Conditions: 316
Gensor Unit: 53




NnDB en 2023

Papers from
collaborators

PubMed

keyword HT-strategy

Filtering of interactions

Supported Regulatory
Interactions

Peak (Different peak callers)
Expression (RNA-seq, microarray)
PWM (MEME, dyad analysis)

HT-interactions with incomplete information

| Only peak I Peak +

Expression

Peak +
PWM

Additional curation

Predict TFBs using a PWM available in RegulonDB
Search for functional evidence: RNA-seq and

microarray expression profiles

Information about the TFBS Information about the regulatory interaction

Coordinates for the peak and methodology Target genes

Coordinates or sequence for TFBS Growth canditions contrast {vocabulary)

Growth conditions contrast (vocabulary) Effect/ function

Evidence and reference for peak and TFBS Evidence and reference of the regulatory effect
Matching with RegulonDB

- Search for already annotated Rls and TFBSs: Update
RI/TFBs with a new evidence and reference
- Otherwise: Add new Rls and TFBSs

RegulonDB

RegulonDB
HT-Datasets

« Base de données la plus compléte sur terre »

Reguloni:)

Escherichia coli



RegulonDB en 2023

Experimental datasets

Description File

coli K-12 genome sequence used into RegulonDB

E. coli K-12 genome sequence raw format

E. coli K-12 genebank

E. coli K-12 genebank refseq

Sequences

Gene Sequence

5'and 3' UTR sequence of TUs

Gene - Product

All gene products

Gene Product Identifiers

sRNA genes

ranscriptional Factors - Functional conformation

é Download

Regulatory Interactions

é Download

Regulatory Network Interactions

TF - gene interactions

é’ Dowv

TF - operon interactions

é) Dowv

Promoters

All Promoters éi Download
Sigma 70 é Download
Sigma 54 & Download
Sigma 38 é Download
Sigma 32 & Download
Sigma 28 é Download
Sigma 24 é Download
Sigma 19 éa Download
Unknown é] Download

Transcription start sites experimentally determined in the laboratory of Dr.
Morett

High-throughput transcription initiation mapping. Illumina
directional RNA-seq experiments were total RNA received
different treatments to enrich for 5' monophosphate or 5'
triphosphate ends. Version 3.0. See the file description.

High-throughput transcription initiation mapping. See the
file description.

5'-RACE transcription initiation mapping with specific
primers. See the file description.

TF - TU interactions

é Dow

TF - TF interactions

é Dowv

Sigma - gene interactions

é) Dow

Sigma - TU interactions

é Dowv

Alon and MA interactions "

é) Dowv

SRNA - gene interactions "

é) Dow

Transcription Factor Weight Matrix

TE-Matrix browser

& Download

Active and Inactive Transcription Factor Conformations é) Download
Transcription Units é;? Download

Operons éﬂ Download

Growth Conditions

é) Download

r



RegulonDB en 2023

Computational Predictions datasets

Description

Promoter predictions

Method

“We observed that real promoters occur mostly within regions with high
densities of overlapping putative promoters. We evaluated several
strategies to identify promoters. The best one uses an intrinsic score of
the -10 and -35 hexamers that form the promoter as well as an
extrinsic score that uses the distribution of promoters from the start of
the gene. This high signal density is found mainly within regions
upstream of genes, contrasting with coding regions and regions located
between convergently transcribed genes.” A.M. Huerta, J. Collado-
Vides, ] Mol Biol. 333:261-78 (2003).

Operon predictions

Operon prediction on (intergenic) distances

Operon predictions based on (Intergenic) distances and Riley's
functional classification.

We have previously demonstrated that genes within experimentally
characterized operons of Escherichia coli are conserved together in
other genomes more frequently than genes located at the borders of
transcription units. We also show the relationship between our analyses
of conservation and the inference of functional relationships from a
genomic context

TF binding sites predictions

We have taken advantage of the phylogenetic proximity of Escherichia
coli and other 16 organisms of this subdivision and the intensive search
of the space sequence provided by a pattern-matching strategy. Using
this approach, we complement predictions of regulatory sites made by
using statistical models currently stored in Tractor_DB, and increase the
number of transcriptional regulators with predicted binding sites up to
86.

The original prediction approach, based on the representation of
binding sites through statistical models was complemented by a new
approach that uses known E. coli regulatory sites as the basis for a
pattern matching search of regulatory sites. The use of both
approaches tegether resulted in a more intensive exploration of the
sequence space of each regulator's binding site.

Computationally predicted transcription factor binding sites (TFBSs)
using the evaluated weight matrix (see
http://regulondb.ccg.unam.mx/menu/download/datasets/index.jsp
). We scanned all upstream regions of every single gene, from +50 to
-400 or from +50 to the closest upstream ORF, whatever happens
first. (see the methodology)

tors Predictions

“Regulatory proteins in Escherichia coli with a helix-turn-helix (HTH)
DNA binding motif show a position-function correlation such that
repressors have this motif predominantly at the N terminus, whereas
activators have the motif at the C-terminus extreme. Evidence is
presented supporting a common history at the origin of this correlation.
These results suggest that if shuffling of motifs occurred in Bacteria, it
occurred only early in the history of these proteins, as opposed to what
is observed in eukaryotic regulators.” Pérez-Rueda E, Collado-Vides J. ]
Mol Evol. 2001 Sep;53(3):172-9.

; Prediction

For each group of orthologous proteins, the upstream regions of the first
gene of each operon are taken and searched for motifs using MEME
(Figure 1a). Each motif is then refined by several cycles of locating it

among all upstream regions from all bacteria using MAST, and
redefining a more specific motif with MEME (Figure 1b). Sequences with
motifs can then be analyzed to see if they present evidence of
conserved secondary structure (Figure 1c). Predicted motifs are also
compared against the Rfam database to locate known structured
elements and against RegulonDB to find known transcription factor
binding sites.

Click here to see image.

Prediction

For each predicted operon, the upstream region of the first gene is
taken (Figure 1a). For every run of Us present in this region (Figure 1b),
a stable structure in the adjacent region is searched for (Figure 1c). If a
terminator is found, an anti-terminator is searched for, since it must be
overlapping with the terminator (Figure 1d). An anti-antiterminator can

be analogously located by finding a structure that overlaps with the

anti-terminator (Figure 1e). For the particular case of translational
attenuators, a terminator is searched for, since it overlaps with the
Shine-Dalgarno site.

Click here to see image.




Saccharomyces cerevisiae — YeastNet v3
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[YeastNet: a network by integration of all data-type-specific networks (CC, CX,

YeastNet v.3

362421 links

5808 genes
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Saccharomyces cerevisiae — YeastNet v3

Evidence
code

CC

CX

DC

GN

Data set description

Inferred links by co-citation of two genes across 46,111 pubmed
Medline article abstracts for yeast biology

Inferred links by co-expression pattern of two genes (based on
high-dimensional gene expression data)

Inferred links by co-occurrence of protein domains between two
coding genes

Inferred links by similar genomic context of bacterial orthologs of
two yeast genes

GT

HT

LC

PG

TS

Inferred links by similar profiles of genetic interaction partners

Links by high-throughput protein-protein interactions

Links by small/medium-scale protein-protein interactions (collected
from protein-protein interaction data bases)

Inferred links by similar phylogenetic profiles between two yeast
genes

Inferred links by 3-D protein structure of interacting orthologous
proteins between two yeast proteins



Bases de données « nettoyées » par la
communauté
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Etat de 'art : BioCyc
@EcoCyc

@ BsuBCYC

©HUMANCYC

Genes: 4,737|( SmartTable | | Ontology )
Pathways: 365 |_SmartTable | | Ontology |
Enzymatic Reactions: H 2.202\

Transport Reactions: 530
Polypeptides: 4,466 | SmartTable | | Ontology |
Protein Complexes: 1,166 | SmartTable | | Ontology |
Enzymes: 1,714
Transporters: 479
Compounds: 2,967|| SmartTable ] | Ontology |
Transcription Units: 3,694/ SmartTable ] | Ontology )
tRNAS: 89
Growth Media: 438
Transcriptional Regulation: 5,661
lProtein Features: ||41 ,346’

Phenotype Microarray Datasets: 5
GO Terms: 71,124
Gene Essentiality Datasets: 6

Genes: 4,541|| SmartTable ) | Ontology |
Pathways: 274/ SmartTable || Ontology |
Enzymatic Reactions: | 1,529|

Transport Reactions: 92
Polypeptides: 4,293|| SmartTable ) | Ontology |
Protein Complexes: 255|| SmartTable ] | Ontology |
Enzymes: 1,072
Transporters: 632
Compounds: 1,007|( SmartTable ) | Ontology
Transcription Units: 1,648|( SmartTable | Ontology )
tRNASs: 86
Growth Media: 1 List
Transcriptional Regulation: 864
Protein Features: |22,636|

GO Terms: 34,078

Gene Essentiality Datasets:

List

Genes: 20,997|| SmartTable | | Ontology |
Pathways: 362|| SmartTable )| Ontology |
Enzymatic Reactions: ” 2,895

Transport Reactions: 145
Polypeptides: 20,732|| SmartTable | | Ontology |
Protein Complexes: 541|| SmartTable ) | Ontology |
Enzymes: 3,541
Transporters: 773
Compounds: 2,119|| SmartTable || Ontology
tRNAS: 53
Growth Media: 2 List
Transcriptional Regulation: 2
Protein Features: “ 14

GO Terms: 890,187
Gene Essentiality Datasets: 1




Etat de I'art : MetaCyc
@ METACYC

MetaCyc is a curated database of experimentally elucidated
metabolic pathways from all domains of life.

MetaCyc contains pathways involved in both primary and
secondary metabolism, as well as associated metabolites,
reactions, enzymes, and genes. The goal of MetaCyc is to
catalog the universe of metabolism by storing a representative
sample of each experimentally elucidated pathway.

Genes: 14,976|| SmartTable | | Ontology |
Pathways: 3,063|| SmartTable )| Ontology |
Enzymatic Reactions:||18,285

Transport Reactions: 910
Polypeptides: 16,731|[ SmartTable | | Ontology |
Protein Complexes: || 4,756|| SmartTable ||| Ontology )
Enzymes: 14,028|| SmartTable |
Transporters: 638|| SmartTable |
Compounds: 18,452 SmartTable | Ontology |
tRNAS: 8
Growth Media: 19
Protein Features: 30,982

GO Terms: 72,124




Le serveur String-DB.org

ANGPT1

Réseau d’interaction protéine-protéine
de l'insuline prédite par string-db.org

Known Interactions

Yt from curated databases

tN  oxperimentally determined

Welcome to STRING

Protein-Protein Interaction Networks
Functional Enrichment Analysis

ORGANISMS I PROTEINS | INTERACTIONS

14094 | 67.6mio | >20bin

SEARCH

Predicted Interactions

Vet gene neighborhood

L —

ENetN  gene fusions

L —

{ :—( : gene co-occurrence

Others

Nt textmining

p—

NN co-expression

L — g

At protein homology
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Recon3D : Human metabolism

biochemical data
genomic data
tissue-specific localization
proteomic data
metabolomic data

protein structural data
pharmacogenomic data
atom-atom mappings

jin)

Recon 3D

3288 genes

2908 domains
12890 structures
13543 reactions
4140 metabolites
3536 SNVs

8315 atom-atom
mappings

P31153 QINZLS
(45 M N N
£ ew datatypes
& DNA P
protein structures
Enzyme complex ; :
= @ 3 representative domains
5
© 2 representative domains
Q.
reactant 7- product
= \/YL w cofactor Ay metabolite moieties &
genes reactions metabolites < ™ [ 9 £ S structures
4000 14000 4500 & thioni ’:I-) AT_P )J:
n n 8 methionine ' o 2 ¥ = m0|ety1
SAM !
Jele NS & € moiety 2
2000 7000 =R — -
m
0 OU M ol v
. —— 30 ™ block'ed 25 dead
Recon2 reactions end
Recon2.2 metabolites
HMR2.0
€ Recon3D
o 10
0k D 0

Brunk et al., Nature Biotechnology 2018



W reactome

= Event Hierarchy:
A Autophagy

® < Y Cell Cycle
® %, Cell-Cell communication

® '?* Cellular responses to external stimuli

® 'gi Chromatin organization

® =% Circadian Clock

® =5 Developmental Biology

@ '¥- Digestion and absorption

® =%, U # Disease

® < U DNA Repair

® <%, DNA Replication

‘?ﬂ Extracellular matrix organization
'34 Gene expression (Transcription)
® <%, Y Hemostasis

® =% Y Immune System

® %4 Metabolism

® <%, Y Metabolism of proteins

® 7 Metabolism of RNA

® <%, Muscle contraction

4 Y Neuronal System

@ &’; Organelle biogenesis and maintenance

® <5 Programmed Cell Death

® <%, Protein localization

A Reproduction

%1 Y Signal Transduction

@ '?* Transport of small molecules

o B i) 3
+ I,

W reactome

Pathways for. Homo sapiens v

MUsGo Reproduction ceyjar responses

Trandportof ‘ . to external stimuli
. small molecules =~ :
) s Organelle biogenesis Autophagy
= " and maintenance P
775/ S Protein ; N
< A S localization Extracellular
. : o matrix organization
Nm‘i&/m} ". o : (78 Metabolism - e transport =
Homos(Zsls  expresti (tanscrpsop s S i i
") E’.'Io.:‘ “\ s 3 o

4, Wotecues |} structures @ Downloads

Displays details when you select an item in the Pathway Browser. For
example, when a reaction is selected, shows details including the input
and output molecules, summary and references containing supporting
evidence. When relevant, shows details of the catalyst, regulators,
preceding and following events.

Base de données de réaction chimique impliquées dans le métabolisme d’organisme modeles



W reactome

Wrecctome

- x { PROTEIN FOLDING
=] 'OST-TRANSLATIONAL PROTEIN MODIFICAT)

. -—\--»

SURFACTANT METABOLISM
AMYLOID FIBER FORMA'

) % E Lms PEPTIDE HORMONE METABOLISM

IGF1

REGULATION OF INSULIN-LIKE GROWTH FACTOR (IGF) TRANSPORT AND

UPTAKE BY INSULIN-LIKE GROWTH FACTOR BINDING PROTEINS (IGFBPS)

On peut parcourir plusieurs niveaux de « réactions »



Kyoto Encyclopedia of Genes and Genomes

Basic understanding Practical applications
of biological systems for use in society

/ Biological systems . . . ..
[ : .
Systems information

=

! Health information

| Chemical information

2 B

Genomes Personal genomes
Metagenomes Pathogen genomes

. Building blocks *

Metabolomes

Category Database

KEGG PATHWAY
Systems
information KEGG BRITE

KEGG MODULE

KEGG ORTHOLOGY (KO)
Genomic

information KEGG GENES
KEGG GENOME
KEGG COMPOUND

A— KEGG GLYCAN

KEGG RCLASS

KEGG ENZYME
KEGG NETWORK
KEGG VARIANT
Health
information KEGG DISEASE

KEGG DRUG
KEGG DGROUP

Content

KEGG pathway maps

BRITE hierarchies and tables

KEGG modules and reaction modules

Functional orthologs

Genes and proteins

KEGG organisms and viruses

Metabolites and other chemical substances
Glycans

Biochemical reactions
Reaction class

Enzyme nomenclature
Disease-related network variations
Human gene variants

Human diseases

Drugs
Drug groups

Chemical information category is collectively called KEGG LIGAND
Health information category integrated with drug labels is called KEGG MEDICUS

Color
Kfee
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Kfse

"[cc
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(S0 mrre Gene Ontology

3 composants dans GO :

— Cellular component

Endosome, Mitochondrion, Apoptosome, Centriole... ou?

— Biological process
Notch signaling pathway, G1 phase, Serotonin biosynthesis...

— Molecular function
Inositol 3-kinase activity, clathrin binding...



* Browse pathways

Species: | Homo sapiens v | Collection: | Featured version v | View: | Thumbnail Mode v |
Pathways for the People
22¢11.2 copy number variation ACE Inhibitor Pathway Acetylcholine Synthesis
syndrome
Base de données de voies de signalisation — (
« nettoyées » par la communauté
Activation of NLRP3 Alzheimers Disease

Inflammasome by SARS-CoV-2
AMP-activated Protein Kinase

(AMPK) Signaling



BiGG Models

Search the database by model, reaction, metabolite, or gene

Palsson et al.

View Reactions
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openCOBRA

T T sl The COnstraint-Based Reconstruction
S T T R and Analysis Toolbox
E. Coli core




About Docs QS Report Bug Contact Us

NDEx-The Network Data Exchange

Accéder a différentes bases de données de réseau
Télécharger un réseau/modele particulier
Uploader un réseau/modele particulier

Recherche a travers les réseaux d’éléments (gene, opéron, etc)

Opensource
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Cytoscape ¢

e
c/‘\/'

https://cytoscape.org/download.html

(Vous devez avoir installé Java 11)

Importer des réseaux
Parcourir des réseaux
Visualiser des réseaux
Modifier I'aspect des réseaux

Exporter des réseaux


https://cytoscape.org/download.html

Biologie des systemes

L'approche systémique en biologie

Reconstruire un réseau biologique
* Les différents types de réseaux
Reconstruction directe

Reconstruction indirecte
Les obstacles a la reconstruction

Analyser un réseau biologique

*  Theorie des graphes
* Topologie des réseaux
*  Les réseaux sans échelles

Utiliser un réseau biologique
*  Etat de I'art des reseaux biologiques les plus étendus
* Bases de données en biologie des systemes

Modéliser un reseau biologique




Modéliser

Modéliser = Partir des interactions définies dans le réseau et décrire/prédire
le comportement du systeme

* Prédire un état d’équilibre
e Décrire comment le systeme va évoluer si on change une de ses propriétés

* Mieux comprendre la fonction de composants du systeme



Application de la modélisation

Modéliser = Partir des interactions définies dans le réseau et décrire/prédire
le comportement du systeme

En écologie : Comprendre le lien entre especes

En épidémiologie : Propagation de maladie au sein d’une population

En biochimie : Trouver les concentrations idéales pour un rendement optimal

En biologie synthétique : Comprendre quel élément du réseau de régulation modifier

En pharmacologie : Prédire de nouvelles interactions, donc de nouvelles thérapeutiques



Modélisation d’équation chimique

Reaction that produce more [Y]
k, than consuming [Y] Reactionthatconsume[Y]
Governing Lawfor[A] : A + X — 2X |
Changes in amount of the chemical [A]

k, k.
Governing Lawfor [Y]: X +Y —2Y AND Y —3) B

Changes in amount of the chemical [Y]
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Exemple : Phosphorylation oxydative
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Heiske et al., FEBS Journal 2017



Exemple : Phosphorylation oxydative
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Exemple : Phosphorylation oxydative

Optimisation non-linéaire sous contrainte

0
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J(%
J(%

A AA
A
A)
A
50 100 100

Inhibition of C1 (%) Inhibition of C3 (%) Inhlbmon of C4 (%) Inhnbmon of F1FO (%)

Cytosol
A A N N A A

F 100 H 100
2
® °\° ®
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Inhibition of AAC (%) Inhibition of PiOH (%) H leak (- dH,eak) Hleak (dy.,.)

On obtient une modélisation de I’évolution de
toutes les concentrations

v v \ 4 v v
mATP fADP mADP fame Pi
Mg + fATP 5 mATP

Mg + fADP = mADP

Intermembrane space H,PO; 5 HPO} + H*

fADP H* K H* H,PO;

v Vv

K* OH-

"H ,0 mMADP +Pi mATP fATP
Mg + fATP 5 mATP

Matrix Mg + fADP = mADP

H,PO; & HPOZ™ + H' J

Heiske et al., FEBS Journal 2017

Réglage fin de tous les parametres du modele
20 pages de description du modele !

Le modele reste « simple » ce n’est pas

un organisme entier
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Modéliser a une plus grande échelle

p-D-Glucose_b a-D-Glucose_b
‘ On / Off
ATP_b B-D-Glucose_e (l«D-Gk;cose_e
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ATP_e il B Si A
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ATP_extoc T ATP Un mOdele =
> RO1600 R0|78
ADFP if‘::

ADP cloe( R02739

v

B-D- Giucose 6P +———— 0-D-Glucose-6P

ADP ¢ RO332 R02740 ?nsembl.e Flux A = Flux B
J d’interaction v
SRl double ou multiple

B-D-Fructose-6P
Element B

R04779

J— Variation de B
W BDF‘""6P2 -b'omiss[’: D-Fructose-| 6P Dépend de A



Différentes facons de modéliser

* Modélisation de réseau booléen
* Modélisation par regles
* Modélisation par contraintes

* Modélisation par équations différentielles



C) openCOBRA
isation par contrainte

and Analysis Toolbox

Modée

Constraint-based modeling.
Deterministic

Il est trop couteux de modéliser I'évolution Mathematical Topology Stochastic / Boolean >
- *. Net K dx
. N : . Network 0Xx_ s
de tous les constituants du systéme roprosonon ai~ > ,
: N Maxr‘mize[z: zc_,.x_,] A i
mam nsilico easible space. . Z
Modeling. >
-Physical r -
-Thermodynamics P Omics:
-Enzymatic
On impose une contrainte sur le systeme. Experimental -Microarrays
-Metabolomics

Celle-ci va reduire la quantité d’état accessibles e

-Proteomics
-Fluxomics

Integration databases

% Metaboli
high-throughput data. 7 S

Reconstruction.

La modélisation deviendra alors possible en
un temps raisonnable



Biological parts
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Validation des réseaux biologiques

Validation expérimentale

Validation automatisée

System model and = Hypothesés e Experiment generation
knowledge base genenxtion and diign

Cycles of Execution of
Update automated hypotheses | experiments on an
the generation and automated robotic
system experimentation
model

syst;m

Analysis of results Collection of experimental
- y - p

by statistics and observations and other

New knowledge
machine learning meta-data

Ross D King, Science 2009
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