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II.  Evolution  of  Biological  Networks
Modeling  biological  networks  under  duplication−divergence  evolution

Self−assembly  of  ncRNARNA  switches  and  networks

I.  RNA  Regulatory  and  Physical  Networks

$$.  Human Frontier, ANR, Ministère de la Recherche, Institut Curie, CNRS, Fondation  PG de Gennes

Institut Curie, CNRS, Paris
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within  some  species  families
Even  multimodal  distribution

5 decades   (8 including viruses)

Genome  size  distribution

what  was  known  before  sequencing

Sparrow 1976



Shotgun  Genome  Sequencing



http://www.ncbi.nlm.nih.gov/genomes/static/gpstat.html

Genome  Sequencing  Statistics

NCBI, 29 Sept 2009



Human 20,000−25,000

Arabidopsis 29,000

Gallus 20,000−23,000

Paramecium 39,000

Wheat 75,000 ?
(allohexaploid)

6,000

19,000

13,000

Life  great  complexity  and  diversity  despite few  genes...  same  genes...

Evolution  through  Duplication−Divergence  of  Genes  and  Genomes

Tetraodon 22,000

1 cell

100,000 cells

1,000 cells



Biological  Networks



protein1 protein2

interaction

Combinatorial  Gene  Expression

Detailed  interaction  logic  (AND/OR/NOT)

Combinatorics

Network−like schematic representations :

without logic !!
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Biological  Networks





Double  hybrid  method



Double  hybrid  method

Other  method:  Tandem  Affinity  Purification  (TAP)  +

Mass spectroscopy  of  purified  protein  complexes

















Chromatine

Silencing   and   Epigenetics   Regulation 

Structure



RNA silencing pathways in different organisms miRNAs (lin−4/let−7) in developmental timing
of  C elegans  (Cell, 1993; Nature, 2000)(Meister & Tuschl, Nature, sept 2004)

Post−transcriptional  regulation  through  RNA  Interference



Riboswitches  (metabolite−induced conformational change)

Breaker et al.
2002−2004



tRNA−mediated antitermination in vitro
Putzer et al, NAR 2002

Antiterminator/terminator
switch  regulating  thrS

Thr

T

AT

T

threonyl−tRNA synthetase (thrS) of Bacillus subtilis

Bacillus  subtilis

combine :  antisense  interaction  +  structural switching

RNA−based  regulation  through  RNA  switch  control

Escherichia  coli
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Example : chemotaxis

Signal  Transduction  Networks



cytokinesis / adhesion / mobility            cancer

RAS  Signaling  Pathways



Phosphorylation  cascades

Translation  Error  Corrections

Kinetic  Proof  Reading  behind  Irreversible  Steps
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Topology  of  Biological  Networks



Yeast  Protein−Protein  Interaction  Network



Yeast  Protein−Protein  Interaction  Network



Yeast  Protein−Protein  Interaction  Network



Exponential  versus  Scale−free  Network  Topology

Biological  NetworksRandom  Networks

hubs



Modularity  of  Protein  Interaction  Networks



1

2

3

4

cspA

gyrA hns

caiF flhDC

fliAZY

nhaA osmC rcsAB stpA

flgAMN

flgBCDEFGHIJK flhBAE fliEfliLMNOPQR flgMN fliC fliDST motABcheAW tarTapcheRBYZ

E.coli  shallow  Transcription  Network

No  large  scale  feedbacks

but  60%  autoregulators (AR)

Topology  of  Bacterial  Transcription  Networks



Operons : 648
TFs : 147

ARs : 85 (58% TFs)

Reg Int : 1170

Operons : 423
TFs : 117

ARs : 59 (50% TFs)

Reg Int : 578

Shen−Orr Dataset  (2002)

RegulonDB 5.5  (2006)
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Hierarchy  with  few  Transcriptional  Layers  

Bacillus  subtilis
RegulonDB 5.5 (2006)



Bacteria  versus  Eukaryote  Transcriptional  Hierarchy  

S. cerevisiae  has  long  transcriptional  cascades  

while  bacteria  have  short  ones

S.  cerevisiaeEscherichia  coli Bacillus  subtilis

Cosentino−Lagomarsino,  Jona,  Bassetti  &  Isambert,  PNAS  2007

Sellerio et al.,  Mol BioSyst  2009
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Zhu et al.  Genes Dev (2007)

Topology  of  Oriented  Biological  Networks
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"Over−represented"  Motifs

Shen−Orr (2002)  and

RegulonDB (2005)

Structures  of  Regulatory  Networks



Coherent  and  Incoherent  Feedforward  Loops

Speed up  genetic  response

Mangan et al, JMB 2006

BUT...  such  motifs  are  NOT  conserved!



Low

High

Repressor

Repressor

Low

High

Activator

Activator

Demand  Rule  in  Gene  Regulation

Savageau PNAS (1977)



Demand  Rule  in  Gene  Regulation

Savageau PNAS (1977)

HighRepressor

ActivatorRepressor Low

Activator

Low

High



Metabolic  Networks



Hierarchical  Networks ??!



Very  Preliminary  Conclusion

Biological  Networks  are  NOT  Random  Graphs !

but  is  it  for  FUNCTIONAL  reason ?? 

or  is  it  because  they  CANNOT  be  random
by  CONSTRUCTION ?? 



but  is  it  for  FUNCTIONAL  reason ?? 

or  is  it  because  they  CANNOT  be  random
by  CONSTRUCTION ?? 

Then  what  sense  does  it  make  to  compare  them  to  randomized  graphs ??

Very  Preliminary  Conclusion

Biological  Networks  are  NOT  Random  Graphs !



... except  in  the  light  of  evolution"
"Nothing  in  biology  makes  sense...

but  is  it  for  FUNCTIONAL  reason ?? 

or  is  it  because  they  CANNOT  be  random
by  CONSTRUCTION ?? 

Then  what  sense  does  it  make  to  compare  them  to  randomized  graphs ??

Very  Preliminary  Conclusion

Theodosius  Dobzhansky  (1973)

Biological  Networks  are  NOT  Random  Graphs !
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the  level  of  Domains
Protein  Homology  at



Domain  Folds



Protein  Oligomers  and  Group  Symmetry



Homodimers  Interaction  Surface  Symmetry



Sequence  alphabet    D=20  (protein)   D=4  (nucleic  acid)  letters

Number  of  sequences  of  N  letters     D N

Xayaphoummine,  Viasnoff,  Harlepp  &  Isambert,  NAR, 35, 614 (2007)

Information  Content  and  Interaction  Symmetry



Number  of  Neutral  Letters  J  in  the  N  letters  (degrees  of  freedom)

D
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Ω
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Xayaphoummine,  Viasnoff,  Harlepp  &  Isambert,  NAR, 35, 614 (2007)

Information  Content  and  Interaction  Symmetry



Conservation  Law :       N = I + J

where   I =  N − J   is  the  Information  Content
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Conservation  Law :       N = I + J

where   I =  N − J   is  the  Information  Content

J=N
I=N

I=N/2 I=N

I=NI=NHeterologous

Isologous
Interactions

Interactions

I=N/2

J=N/2

I=3N/4

monomer polymerhomodimer tetramer

Number  of  Neutral  Letters  J  in  the  N  letters  (degrees  of  freedom)

D
Sequence  entropy     J = log

J

Ω
ΩNumber  of  Sequences  with  the  same  function         = D

Sequence  alphabet    D=20  (protein)   D=4  (nucleic  acid)  letters

Number  of  sequences  of  N  letters     D N

Xayaphoummine,  Viasnoff,  Harlepp  &  Isambert,  NAR, 35, 614 (2007)

Information  Content  and  Interaction  Symmetry
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Homologies  between  RNA  Polymerases

ArchaeaBacteria

Eukaryote  (RNAPol I, II & III)



Homologies  between  RNA  Polymerases



Biological  Networks  and  their  Evolution

Hervé  ISAMBERT,  Institut  Curie,  Paris

I.   Introduction:  from  Genomes  to  Networks

III. Properties  of  Biological  Networks

II.  Different  Types  of  Biological  Networks

IV.Network  Evolution:  from  Genes  to  Organisms

V. Models  of  Biological  Network  Evolution

Evolution  of  Eukaryotes

Evolution  of  prokaryotes

Gene  Homology  (ex  RNA pol and Ribosome)



The  Ribosome



The  Ribosome



34  Euk − Arc  only  Homologous  Ribosomal  Proteins 

33  Euk − Arc − Bac  Universal  Ribosomal  Proteins 

The  Ribosome



Ribosomal  Protein  S8  in  Archaea  and  Bacteria



Universal  Ribosomal

Proteins  bwn  Eukaryotes,

Archaea  and  Bacteria



Remaining  Homologous

Proteins  bwn  Eukaryotes

and  Archaea
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Mechanisms  of  Genome  Evolution

Long  suspected... recently  proved!

shuffling  of  protein  domains



Implies  important  genetic  modifications!!

Mechanisms  of  Genome  Evolution

shuffling  of  protein  domains



Kellis et al. 2004
Whole  Genome  Duplication  in Yeast  Genome



Kellis et al. 2004
Whole  Genome  Duplication  in Yeast  Genome
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