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ll. Evolution of Biological Networks

Modeling biological networks under duplication—divergence evolution
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RNA Switches and Networks
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what was known before

5 decades (8 including viruses)

number of nucleotide pairs per haploid genome

sequencing

MNumber o species

20

Even multimodal distribution
within some species families
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Genomic DNA

BAC library

Organized
mapped large
clone contigs

BAC to be
sequenced

Shotgun
clones

Shotgun ... ACCGTAAATGGGCTGATCATGCTTAAA
sequence TGATCATGCTTAAACCCTGTGCATCCTACTG. . .

Assembly ...ACCGTAAATGGGCTGATCATGCTTAAACCCTGTGCATCCTACTG. . .



Genome Seguencing Statistics

Organism Complete Draft assembly | Inprogress | total
Prokarvotes g78 1044 880 3002
Archaea g7 13 36 1186
Bacteria 911 1031 944 2886
Eukaryotes 24 187 =2 381
Animals 4 T 80 139
Mammals 2 28 18 49
Birds 2 4 3
Fishes 3 5] g
Insects 5 21 7 29
Flatworms 2 2 4
Roundworms 4l g Tl 21
Amphibians Sl 1
Reptiles 3 1
Other animals 12 14 26
Plants 2 11 48 58
Land plants v 8 40 50
Green Algae 3 8 g
Fundgi 10 75 38 123
Ascomycetes 8 60 25 a3
Basidiomycetes 1 10 8 18
Other fungi 1 £ 5 111
Protists 5} 24 24 54
Aplcomplexans 1 11 7 19
Kinetoplasts 4 2 5 8
Other protists 4 10 13 26
total: 1000 1231 1152 3383

NCBI, 29 Sept 2009

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



Life great complexity and diversity despite

1 cell

Saccharomyces cerevisiae, 1996

] No match
B Known gene

[] Homology to known gene

Caenorhabditis elegans, 1998

[l No match
B Known gene
[] Match outside nematodes

B Match within nematodes only

100.000 cells Drosophila melanogaster, 2000

] No match
B EST + protein match
[] EST match

B Protein match

few genes... same genes...

=

Tetraodon 22,000

Gallus 20,000-23,000

Paramecium 39,000

Wheat 75,000 ?
(allohexaploid)

—= Evolution through Duplication—Divergence of Genes and Genomes



Biological Networks

Project of Genome Sequencing

Number of genes

* Yeast 6000
e Tetraodon (fish) 22000
* Human ~ 25000
* Arabidobsis thaliana (plant) 29000

29
Few genes -w— (Complex processes

27 \ : : 5 1
Same genes -g—p Great diversity of organisms

— Combinatorics of genes = Complexity of interactions



Combinatorial Gene Expression

Detailed interaction logic (AND/OR/NQOT) Network-like schematic representations :
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Biological Networks

a) Physical Protein-Protein Interactions

b) Transcriptional Regulations
transcriptional stimulation/inhibition

¢) Enzymatic Reactions
catalysis of enzymatic reactions

d) Signal Transduction
physical interactions, enzymatic reactions

mliede ramdems



This representation

® (Contains direct pairwise interactions
* Does not contain indirect interactions

* is a non oriented graph

inleraction

proteln 2

* Experimental methods
yeast two hybrids method
purified complexes

Hajure Rewiews | Qonstics

Protein-protein interaction network
of the Yeast S. Cerevisiae

Jfrom H. Jeong et al., Nature 411 (2001)



Double hybrid method

DMNA-binding domain
fused to protein A |5 A !

Fromotar

Activator region fused to
4—— protein B

Reporter gene

Activator region fused to
protein B

fused to protein A ] f - ﬂé-

—_—




Double hybrid method

One technique, called the yeast two-

hybrid system, relies on bringing into close “PREY"

proximity two halves (@ and b) of a protein
that activates a gene that causes a yeast
cell to turn blue. It is used to determine
which of a pool of unknown “prey” pro-

teins binds to a known “bait” protein.

“BAIT" YEAST CELL
PROTEIN \

1 Insert DNA encoding a
known “bait” protein linked
ta DM A for half {a) of the
activator protein

PROTEIN
i

&y

2 Insert DNA for the other half
{b) of the activator protein linked
to DNA encoding random

"prey” proteins

o 3:-:%

"PREY"

PROTEINS DO NOT
BIND; CELLS
REMAIN WHITE

"PREY" PROTEIN
BINDS; CELL
TURMS BLUE

COLOR-CHANGE
GEME"OM"

3 Look for color change,
which indicates "prey”
protein binding to "bait”

Other method: Tandem Affinity Purification (TAP) +
Mass spectroscopy of purified protein complexes



Databases

* BIND (Biomolecular Interaction Network Database)
various methods, many taxons http://bind.ca

* MPact of MIPS (Munich Information Center for Protein Sequences)
various methods, yeast S. Cerevisiae
http://mips.gsf.de/genre/proj/mpact

* DIP (Database of Interacting Proteins)
various methods, many taxons http://dip.doe-mbi.ucla.edu

and many others....



This representation

* Contains direct regulational relationships
ITranscription Factors — Regulated targets

 LHF 1 Cspa
: i . ) |
* Different regulations are independent T T -

‘s B\ I. T
N PN L3 [ .
Fl gy i '
# J [} il 1 |
| L 1 |
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g 1 :

* [s an oriented graph

FT1 FT2

Transcriptional regulation
network of E.Coli

C1 C2 C3



Transcriptional Regulation Networks

Experimental methods: Chormatin Immunoprecipitation
Genome-Wide Location analysis

Databases

* Regulon DB hitp://regulondb.ccg.unam.mx/
transcriptional regulation of the bacterium £. Coli

* EcoCyc Database http://ecocyc.org/
transcriptional regulation of the bacterium £. Coli

* Data of publications
Uri Alon's group (E. Coli & S.Cerevisiae)
Data of Lee et al.(2002) (GWLA for S.Cerevisiae)
Data of Balaji et al (20006) (S.Cerevisiae)



Exemple: analyse du cycle cellulaire de la levure
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Exemple : développement de 'oursin de mer

w100 bp
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Circuit de génes dans le développement de 'oursin de mer

The Endomesoderm model:
J_LICI View from the genome
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Silencing and Epigenetics Regulation

Chromosome
Chromatide Chromatide Nﬂy au

Chromatine |
Structure

—
- _i.gprutéines
£ histones

-3::?.,""" Double




D. melanogaster
011111 1111 )
ﬁi%‘l mﬂﬂi

I 11118
T Frrmm it

ELITINg- JULLLp
rasiRNA niFl.l'{-_l.-'ﬂHHA meRNA

RITS RISC rmiFiNP

C. slagans/mammals
111011 11111 )

~

mRNA/SIRNA MiRNA

RISC reiANP

RNA silencing pathways in different organisms
(Meister & Tuschl, Nature, sept 2004)
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| \\’ Late events !

MiRNAs (lin—4/let-7) in developmental t

of Celegans (Cell, 1993; Nature, 2000)




Riboswitches (metabolite—induced conformational change)

Coenzyme By, (adenosylcobalamin)
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RNA-based regulation through RNA switch control

Escherichia coli

Bacillus subtilis

=T .

I
3

fhiA mRNA

Mﬁi

rpoS mBNA

Y8, |
e T

tRNA-mediated antiterminatiomn vitro
Putzer et al, NAR 2002

Antiterminator/terminator
switch regulating thrS

C RNAT
AT
L —A-U T
c-G
C N—C-G \' T

[N

threonyl-tRNA synthetase (thrS) of Bacillus subtilis

————= combine:

antisense interaction + structural switching
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Signal Transduction Networks

Example : chemotaxis

CheR CheB
CheA
CheY

Flagellar motor




RAS Signaling Pathways
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Kinetic Proof Reading behind Irreversible Steps

Phosphorylation cascades

Signal molecule

Translation Error Corrections
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Numbers of links, nodes, nodes of a given degree k L, N, Nx

(global quantities)
" * . N i ZL
Degree distribution p, pszj 5=y kpﬁﬁ
k=1
Mean degree <k>
(local quantities, 1st neighbours only) 5
d
- irnof (k) 1!
Average connectivity of neighbours g B kN

(2nd neighbotirs)

Clustering coefficient C,
(local topology)

Motifs

(topology at P
a greater scale)




10’ - BIND (version 11/08/2005)

N=4576, 1L-9305, N =4228, <k>=4.03

Mpact

. N=4153, L7417, N, =1799, <k>=3.57

10 [ 7
L '} 1 L1111 | L1l | 1 1 1 L1 L1l
1 10 100 1000
Node degree (k)
Comparaison MPact/BIND

PPI Network of Yeast S.Cerevisiae



10”1 - BIND (version 11/08/2005)

N=4576, 1L-9305, N =4228, <k>=4.03

Mpact

- N=4153, L=7417, N =179, <k>=3.57

e

100 1000

L 1 | L1111 |
1 10
Node degree  (K)

Comparaison MPact/BIND
PPI Network of Yeast S.Cerevisiae
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- BIND (version 11/08/2005)

N=4576, 1.-9395, N, —4228, <k>=4.03

Mpact
N N=4153, L=7417, N =1799, <k>=3.57

Approximative power law
Prck™ T, a~25

gk, §=—02

1 10 100
Node degree  (K)

Comparaison MPact/BIND
PPI Network of Yeast S.Cerevisiae

1000

These networks are



Exponential versus Scale—free Network Topology

i L !
o II". %
| » . y
' TY L

Exponential Scale-free

T T

Random Networks Biological Networks



Modularity of Protein Interaction Networks

Party hub;
same time

o

Date-ﬁub:

different time e and space
and/or space 0—¢ /\‘

Party hub;

same time

and space



Topology of Bacterial Transcription Networks

E.coli shallow Transcription Network

T
(o o ( 3__

(o) f AN 4
fiLMNOPQR flgBCDEFGHIJK @ @ @ motABcheAW tarTapcheRBYZ

No large scale feedbacks
but 60% autoregulators (AR)




Hierarchy with Mostly Self-Regulatory Feedback

[ LTI

N

®
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Hierarchy with few Transcriptional Layers

Escherichia coli

Shen Orr et al (2002)
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Bacteria versus Eukaryote Transcriptional Hierarchy

S. cerevisiae has long transcriptional cascades

while bacteria have short ones

Escherichia coli Bacillus subtilis S. cerevisiae
LI P — — l.l T T T | |  m— 04 T T ——TTTTT
(7)) — Randomized — Rand | | | l
£ 0.2 > P s e subtite | nF - Candomzed
= Th -
O 0151 Z o1k , _ =03
@ i @] I @)
-I: 0-]_ U i I [:—jo..g
o s \l/ | =
< - :0.05}F | -
[ ]
o 0.05F \1/ s LYl E S 0.
@ L G :
g 0L— |$ i ! llh._ 0
o 0O 5 10 1
_I .. - -

Cosentino—Lagomarsino, Jona, Bassetti & Isambert, PNAS 2007
Sellerio et al., Mol BioSyst 2009



-léménts positifs et négatifs

Presence Expr

Ry R3 AND
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Horloges Circadiens : homologie des circuits

| 1 t
L]
4| Ll
a2 | g

KaiA Svnachococcus
Clc and Cyc Drosophila
Clock and Bmal Mice

KaiB KaiC Svnachococcus
Tim and Per Drosophila
Tim and Perl,2 Mice



Frequency
0.0100 0.1000 1.0000

0.0010

0.0001

Topology of Oriented Biological Networks

Transcription
—afactor binding
network

Phosphorylation
network

F1
=

5 10 15 20 25 30
In degree

Frequency

0005 0.010

1

C.050 0.100

0.0G5
I

Transcription
et FACHOT blndll‘g
network

Phosphoryletion
network

Zhu et al. Genes Dev (2007)
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Structures of Regulatory Networks

IN and OUT Degree distributions

Shen-0Orr (2002) and
RegulonDB (2005)

Pk.in

=TT

10 100

"Over—represented” Motifs

A Autoregulatory Loop

>

B Feed Forward Loop

VAN

C Bi-Fan

P



Coherent and Incoherent Feedforward Loops

50% | a
45% . cAMP
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Repressor

— > Low Activator _* — > Low

Repressor i Activator i
P —1 p High ! p High

Savageau PNAS (1977)



Demand Rule In

Repressor

= [ ow

1
Re%

Table 2. Nature of regulator correlates with demand for
expression of regulated genes

= High
\

Nature of Demand for
regulator expression
Ob- Pre- Pre- Ob-
System® served! dicted  dicted servedf
Inducible catabolic
pathways
Arabinose Activator —— High High
Galactose Repressor ——— Low Low
Glycerol Repressor ——— Low Low
Histidine Repressor —— Low Low
Lactose Repressor ——  Low Low
Maltose Activator High High
Rhamnose Activator High High
Mannose ? Activator - High
Tryptophan ? Activator High
Xylose ? Activator «— High
Repressible biosyn-
thetic pathways _
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Very Preliminary Conclusion

Biological Networks are NOT Random Graphs !

but 1s 1t for FUNCTIONAL reason ??

or Is it because they CANNOT be random
by CONSTRUCTION ?7?

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

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

Theodosius Dobzhansky (1973)



Biological Networks and their Evolution

|. Introduction: from Genomes to Networks
Il. Different Types of Biological Networks

Ill. Properties of Biological Networks

IV.Network Evolution: from Genes to Organisms

V. Models_ of Biological Network Evolution

Hervé ISAMBERT, Institut Curie, Paris



Biological Networks and their Evolution

|. Introduction: from Genomes to Networks
Il. Different Types of Biological Networks

Ill. Properties of Biological Networks

IV.Network Evolution: from Genes to Organisms

. Gene Homology (ex RNA pol and Ribosome)
Evolution of Eukaryotes

"Evolution-of prokaryotes

V. Medels of Biological Network Evolution

1

Hervé ISAMBERT, Institut Curie, Paris



Protein Homology at
the level of Domains

Proten A in organism 2 (I |
Protein B in organism 2 (I
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Domain

Folds

C

Class
3 major classes

A

Architecture
32 architectures

T

Topology or fold
~B820 fold groups

3-layer sandwich

2-layer sandwich

Homologous
suparfamily
~TAG0 SupepErTien Lactate Dehydrogenase Flavodoxin
(9IdtA, domain 1) (2fox0, domain 1)
Sequence family /l\\ / /1\\
(35%)
-4000 families O O O O O O O O O O




Protein Oligomers and Group Symmetry

Cyclic Dihedral

TABLE 1 Natural occurrence of oligomeric proteins in Escherichia colf*

Number of Number of
Oligomeric state  homooligomers  heterooligomers  Percent

Monomer 72

Dimer 115 21

Trimer 15 5 5.4

Tetramer 62 16

Pentamer 1 1 0.1

Hexamer 20 | 5.6

Heptamer 1 1 0.1

Octamer 3 6 2.4

Nonamer 0 0 0.0

Decamer 1 0 0.0

Undecamer 0 1 0.0 o
Dodecamer 4 2 1.6 e
Higher oligomers 8 2.2

Polymers 10 2.1

Complement C1 Glutamine Synthetase Satellite Tobacco Mecrosis Virus



Homodimers Interaction Surface Symmetry

X: Isocitrate Dehyvdrosenas.
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Information Content and Interaction Symmetry

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

Sequence alphabet D=20 (protein) D=4 (nucleic acid) letters
Number of sequences of N letters pN

Number of Neutral Letters J in the N letters (degrees of freedom)
Number of Sequences with the same function Q= D’

Sequence entropy J= IogDQ

Conservation Law : N=1I+J
where I= N-J is the Information Content
Isologous _ 7N ( ( /\L
Interactions J=N/2 ' v @ \ ( 1 /\L
Y& ) Ll/
N ’ L
monomer homodimer tetramer polymer

S TR /C J\? N\

</ S s
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Homologies between RNA Polymerases

Pol Ill

upstream
DNA

Bacteria Archaea

Eukaryote (RNAPol I, Il & IlI)



Homologies between RNA Polymerases

Archaea Eukarya Bacteria
P. furiosus S. cerevisiae E. coli
RNAP RMNAPII RNAP

103.5
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29.8
21.7
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The Ribosome




The Ribosome




The Ribosome
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Archaea and Bacteria
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* Random mutations (nucleotide substitutions)

synonymous (the same aminoacid)
nonsynonymous (a different aminoacid)
nonsense codon modifications (Stop)

* Recombinations — crossing over/gene conversion

exchange of homologous sequences between homologous chromosomes
non reciprocal exchange (loss of one of the variant sequences)

* Deletions and Insertions — unequal crossing over
gene deletion and local gene duplication — shuffling of protein domains

* Global gene duplication — whole genome duplication
replication of chromosomes without segregation

Long suspected... recently proved!



* Random mutations (nucleotide substitutions)

nonsynonymous (a different aminoacid)
nonsense codon modifications (Stop)

* Deletions and Insertions — unequal crossing over
gene deletion and local gene duplication — shuffling of protein domains

* Global gene duplication — whole genome duplication
replication of chromosomes without segregation

Implies important genetic modifications!!



Whole Genome Duplication in Yeast Genome
Kellis et al. 2004
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Whole Genome Duplication in Yeast Genome
Kellis et al. 2004
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Whole Genome Duplications in Evolution
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—Population bottleneck

—Speciation events

Whole Genome Duplications promote:

Whole Genome Duplications in Evolution
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> Point mutations (substitutions)
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Evolution by Duplication Divergence
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Evidence of Genome Duplication on PPl network

Yeast 6000 genes : 4000 in PPI network

500 duplicates from WGD : 250 with both duplicates in available PPI network

PPI network

Proba to share k+ partners:

k=1 WGD dupli > 20 x random pairs
k=10 WGD dupli > 1,000 x random pairs

Node pair distribution with shared partners
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Node degree distribution
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Evidence of Genome Duplication on PPl network

Yeast 6000 genes : 4000 in PPI network
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PPI network

O O

"Rewiring" ??

O

Proba to share k+ partners:

k=1 WGD dupli > 20 x random pairs
k=10 WGD dupli > 1,000 x random pairs

Node pair distribution with shared partners

0.01
1e-04}

le-06

1 —

Node degree

degree distributions

random 1

WGD dupli pairs

random pairs

1 10
Number of shared partners

Node degree distribution



Evidence of Genome Duplication on PPl network

Yeast 6000 genes : 4000 in PPI network

500 duplicates from WGD : 250 with both duplicates in available PPI network

PPI network

O O

Shared
Partners

O

Proba to share k+ partners:

k=1 WGD dupli > 20 x random pairs
k=10 WGD dupli > 1,000 x random pairs

Node pair distribution with shared partners

0.01
1e-04}

le-06

1 —

Node degree

degree distributions

random 1

WGD dupli pairs

random pairs

1 10
Number of shared partners

Node degree distribution



Biological Networks and their Evolution

|. Introduction: from Genomes to Networks
Il. Different Types of Biological Networks

Ill. Properties of Biological Networks

IV.Network Evolution: from Genes to Organisms

. Gene Homology (ex RNA pol and Ribosome)
Evolution of Eukaryotes

"Evolution~of prokaryotes

V. Medels of Biological Network Evolution

1

Hervé ISAMBERT, Institut Curie, Paris



Genome Size Restriction of Free-living Prokaryotes
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Homology bwn Prokaryote Genomes

+500 sequenced genomes
/ Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130

Leptospira interrogans serovar lai str. 56601
Treponema pallidum
Treponema denticola ATCC 35405
Borrelia burgdorfen B31
Borrelia garinii PBi
— Shewanella onsidensis MR-1
~ Mannheimia succiniciproducens MBELS5E
~ Haemophilus influenzae Rd
- Pasteurella multocida
~ Haemophilus ducreyi 35000HP
Yersinia pestis biovar Medievalis str. 91001
" Yersinia pestis CO92
Yersinia pestis KIM
Yersinia pseudotuberculosis |IP 32953
- Photornabdus luminescens subsp. laumondii TTO1
- Erwinia carotovora subsp. atroseptica SCRI1043
Shigella flexneri 2a str. 301
Shigella flexneri 2a str. 2457T
Escherichia cdi O157:H7 EDL933
Escherichia coli CFT073
Escherichia coli K12
Escherichia cali O157:H7
| Salmonella enterica subsp. enterica serovar Paratypi A str. ATCC 9150
Salmonella typhimurium LT2
Salmonella enterica subsp. enterica serovar Typhi Ty2
Salmonella enterica subsp. enterica serovar Typhi
A — Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis
Candidatus Blochmannia floridanus
= Buchnera aphidicola str. Sg Schizaphis graminum
Buchnera aphidicola str. APS Acyrthosiphon pisum
Buchnera aphidicola str. Bp Baizongia pistaciae
Vibrio wulnificus CMCP6
Vibrio wulnificus YJO16
Vibrio parahaemolyticus RIMD 2210633
Vibrio cholerae
Vibrio fischer ES114
Photobacterium profundum SS9
— Idiomarina loihiensis L2TR
Pseudomonas putida KT2440
Pseudomonas syringae pv. tomato str. DC3000
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