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Main motivation

Arrive, by means of a comparative approach,
to a better understanding of the diversity of
the modes of evolution and functioning of organisms,
both prokaryotes and eukaryotes,
and of the extraordinary combinatorics
of the spatial and temporal interactions among the elements

(genes, metabolites, etc.) composing such organisms
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More precisely

Try to provide elements of answers to the following questions:
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e Are there regularities, structural and functional, in the diversity
that is observed, regularities that could provide evidence of a
deeper organisation of living organisms?
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Try to provide elements of answers to the following questions:

e Are there regularities, structural and functional, in the diversity
that is observed, regularities that could provide evidence of a
deeper organisation of living organisms?

e (Can we identify these regularities in a systematic fashion and thus
manage to distinguish an order in the complex network of the
observed interactions?
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More precisely

Try to provide elements of answers to the following questions:

e Are there regularities, structural and functional, in the diversity
that is observed, regularities that could provide evidence of a
deeper organisation of living organisms?

e (Can we identify these regularities in a systematic fashion and thus
manage to distinguish an order in the complex network of the
observed interactions?

e How has this network been set up in the course of evolution, to
accomplish what functions, and could it have evolved in a
different way?



CSD 1 - Sciences et technologies Bilan du

programme Blanc

ANR de l'information et de la communication Edition 2005

Or, 1n other words

Get some clues on a possible answer to this (very general) question:

Is the structure of living organisms
simple or simplifiable into some general principles,

or is life made essentially of exceptions?
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Regularity
Conservation of some elements

at the level of the genome at the level of the network of
molecular interactions inside a cell

3 Eatract o Reverse Corplamant @ Tramlss B

Coraenss ASCCEATASE EAFEASAAEE AccEERSEAN sAScE

AECCEATATE CCATACAACT AccATRCCAA cAE:E
ARCCEATATE EATTCCAACTE AccCTIEICCAs cATGE
B ATCCEATADE BRECTACAAAT AccCETACAA GAT:E
Wioume AEGGECHEASE EAFECCAACE EccECEAGAA cASGE
Rist ARGCEREASE EAFTFFCAACE EosOEEASAs sASGE]

Cap ARCCCACADE CAABCCAALT AccETRCAAG CADSE
----- AECCEACATE CORCACAATE ASCABROCAA CAESE:
ABCCEACACE CATCACAATT AcCETITCAA cADCE
AFCCECAADE ACTCCCAACT ACCETTTCAA cASGEH
S R .

Commmm CERCACTTCE ATCASCACAD HETAATAATE ~EZ0T
Com EENCACETRE AECACEAEAE cERAATAATE cECER
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Conclusion

Are there regularities:

YES (this was already partially "known")
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Conclusion

Are there regularities:

YES (this was already partially "known")

Is life "simplifiable into some general principles":
THE ANSWER IS STILL NOT IN
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What was achieved

Better formalisms and mathematical models
Better algorithms of analysis

e at the genomic level
* repeats and motifs
e recombination and chromosomal organisation
e ancestral genomes
 synteny blocks and breakpoint regions
* reversal scenarios between genomes

e at the network level
* regulatory modules
e motifs
* fluxes
e minimal sets of precursors
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What was achieved

Better formalisms and mathematical models
Better algorithms of analysis

[publications] [software & databases]

e at the genomic level [2][4]
* repeats and motifs [7]
e recombination and chromosomal organisation [1]
e ancestral genomes [3]
 synteny blocks and breakpoint regions [2]
e reversal scenarios between genomes [ 5]

e at the network level [2][6]
e regulatory modules [1]
e motifs [3]
* fluxes [1]
e minimal sets of precursors [2]
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The future (present)

Genomes in space Networks in interaction

¥ replication
L]

Nature Reviews | Genetics
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The future (present)

Genomes in space Funded Networks in interaction
ANR MIRI
2009-2012
Wi | INRIA  [350)) Cioe I
N Associated Team S /| e
t 2 Simbiosi I
Prototype funded
ARC INRIA 2007-2008

Further funds will be sought
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Getting back to the past (present)

Better formalisms and mathematical models
Better algorithms of analysis

e at the genomic level
* repeats and motifs
e recombination and chromosomal organisation
e ancestral genomes
 synteny blocks and breakpoint regions
e reversal scenarios between genomes

e at the network level
* regulatory modules
e motifs
e fluxes
e minimal sets of precursors
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Foreword: one recurrent characteristic

Little formal (mathematical/algorithmic) definition of what is sought

Formalisation (Modelling)

Algorithmic development
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Minimal sets of metabolic precursors
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Minimal sets of metabolic precursors

Buchnera
and its host

Ancestor
%\“ l_____L- (2526 genes)

Buchnera
_ . (564 genes
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= q | i = |

X
anv § Bis

,ﬁ\& arigin of

repllcatlnn
| =50 kb

%’m




CSD 1 - Sciences et technologies Bilan du

programme Blanc

ANR de l'information et de la communication Edition 2005

Minimal sets of metabolic precursors

Buchnera
and its host

Ancestor

\':\k%““ l ‘[z {2526 genes)

Buchnera

/ (564 genes)
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= 1,# genes
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Minimal sets of metabolic precursors

Buchnera
and its host

v Ancestor
\%‘“II-——L— L?Si& genes)

: uchnera
‘ i },’ = (564 genes)

= =
q| -

= Y genes
/ ’(ﬁ AR a‘g:' .Iast

7 ‘ orgin o
/ﬂ’i’w&{% 're:::;::catli;n

| =50 kb
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Minimal sets of metabolic precursors

Buchnera
and its host SrEErEE ENVIRONMENT = APHID CELL
)
X . Buchnera cell  Pesteor
Ancestor
O
Oy, 5o \,

I .:__ .:-} (564 genes) LEU .

= -'_...;.f ; — genes GLU anm

7 g 3 lost precursor 9

arigln of
repllcatlnn
| =50 kb
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Minimal sets of metabolic precursors

What is transported into Buchnera?

S
{_z ‘ > Experiments

Hubert Charles et al. INSA

Lyon & INRIA BAMBOO
Buchnera
and its host precursor ENVIRONMENT = APHID CELL
2
¥ Ancestor " Buchnera cell  Pesteor
Wy, (2526 genes) N O
v ____42... Buchnera ¢ ILE
i W\l ? = (564 genes) LEU Q
7 -=| -] genes GLU VAI:.

fost precursor ?

arigin of
¥ replication
| =50 kb
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Metabolism and (math) representation

compound /

L
reaction metabolite A >_<
\ | B
F 4;//"_’
G

R1: A+ B> C+ D
R2: D+ E-> F+ G
R3: F+ G> H+ 1
R4: I-> J+ K
R5: A+ L-> C

B
D' E
J ||
Not traditional 2 &

definition of hypergraph
(but see Ausiello et al.)




CSD 1 - Sciences et technologies Bilan du

programme Blanc

ANR de l'information et de la communication Edition 2005

Metabolism and (math) representation

stoichiometry compound /

B Y
reaction metabolite A >_<
A A |
F 4;//"_’
G

R1: 1A +2B ->2C + 3D
R2: 3D + 1E -> 2F + 2G
R3:1F+1G->2H + 11
R4: 31 ->1J + 2K

R5: 1A + 3L -> 2C

C
9 G

J ||

Direction in general P!

not (completely) known
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An 1dea of the different

~1000 reactions

- ]

otz L v
m Myt AOP A
-

N\'

S1ZES

genes
lost

origin of
" replication
1 =50 kb

Buchnera
~200 reaction

Prpr— ¥

N
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e
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Set of precursors: An example to start

Potential
precursor

Target
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Set of precursors: An example to start

Potential
precursor

Target

E,G}
EF}
1G,1}
1G,J}
1}
.J}
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Problem not formally (math.) addressed

5 R3). R4)e
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Problem not formally (math.) addressed
R3 R4
D—>6—>0

R2
| Previously:
B C NO SOLUTION!
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Solution must be biologically "correct"

R3). R4)e
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Solution must be biologically "correct"

R3). R4)e
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Self-regenerating metabolites

R3). R4)e

R 2 Will be denoted as the set@
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Formal model: Reach and Scope

5 R3). R4)e

Reach,(X) =

X U products (X U Z)
Scope,(X) =

Reach;"(X)

B— ~C
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Example 1

A— ‘D R3). R4)e

B ~C

Reach,(X) =

X U products (X U Z)
Scope,(X) =

Reach,"(X)

Scopey(C) = {C,D
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Example 1

B— ~C

Reach,(X) =

X U products (X U Z)
Scope,(X) =

Reach,"(X)

Scopeg(C) ={C,D,G



CSD 1 - Sciences et technologies Bilan du

programme Blanc

ANR de l'information et de la communication Edition 2005

Example 1: Not a solution!

® R3 ® R4 @
D—>6—>0
Reach,(X) =
X U products (X U Z)

Scope,(X) =
Reach;"(X)

B— ~C

®  Scopey(©) = (CDGH)
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Example 2

® A CD R3).R4)e

Reach,(X) =

X U products (X U Z)
Scope,(X) =

Reach;"(X)

®  Scopey(€)={CD,GE)
Scopey(A,C) = {A,C,D
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Example 2

® A CD R3).R4)e

Reach,(X) =

X U products (X U Z)
Scope,(X) =

Reach;"(X)

®  Scopey(€)={CD,GE)
Scopey(A,C) = {A,C.D,H,B
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Example 2

Reach,(X) =

X U products (X U Z)
Scope,(X) =

Reach;"(X)

®  Scopey(€)={CD,GE)
ScopeB(A,C) ={A,C,D,H,B,G
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Example 2: Is a solution!

‘D R3).‘ R4)GC

Reach,(X) =

X U products (X U Z)
Scope,(X) =

Reach;"(X)

A

Scopey(C) = {C.D,G E}
Scope®(A C)={A,C,D,H @9(}‘
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Formal model: Precursor set

Target T

® A | CD R3).0 R4)ec

Reach,(X) =

X U products (X U Z)
Scope,(X) =

Reach;"(X)

@ X precursor set of T with Z iff:
Scope@(X) Q@U ‘
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Better algorithm
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. Potential
precursor
Target

Self-
. Generating
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. Potential
precursor
Target

Self-
. Generating
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Story not finished

Target T
R3 RA . .
e
1
R 2 Not a good solution!

r C
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Story not finished

Target T
R3_ i R4 q
D > G-—>{

R 2 But this one is!

r C

Scopeg(A,C) ={A,C,D,H,B,G,E}
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Modes and elementary modes

Stoichiometric Matrix
. - Sv=0
-1 0 0 0 0 o g -1 4 0 0 .. .
I =1 -1 1 0 0 0 0 0 0 0 v; 2 0 V iirreversible
S=|0 1 0 0 -1 -1 0 O =1 0 0
0 0 1 -1 1 o -1 0 0 -1 0
o 0 0 0 0 I 1 0 0 0 -1
L. -t v

—— ~
Internal Fluxes Exchange Fluxes
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Modes and elementary modes

Stoichiometric Matrix
. - Sv=0
-1 0 0 0 0 0 g -1 O 0 0 .. .
l =1 -1 1 0 0 0 0 0 0 0 v; 2 0 V iirreversible
S=|0 1 0 o0 =1 =1 0 0 =1 0 )]
g g "} ‘D' ; ? ‘I' *; E ‘D‘ “] no w such that:
- —~— N support(w) C support(v)

Internal Fluxes Exchange Fluxes
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Modes and precursor sets

precursor ENVIRONMENT = APHID CELL
?
precursor . recursor
&uchnem cell = "5
?
* ILE

GLU/

precursor ?

X precursor set of T with Z iff:
Scope,(X)2Z UT
plus stoichiometry

;LINK?

Sv=0
v; 2 0 Viirreversible

no w such that:
support(w) C support(v)
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The future (present)

Small part of what will be Funded Networks in interaction
explored in these projects ANR MIRI
2009-2012

INRIA
Associated Team
Simbiosi

&
g origin of
replication
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Experimental part

What is transported into Buchnera?

S
{_z ‘ > Experiments

Hubert Charles et al. INSA
Lyon & INRIA BAMBOO

Buchnera

and its host precursor ENVIRONMENT = APHID CELL

(2536 ge presursor ? precursor
____4.,. Buchnera " Buchnera cell )
: ILE
= genes .
lost GLU
‘ arigln of VAL

¥ replication precursor 9
| =50 kb



