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* The study of complex networks of chemical reaction,
involving a large number of reactions and molecules,
is fundamental in several fields (astrochemistry,
metabolism, self-organization...
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* The study of complex networks of chemical reaction,
involving a large number of reactions and molecules,
is fundamental in several fields (astrochemistry,
metabolism, self-organization...

* The purpose of this study is to develop a method

allowing to the study the property and the structure
of any reaction network
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Introduction v

* The study of complex networks of chemical reaction,
involving a large number of reactions and molecules,
is fundamental in several fields (astrochemistry,
metabolism, self-organization...

* The purpose of this study is to develop a method
allowing to the study the property and the structure
of any reaction network

* It is based on the method developed for the analysis of
metabolic network.
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A system of chemical reactions

»
Example system:
Ry Ry
X1+ Xy —— X3 — Xy
Ry R
X+ Xy — X5+ Xe X5s ——
R3 R6
Xg — 2X5 — Xj
R
X9 —>
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A system of chemical reactions 4‘
Example system:
Ry Ry
X1+X9g — X3 — Xy

Ro Rs

Xs+ X4 —> X5+ Xg X —
R3 R6
R

X9 —>

Formal representation:

Viel,r] Rj=) 1i;X;=0
1=1
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The stoichiometric matrix v

System described by the stoichiometric coefficients:
V= [Vi,j]ié[l,n],jé[l,r]

v; ; is the stoichiometric coefficient of the compound i in

the transformation j. It is by convention positive for
products (formed compounds), and negative for reactants

(disappearing compounds).

|
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The stoichiometric matrix v

System described by the stoichiometric coefficients:

V= [Vi,j]ie[l,n],jE[L?“]

v; ; is the stoichiometric coefficient of the compound i in

the transformation j. It is by convention positive for
products (formed compounds), and negative for reactants
(disappearing compounds).

1 0 0 0 0 +1 0
1 0 42 0 0 0 -1
41 -1 0 0 0 0 o0
““lo -1 0 41 0 0 0
0 41 0 0 -1 0 0

0 41 -1 0 0 0 0
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System described by the stoichiometric coefficients:

V= [Vi,j]ie[l,n],jE[L?“]

v; ; is the stoichiometric coefficient of the compound i in
the transformation j. It is by convention positive for
products (formed compounds), and negative for reactants

(disappearing compounds).

—1
—1

0
0
—1
—1
+1
+1

oS O O O O

= |r1|ra|r3|ra|rs|re|re]
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| 4
The right nullspace is the space of all possible
combination of reactions that cancel themselves. This

corresponds to the possible combination of reactions able
to maintain a steady state

|
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Right nullspace v

The right nullspace is the space of all possible
combination of reactions that cancel themselves. This
corresponds to the possible combination of reactions able
to maintain a steady state

—1 0 0 0 0 +1 0
-1 0 42 0 0 0 -1
N [T 7F 0 0 000 = {[1111111]}
0 -1 0 +1 0 0 O
0 +1 0 0 -1 0 0
0 +1 -1 0 0 0 O
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The right nullspace is the space of all possible
combination of reactions that cancel themselves. This
corresponds to the possible combination of reactions able

to maintain a steady state

-1 0
+1 -1
0 -1
0 +1
0 +1

Null

0
+2
0
0
0
—1

0
0
0

+1
0
0

0
0
0
0

—1
0

oS O O O O

— {[1111111]}

The right nullspace contains only one vector, that is the
only steady state that can be established with the
corresponding flows involves each reaction once.
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X, X

<

X3 X6
Xl« )\’XZ
X2
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X, X

<

X3 X6
X1J& )\»Xz
X2

Poorly informative. Further decomposition possible ?
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© | [® !  Miz3lc

i NetSci08 <)
>
Building blocks 4“

Cleleie AT

A building block is a molecule subelement that is never
broken during a chemical reaction of the network.

|
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Building blocks 4

A building block is a molecule subelement that is never
broken during a chemical reaction of the network.
For example:

Ry
X1 +Xo —> X3
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Building blocks v

A building block is a molecule subelement that is never
broken during a chemical reaction of the network.
For example:

Ry
X1 +Xo —> X3

S1+S5 ——> 5159
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. NetSci08 © |« <E>] [® Tiral

CA®00O0

L3N
ol
Building blocks 4“

A building block is a molecule subelement that is never
broken during a chemical reaction of the network.
For example:

R
X1 +Xo —> X3

Ry
S1+S5 ——> 5159

The mass balance imposes that there is the same number
in each element on both sides of the reactions.

I1. Network Decomposition — p. 10/19
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If molecules can be decomposed by:

S
X; = Z 0i Sk
k=1
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Left nullspace v

If molecules can be decomposed by:

X;=> 0115
k=1
then the mass balance for each reaction gives:

= Vjell,r],Vke[l,s], O—Zuwazk
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If molecules can be decomposed by:

X;=> 0115
k=1
then the mass balance for each reaction gives:

= Vjell,r],Vke[l,s], O—Zuwazk

sSop-v=0
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If molecules can be decomposed by:

X;=> 0115
k=1
then the mass balance for each reaction gives:

=Vjelr] ,Vke(ls], 0= voix
1=1

sSop-v=0

The computation of one base of the left nullspace - i.e.
the linear combinations of rows that gives zero — gives the

decomposition of molecules into constitutive building
blocks.
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Example decomposition

Nullspace:

flt 1200¢2,000110/,10101 0]
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flt 1200¢2,000110/,10101 0]
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Example decomposition 4‘ :
Nullspace:

flt 1200¢2,000110/,10101 0]
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Example decomposition 4‘ :
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Example decomposition 4‘ “
Nullspace:

flt 1200¢2,000110/,10101 0]
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Computation of the decomposition 4‘
Stoichimoetric matrix of the whole system: §
—1 0 0 0 0 +1 0] :
-1 0 +2 0 0 0 -1
+1 -1 0 O O 0 O
oo -1 0 +1 0 0 O
o 41 0 O -1 0 O
0 +1 -1 0 0 0 O]

I1. Network Decomposition — p. 13/19
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Computation of the decomposition

Put the global flux corresponding to the nullspace:

A
) 4
V‘ﬂ

Oe/o/eo o000 00000

0 +1
+2 —1
0 O

I1. Network Decomposition — p. 13/19
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Computation of the decomposition v

Element wise multiplication with the building block vector
gives its restricted stoichiometric matrix.

-1 0 0 +l1
-1 0 +2 -1

I 21 0 0
== for[112002

Cle/e/e sj0/e/e/0e0 00,000

I1. Network Decomposition — p. 13/19
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Computation of the decomposition 4‘

Element wise multiplication with the building block vector
gives its restricted stoichiometric matrix.

v
|
Cle/e/e e/0e/e/ee/0/e) 00 el

1 0 0 41|
-1 0 +2 -1

+2 -2 0 0
0O 0 0 O
o 0 0 O
0 +2 -2 0

I1. Network Decomposition — p. 13/19
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Separation of the multiple molecule and reactions. g

10 |o o Jo o |+1
0 —1/0 0 |+1 0 |0
0 0 (0 0 |0 +1|-1
10 |-10 Jo o o
0 +1(0 —1/0 0 |0
0 0 |+1 0 |-1 0 |0
0 0 [0 +1]|0 —1/0
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Computation of the decomposition
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Y E

Separation of the multiple molecule and reactions. g

R(3D pBY | pBa) pGYH | pBa)  pGY | pE) :
xB -1 o 0 0 0 0 +1
x| o 1 |0 0 +1 0 0
x| o 0 0 0 0 +1 | -1
X341 0 10 0 0 0
x| g +1 |0 1 |0 0 0
x5 0 +1 0 ~1 0
x| g 0 0 +1 |0 1 |0

column and row.

Square matrix, one and only one +1/ — 1 pair in each

I1. Network Decomposition — p. 13/19
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Computation of the decomposition

Simplification of the obtained cycles:

‘v
4
Cle/e/e e/ee/e/e4 o000 el

—1 «— |« <« |« +1
| -1« <« |4+1 0 |7
! !} 10 0 | T +1|-1
+1 | -1 0 T 10
0O +1|4 -1 0
0 0 |+1 = | -1 0
o o0 |0 +1|— —1/0
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Computation of the decomposition

A
vy
<

Simplification of the obtained cycles:

—1 «— |« «— |« +1
1|« < |+1 0 |7
!} 10 0 | T +1|-1
!l 4+1|-1 0 T 10
+1 — | -1 0
0 0 |+1 = | -1 0
o o0 |0 +1|— —1/0

Cle/e[e e[e/e[e)y o/e/e/e/e/e/e[C]
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Computation of the decomposition

X4 X5

X,
Complete network, two kind of node necessary.
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Computation of the decomposition

Subnetwork of first building blocks. Node

disambiguation.
| |

I1. Network Decomposition — p. 13/19
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Computation of the decomposition

Subnetwork of second building blocks.
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Computation of the decomposition

Subnetwork of third building blocks.
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Computation of the decomposition

Autocatalysis.
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Computation of the decomposition v
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Clejp 0000000000000

Element transfer.
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Computation of the decomposition

Feeding flux.

Ojpoeoeeeeeeeeeeeo
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Partial EColi metabolism

cOo2
02
GLC
ATP
G6P
ADP
F6P
FDP
T3P1
T3P2
Pi
NAD
NADH
13PDG
3PG
2PG
PEP
PYR

COA
ACCOA
OA

CcIT
ICIT
NADP
NADPH
AKG
SUCCoA
succ
FAD
FADH
FUM
MAL

Q

QH>

H

Hext

X3+ Xy

X5

X4+ X7

X3

Xo

Xo + X11 + X1

X6 + Xia

Xe + X17

X12 + X18 + X0

Xo1 + Xoo

X5 + X6
Xo3
X7
Xos + Xos
Xe + X3
X2 + Xoo + Xo7
X9 + X0
X + X11 + Xog
X10
Xag + X3¢
Xi3+ X1
X3
X4+ X5
X2 + X33
Xi6
2.X13+2. X34 +7.X37
X7
X2 +2.X35 +5.X37
X4+ X1s
X314+ Xaa
X1+ X13+ X1
X13 + Xos +2.X36
Xoo + Xo3

X4+ 4.X37

Xoy4

X1 + Xog + Xo7

X1+ X3 + Xog

Xy + Xoo + Xo9

X31 + X30

X33

X3+ Xoo

2.X19+2.X35 + 7. X3¢

2.X34 A 5.X36

X30 + X35

X12 + Xog + 2. X37

Xo + X11 +4.X36

I11. Complex systems — p. 15/19
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Partial EColi metabolism
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Partial EColi metabolism

NetSciO8

o +1 0 0 +1 +1 0 O

0

+6

+1

0O +1 0 O

0

0
+1

=1

+1

0 +1

+1

0
+1

+1

-1 0
-1
+1

+1

0
0

0
-1

0
+1 +1

0
0

=1
0

0
0

0

+1

+1

-1 42

0
0

=2

+1

0

+1

0
-1

+1 -1
+1
+1

0
0

0

0
-1

+1

0
0

0
-1

0
0

0

0

0

0

-1 +1

0

0
0

-1 +1

0
0

-1

+1

0

0 +1 -1 0

0

0
-1

+1 -1
+1
+1

0
0

0

0
-1

0
0

0

0

0
=2 2

!
0
+2

0
0

0 +1

0

0

0
-2 44

=1l
-2 +1

0

0
0

0
0

0
0

0
0

+7 +5

0
0

+2 4

—5

[+1 41 41 41 —1 42 +2 +2 +2 +2 42 42 +2 +2 +2 +2 +2 +2 42 45 +6 +2 —2 —17.25 +1 +21.25 |

I11. Complex systems — p. 15/19



NetSciO8 | T [®! Tz al

Partial EColi metabolism

FRP o P Gle
/ // . AcCoa
CoA
OA
Cit
ADP TP
CO2
u
Hea:t
H
H Q
FA FADH Succe
02
NADP NADPH
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Decomposition in building blocks 4‘ .

NADH
CoA

NADPH
FADH
ADP

QH>
Suce
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Decomposition in building blocks 4

Example Decomposition:

Gle = 6x(C)
Oy = 2x(0)
COy = 1x(C)+2x(0)
ATP = 1x(ADP)+1x (P)
Cit = 1x (Succ)+2x(C)+2x(0)

I11. Complex systems — p. 16/19
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Decomposition in building blocks v

Submatrix for Sig:

R R RV RV _R{D 2R{'” 2Rr(Y 2g(? 2R{"” 2R(” 2R 2RLY 2R{Y 2RLY 2R{Y FOO

x10 [ o 0 0 0 0 0 0 0 0 0 +2 0 0 2 42 =6
XM =6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 +6
x5 46 -6 0 0 0 0 0 0 0 0 0 0 0 0 0 0
x1 0 46 -6 0 0 0 0 0 0 0 0 0 0 0 0 0
x8 o 0 +6 -6 0 0 0 0 0 0 0 0 0 0 0 0
X8 o 0 0 +3 43 —6 0 0 0 0 0 0 0 0 0 0
X301 o 0 0 +3 -3 0 0 0 0 0 0 0 0 0 0 0
x50 o 0 0 0 0 +6 6 0 0 0 0 0 0 0 0 0
x50 o 0 0 0 0 0 +6 -6 0 0 0 0 0 0 0 0
X8O o 0 0 0 0 0 0 +6 6 0 0 0 0 0 0 0
x50 o 0 0 0 0 0 0 0 +6  —6 0 0 0 0 0 0
x80 1 o 0 0 0 0 0 0 0 0 +6  —6 0 0 0 0 0
x591 o 0 0 0 0 0 0 0 0 0 +4 -4 0 0 0 0
x80 1 o 0 0 0 0 0 0 0 0 0 0 +4 4 0 0 0
x50 o 0 0 0 0 0 0 0 0 0 0 0 +4 -4 0 0
X80\ o 0 0 0 0 0 0 0 0 0 0 0 0 +2 -2 0

I11. Complex systems — p. 16/19
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Network reconstruction

Gle

A
) 4
V‘ﬂ

COq

COq

COq

Ole sje/e/e/eeeeeee /O
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Network reconstruction

Gle

A
) 4
V‘ﬂ

COq

COq

COq

@O

Oe o/oo/c/ee 0000
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Network reconstruction

Gle

o
4.

COq

COq

Ole sje/e/e/ee0 00,000
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Network reconstruction 4

Gle

COq

S

CO,

{

CO,

O3

Ole e/e/e/e/e/e/0/0 40000
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Network reconstruction 4‘
Glc
COq

O3

Cle e[e/e[e[e[0[04 o/e/e/e[C]I

|
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Network reconstruction

Gle

ce0o00000

COq

CO,

CO,

O3
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Network reconstruction

Gle

O3

A
A 4
<

Clo e[e/e[e[e4 o/e[e/e/e/e[C]

COq

CO,

CO,
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Network reconstruction

Gle

O3

COq

CO,

CO,

00000000

Geeeee,

I11. Complex systems —p. 17/19



. NetScio8 | < SR [® 3lCc

Network reconstruction

Gle

COq

CO,

CO,

O3
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Network reconstruction

Gle

COq

S

NAD

NAD *

ADP ATP

ADP ATP

COq

ATP o CO2

ATP

O3
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Network reconstruction

Gle

COq

S

NAD

ADP ATP ADP ATP

CO,

B A

ADP+P;

ATP

O3
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e o o Gle
/ // . AcCoa
) CoA
OA
Cit
ADP TP
C02
u
Hea:t
H
H Q . .
FA FADH Succ
02
NADP NADPH
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Network reconstruction

Gle

COq

S

NAD

ADP ATP ADP ATP

CO,

B A

ADP+P;

ATP

O3
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Conclusion 4‘ E

* Computing a base of the left nullspace gives a
decomposition of all the molecules into elementary

building blocks.
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Conclusion
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* Computing a base of the left nullspace gives a
decomposition of all the molecules into elementary
building blocks.

* The global reaction network can be decomposed in a
sum of subnetworks, each one relative to one building
block.
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Conclusion 4‘

* Computing a base of the left nullspace gives a
decomposition of all the molecules into elementary
building blocks.

* The global reaction network can be decomposed in a
sum of subnetworks, each one relative to one building
block.

* These subnetwork are smaller, and only composed of
first order transformation. They are one-type node
network.
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* Computing a base of the left nullspace gives a
decomposition of all the molecules into elementary
building blocks.

* The global reaction network can be decomposed in a
sum of subnetworks, each one relative to one building
block.

* These subnetwork are smaller, and only composed of
first order transformation. They are one-type node
network.

* Any chemical reaction network can be described as a
sum of linear fluxes and single loops, as the only
elements able to be maintained in steady state.
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Conclusion 4‘

* Computing a base of the left nullspace gives a

decomposition of all the molecules into elementary
building blocks.

* The global reaction network can be decomposed in a

sum of subnetworks, each one relative to one building
block.

* These subnetwork are smaller, and only composed of
first order transformation. They are one-type node
network.

* Any chemical reaction network can be described as a
sum of linear fluxes and single loops, as the only
elements able to be maintained in steady state.

* Self-organization in reaction network: linear fluxes as
the onset of energy exchanges, and single loops as
emergent (auto)catalysis.

Conclusion — p. 19/19
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