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Integrated modelling of regulated metabolic pathways
The Tryptophanblosynthe3|s In E coI/
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Integrated modelling of regulated metabolic pathways

The Tryptoan biosynthesis in E. coli
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Petrl net baSICS

Blpartlte graph places and transmons

° places resources

*marking  state (number of tokens)

* transitions  events

* weighted arcs connecting places ¢ transitions
* token game evolution of the system

Transition t is enabled if its input places are
sufficiently marked
t2 The firing of t leads to the required
1/ consumption of tokens of input places
2/ production of tokens in output places
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Petrl net baSICS
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Petrl net baSICS

Blpartlte graph places and tranS|t|ons

* places - resources

* marking - state (number of tokens)

* transitions - events

* weighted arcs connecting places U transitions
* token game -evolution of the system

Transition t is enabled if its input places are
sufficiently marked
2 The firing of t leads to the required
1/ consumption of tokens of input places
2/ production of tokens in output places

dead marking
[100 2]
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marking graph
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Petrl net baSICS

Mathematlcal representatlon
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Petrl net basics
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Petri net basics

= Mathematical and graphical formalism
= Representation of conflict/parallelism

Properties
* Structural P-invariants (conservative components)

T-invariants (repetitive components)
* Dynamical liveness

boundness
reachability
Tools
W\ * Analytical approaches . equations, graph analysis...
\f! * Model checking
1%« Simulation
. a variety of analysi RPX simulation shells available
Extensions Stochastic PN, Coloured nets, Hybrid nets...
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z‘":‘ places: reactants, products, enzymes...

"'5'- transformation ’ transitions: reactions, catalysis ...
by chemical reaction . . L
*. weighted arcs: stoichiometry
o
11', hexokinase
f; Glucose - Glucose-6-phosphate
i | ATP  ADP .
hexokinase

Glucose Glucose-6-phosphate

I}
it ATPC>/v \@ADP




PN modelling of reaction networks
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PN modelling of /ogical regulatory networks

Multi-valued Regulatory Petri Nets
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Reg(a,)=Reg(9.)={9,.9.), Reg(g,)=2
Max|= 1' m' |= m’ ,= " 8'_ ’_?= 9' 2, 7= ’
Max,=3,m, =1, m,; ,=2,68, ,,=28,,,=18,,,

Max,= 2
[l 3/ y

9

x | x Interactions acting on g, K,
0 0 None 0
0 1

5 > From g, at level 1 or 2 (2,3.1) 1
0 3 From g, at level 3 (2.3.2) 2
1 0 From g, (1,3.1) 2
: ; From g, and from g, at level 1 or 2 (1.3.1)and {2.3.1) 2
1 3 From g, and from g, at level 3 (1.3,1) end {2,3.2) 2

X xq xi
V5
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PN modelling of /ogical regulatory networks

_Multi-valued Regulatory Petri Nets

Genetic regulatory networks described in terms of logical models

_-——
- e

AV
k =» two complementary places for each gene
': =» two transitions for each logical parameter (effect of interactions on a given gene)
1 y
!

* Example A A

:i; M(A)+M(A)=1
W M(B)+M(B)=3 ‘ I +
i E:‘ t;l @ tB,A

'\
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PN modelling of /ogical regulatory networks

_Multi-valued Regulatory Petri Nets__

|| Genetic regulatory networks described in terms of logical models

!

'
;, =» two complementary places for each gene

! 5 two transitions for each logical parameter (effect of interactions on a given gene)
y

L

* Example A A
A O

iN

k¢

K max,=1 maxz=3
i tBI GO tg A

il Ke(A)=2 Kg( )=1
| M(A)+M(A)=1
W M(B)+M(B)=3
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PN modelling of /ogical regulatory networks
,, Multl valued Regulatory Petn Nets

4 =» two complementary places for each gene
=» two transitions for each logical parameter (effect of interactions on a given gene)

W max,=1 max;=3

Kg(A)=2 Kg( )=1
it _
! MEQiMEQL é@@ ¢
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Definition
Given a LRG R = (G, Max,&,0©,K), the corresponding Multi-valued
Regulatory Petri Net (MRPN) is defined by:

Vg € G, two places g; and g; s.t VM, M(g;) + M(g;) = Max;.
Vg, € G, for each path ® of the MDD X;, at most two transitions: t,?;b

and t7,. Recall that ® defines assignment intervals of the levels of g; in
Keg( i) x; € &, @], where ¢;, ¢ € [0, Max;] and ¢; < &'

'/ J L

Transitions t', and t, are connected to:

place g;, j € Reg(i), with a test arc weighted ¢;,

place gj, j € Reg(i), with a test arc weighted Max; — ¢/

Transition t;',, is further connected to:

place g;, with an outgoing arc (increasing the level of g;),

place g;, with an incoming arc weighted Max; — vy + 1 and an outgoing
arc weighted Max; — vg.

Symmetrically, transition t; , is further connected to:

place g;, with an outgoing arc (decreasing the level of g;),

place g;, with an incoming arc weighted ve + 1 and an outgoing arc
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Max,=1 M(g,)#M(,) = 1
g, 9 Max=3 M(g*M(.) =3
— e m———— — | r;- -
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X,
A VAR
O 119 0 3
L LI
g9 Max,=1 M(g,)*M(@,) = 1
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PN modelling of /ogical regulatory networks

) Multl valued Regulatory Petri Nets
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| In the state transition graph (S,7) of a LRGR = (Q, Max,E,0,K),

there exists a transition between two states x and x’ iff there exists an

enabled transition t in the associated MRPN such that M[t)M' (t is

- enabled by the markmg M and its firing leads to the new marking M')
W with, for all k =1,.

e T

"‘ ———

- >

—— pm \*;-.{

M(gk) = x« M(gk) = Maxy — x ,
M'(gk) = x,  M'(gk) = Maxi — x .
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PN modelling of logical regulatory networks

P uItlvaIud egulatory etr Nets |

g Given a LRG R, two different orderings of the regulatory nodes can lead
to different MRPNSs, which have the same dynamical behaviour (i.e.

A
’
’. their marking graphs are isomorph for a given initial state x). |
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PN modelling of /ogical regulatory networks

_Multi-valued Regulatory Petri Nets

| * Export of logical models in several PN formats

* Use of exiting tools for PN analysis

. Consideration of PN extensions

g,,\ Coloured PN for compositional modelling

**( Timed or stochastic PN to sort out relevant dynamics

* Integrated modelling of metabolic pathways and their
regulation
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Integrated modelling of regulated metabolic pathways
Thg Tryptopharn biosynthesif inWE. coll
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Integrated modelling of regulated metabolic pathways
The Tryptophan blosyntheS|s In E co//
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Integrated modelling of regulated metabolic pathways
The Tryptophan blosyntheS|s In E co//
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' The Tryptophan blosyntheS|s In E coI/
’; 7 T - -

Integrated modelling of regulated metabolic pathways

logical model of the regulation of the Tryptophan blosynthe3|s

> ‘:‘
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t f: Context Parameter
' input value
‘ , Unputgenes) Trp(ext)
N o S
;,&! TrpE 1 l l 2
) TrpR = 0 and Trp = 0 1 2
* TrpR = 1and Trp = 0 0
TrpR =0and Trp > 1 0
) 0

{ TrpR = 1and Trp > 1

BNC —
D

Tpext = 0 and TipE = 0
b/ Tpext = 0 and TrpE = 1
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Integrated modelling of regulated metabolic pathways
The Tryptophan blosyntheS|s In. E coI/

= e

4 A Ioglcal model of the regulation of the Tryptophan blosyntheS|s
;,q PN representation
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i.‘"f when Trp_,,=0 and TrpE=0, Trp O
Wt gene or regulatory product ... » 2 complementary places

' ; combination of incoming interactions »1 or 2 transitions

fioal
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Integrated modelling of regulated metabolic pathways
The Tryptophan blosyntheS|s In. E coI/

= e

4 A Ioglcal model of the regulation of the Tryptophan blosyntheS|s
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Integrated modelling of regulated metabolic pathways

' The Tryptophan blosyntheS|s N E co//

‘}:' A Ioglcal model of the regulation of the Tryptophan blosyntheS|s
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Integrated modelling of regulated metabolic pathways
The Tryptophan blosyntheS|s In E co//
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Integrated modelling of regulated metabolic pathways

Th? Tryptophan biosynthesig inWE. coll
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Integrated modelling of regulated metabolic pathways
The Tryptophan blosyntheS|s In E co//
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Integrated modelling of regulated metabolic pathways

The Tryptophan blosyntheS|s n | E coli

No external tryptophan, all mput compounds
resent, all enzymes active, no internal tryptophan, no
olorepressor

One cyclic attractor denoting homeostatic levels of
internal tryptophan and TrpE activity

2 O

CHA | ANTA |PRAA |CRDP |I3GP |IND | TrpE | TrpD | TrpC | TrpB | TrpA | Trp | TrpR | Trpext
1 0 0 0 0 0 1 1 1 1 1 0, 0 0
r1 0 1 0 0 0 0 1 1 1 1 1 0| O 0
r2 0 0 1 0 0 0 1 1 1 1 1 0| O 0
r3 0 0 0 1 0 0 1 1 1 1 1 0] O 0
tS} r4 0 0 0 0 1 0 1 1 1 1 1 0] 0 0
r5 0 0 0 0 0 1 1 1 1 1 1 0] 0 0
rey 1 0 0 0 0 0 1 1 1 1 1 1 0 0
\ t6 1 0 0 0 0 0 0 1 1 1 1 1 0 0
t1 1 0 0 0 0 0 0 1 1 1 1 0 O 0




Integrated modelling of regulated metabolic pathways

‘ The Tryptophan blosyntheS|s n | E coI/

ii,. Ir Low external tryptophan, all mput compounds
z\ present, all enzymes active, no internal tryptophan, no

§ holorepressor
c A unique reachable dead marking with a moderate
4@l level of internal tryptophan ; both repressor and TrpE inactive

!
)
f CHA |ANTA |PRAA | CRDP |I3GP |IND | TrpE | TrpD | TrpC | TrpB | TrpA | Trp | TrpR | Trpext
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¢ Integrated modelling of regulated metabolic pathways
The Tryptophan blosyntheS|s In E coI/

e ———— — ———

' S : S

! Inltlal state Low external tryptophan, all mput compounds
“IJ| present, all enzymes active, no internal tryptophan, no

'j. holorepressor

t Attractor A unigue reachable dead marking with a moderate
!

g

!
l

w—a

=
-l&-r’

level of internal tryptophan ; both repressor and TrpE inactive

1 Computation of the reachability graph

R PRR S EIRAS PRI QIR Omit boundedness test? Y/N N
;f States generated: 624
'*ﬂ ........ Write the state numbers of the dead states? Y/N Y
¥ The net has dead reachable states,
& The net iz not live,

4The net is not reversible (resetable).

’ The net is bounded,

A The net has dead transitions at the initial marking,

i* ORD HOM NBM PUR CSY SCF CON SC FtO tFO FpO pFO MG SHM FC EFC ES
y N N N N N N ¥ Y N N N N N N N N N

W DTP CPI CTI B SB REVY DSt BSt DTr DCF L LV L&S

T Y T N Y 7T Y T N7 N

t! Reachable scc's: 316,
{ Component nr, 316: 22, term,

M State nr, 22
48 Poor: 01 2 3 4 5 6 7 8 9101112 13 14 15 16 17 18 19 20 21 22
’wg' : 23 24
k?' tokss 1 0 0 0 0 0 1 111 1011111110100
) 000




Integrated modelling of regulated metabolic pathways

‘ : The Tryptophan blosyntheS|s n | E coI/

! external tryptophan, all mput compounds present,
. all enzymes active, no internal tryptophan, no holorepressor
Six reachable dead markings with a high level of
il internal tryptophan, the six enzymes inactive, the repressor
active

1 CHA|ANTA |PRAA CRDP|I3GP |IND|TrpE | TrpD | TrpC | TrpB | TrpA | Trp | TrpR | Trpext

e l=IE Y= ==k
Ol= ool
oooocoo|i
ocooocoo|i
NNNNDNDN L
— e [ | | — | —
NINDNNDNNN

C. Chaouiya, PhD program Torino — March 2011



i

Conclu3|ons & prospects

- AL,
S

* A systematic translation of logical regulatory graphs in terms of PN
(avallable in GINsim)

’uk |

y m
‘!‘ * Use of PN tools (INA, invariant analyses, model checking)
1 :

'-. -

* A generic approach based on the combination of PN representations of
metabolic pathways and logical models of regulatory networks

“ * Use of PN extensions (coloured, stochastic,...)
' { * Tryptophan biosynthesis pathway
I

J N
If‘ f - a faithfull qualitative reproduction of the main behaviours for different
K influxes of external tryptophan

* extension of the model to cover the other regulatory mechanisms

* Automatise this approach?
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