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PLACES, TRANSITIONS - SOME BIO INTERPRETATIONS PN & BioModel Engineering

Q places -> model variables
-> (bio-) chemical compounds
-> proteins
-> protein conformations
-> complexes
-> genes, ..., etc.
. In different locations

@ transitions -> atomic events

-> (stoichiometric) chemical reaction
-> complexation / decomplexation

-> phosphorylation /
dephosphorylation

-> conformational change
-> transport step, ..., etc.

nzyme binds substrate  Enryme releasas producis

. . . In different locations
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STATE-DEPENDENT
RATE FUNCTIONS

/\

STOCHASTIC RATES CONTINUOUS RATES
LAMBDA OF STRENGTH OF
EXPONENTIAL CONTINUOUS
WAITING TIME FLOW

CTMC ODEs

-> supported by, e.g., COPASI, Dizzy, ..., Snhoopy
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QUALITATIVE

STOCHASTIC CONTINUOUS
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QUALITATIVE

time-free

approximation ,

STOCHASTIC = CONTINUOUS

approximation,
/

discrete state space ! continuous state space
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LTS / PO /
CTL,LTL | QUALITATIVE /

time-free

approximation ,

CONTINUOUS

STOCHASTIC = ——
approximation,
CTMC ) ODEs
CSL, PLTLC J LTLC
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~

s
LTS /PO /| net reduction, SC, SB,
CTL,LTL | QUALITATIVE | CPI, CTI, ADT sets

! \STP, bad siphons, etc.)

time-free

approximation ,

CONTINUOUS

STOCHASTIC = ——
approximation,
CTMC ) ODEs
CSL, PLTLC J LTLC
/

discrete state space ! continuous state space
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LTS / PO /
CTL,LTL | QUALITATIVE /

time-free

approximation ,'

STOCHASTIC = ¥ CONTINUOUS

approxmatlon,

esH ] \ / (e )

discrete state space HYIBRID continuous state space
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COLOURED FRAMEWORK 2011 PN & BioModel Engineering

TS /po) COLOURED [
CTL,LTL | QUALITATIVE /

time-free

approximation ,'

COLOURED COLOURED

STOCHASTIC = ¥ CONTINUOUS

approxmatlon,

CTMC ODES
CSL, PLTLcC LTLC
COLOURED

discrete state space HYIBRID continuous state space
!

’
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4 <2

MODELS SHARING STRUCTURE

AL

QUANTITATIVE MODEL = QUALITATIVE MODEL
+

RATE FUNCTIONS
(KINETICS)
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0 SNOOPY
-> modelling and animation/simulation of hierarchical graphs,
e.g. various Petri net classes, e.g. PN, XPN, SPN, XSPN, CPN, ...
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0 SNOOPY
-> modelling and animation/simulation of hierarchical graphs,

e.g. various Petri net classes, e.g. PN, XPN, SPN, XSPN, CPN, ...

Q S4
-> standalone, computational steering server

0 CHARLIE
-> PN, XPN, Time/Timed Petri nets (TPN)
-> mostly standard analysis techniques of Petri net theory

0 MARCIE
-> PN, XPN, SPN, XSPN, SRN
-> symbolic and simulative model checking

QO Patty
-> animation via web browser
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0 SNOOPY
-> modelling and animation/simulaggpn of hierarchical graphs,
e.g. various Petri net class XPN, SPN, XSPN, CPN, ...

S4
= d

Q

algne, computatignal steering server

i M 1 Qrt/ex Ort
Al mnediP&trindits

-> mostly standard analysis techniques of Petri net theory

*EAPORT-[O MATAB AND

-> symbolic and simulative model checking

= MANY.OTHER TOOLS
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PETRI NETS - THE BIG PROS
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readable & unambigious
-> fault avoidant model construction

locality - causality - concurrency

compositional, hierarchical notations
-> |ogical and macro nodes

executable
-> animation, simulation (token game)
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% ' (;{ -> logical and macro nodes

, —
\a‘\_i O executable

-> animation, simulation (token game)

Q Petri net theory -> model validation
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PETR' NETS = THE BlG PROS PN & BioModel Engineering

O readable & unambigious
-> fault avoidant model construction

Q locality - causality - concurrency

>
= L compositional, hierarchical notations

-> |ogical and macro nodes

| @™
\6“_5 O executable

-> animation, simulation (token game)

-

-
A
X

Q Petri net theory -> model validation

-> P/T-invariants, partial order interpretation of T-invariants,
conclusions CTI/CPI -> behavioural properties

-> Siphon/Trap Property (STP), reduction rules,

Q umbrella with unifying power
-> interpretation in qualitative / stochastic / continuous / hybrid paradigm
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. . FOR EXAMPLE
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T- INVARIANTS
( ELEMENTARY MODES )
( EXTREME PATHWAYS )
( GENERIC PATHWAYS )
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rli: A->2B
r2: 2A->3C
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T- INVARIANTS, EX
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ri: A->2B
r2: 2A->3C
rl

2

B

r2

prod_A

ri r2

O
Oz

cons_B cons_C
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T' |NVAR|ANTS, EX PN & BioModel Engineering

rl: A->2B
r2: 2A->3C
1 prod_A prod_A 5
A A
2 2
1 rl r2 rl r2 1
2 3 2 3
CY>B <YDC éB CYDC
2 mlm . - . e 3
cons_B cons_C cons_B cons_C
T-INVARIANT 1 T-INVARIANT 2
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INC'DENCE MATR'X C PN & BioModel Engineering

O arepresentation of the net structure => stoichiometric matrix
P Tt ... tj | ... tm
pl
C=1o ci cij = (pi, tj) = F(4,pi) - F(pi, tj) = Atj(pi)
. A I | = i *
H t] At = Atj(*)

O matrix entry Cij:
token change in place pi by firing of transition tj

O matrix column Atj:
vector describing the change of the whole marking by firing of t;

X

-1 ~O

a enzyme-catalysed b
reaction

O side-conditions are neglected enzyme cij=0
X
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T'|NVAR|A NTS, BAS'CS PN & BioModel Engineering

O Lautenbach, 1973 -> Schuster, 1993

Q T-invariant x -> multiset of transitions
-> integer solution of (Cx = 0,x#0, xz@

O support of a T-invariant x -> supp(x) -> set of transitions
-> set of transitions involved, i.e. ( X(i)#0 )

O minimal T-invariants
-> there is no T-invariant with a smaller support
-> gcD of all entries is 1

O any T-invariant is a non-negative linear combination of minimal ones
-> multiplication with a positive integer (kx — Zaixi)
-> addition -
-> Division by gcD
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T-INVARIANTS, INTERPRETATIONS PN & BioModel Engineering

O T-invariants = (multi-) sets of transitions = Parikh vector
-> zero effect on marking
-> reproducing a marking / system state

Q two interpretations

1. partially ordered transition sequence -> behaviour understanding
of transitions occuring one after the other

-> substance / signal flow

2. relative transition firing rates -> steady state behaviour
of transitions occuring permanently & concurrently

-> steady state behaviour

L aminimal T-invariant defines a connected subnet

-> the T-invariant’s transitions (the support),
+ all their pre- and post-places
+ the arcs in between

-> pre-set of support = post-set of support
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Ex1 - Glycolysis and Pentose Phosphate Pathway

PN & BioModel Engineering

2°G NADP!
g ) 3 R5P
4 GSH 2 NADP*

Gluc /9\ - G6P - F6P / \ ~ FBP \' /GAP

ATP  ADP ATP  ADP DHAP

NAD" NADH ATP ADP ATP  ADP

a;Mpyr MPEFQ 18 2PGC - PG - \HJ 13BPG

15(

&
<

NADH

NAD*

[Reddy 1993]
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

[Reddy 1993]

2G NAD
1 2
4 GSH 2 NADP*
?? 7
7/
/ \\
~
Gluc - G6P FBP
/ \ s
ATP  ADP ADP DHAP 14 NAD*
-
15 P
N
NAD* NADH ATP ADP ATP  ADP NADH

Y
x N oy NI/ e 18 pn 17 3PG<\1J 1,38PG
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

[Reddy 1993]

%NADW)
2NADP
-> INTERPRETATION ?

Gluc ~ G6P FBP - GAP
DHAP o

ATP  ADP ADP NAD*
+

15(/F’i

N
NAD* NADH ATP ADP ATP  ADP NADH

acgzo Pyr Mlg PEP~—8 2PG-—17 3pG. \KJ L 3BRG
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

[Reddy 1993]

[Heiner 1998]
Ru5P
6556 NADPH 12 s EATP

ATP ADP

NAD+ NADH ATP ADP

La®

Lac Pyr PEP 2PG 3PG
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

[Reddy 1993]

[Heiner 1998]
Ru5P
8 ATP
GSSG  NADPH ‘
Gluc
[—=O—{ 9]
O O
ATP ADP ATP ADP
DHAP Pi
1
NADH
NAD+ NADH ATP ADP ATP ADP
Lac Pyr PEP 2PG 3PG
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Ex1 - Glycolysis and Pentose Phosphate Pathway
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GSSG NADPH

Gluc

GSH NADP+ g

ATP

NAD+ NADH ATP ADP

YA/

[Reddy 1993]
[Heiner 1998]
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

XUSP [Reddy 1993]
-Q [Heiner 1998]
Ru5P
GSSG  NADPH EATP
2 2
GSH
I Gluc
ATP ADP ATP ADP
DHAP Pi
NADH
NAD+ NADH ATP ADP ATP ADP
<O ,3-BPG
Lac Pyr PEP 2PG 3PG
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[Reddy 1993]
[Heiner 1998]

4
Ru5P
GSSG  NADPH ‘

2 2 2
GSH NADP+
I Gluc
ATP
NAD+ NADH ATP ADP ATP ADP
<O y@—.—@—.—;ﬁ@ﬁ-m
Lac Pyr PEP 2PG 3PG
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Ex1 - Glycolysis and Pentose Phosphate Pathway
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Xu5P

-Q [Heiner 2009]
Ru5P
GSSG  NADPH EATP

F6P
2 2 > gADP
GSH NADP+
I Gluc FeP FBP GAP y gPi
NAD+
ATP ADP ATP ADP
DHAP Pi
NADH
NAD+ NADH ATP ADP ATP ADP
<O ,3-BPG
Lac Pyr PEP 2PG 3PG
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Ex1 - Glycolysis and Pentose Phosphate Pathway
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blue1

red

10

F6P

blue

13

14

blue3
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Ex1 - Glycolysis and Pentose Phosphate Pathway
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C
] GAP
A1 G6P B F6P A2
C
GAP
10

A1 G6P B F6P A2
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ABOUT THE RELATION
QUALITATIVE VS CONTINUOUS
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EX4 = HYPOX'A PN & BioModel Engineering

[YU ET AL. 2007]

Degradation pathway
0, ? K2 O, dependent Pathway - 1
independent ——— e ———
pathway-1 . VHL (817)
Kl o | K12 /K13
@— - =» HIF(s3) [ ”" HIF:PHD (S13) fus HIF:0H(S14) HIFOH:VHL(S18)
I : A
I | | K18 / K19 Kz
02 | : :
dependent _ | . . | ’ K11
Pathway_z I I SammEEEnm ---l---v I
| :
v | I— - - | .
| : | | mRNA
| | | A
* | I 2 K10
K3 /K4 _—— N |
S T ARNT (S4) [€— -- == K22 / K21 :
| | | I Intermediate-3
v K17 A
HIF:ARNT (S5) |= p| HIF:ARNT:PHD (S15) | —p| HIFOH:ARNT (516) 2 Ko
A
: K15/ K16 : 2
‘ Intermediate-2
: : H
. . K8
K29 / K30 ’
K5 /Ko ‘< HRE (S6) *2 :
v : K Int diate-1
| HIF:ARNT:HRE (S7) | HIFOH:ARNT:HRE (s22)| """ """ nerm: i
. K7 2
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EX4 = HYPOX'A PN & BioModel Engineering

[HEINER,
H1FOH:VAL SRIRAM 2010]

H1F:PHD
S13

k20

H1F:ARNT:HRE H1FOH:ARNT:HRE
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150 150

(b)
k5, k6, k29, k30

HIF (steady state values)
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Ex4 - HYPOXIA
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H1FOH:VAL
S18
H1FOH
k1 S14 k18
k20
S17
VHL
k22
o
H1F:ARNT >O >O H1FOH:ARNT

k15 S15 k17
H1F:ARNT:PHD
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k12, k14

k18, k20

k3, k15, k17, k22
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B C
k2 D k12, k14
k18, k20
A E
k1 [
H1F
S3
Oip
k3, k15, k17, k22
B C
k2 k12, k14
k18, k20
A E
PHD
ki S12
H1F H1FOH
S3 S14
Oip
k3, k15, k17, k22 k3, k15, k17, k22
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