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WETLAB EXPERIMENTS - OBSERVED BEHAVIOUR

PN & BioModel Engineering

0 Qualitative
Protein A rises, then falls before rising again.

Protein B starts decreasing after the first peak of A until it reaches its steady state.
Protein C peaks between the two peaks of A.
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WETLAB EXPERIMENTS - OBSERVED BEHAVIOUR PN & BioModel Engineering

QO Qualitative
Protein A rises, then falls before rising again.
Protein B starts decreasing after the first peak of A until it reaches its steady state.
Protein C peaks between the two peaks of A.

O Semi-qualitative
Protein rises then falls to less than 50% of its peak concentration.

O Semi-quantitative
Protein rises then falls to less than 50% of its peak concentration at 60 minutes.

O Quantitative
Protein rises then falls to less than 100 microMol at 60 minutes.

Models explaining these observations ?
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MODELLING = FORMAL KNOWLEDGE REPRESENTATION
wetlab formalizing
experiments observed understanding

behaviour \\

natural
biosystem
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MODELLING = FORMAL KNOWLEDGE REPRESENTATION
wetlab formalizing S
experiments observed understanding \
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NETWORK REPRESENTATIONS, EX2

PN & BioModel Engineering
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O UTLl N E PN & BioModel Engineering

O FRAMEWORK
-> unifying four paradigms: QPN - SPN - CPN - HPN

O OUR TOOLBOX

0 MODELLING B10 PETRI NETS 1
-> composition from standard components

-> bottom-up (reverse engineering) ronn & S
0 STRUCTURAL ANALYSIS TECHNIQUES
-> T-invariants

O MODELLING BIo PETRI NETS 2
-> composition of protein-centred modules
-> automatic network reconstruction

mi

ang
Pk
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THE PETRI NET
FRAMEWORK

monika.heiner@b-tu.de June 2014



B |O N ETWORKS PN & BioModel Engineering

2 NAD* + 2 H,0 -> 2 NADH + 2 H" + O,

ARE NETWORKS

OF BIOCHEMICAL %

REACTIONS "

O,
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B10 NETWORKS

PN & BioModel Engineering

ARE NETWORKS
OF BIOCHEMICAL
REACTIONS

NATURALLY
EXPRESSIBLE AS
PETRI NETS

2 NAD* + 2 H,0 -> 2 NADH + 2 H" + O,
NAD+\2<2: NADH
2
H+
H,O —-%\.
? )

hyper-arcs

-
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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 releases products

. . . In different locations
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STATE-DEPENDENT
RATE FUNCTIONS
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A DD | NG Tl M E PN & BioModel Engineering

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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FRAM EWORK 2007 PN & BioModel Engineering

QUALITATIVE

STOCHASTIC CONTINUOUS
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discrete state space ! continuous state space
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time-free
timed,
guantitative
STOCHASTIC ' CONTINUOUS
II
/
/
/
/
/
/
/
/
discrete state space ! continuous state space
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FRAM EWORK 2007 PN & BioModel Engineering

time-free

approximation ,

STOCHASTIC = CONTINUOUS

approximation,
/

discrete state space ! continuous state space
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FRAM EWORK 2007 PN & BioModel Engineering

LTS / PO /
CTL, LTL | QUALITATIVE /

time-free

approximation ,

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

discrete state space ! continuous state space
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FRAMEWORK 2007

PN & BioModel Engineering

LTS / PO /
CTL, LTL | QUALITATIVE /

time-free

approximation ,

STOCHASTIC =

a4 .
net reduction, SC, SB,
CPI, CTI, ADT sets

\STP, bad siphons, etc.

~

CONTINUOUS

approximation,
1
1
C J
1

discrete state space !

CTMC
CSL, PLTL

ODESs
LTLC

€3

continuous state space
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FRAM EWORK 20 10 PN & BioModel Engineering

LTS / PO /
CTL, LTL | QUALITATIVE /

time-free

approximation ,'

STOCHASTIC = ¥ CONTINUOUS

approxmatlon,

&= \ / &

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
COLOllJRED

discrete state space HYIBRID continuous state space
!

’
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K EY I DEA PN & BioModel Engineering

4 <2

MODELS SHARING STRUCTURE

AL

QUANTITATIVE MODEL = QUALITATIVE MODEL
+

RATE FUNCTIONS
(KINETICS)
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PN & BioModel Engineering

OUR
TOOLBOX
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OU R TOOL B OX PN & BioModel Engineering

0 SNOOPY
-> modelling and animation/simulation of hierarchical graphs,
e.g. (extended) fault trees,
various Petri net classes, e.g. PN, XPN, SPN, XSPN, CPN, TPN,

free style graphs
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QO CHARLIE
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0 SNOOPY
-> modelling and animation/simulation of hierarchical graphs,
e.g. (extended) fault trees,
various Petri net classes, e.g. PN, XPN, SPN, XSPN, CPN, TPN,

free style graphs

QO 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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OuUR TooL Box

PN & BioModel Engineering

0 SNOOPY
-> modelling and animation/simul
e.g. (extended) fault trees,
various Petri net classes,

n of hierarchical graphs,

g. PN, XPN, SPN, XSPN, CPN, TPN,

BML 1mport/export

-> PN, XPN, Time/Timed Petri net® (TPN)

.£XPORT TO MATAB AND

-> PN, XPN, SPN, XSPN, SR

.-MANY OTHER TOOLS

-> animation via web browser
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PN & BioModel Engineering

MODELLING
Bio PETRI NETS (1)

TWO STANDARD
APPROACHES
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APPROACH 1
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W| R'NG D |AG RAM PN & BioModel Engineering

RasGTP signalling cascade
| as wiring diagram
/—\
Raf \/ RafP
Phosphatasel

MEK ~ ™ MEKP~ ™ MEKPP
\/ \_/

L J
~
Phosphatase2
/_\ /\
ERK \_L/ ERKP ‘j'/ ERKPP

Y

Phosphatase3
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B AS'C STRUCTU RE PN & BioModel Engineering

A <E> A|E --> B enzymatic reaction,
mass-action kinetics

rl/
e

r2
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A <E> A|E --> B enzymatic reaction,
mass-action kinetics

rl 4

X

A|E r3 B

;3\
LA
i
:
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BASIC STRUCTURE

PN & BioModel Engineering

E
A <> A|E --> B

rl 4

X

A|E r3 B

;3\
LA
i
:

E
é

A rl, r2 A|E r3 B

enzymatic reaction,
mass-action kinetics
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BASIC STRUCTURE
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E
A <> A|E --> B
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B AS'C STRUCTU RE PN & BioModel Engineering

A <E> A|E --> B enzymatic reaction,
mass-action kinetics

rl/
S

r2

A rl, r2 A|E r3 B A MA1 B
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NET COMPOSITION FROM BUILDING BLOCKS PN & BioModel Engineering

SINGLE ’O\
MASS-ACTION STEP

of
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NET COMPOSITION FROM BUILDING BLOCKS

PN & BioModel Engineering

;

|

SINGLE
PHOSPHOYLATION / DEPHOSPHORYLATION
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NET COMPOSITION FROM BUILDING BLOCKS

PN & BioModel Engineering

DOUBLE PHOSPHOYLATION / DEPHOSPHORYLATION

RN

ON

|
|
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SIGNALLING CASCADE AS PETRI NET

PN & BioModel Engineering

RasGTP

Raf

Phase2

ERK

Phase3

[GILBERT,
HEINER,
LEHRACK 2007]

[HEINER,
GILBERT,
DONALDSON 2008]
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APPROACH 2
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FROM LITERATURE TO MODELS PN & BioModel Engineering

MOLECULAR
PHARMACOLOGY

ammaxs Paxiposn

Cell Science S 'C"(%F L

' Literature
O
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MOLECULAR
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FROM LITERATURE TO MODELS PN & BioModel Engineering

MOLECULAR
PHARMACOLOGY
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Cell Science
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FROM LITERATURE TO MODELS

PN & BioModel Engineering
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Bi10O NETWORKS, SOME PROBLEMS PN & BioModel Engineering

Q

knowledge -> PROBLEM 1
-> uncertain

-> growing, changing

-> distributed over independent data bases, papers, journals, . . .

various, mostly ambiguous representations -> PROBLEM 2
-> verbose descriptions

-> diverse graphical representations

-> contradictory and / or fuzzy statements

network structure -> PROBLEM 3
-> tend to grow fast

-> dense, apparently unstructured

-> hard to read
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Bi10O NETWORKS, SOME PROBLEMS PN & BioModel Engineering

Q

Q

knowledge -> PROBLEM 1
-> uncertain

-2 MODELS.ARE
-> distribute i e t pers, joumal

various, mostly ambiguous representations -> PROBLEM 2

-> Se @RSC
-> s hical re[lesent
-> dbntra an@l / oRfuzzy Haterge

network structure -> PROBLEM 3
-> tend to grow fast

UEEOF ASSUMPTIONS
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PETRI NETS - THE BIG PROS

PN & BioModel Engineering

o

o~

-

: i

-
A
X

readable & unambigious
-> fault avoidant model construction

locality - causality - concurrency

compositional, hierarchical notations
-> |ogical and macro nodes

executable
-> to experience the model, spec. causality
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PETR| NETS = THE B'G PROS PN & BioModel Engineering

O readable & unambigious
-> fault avoidant model construction

O locality - causality - concurrency

gl - L compositional, hierarchical notations
% ' (g{ -> |ogical and macro nodes

, —
\a\_ﬁ O executable

-> to experience the model, spec. causality

O umbrella with unifying power
-> interpretation in qualitative / stochastic / continuous / hybrid paradigms

L Petri net theory -> model validation

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

-> STP, reduction rules,
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PN & BioModel Engineerin

T- INVARIANTS
( ELEMENTARY MODES )
( EXTREME PATHWAYS )
( GENERIC PATHWAYS )

monika.heiner@b-tu.de
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INCIDENCE MATRIX C

PN & BioModel Engineering

O arepresentation of the net structure

=> stoichiometric matrix

P Tlta ... tj | ... tm
pl

C=np Cij cij = (pi, tj) = F(4,pi) - F(p1, 1)) = A t(p1)
p:n JAY{ 4t = A ) (*)

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 b

O side-conditions are neglected
3

J

X

y firing of tj

enzyme

~O

-

a enzyme-catalysed b

reaction

cif=0
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T'|NVAR|ANTS y BAS'CS PN & BioModel Engineering

O Lautenbach, 1973 -> Schuster, 1993

O 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 combinatio n 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 = Parik  h vector
-> zero effect on marking
-> reproducing a marking / system state

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

Q two interpretations
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of transitions occuring one after the other
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2. relative transition firing rates -> steady state behaviour
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T-INVARIANTS, INTERPRETATIONS PN & BioModel Engineering

Q T-invariants = (multi-) sets of transitions = Parik  h 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

O a minimal 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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T' |NVAR|ANTS y EX PN & BioModel Engineering

rli: A->2B
r2: 2A->3C
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T' |NVAR|ANTS y EX PN & BioModel Engineering

rli: A->2B
r2: 2A->3C

AN

rl r2
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T' |NVAR|ANTS y EX PN & BioModel Engineering

ri: A->2B
r2: 2A->3C
prod_A
A A
A 2
ri r2 rl r2
2 3

cons_B cons_C
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T- INVARIANTS, EX

PN & BioModel Engineering

rl: A->2B
r2: 2A->3C
1 prod_A
A
2
1 rl r2
2 3
O Oc
2 =ls =L
cons_B cons_C

T-INVARIANT 1

prod_A

2
A
2
rl r2 1
2 3
O, O
L L 3
cons_B cons_C

T-INVARIANT 2
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Ex1 - Glycolysis and Pentose Phosphate Pathway

PN & BioModel Engineering

2°G NADP!
g 2 3
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]
2°G NADP
Cox
4GSH 2 NADP*
Gluc ~ G6P FBP
Y 5

ATP  ADP ADP DHAP 14 NAD*
+
1q//—”
N
NAD* NADH ATP ADP ATP  ADP NADH
%MP)NMPE% 18 opGa PG \ﬂJ 13BPG
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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,
GSSG  NADPH ® 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]

GSSG NADPH

O3
O O NAD+
ATP ADP ATP  ADP
DHAP [,épi
1
NADH
NAD+ NADH ATP ADP ATP  ADP
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Ex1 - Glycolysis and Pentose Phosphate Pathway

PN & BioModel Engineering

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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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

[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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T-INVARIANTS, OBSERVATIONS

PN & BioModel Engineering

O T-invariants may contain any structure

O minmal T-invariants generally overlap

0

-> combinatorial effect brings explosion in the number of min. T-invariants (2 4)
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PN & BioModel Engineering

MODULARIZATION
BY T-INVARIANTS
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ABSTRACT DEPENDENT TRANSITION SETS (ADT-SETS) PN & BioModel Engineering

0 Let X denote the set of all (non-trivial) minimal T-invar  iants X of a given PN.

L dependency relation
Two transitions i, | depend on each other,
iIf they always appear together in all minimal T-invariants X, i.e.

O(x T X) : supp(x)(i) = supp(x)(j)

L equivalence relation in the transition set, leading to a partition of T
-> reflexive
-> symmetric
-> transitive

L the equivalence classes A represent maximal ADT-sets

O(x O X): AOsupp(x) DA n supp(x) = O
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ADT-SETS, Ex1

PN & BioModel Engineering

rl: A->2B
r2:2A->3C
1 prod_A
A
2
1 rl r2
2 3
Os Oc
2 =ls =
cons_B cons_C

T-INVARIANT 1

prod_A
2
A
2
rl r2 1
2 3
O, Oe
L L 3
cons_B cons_C

T-INVARIANT 2
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ADT-SETS, Ex1

PN & BioModel Engineering

rl: A->2B
r2: 2A->3C
1 prod_A
A
2
1 rl r2
2 3
Os Qe
2 =L =L
cons_B cons_C

T-INVARIANT 1

\_

.

cons B J \_ cons_C Yy,

T-INVARIANT 2
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ADT‘ SETS, EX2 PN & BioModel Engineering

ri. A->2B
r2: 2A->3B
prod_A
A
2
rl r2
2 3
B
cons B
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ADT‘ SETS, EX2 PN & BioModel Engineering

ri: A->2B
r2:2A->3B
1 prod_A prod_A 5
1 r2 1
2 cons_B cons_B 3
T-INVARIANT 1 T-INVARIANT 2
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ADT‘ SETS, EX2 PN & BioModel Engineering

rl: A->2B
r2:2A->3B
1 prod_A prod A 5

r2

2 cons_B

T-INVARIANT 1 T-INVARIANT 2
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ADT-SETS, INTERPRETATION PN & BioModel Engineering

Q

maximal ADT-sets minimal T-invariants
-> disjunctive subnets -> overlapping subnets
-> not necessarily connected -> connected
interpretation
-> structural decomposition into rather small subnets
-> smallest biologically meaningful functional units
-> puilding blocks
variations
-> with / without trivial T-invariants : :
_ _ _ }— not necessarily maximal ADT-sets
-> whole / partial set of T-invariants -
classification of all transitions  based on the T-invariants’ support
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ADT‘ SETS, APPL'CAT'ON PN & BioModel Engineering

0 maximal ADT-sets
-> not necessarily connected

O further decomposition into connected ADT-sets

-> possibly according to primary compounds, only,
l.e. neglecting connections by auxiliary compounds

-> non-maximal ADT-sets

L coarse network structure , definition

-> macro transitions - abstract from connected ADT-sets
-> places - Interface between functional units
-> (minimal) path - (minimal) T-invariant

U coarse network structure, what for?
-> set of T-invariants gets structured
-> Detter understanding of the net behaviour
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

Xu5P

Ru5P *
GSSG  NADPH ATP
GSH NADP+ g

I Gluc FeP FBP GAP ¥ P1i

NAD+
ATP ADP ATP ADP

DHAP Pi

NADH
NAD+ NADH ATP ADP ATP ADP
I‘ O , 3-BPG
Lac Pyr PEP 2PG 3PG
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

Xu5P

Ru5P *
GSSG  NADPH ATP

2 2 2

GSH NADP+ g

I Gluc FeP FBP GAP ¥ P1i
GoP
NAD+
ATP ADP ATP ADP

DHAP Pi

NADH
NAD+ NADH ATP ADP ATP ADP
I‘ O , 3-BPG
Lac Pyr PEP 2PG 3PG
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Ex1 - Glycolysis and Pentose Phosphate Pathway

PN & BioModel Engineering

blue1

red

10

F6P

blue

13

14

blue3
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Ex1 - Glycolysis and Pentose Phosphate Pathway

PN & BioModel Engineering

C
] GAP
A1 G6P B F6P A2
C
GAP
10

A1 G6P B F6P A2
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Ex2 - APOPTOSIS IN MAMMALIAN CELLS

PN & BioModel Engineering

™) Fes tigandn)

cell membrane

; Fas raceptor Apoptptic Stimuli Apaf-1(m17)
[ 1, FADD (m4) +
Bax, Bad, Bim ﬁzgh
' Procaspase-8 (m5) l' Bol-2, Bel-XI dATP/ATP
) Bid C terminal 2
Bidmil) — (m3) lcytochrcna ¢ (m18)

g i R

\/ Mitochondrion (m16)
e
Caspase-8 Procaspase—3 (m25) ‘ﬁ %
® e &»
—_ %% R —

Caspase—9 WI
ca J (m23) (m20)
spase—3 -
(n27) EXED = B
Procaspase—9 (m21)
o —

Cleaved DFF45
(m33, 34, 35)

2 0l igomer of DFF40

DNA flagmentation

[GON 2003]
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Ex2 - APOPTOSIS IN MAMMALIAN CELLS

PN & BioModel Engineering

)/ Fas ligand(ml)

cell membrane

" Fas receptor Apoptptic Stimuli Apaf-1(m17)
L 3700 ) Y
Bax, Bad, Bim a QD
Y Procaspase-8 (m5) F—Bcl-2,BcI-XI dATP/ATP

, Bid G terminal @
Bidmil) — (m3) lcytochrcna ¢ (m18)

N O ([T 19— %0

Mitochondrion (m16)

Caspase—8 Procaspase—3 (m25)

® | &» %ﬂ%
« > Caspase-9 ¢| Dﬁ:l
Caspase-3 J’ s (m20) ﬁoﬁr;&%
m27) €D € S

Cleaved DFF45
(m33, 34, 35)

S—2 Oligomer of DFF40
1+f (m36)

DNA flagmentation

[GON 2003]

as-Ligand optotic_Stimuli

s7 =
rocaspase-8

FADD .
Bax_Bad_Bi paf-1
Bcl-2_Bcl-xL
s8 O
g BidC-Terminal Cytochrome M
Bid
OOl O+l TP
/:- s6 Mitochondrion
Caspase-8

Pr'ocasgs‘e}l
Caspase-9
Caspase-3
sl

(m20)

CleavedDFF45

DFF40-0ligome s12

s4

NA-Fragment

[HEINER, KOCH, WILL 2004]
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Ex2: APOPTOSIS IN MAMMALIAN CELLS PN & BioModel Engineering

Mitochondrion

Caspase-8 O
s2| < g

Procaspase-3

Caspase-3
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Ex2: APOPTOSIS IN MAMMALIAN CELLS

PN & BioModel Engineering

L)

;pase-%

E Caspase-8
~{0] D,
C2 I 08
B i‘ ~{0] e

Procaspase-3

[O]p [O]a

Mitochondrion

>@ >‘ Caspase-t%
C2 I g8
a2k M-

®-

spase-3

Mo

Procaspase-3

Mo M-

Mitochondrion

a4
RSy

O-

Caspase-3

Mo

Procaspase-3

[O]p

Mitoc

3

Caspase-3

Mo
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Ex3 - Carbon Metabolism in Potato Tuber PN & BioModel Engineering

[KOCH, JUNKER, HEINER 2005]
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Ex3 - Carbon Metabolism in Potato Tuber PN & BioModel Engineering

geSuc

eSuc

SucTrans

cep ATPcons(b)

[KOCH, JUNKER, HEINER 2005]

C :
starch E e
O, :
AdK ADP

ADT-sets without trivial T-invariants

rstarch
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PN & BioModel Engineering

ABOUT THE RELATION
QUALITATIVE VS CONTINUOUS
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EX4 = HYPOX'A PN & BioModel Engineering

[YU ET AL. 2007]

K15/ K16

Intermediate-2

Degradation pathway
0, ? K2 O, dependent Pathway - 1
independent ——— e ——
pathway-1 . VHL (817)
Kl o | K12/ K13
@— - —» HF(S3) [ "" HIF:PHD (S13) .- «esp| HIF:0H(S14) HIFOH:VHL(S18)
| : §K14 ? K20
: . K18/ K19
02 | : :
dependent _ | . . | ’ K11
Pathway_z I I SammEEEnm ---l---v I
| :
v | I— - - | .
| I | I mRNA
| | I A
| I 2 K10
K3 /K4 G — - | . ARNT (S4) 4= _l_ —_—— _* K22 / K21 :
| | | I Intermediate-3
v K17 A
HIF:ARNT (S5) |— p| HIF:ARNT:PHD (S15) | + —p| HIFOH:ARNT (S16) 2

-.-..-o-..-.-|>

7Y
’ K8
etesccsccccescscscsce K29 /| K30

5 /K6 ‘4 HRE (S6) "’ :
v : K ntormediato-t
escccsssccce ntermediate-

| HIF:ARNT:HRE (S7) | HIFOH:ARNT:HRE (S22) > .

. K7 .
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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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EX4 = HYPOX'A PN & BioModel Engineering

150 150

(b)
k5, k6, k29, k30

HIF (steady state values)
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Ex4 - HYPOXIA

PN & BioModel Engineering

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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EX4 = HYPOX'A PN & BioModel Engineering

k12, k14

k18, k20

k3, k15, k17, k22
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Ex4 - HYPOXIA

PN & BioModel Engineering

k2

k1
H1F
s3

k2

k1
H1F
s3

k12, k14

C

O]

k3, k15, k17, k22

k12, k14

PHD
S12

D

k3, k15, k17, k22

k18, k20

H1FOH
S14

k18, k20

E

O

E

k3, k15, k17, k22

monika.heiner@b-tu.de

June 2014



PN & BioModel Engineering

MODELLING
BiO PETRI NETS (2)

TWO ALTERNATIVE
APPROACHES
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ALTERNATIVE
APPROACH 1
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MONOLITHIC VS MODULR MODELS PN & BioModel Engineering

L monolithic models
-> a posteriori modularisation - numerous approaches
-> process-oriented view
-> jt's difficult to
- reuse network components
- combine networks
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MONOLITHIC VS MODULR MODELS PN & BioModel Engineering

L monolithic models i
-> a posteriori modularisation - numerous approaches oo
-> process-oriented view
-> jt's difficult to
- reuse network components
- combine networks

gp130_Iglike_IL6_sitellla_IL6Ralpha_sitellIb

L modular models
-> a priori modular network design
-> object-oriented view
- object = protein
- well-defined object interfaces = composionality
-> targets
- reusability of models
- step-wise construction of larger networks
- automatic mutation of networks
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COMPOSITION BY LoOGICAL NODES - LAYOUT OPTIONS PN & BioModel Engineering

process-oriented view

rl

o 1O
A AlE r3 B

r2
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COMPOSITION BY LoOGICAL NODES - LAYOUT OPTIONS PN & BioModel Engineering

process-oriented view
reaction-centred view

rl

o 1O
A AlE r3 B

r2

AlE

r2

r3

%
T b

LOGICAL PLACES
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COMPOSITION BY LoOGICAL NODES - LAYOUT OPTIONS PN & BioModel Engineering

process-oriented view
reaction-centred view

rl

AlE

m

> species-centred view

%
T b

I
I
I
I
I
E | —>©—> r2
! 1
AE O—> . Lo A r1 ~O)r—
r3 I r3 E
I
R
I r3 B L | r2
I rl
I ©<:
LOGICAL PLACES ' LOGICAL TRANSITIONS AlE r3
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COMPOSITION BY LoGICAL NODES - SUBNETS

PN & BioModel Engineering

Module A

A_tl

A_B_tl1

w@ O

A3|

Al

A2

B3

A_B_t2

A_t2

B2

B3
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COMPOSITION BY LoGICAL NODES - SUBNETS PN & BioModel Engineering

Module A Module B
o)Al e)B1
A_tl A_t2 B_t1 B_t2
A2 B?
A_B_t1 B2 A_B_t1 A2
A3 (e <'> e) B3 A3 (e <'> e )B3
A3[B3 A3]| B3
A A
A_B_t2 A_B_t2
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CASE STU D|ES PN & BioModel Engineering

O JAK-STAT pathway in IL-6 signalling
-> Anna Dietrich, Fred Scharper, OvG University Magdeburg
-> constraints: induced by IL-6 cytokine, one isoform
-> 7 protein modules: JAK1, STAT3, SOCS3, SHP2, gp130, IL-6, IL-6R
+ SOCS3 biosynthesis module
-> in total: 92 places, 102 transitions, 58 pages, nesting depth 4

O phosphate regulatory network
-> Dbasics demonstrated in CMSB 2012 paper

O nociceptive network in pain signalling
-> running BMBF project with 7 consortium partners

-> (so far) 38 protein modules, among them
several membrane receptors, kinases, phosphatases and ion channels

-> in total (so far):
713 places, 775 transitions, 325 pages, nesting depth 4
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MoDULE GP130 TRANSMEMBRANE RECEPTOR PN & BioModel Engineering

gp130_CBM gp130_CBM_IL6_sitell_IL6Ralpha_sitellb gp130_Binding_IL6_IL6Ralpha .

IL6_sitellla

IL6Ralpha_CBM_IL6 _sitel

R 6_IL6Ral» 130_t1 |4 IL6Ralph: 130_t2
ap130_Iglike p130_iglike_IL6_sitellla_IL6Ralpha_sitelllb IL6_IL6Ralpha. gp13D - il

gp130_Boxll

gp130_CBM_IL6_sitell_IL6Ralpha_sitellb

gp130_Iglike_IL6_sitellla_IL6Ralpha_sitelllb JAK1_FERM_gp130_Box1_Box2

gp130_Binding_JAK1 | O] ) JAK1_FERM_gp130_Box1_Box2

gp130_Y759_P_SOCS3_SH2

gp130_Y759_Phosphorylation_JAK1

gp130_BoxI

gp130_Y767_Phosphorylation_JAK1

gp130_Y767_P

O (00) JAKI_ATP_BS

gp130_JAK1_7 .

1_gp130_motif2
JAKI_JH1 _active () (09 () || o130 0ak1 8

JAK1.Y1022_P

gp130_Y759_Dephosphorylation_SHP2
gp130_Y767_Phosphorylation_JAK1

JAK1_Y1023_P

() Ja1 ATP BS ATP

gp130_Y767_P_Binding_STAT3 9130 JAKT_ 6 ap130.Y767

qp130_Y767 gp130_Y767_P
JAK1_FERM_gp130_Box1_Box2

gp130_Y767_Dephosphorylation_SHP2
gp130_Y814_Phosphorylation_JAK1

gp130_Y814_Dephosphorylation_SHP2

gp130_Y814_P_Binding_STAT3 ap130_Y814 Q /O gp130_Y814_P
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MoDULE GP130 TRANSMEMBRANE RECEPTOR

PN & BioModel Engineering

N -

gp130_Y759_Dephosphorylation_SHP2
gp130_Y767_Phosphorylation_JAK1

gp130_Y767_P_Binding_STAT3

gp130_Y767_Dephosphorylation_SHP2
gp130_Y814_Phosphorylation_JAK1

gp130_Y814_P_Binding_STAT3

gp130_Y814 gp130_Y814_P

gp130_Y814_Dephosphorylation_SHP2
gp130_Y905_Phosphorylation_JAK1

gp130_Y905_P_Binding_STAT3

gp130_Y905_Dephosphorylation_SHP2
gp130_Y915_Phosphorylation_JAK1

gp130_Y915_P_Binding_STAT3

gp130_Y915_P

gp130_Y915

gp130_Y915_Dephosphorylation_SHP2

gpl130_JAKI 16 gp130_Y767

JAK1_FERM_gp130_Box1_Box2

gp130_Y814_Dephosphorylation_SHP2
gp130_Y814_P

gp130_Y814

SHP2_gp130_t7 SHP2_gp130_t8

@ gp130_motif3

gp130_Y905_P_Binding_STAT3
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e
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PN & BioModel Engineering

DATABASE
WITH WEB INTERFACE

WWW.BIOMODELKIT .ORG

- PROTOTYPE -
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PN & BioModel Engineering

DATABASE SUPPORT

Welcome to BioModelKit!
Hello monikaHeiner

BioModelKit

PROFILE SUPPORT

CURATED MODULES

BROWSE

BioModelKit is a collection of Modules describing the functionality of single biomolecular entities and their interactions with other molecules in terms of Petri nets. All modules adhere to the
guidelines of the modular Petri net modeling concept, which has been developed in need of a sophisticated reconstruction of growing biomolecular models. The database allows to browse to
single modules and to intuitively gather the functionality of a biomolecular entity by its corresponding Petri net. In addition, the applied modular Petri net modeling concept allows to automatically
couple a repository of modules of desired interacting biomolecular entities. Those resulting comprehensive models can be used for further profund analysis. Based on this approach its is also

possible to generate single or double mutated models.

E.g.. accession, protein name, gene symbol, author

WWW.BIOMODELKIT .ORG
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AFTER. LHE

APPROACH 2

BREAK
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S U M MARY PN & BioModel Engineering

O FRAMEWORK
-> QPN - SPN - CPN - HPN
-> uncoloured / coloured

O STRUCTURAL ANALYSIS TECHNIQUES
-> modularisation
-> hierarchical representation (coarsening)
-> network structuring
-> identification of fragile nodes n
-> core network identification I

O MODELLING B10 PETRI NETS
-> pottom-up (reverse engineering)
-> composition of modules, which kind of modules?
-> automatic network reconstruction
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THANKS |
HHTP://WWW-DSSZ.INFORMATIK.TU-COTTBUS.DE
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T"NVAR'ANTS, BAS'C TYPES |N BIO NETWORKS PN & BioModel Engineering

[J trivial minimal T-invariants o .
-> reversible reactions

-> boundary transitions of
auxiliary compounds

[1 non-trivial minimal T-invariants
-> j/o-T-invariants

covering boundary transitions of %® >O_,
input / output compounds rB B
I
-> inner cycles b e — - — ;
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EXAM PLE PN & BioModel Engineering

[0  substances involved
-> input substance A
-> output substance C
-> auxiliary substance B

gA
| [
| [
| [
| [
| A |
| [
| [
| ab ac '
| [
| [
gB I
rC
rB B bc C |
| [
papin2003.spped
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EXAM PLE, T‘l NVAR'ANTS PN & BioModel Engineering

[1  substances involved
-> input substance A

-> output substance C 9A gA gA
-> auxiliary substance B
A A A
inv5 ab ab inv4 ac  jnvl
gA
ab rb

| |
| |
| | c
| |
| A |
| | B C -
| - O—O0—[—0— i
| ab ac | gB bc rC
| |
| |
gB |
rC gB
B B
| B b ¢ : I%>O inv3
L — — — — e e e e e e e = -
papin2003.spped rB
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EXAMPLE, ELEMENTARY MODES

PN & BioModel Engineering

[0  substances involved
-> input substance A
-> output substance C
-> auxiliary substance B

gA
| [
| [
| [
| [
| A |
| [
| [
| ab ac '
| [
| [
gB )
rC
rB B bc C |
| [
papin2003.spped

gA gA gA
A A A
inv5 ab ab inv4 ac  jnvl
ab rb
B B B C

B C _
—O—1+—O—] inv2
gB bc rC
gB
B
inv3 no elementary mode
rB
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EXAM PLE, EXTREME PATHWAYS PN & BioModel Engineering

[J  substances involved no extreme pathway
-> input substance A

-> output substance C 9A gA gA
-> auxiliary substance B
A A A
inv5 ab ab inv4 ac  jnvl
gA
ab rb
B B B C

| [
: : C rc
| [
| A |
! | B C _
|  O—O——0— v
| ab ac | gB bc rC
| [
| [
[
B
? rC 9B
B B
B bc C | D>O inV3

| [ |:|
papin2003.spped B
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EXAM PLE, EXTREME PATHWAYS PN & BioModel Engineering

[J  substances involved no extreme pathway
-> input substance A

-> output substance C 9A gA gA
-> auxiliary substance B
A A A
inv5 ab ab inv4 ac  jnvl
gA
ab rb
B B B C

| [
: : C rC
: A : +
| | B C _
| | +—O—1+—O—1 i
| ab ac | gB bc rC
| [
| | -
[
B
? rC 9B
rB B bc C | B . . . . .
| | inv3 INv4 = inv5 + Inv2 - iInv3
papin2003.spped B
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Example, Summary PN & BioModel Engineering

[] substances involved EXTREME PATHWAYS
-> input substance A
-> output substance C 9A gA
-> auxiliary substance B .
A
inV5 ab ac invl
gA
I I
: : B B C rC
I I
| A |
! | B C _
| | +—O—+—O—0] inv2
| ab ac | gB bc rC
I I
I I
I
gB
rc
B B bc C |
I I
papin2003.spped
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EXAM PLE, SUMMARY PN & BioModel Engineering

[ substances involved ELEMENTARY MODES
-> input substance A

-> output substance C gA gA gA
-> auxiliary substance B
A A A
inv5 ab ab inv4 ac  jnvl
gA
ab rb
rB B B C

I
I
I
I
I
I B C
I
I
I
I
I

F—O—F—O—] v

gB bc rC

ab ac

gB

rC

B B bc C |
| I
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EXAMPLE, SUMMARY

PN & BioModel Engineering

[0  substances involved
-> input substance A
-> output substance C
-> auxiliary substance B

gA
|
|
|
| A
|
|
| ab ac
|
|
gB
rB B bc C
|
papin2003.spped

rC

MINIMAL T-INVARIANTS
gA gA gA
A A A
inv5 ab ab inv4 ac  invl
ab rb
rB B B C C rC
B C _
F—O—[F—O—{1 v
gB bc rC
gB
B
inv3
B
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