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WHAT ARE PETRI NETS FOR?

,,Petri Nets is a formal and graphically appealing language
which is appropriate for modelling systems with
concurrency and resource sharing. Petri Nets have been
under development since the beginning of the 60’s, where
Carl Adam Petri defined the language. It was the first
time a general theory for discrete parallel systems was
formulated. The language is a generalization of automata
theory such that the concept of concurrently occurring
events can be expressed.”
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j THE PETRI NET FORMALISM

’ O Place Chemical reaction of the water formation:
: 2H; +0; ->2 H,0

Before switch of t: After switch of t
Transition §
: 0, W A%

//)" Arc

\
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j WHAT CAN BE REPRESENTED?

Organisms Populations
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j WHAT CAN BE REPRESENTED?

£ = Petri Nets can represent and integrate
; different abstraction levels
~ % - Places can represent all kinds of biological entities

related to biological entities

;7 - Transitions can represent all kinds of actions
A
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Protein/Gene Metabolic Sightling Gene

%( WHICH NETWORK TYPES CAN BE REPRESENTED?

Interaction Regulatory
Netlorks Networks Networks N
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j WHICH NETWORK TYPES CAN BE REPRESENTED?

= Petri Nets can represent and integrate
; different Network Classes, and thus:

\

- Different OMICs data
- Different datatypes

- Different informations
- Different knowledge
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j How WE GENERATE PETRI NETS?

Functional Data and Time Series Data

Biological response

Xj

Automatic
Network
Reconstruction

Top-Down =
Reverse
Engineering

Automatic
unblock_a N etwo rk

Bottom-Up =
Forward

CeneA_active

R

block_a

synthesis

Adaptation A ' )
CheA-~P CheY Pi degradation

Excitation _{

block_b

Existing Models

Biochemical Reactions ProteinA
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How CAN WE INTERPRET A PETRI NET?

Discrete State Space Cont. State Space

Stochastic Continuous

Timed Timed
Molecules/Levels : : Concentration
Stochastic Rates Petrl Nets Petl"l Nets Deterministic Rates

A PSALL
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Qualitative

Petri Nets Q

Discrete State Space
Time-free
Molecules/Levels

Hybrid Petri

‘ Nets
GeneA_bIo "\

unblock_a

;

Mix of SPN and CPN

block_a

synthesis

degradation block_b

ProteinA
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How CAN WE INTERPRET A PETRI NET?

Four Models Sharing the SAME Structure

-

Quantitative Model =

o

Qualitative Model
+

Quantitative Parameters
(Kinetics)

~
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GENERAL CHARACTERISTIC OF PETRI NETS

Formal language

* Strict syntax, no free-style description

A SALE

Bipartite directed graphs
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* Graph theory, linear algebra

Graphical

IV

* Visualisation

Executable

e Simulation
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j GENERAL CHARACTERISTIC OF PETRI NETS

= Advantages for Modelling in BME

g

- Easy and intuitive modelling framework
- Unambiguous translation of real systems into a formal
Ay model with operational semantics
- Explicitly formulating concurrency
- Support of hierarchical structuring
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>(< GENERAL CHARACTERISTIC OF PETRI NETS

= Advantages for Analysis in BME

;} - Network topology

- Structurally defined behavioural properties

- Simulative/analytical model checking
; - Application of different modelling paradigms

\
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PROCESSES IN SIGNALING

Chemical Reaction

A TSALLE

Subsiraie 1 Proguct 1 :
Substrate = 5§ {Product = P} ;
: 81 + 82 + ...+ Sn (n>=2)
' —
> PP+ L+ Pm (m>=1)
Substrata_n Praduct_m |
(r==2) (mi>=1) :
Association

Ligand
{Ligand = L)
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Receptor_1
(Receptor = R)* Complex_inact

{Complex = C)

1A

Receptor_n
{n=>2}
Generalized Plasma
membrane
S_1
P
o
s Ga C
o xu-'
Zwa
> zw
2 <<
s :Z>§ Sn
(n==1)
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PROCESSES IN SIGNALING

Dissociation

S_1
C
S_n
(n==2)
n
Cc S_n
(n==2)

C+S1+Sp+..+8, (n>=2)

Translocation
: ..0.. Before
: Plasma

S_befare O_’D_’O S_after : membrane

I
: 2 After
I
I
I
I
I
I
I

Dimerization

2
S O——D——O Homadimer

* Generalized

n
S O—’D—DO Multimer

©
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PROCESSES IN SIGNALING

Phosphorylation

1
1
! ATP ADP
1
1
'
1
' P
1
1
Kinase !
|
1
1

Activation of Functional Sites

(BindingSite = BS)
BindingSite_1_act

BindingSita_1_inact

1
!
|
1
!
!
!
i
i
!
!
!
l
C_act :
!
1
!
|
|
1
1
1
1
|
1
1
1

A TSALLE
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BindingSite_n_inact

L

BindingSita_n_act

(@ el
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PROCESSES IN SIGNALING

Autophosphorylation

ATP ADP

C_inact C_P_act

A TSALLE

Gathering Functionality by Adaptor Proteins

5
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BS_n_act
(n>=1})

BS5_n_act_AP

;

(AdaptorProtein = AP)

C_act
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PROCESSES IN SIGNALING

Switching of Ligand-gated Channels

Channel_closed

A TSALLE

]
Channgl = Gt ! **
(Channs 1) . P
1 .
. in Channel
Ca_out 1
,  Plasma
Ch_L_open 1 membrane
1
Ch_L_closed 1
]
I out
" .
]
]
1
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Synthesis/ Degradation
=0 i —> @@
A
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ENZYMATIC REACTIONS
>f’ Extension E Extension

EIA k3

k1l

Competitive Inhibition Allosteric Inhibition

I I
Inhibitor ~’ _ ‘
Actlve °

site

3 E> =

Inhibitor

o competes
substrate

Enzyme binds inhibitor

Simplification
E
P
A B

fxe k
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FEEDBACK INHIBITION VS. SIGNAL AMPLIFICATION

Input Signal
i =
1
¢
g

G@& ] OQQ

T v e

(e) Feed-back Inhibition (f) Amplification of an input signal

Jda

El E2 E3 El_active

= S P E2_inactive

E2_active

E3 inactive E3_active
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EXAMPLES
Duchenne Musclar

Lac Operon Dystrophy Yeast Cell Cycle

A TSALLE

DNA M/\N Ci;i?lzvzl.p‘m;l:?&"c)
7 y ~CR sy
: -;@
KD
x>
ol 2
Sackmann et al, 2006 Grunwald et al, 2008 Mura et al, 2008
Morphogenesis Sucrose breakdown
in Arabidopsis thaliana in the potato tuber Iron homoeostasis
i N
9 LUG AP1 ——— EMF1 AP sucrose sacrose6-phosphate
.~ X\/()>< rie
UDP-glucose
A{,l—'l‘lfl,l E‘“*“P""‘"-° % <D I®
ADP ® lucose-1-phosphate
@ P ®

glucose-ti—phosphate

fructose-6-phosphate
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aouiya et al, och et al, ackmann et al,
H Chaouiy I, 2004 Koch I, 2005 Sack I, 2007
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A
BUT...
%(, Coloured

Petri nets
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Power of
Petri nets

Coloured
Petri nets

%

A

Capability of
programming
to describe
data types and
operations

arative

=24 g Ruby

Forth Objective-C

) skl
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Single components are defined and thus distinguished through their
specific colour

WHAT IS COLOUR?
j A group of similar components is represented by one component
'n
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MULTISCALE/ MULTILEVEL/ MULTIDIMENSIONAL
MODELLING

S ln A

Repetition of Variation of Organisation of
components components components

5
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;

Communication Movement of
between components components
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MULTISCALE/ MULTILEVEL/ MULTIDIMENSIONAL
MODELLING

Nerve cells leev cells

Stem cells

Cardiac cells Blood cells

S ln A

Hierarchical organisation Differentiation of Replication of
of components components components
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Final stage of apoptosis White blood cell

Components, e.g.,
genes, molecules,
cellular
compartment,
cells, multicellular
complex, tissues,
L organs, organisms,
" . | populations

;

Pattern formation of
components

Deletion of components
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EXTENDED PETRI NET FRAMEWORK

discrete state space | *

4

¢+ continuous state space

4

molecules/levels
LTS, PO
CTL/LTL

time-free

A TSALLE

timed,
= k quantitative
molecules/levels concentrations
stochastic rates deterministic rates
CTMC ODEs
CSL/PLTLe LTLc
o O B
folding

unfolding -~~~
molecules and concentrations

stochastic and deterministic rates
CTMC coupled by Markov jumps
' PLTLc

abstraction ---=>

extension ——>

approximation - >
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j EXTENDED PETRI NET FRAMEWORK

\

;} Eight Models Sharing the SAME Structure

K
i | (Coloured) Qualitative Model
(Coloured) +
Quantitative Model = Quantitative Parameters
(Kinetics)
\_ J
( Folding )

Coloured Models Low-Level Models

>

Unfolding y




Scalable model
size

%

A

Parameterized
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ADVANTAGES OF PETRI NETS

Conversion
between high and
low level Petri
nets

and compact
representation of

complex bio-
systems
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Maintain
advantages of
low-level Petri

nets

Maintain analysis

capabilities of
low-level Petri
nets

Sophisticated
high level
modelling
approach

30
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COLOURED EXAMPLES IN THIS TUTORIAL...

Repressilator Reporter
& / )
P laco1
|~
G R
g tetR-lite
/ s et
\\ an®
C

pSC101
origin

1D, 2D, 3D

Drosophila Fly Wing Phase Variation in
Bacterial Colony
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