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MODELS IN SYSTEMS BIOLOGY - OBSERVED BEHAVIOUR PN & BioModel Engineering
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OBSERVAT'ONS PN & BioModel Engineering

O Qualitative
Protein rises then falls

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

-> networks explaining the observations ?
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O UTL | N E PN & BioModel Engineering

Q

BACKGROUND
-> modelling, what for ?
-> how many model types do we need ?

FRAMEWORK

-> unifying four paradigms: QPN - SPN - CPN - HPN
-> some case studies

-> moving between paradigms

COLOUR AND MUTLI-SCALE SYSTEM I
-> replication A
-> encoding space

SUMMARY & OUTLOOK
-> open problems

-> next steps
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PN & BioModel Engineering

BACKGROUND
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MODELS IN SYSTEMS BIOLOGY PN & BioModel Engineering

MODELLING = FORMAL KNOWLEDGE REPRESENTATION

el ™
- o

wetlab R4 formalizing | AN
experiments observed understanding \

behaviour \\ -
\
natural

! ( \ model
biosystem validation
/

\ﬁ\ predicted /anal s
model-base behaviour imula3t1i0n

experiment design S

MODEL VALIDATION = CONFIDENCE INCREASE
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MODELS IN SYSTEMS BIOLOGY PN & BioModel Engineering

MODELLING = FORMAL KNOWLEDGE REPRESENTATION
wetlab formalizing S
experiments observed understanding \

/ behaviour \‘ - : ~
e |
biosystem (knowledge) validation
model-bas‘eh\ analysis ) g
experiment design SENEIIL XIP)LA N ATO RY
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MODEL VALIDATION = CONFIDENCE INCREASE
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MODELS IN SYNTHETIC BIOLOGY PN & BioModel Engineering

MODELLING = BLUEPRINT FOR SYSTEM CONSTRUCTION
construction
design synthetic
biosystem
) o
desired verification
behaviour
idat predicted observed
valiaation behaviour behaviour
e
verification

RELIABLE AND ROBUST ENGINEERING REQUIRES VERIFIED MODELS
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PN & BioModel Engineering

WHAT KIND OF MODEL
SHOULD BE USED?

(BIOCHEMICAL NETWORKS)
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NETWORK REPRESENTATIONS, EX1 PN & BioModel Eng ineering
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NETWORK REPRESENTATIONS, EX2

PN & BioModel Engineering
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NETWORK REPRESENTATIONS, EX2 PN & BioModel Engineering
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B0 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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B0 NETWORKS, SOME PROBLEMS PN & BioModel Engineering

O knowledge -> PROBLEM 1

-> uncertai
-> growing, )]
-> distributed over independent data bases, papers, journals, . . .

Q var maRtly N U represgrgati@ns - L
-> s scripgon
-> S hicgl re(esentaions
-> HNontragictoy anjj / o atergen

network structure -> PROBLEM 3

FUEEOF-ASSUMPTIONS
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PETR' NETS - THE B'G PROS PN & BioModel Engineering

O readable & unambigious
-> fault avoidant model construction

Q locality - causality - concurrency

L compositional, hierarchical notations

k/\
SoST |
- -> |ogical and macro nodes
v (/‘\
O executable
-> to experience the model, spec. causality

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

O Petri net theory

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

-> static analysis techniques: STP, reduction rules,
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PETR' NETS - THE BlG PROS PN & BioModel Engineering

O readable & unambigious

-> fault avoidant model construdion ,
O locality - causgli o%c
0 comdG Jyp hical notatio

-> #nd Thacro nodes
-> to experience m ec. causality

O ®xecutable
Q bre ithunifying power
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Petri n eqQr
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PN & BioModel Engineering

THE PETRI NET
FRAMEWORK
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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 - NADH
2
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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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, ..., Snoopy
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F RA M EWOR K 20 10 PN & BioModel Engineering

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

/| STP, bad siphons, etc.)

time-free

approximation 5

STOCHASTIC = ¥ CONTINUOUS

approxmatlon,

esH ] \ / (e )

discrete state space HYIBRID continuous state space
/

’
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K EY I DEA PN & BioModel Engineering

MODELS SHARING STRUCTURE

ey

QUANTITATIVE MODEL = QUALITATIVE MODEL
+

RATE FUNCTIONS
(KINETICS)
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PN & BioModel Engineering

B10 PETRI NETS -
SOME EXAMPLES
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

A [Reddy 1993]
RUSP — =« XU5P

)
5
2G NADP
1 2 3
4 GSH 2 NADP*
?? 7
/7
/ \\
~
Gluc ~ G6P FBP
/ \ s
ATP  ADP ADP DHAP 14 NAD*
+.
15 P
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

4 [Reddy 1993]
RUSP — =« XU5P

%NADPD
2NADP
-> INTERPRETATION ?

Gluc ~ G6P FBP - GAP
DHAP o

ATP  ADP ADP NAD*
-

15 P

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

»85" [Reddy 1993]
RuSPA . S?PQ‘ j‘ v O [Heiner 1998]
GSSG  NADPH C‘)\ 0" ‘Q‘/. LT
40\ ,O Q/ GAP F6P N
O @ Z'. —(_JRsp - [Koch,
2% 22 A _7)) +ADP Heiner 2010]
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

»85" [Reddy 1993]
RusP A Y Heiner 1998]
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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

(8) Procaspase—3 (m25)

-— ‘{ﬂ<§§§;>
«> Caspase—9 % &ﬂ:|

Caspase-3 J’ 23) (m20) ﬁoﬁ;%
m27) €D < EH:jf!

Cleaved DFF45
(m33, 34, 35)

S 0ligoner of DFF40
-.:__;.- (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

DFF40-011igome s12

s4

NA-Fragment

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

) Fas ligand (i)

[ ‘.‘ cell membrane as-Ligand . .
h" Fas receptor Apoptptic Stimuli Apaf-1 (i T) optotic_St
[ 3. 1FADD (ud) \
Bax, Bad, Bim ﬁjgh rocaspase-8
 Procaspase—8 (m5) ——BcI-2, Bcl-XI dATR/ATP FADD
Bid C terminal 2
B"""'“’ (m13) _ J,thochrula ¢ | @®

™ (g —0e

dATP/ATP

Gaspase— l Procaspase—S (m25)
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(m27) €
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(m33, 34, 35)
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[HEINER, KOCH, WILL 2004]

[GON 2003]
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ExX3 - RKIP SIGNALLING PATHWAY PN & BioModel Engineering

...one pathway...

Mitogens
Growth factors

r eceptor

cytoplasmic substrates
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EX3 - RKIP SIGNALLING PATHWAY

PN & BioModel Engineering

Raf-1° RMP
ERK-PP @ Raf-1*/RKIP
() 3 5n
k3 k4
i RKIP-P/RP

@ m1l

NIEK-PP/ERK @ Raf-1*/RIP/ERK-PP
M

N

MEK-PP ERK RKIP-P RP

[Cho et al. 2003]
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EX3 - RKIP SIGNALLING PATHWAY, PETRI NET

PN & BioModel Engineering

mi -> si

ERK-PP

s8

s7
MEK-PP

k6

k8

MEK-PP_ER

Raf-1Star RKIP

s9 k%aﬁ 1Star_RKIP

k7

s5

k4

Raf-1Star RKIP_ERK-PP

s6
ERK RKIP-P

sll

k1l

RKIP-P_RF

k10

s10

RP

[HEINER,
GILBERT 2006]

[HEINER,
DONALDSON,
GILBERT 2010]
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EX3 - RKIP SIGNALLING PATHWAY, HIERARCHICAL PETRI NET PN & BioModel Engineering

Raf-1Star RKIP
sl S2
O] k1 k2
ERK-PP
s9 947 s3 () Raf-1Star_RKIP
k8 0O |k3_k4
I k1
s8 MEK-PP_ERK s4 s11 RKIP-P_RF
Raf-1Star RKIP_ERK-PP
[HEINER,
0 |k6_k7 K5 0| k9_k10 GILBERT 2006]
[HEINER,
s/ s5 s6 s10 DONALDSON,
MEK-PP ERK RKIP-P RP GILBERT 2010]
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EX3 - RKIP SIGNALLING PATHWAY, HIERARCHICAL PETRI NET PN & BioModel Engineering

Raf-1Star
sl

Raf-1Star RKIP

)2

s11 RKIP-P_RF
r RKIP_ERK-PP
[HEINER,
‘ k5 0| ko_k10 GILBERT 2006]
‘ [HEINER,
o s6 s10 DONALDSON,
MEK-PP ERK RKIP-P RP GILBERT 2010]
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Ex4 - SIGNALLING CASCADE PN & BioModel Engineering

RasGTP

Phosphatasel

MEK < S MEKPZ S MEKPP
\/ \_/

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

Y

Phosphatase3
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Ex4 - SIGNALLING CASCADE

PN & BioModel Engineering

RasGTP
Raf_RasGTP
Elgra il

k1/k2

Raf

Phase2

ERK

Phase3

[GILBERT,
HEINER,
LEHRACK 2007]

[HEINER,
GILBERT,
DONALDSON 2008]
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Ex4 - SIGNALLING CASCADE

PN & BioModel Engineering

RasGTP
Raf_RasGTP

o e

Raf

ERK_MEKPP ERKP_MEKPP

k19/k20
ERKP

ERKPP

k28/k29 k25/k26

I Sp=] I S [=]

ERKP_Phase3 ERKPP_Phase3

Phase3

[GILBERT,
HEINER,
LEHRACK 2007]

[HEINER,
GILBERT,
DONALDSON 2008]
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ExX5 - LAC OPERON

PN & BioModel Engineering

InhibitorRnaDegradation InhibitorDegradation

10p

InhibitorTranscription | InhibitorTranslation

RnapBinding/Dissociation

(O—_ o O 0
O
Idna Irna InhibitqrBinding/Dissociation P Rnap
LactoselnhibitorBinding/Dissociation RnapOp
ILactose O
Transcription
10000 .
LactoselnhibitorDegradation Intervention  Rna
Lactose RnaDegradation
Translation
Conversion
| o ™
Z  ZDegradation

[WILKINSON 2006]
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EXS = LAC OPERON PN & BioModel Engineering

O reduced net structure while preserving liveness & boundedness

A
o B
liveness becomes obvious

Q example of two simple reduction rules

XO=0- Xo—F-

t P P t

tlive t not live
p unbounded p bounded
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EX6 - PAIN SIGNALLING

PN & BioModel Engineering

[BLATKE, MEYER, MARWAN 2011]
-> A PROTEIN-ORIENTED MODULAR MODELLING CONCEPT

morphine enkephaline dynorphine adrenaline  PGE2

o ©
© © O o o © © O
muOR deltaOR  kappaOR CBIR ACI ACV Acvill betaZAR PGER
cGMP ATP cAMP Gs
® o @) ® © © © © ©
PIP2 pi GDP GTP FPDE1C PDE2A FDE4D L PDE4D S A_Rbe
©) ® ® @ o
B1R GAP GMP AMP P2
@
bradykinin
© © © © © ©
B2R = PLCbeta PP2A PDK1 FAAH
@) ©) &) ©) o
acetylcholine MR DAG IP3 UOFA
® © © © © © © 0 ©
PIP3 PKCzeta PHKCepsilon PKCalpha CaZ in CaMKll CaMKK CaMKIv CN
© ®
CaM CFS

intracellular space

3@

”MODULES: 38)
PLACES: 713
TRANSITIONS: 775
PAGES: 325

® ® © ©) © O ©) ®
PSER Pa CaV12 Cavi13 Ca\ad Ca2 _membrane TRPYV1 membrane

NESTING DEPTH:&

S

AKAP

AEA

MNAFPE _PLD

MNAPE-Precursor2

=] ®

NAPE

©)

MNAT

NAPE-Precursor

extracellular space
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PN & BioModel Engineering

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

[HEINER,
H1FOH:VAL SRIRAM 2010]

H1F:PHD
S13

k20

H1F:ARNT:HRE H1FOH:ARNT:HRE
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EX7 = HYPOX'A PN & BioModel Engineering

150 150

(b)
k5, k6, k29, k30

HIF (steady state values)
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EX7 - 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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EX? = HYPOX'A PN & BioModel Engineering

k12, k14

k18, k20

k3, k15, k17, k22
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EX7 - 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
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PN & BioModel Engineering

ABOUT THE RELATION
STOCHASTIC VS CONTINUOUS

monika.heiner@tu-cottbus.de July 2013



STOCHASTIC SIMULATION PN & BioModel Engineering

Stochastic Output - 1 Level

me

Concentration (Levels)

00 02 04 06 08 1.0

0 20 40 60 80 100

Time (s)
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STOCHASTIC SIMULATION PN & BioModel Engineering

Stochastic Output - 10 Levels
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STOCHASTIC SIMULATION PN & BioModel Engineering

Stochastic Output - 100 Levels
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DETERM | N |ST|C S'MULAT'ON PN & BioModel Engineering

Deterministic Output
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EX3 - RKIP SIGNALLING PATHWAY, PETRI NET

PN & BioModel Engineering

ERK-PP

sg(;)a<

s8

s7
MEK-PP

k6

Raf-1Star

sl

k8

MEK-PP_ERK

k7

R

RKIP
s2
k1 k2
s3 Raf-1Star RKIP
k3 k4

s4
Raf-1Star RKIP_ERK-PP

k5

s5

ERK

s6
RKIP-P

sll

k9

k1l

RKIP-P_RF

k10

s10

RP

[HEINER,
GILBERT 2006]

[HEINER,
DONALDSON,
GILBERT 2010]
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Ex3 - RKIP, REACHABILITY GRAPH (STS) PN & BioModel Engineering

O simple
algorithm

O nodes:
system states

O arcs:
the (single)
firing transition

O single step
firing rule
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EX3 - RKIP, QUANTITATIVE ANALYSIS PN & BioModel Engineering

Species S1|52 53 54 55 56 575659 510 511 512 513 -

Raf-1* Mmoo 111 1yj0 01 1 1 0

RKIFP 1Moo 0o o0oo0o0OjpL)0 0 1 0 0 a—

Raf-1*_RKIF 01 0 0 00 001 1 0 0 0 350

Raf-1* RKIF_ERK-PR{OJ0 1 0 0 0 Oy0j0 0 0 0O 0 300

ERK 0j0 0 1 00 1j191 0 0 0O 0 5 250

REKIP-P 00 0110 0j0y0 0 0 0 1 200

MEK-FP 1fr1 100141310 0 1 1 150

MEK-PP_ERK oj0 0 01 1 0j0j0 1 1 0 0 100

EREK-PP 11 o000 000 0 0 1 1 i

RF 1fr 111004131 1 1 0 1 o, , g . , . -

REKIP-PRP ojo 000 1 1§j0j0 0 0 1 0 .
Distribution of “bad' steady states as euclidean
distances from the “good' final steady state

Choet al Biochemist
13 good state configurations the bad ones

monika.heiner@tu-cottbus.de July 2013



EX3 - RKIP, QUANTITATIVE ANALYSIS PN & BioModel Engineering

State
1 T T T T T T T T T
0.9 .
0.8 .
- 0.7 | Raf-1Star
z RKIP
> 0.6 i Raf-1Star_RKIP
2 Raf-1Star_RKIP_ERK-PP
£ ERK
< 05f : RKIP-P
2 MEK-PP
g MEK-PP_ERK
5 04 ] ERK-PP
S RP
Y sl | RKIP-P_RP
0.2 ]
0.1 .
0 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
Time (sec)
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EX3 - RKIP, QUANTITATIVE ANALYSIS PN & BioModel Engineering

State8
1 _‘——hl—__\___\l__—l T T T T T T
0.9t 1
0.8} 1
- 0.7 | Raf-1Star
z RKIP
> 06 i Raf-1Star_RKIP
= Raf-1Star_RKIP_ERK-PP
® ERK
= 051 : RKIP-P
2 MEK-PP
J: MEK-PP_ERK
g 047 ] ERK-PP
= RP
O _
0.3 i RKIP-P_RP
0.2} ]
01} 1
0 s ! ! ! ! ! !

0 10 20 30 40 50 60 70 80 90 100
Time (sec)
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EX3 - RKIP, QUANTITATIVE ANALYSIS PN & BioModel Engineering

ERK-PP

Concentration (relative units)

o | | | I | | | | I |
0 10 20 30 40 50 60 70 80 a0 100

Time (sec)
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PN & BioModel Engineering

BUT,

TRANSITION SPN -= CPN
MAY COME WITH
COUNTERINTUITIVE EFFECTS.

monika.heiner@tu-cottbus.de July 2013



Ex8 - ABSOLUT CONCENTRATION ROBUSTNESS (ACR) PN & BioModel Engineering

0 ACR: steady state value of variable (place) does not depend on total mass,

only on kinetic constants -> [SHINAR, FEINBERG 2010]
Q simple example mass-action kinetics rg 2
rq- A+B->2B Vl(rl) = klAB ACR A/‘>\‘.
Io: B->A V2(r2) = sz ’<. 5
)
O ODEs 2 BAD SIPHON

dA/dt = Vo -V = sz - klAB

CPI: mp(A) + mp(B) = total
dB/dt = vy - v, = k;AB - kB o(A) + mo(B)

O steady state
dA/dt = k,B - kyAB =0

<%
dB/dt = kyAB - k,B = 0 K./‘

-> steady_state(A) = ko/kq
steady_state(B) = total - ko/k,
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= = o= AND THEN THERE WAS COLOUR PN & BioModel Engineering

Kew Gardens, 24/04/2011
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F RA M EWOR K 20 10 PN & BioModel Engineering

LTS / PO /
CTL,LTL | QUALITATIVE /

time-free

approximation ,'

STOCHASTIC = ¥ CONTINUOUS

approxmatlon,

CTMC ODES
CSL, PLTLcC PLTLC

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 PLTLC
COLOURED

discrete state space HYIBRID continuous state space
!

’
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PN & BioModel Engineering

COLOUR -

WHAT FOR ?
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EXl PREY = PREDATOR PN & BioModel Engineering

reproduction_of prey predator_death reproduction_of prey predator_death
2 2
Preyl Predatorl Prey2 Predator2
) 0 ) 0
2 2
consumption_of prey consumption_of_prey

monika.heiner@tu-cottbus.de July 2013



Ex1l: PREY - PREDATOREX1: PREY - PREDATOR PN & BioModel Engineering

Q definitions reproduction_of_prey predator_death
colourset CS = 1-2;
var x . CS; \ i

Q better: 2 X X X
const SIZE = 2; Prey Predator
colourset CS = 1-SIZE; CS Q CS
var x : CS: 50 all() 100" all()

X X 2 X

consumption_of_prey

O changing SIZE adapts the model to various scenarious

monika.heiner@tu-cottbus.de July 2013



Ex2: C. ELEGANS

PN & BioModel Engineering

[LI ET AL. 2009]
[BONZANNI ET AL. 2009]

parameter

lin15

®

LIN15_hyp?
[ O
p_s10 m29
30
o
[ ]
pls9

LS_molecule_E

m270

m270

I!I i
VPC_3 .
p_u2 4 p_u2
O [] O

v4_LS_molecule_E

LIN3_Anchorcell

v6_lin15

v6_LIN15_hyp7

Vv6_LS_molecule_E

m270

v7_lin15

7_p_u2

PLACES: 206
TRANSITIONS: 366

v8_lin15

®

v8_LIN15_hyp7

V7_LIN15_hyp?

8_p_s10 mpo 8_p_d27
30
[]
8_p_Js9
8_p_d26

O—1]
v8_LIN_3_from_hyp7
8

8_p_u2

v8_LS_molecule_E

Vv7_LS_molecule_E

m270 m270

July 2013
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Ex2: C. ELEGANS, COLOURED

PN & BioModel Engineering

Simulation Configuration

Dot Dot Dot Dot Dot
S @ rdot @ 1dot @ Lot O
parameter AC wul lin12_wt lin12_ko lin12_gf
1'dot
Dot T cs Tsim3 CS 1l LIN3 AC Dot
o X X dot dot
T3 ® o o ey
lin15 x  steady_state_time_hyp7
cs O X ] td22

LIN_13_from_hyp7

‘ [ ]
L'dot LET_2% N3_LET23 LIN3_LET23_dimer
Dot dot X CS A cs cs cs
@————C L0 —0—~—1-0 [}
wul ts2 x “ x k “ X
[Qus 76 [ W [] w1 I
ts8 for  s9
Dot ot
T'dot 0 DO[
lin12_gf

X

Dot

@l‘dol

Ist

ts1

Tsiml

LIN3_LET23 p_dimer

c!
Lst_pfotein
X
td21 MPK_1_actiye_N
oy
16 tdI3
X X X
12
td14 = © /INL1a
X
LIN31_LINL_Compl R Qo= Y
omplex
_LINT_( x
LIN_JL a 3
W15 [Jes—(cs L]
T LS_mRNA
[ Juo X
td19 13
X d
cs X x
(] [=Ox
Vulval_gene  td17 td20 LS_molecule
« Cs x B
O]
td Fate 1 1

lin12_wt

Dot
@ 1'dot

lin15

_ di Fate_2
X X

[] © HECE:
RNA_E!_Isl_genes

x cs

22 ! -

Pe2

X x
@) cs []Tes

LIN3_LET23_p_dimer

LS_molecule_E

x-1 ' s
X

. td24

cs
“—0)
x
td25
td26
AR _intraceflular
x
1ot [
120
X
td29
123
cs
x. x
Te4 "
Lst_protein

PLACES: 44
TRANSITIONS: 72

monika.heiner@tu-cottbus.de
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Ex2: C. ELEGANS, COLOURED & HIERARCHIES

PN & BioModel Engineering

Dot Dot
@ 1 dot @ 1" dot
AC

vul

. Dot
Ldot (& 15

Hypodermal_syncytium_hyp?7

CS

LIN_13 from_hyp?7

Dot 1 dot
vul
i;; 1 dot
vul

1inl2_wt

Simulation Configuration
Dot Dot Dot Dot

® vdot O O

1in12_ko linl2_gf 1st

1'dot (e) Dot

AC
Anchor_cell
Dot CS
LIN3_AC LIN3
CS
MPK_1_active_C
LS_molecule

(:) 1" dot (:) 1 dot

S

parameter

Dot

‘, 1" dot
linl2_wt
Dot

linl2_gf

Dot

cs
LIN12_Notch_lpathway
MAPK_pathway

Lst_protein

O

lin12_gf

Dot
1 dot

)
st

Dot

‘, 1 dot
1s

t

monika.heiner@tu-cottbus.de
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Ex3 - HALOBACTERIUM SALINARUM PN & BioModel Engineering

[M ARWAN 201 O] o Metlsliy;I:tiopm_{rrn'ag%hl
/ HtrI inh Site HEXT inh Site
/cluster type 1/2:  400/850)
PLACES: 12,426
Methylal TRANSITIONS: 16,577
unfolding: 6 sec

Input 2

CheY binding site

CheY Binding
Site
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PN & BioModel Engineering

EXAMPLE:
DIFFUSION IN SPACE
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D|SCRETE SPACE PN & BioModel Engineering

Richmond, 13/09/2011

monika.heiner@tu-cottbus.de July 2013



EX4 DlFFUS'ON = 1D PN & BioModel Engineering

TET TR RS 11

monika.heiner@tu-cottbus.de July 2013



EX4 DlFFUS'ON = 1D PN & BioModel Engineering

t1.2_1 t1_3_2 t1_4_3 t1_4.5

cAMPkAE cAMP_NE cAMP_V4\ cAMP_5

t1_1.2 t1_2_3 t1_3_4 t1_5_4
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EX4 DlFFUS'ON = 1D PN & BioModel Engineering

Q definitions
const D1 =5; /Il grid size
const MIDDLE = D1/2;
colorset CS = 1-D1; Il grid positions
var x,y : CS;

function neighbourlD (CS x,a) bool:

// a is neighbour of x
(a=x-1|a=x+1) & (1<=a) & (a<=D1);

X 100 MIDDLE

[neighbour1D(X,y)] CAMP
GridlD

tl y

O movement = changing colour

monika.heiner@tu-cottbus.de July 2013



Ex4: DIFFUSSION -1D, ODEs

PN & BioModel Engineering

dei
dt
dez
dt
ng
dt
deg
dt
des
dt

co— k-
-c1+ k-
cco+ k-
e+ k-

ey — k-

C1

c3—2-k-co
cy —2-k-c3
cs —2-k-cy

C5

monika.heiner@tu-cottbus.de
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Ex4: DIFFUSION - 1D

PN & BioModel Engineering

100
80
60
40

cAMP concentration

20

15 GRID POSITIONS

40

Time

60

80

10

Y

100

80

60

40

20

14

10

Cellin 1D

monika.heiner@tu-cottbus.de
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EX4 DlFFUS'ON = 1D PN & BioModel Engineering

100
< 100 80
S 80 | 60
C
3
o 60 40
3
o 40
= 20
S 20 0

60
40

20

00

0

40 Cellin 1D

60

Time 80
! 7000

150 GRID POSITIONS, SCALING OF INITIAL MARKING AND RATES

monika.heiner@tu-cottbus.de July 2013



Ex4: DIFFUSION - 2D

PN & BioModel Engineering

0 SCHEME

monika.heiner@tu-cottbus.de
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Ex4: DIFFUSION - 2D

PN & BioModel Engineering

0 SCHEME

monika.heiner@tu-cottbus.de

July 2013



EEX4: DIFFUSION - 2D

PN & BioModel Engineering

0 SCHEME

O definitions
const D1 =5;
const D2 = 5;
const MIDDLE = D1/2;

colorset CD1 = 1-D1;
colorset CD2 = 1-D2;
colorset Grid2D = CD1 x CD2;

var X, a : CD1;
vary, b : CD2;

Il grid size first dimension
// grid size second dimension

/I row index
/I column index
/Il 2D grid

monika.heiner@tu-cottbus.de

July 2013



Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD PN & BioModel Engineering

Q four neighbours
function neighbour2D4 (CD1 x, CD2 vy, CD1 a, CD2 b) bool:
Il (a,b) is one of the up to four neighbours of (X,y)
(a=x & b=y-1) | (a=x & b=y+1)
| (b=y & a=x-1) | (b=y & a=x+1);

(x,¥) 100" (x=MIDDLE & y=MIDDLE)

[neighbour2D4(x,y,a,b)] cAMP
Grid2D

o @

monika.heiner@tu-cottbus.de July 2013



Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD PN & BioModel Eng ineering




Ex4: DIFFUSION - 2D8 NEIGHBOURHOOD PN & BioModel Engineering

O eight neighbours
function neighbour2D8 (CD1 x, CD2 vy, CD1 a, CD2 b) bool:
Il (a,b) is one of the up to eight neighbours of (x,y)
(a=x-1|a=x|a=x+1) & (b =y-1| b=y | b=y+1)
& (I(a=x & b=y))
& (1<=a & a<=D1) & (1<=b & b<=D2);

(x,y) 100" (x=MIDDLE & y=MIDDLE)

[neighbour2D8(x,y,a,b)] cAMP
Grid2D

tl (a,b)
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OOOOOOOOOOOO

PN & BioModel Engineering
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Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

’data.dat.00000000’ matrix

14 — 100
12
=< 80

10

60
8
6 40
4

20
2
0 0
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Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

’data.dat.00000006’ matrix

14 18

16
12

14
10

12
8 10
5 8

6
4

4
2

2
0 0
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Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

’data.dat.00000010’ matrix

14 10

9
12

8
10 7

6
8

5
6 4
4 3

2
2

1
0 0
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Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15

PN & BioModel Engineering

14

12

10

’data.dat.00000015’ matrix

6

monika.heiner@tu-cottbus.de

July 2013



Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

’data.dat.00000020° matrix

14 — 4.5
-~ 4
12
3.5
10
3
8 2.5
6 2
1.5
4
]
2
0.5
0 0
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Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

’data.dat.00000030’ matrix

14 3
12 25
10
>
8
15
6
1
4
, 05
0 0
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Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

’data.dat.00000040’ matrix

14 2.5
12
2
10
1.5
8
6 1
4
0.5
2
0 0
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Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

’data.dat.00000050’ matrix

14 1.8
1.6
12
1.4
10
1.2
8 1
6 0.8
0.6
4
0.4
2
0.2
0 0
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Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 30x30 PN & BioModel Engineering

’data.dat.00000050’ matrix

1.6
o5 1.4
1.2
20
’
15 0.8
0.6
10
0.4
5
0.2
0 0
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Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 60x60 PN & BioModel Engineering

’data.dat.00000050’ matrix

1.6
1.4
50
1.2
40
1
30 0.8
0.6
20
0.4
10
0.2
0 0
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Ex4: DIFFUSION - 2D4 NEIGHBOURHOOD, 120x120

PN & BioModel Engineering

100

80

60

40

20

20

40

60

80

’data.dat.00000050’ matrix

100

1.6

1.4

1.2

—

monika.heiner@tu-cottbus.de
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PN & BioModel Engineering

EXAMPLE:
PHASE VARIATION IN

MULTISTRAIN CELL COLONIES
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BACKGROUND PN & BioModel Engineering

O method for dealing with rapidly varying environments
without requiring random mutations

Q contingency gene

-> populations include variants adapted to
“foreseeable” frequently encountered environmental or selective conditons

L stochastic gene switching process

-> controlled by reversible gene mutations,
inversions, or epigenetic modification

-> e.g. switch between two phenotypes A, B bie W &
<
. . ® =
O colonial sectoring .
-> observable effect in cultures grown in vitro ) > o i T : %i

3 an .
@’ » 1
. .4 !-. _1;
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EX5: CELL COLONIES, WETLAB OBSERVATIONS PN & BioModel Engineering

(courtesy of N Saunders)
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EX5 CELL COLON'ES, BAS'CS PN & BioModel Engineering

Microbiology (2003), 149, 485-495 DOI 10.1099/mic.0.25807-0

Mutation rates: estimating phase variation rates
when fitness differences are present and their
Impact on population structure

Nigel J. Saunders,'t E. Richard Moxon' and Mike B. Gravenor?

Correspondence "Molecular Infectious Diseases Group, Institute of Molecular Medicine, University of Oxford,
Nigel J. Saunders Headington, Oxford OX3 9DS, UK

saunders@molbiol.ox.ac.uk ?Institute for Animal Health, Compton, Berkshire RG20 7NN, UK

Phase variation is a mechanism of ON—-OFF switching that is widely utilized by bacterial pathogens.
There is clirrentlv no standardization to how the rate of nhase variation is determined exnerimentallv.
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EX5 CELL COLON'ES, BAS'CS PN & BioModel Engineering

Microbiology (2003), 149, 485-495

Mutation rates: estimati had® variatian

r their

n' and Mike B. Gravenor?

Correspon olecular | ses Group, Institute of Molecular Medicine, University of Oxford,
adington, 3 9DS, UK

titute for Animal Health, Compton, Berkshire RG20 7NN, UK

Phase variation is a mechanism of ON—-OFF switching that is widely utilized by bacterial pathogens.
There is clirrentlv no standardization to how the rate of nhase variation is determined exnerimentallv.
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EX5 CELL COLON'ES, BAS'CS PN & BioModel Engineering

O two cell types: phenotype A and B

Q cell divide
-> cell division may involve mutation of the offspring

-> parent cell keeps alpha
its phenotype

O model parameters
-> alpha = beta - mutation rates
-> da, db - fitness of A, B
-> da/db - relative fitness beta

O output
-> total number of cells
-> proportion of A=A/ (A + B)
-> proportion of B=B /(A + B)

monika.heiner@tu-cottbus.de July 2013



EXx5: CELL COLONIES, PETRI NET

PN & BioModel Engineering

A2A A
da*(1-alpha)*A

da*alpha*A

AZ2B

B2A
db*beta*B

BZ2B

db*(1-beta)*B

monika.heiner@tu-cottbus.de
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EX5: CELL COLONIES, CONTINUOUS PLOT PN & BioModel Engineering

continuous model of cell mutation

43.19

32.39+

21.60+
—B
—A

10.80+

G'ﬂﬂ_l T T T T
0.00 0.94 1.89 2.83 3.77

Time
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EXx5: CELL COLONIES, STOCHASTIC PLOT PN & BioModel Engineering

stochastic model of cell mutation

43.004

32.25+4

21.50
—B
—A

10.75

EJ.'Dl:'_l T T T T
0.00 1.50 3.00 4.50 6.00

Time
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Ex5: CELL COLONIES, BAsIC MODEL

PN & BioModel Engineering

colorset Phenotype =enum with A, B;
colorset DivisionType = enum with replicate , mutate ;

¢ 1°A

Phenotype
cell

division

[div=replicate](2 c)++
[div=mutate](c++

(+c))

(c=A) & (div=replicate) : cell*da*(1-alpha)
(c=A) & (div=mutate) : cell*(da*alpha)
(c=B) & (div=replicate) : cell*(db*(1-beta))
(c=B) & (div=mutate) : cell*(db*beta)

monika.heiner@tu-cottbus.de

July 2013



Ex5: CELL COLONIES, BASIC MODEL PN & BioModel Engineering

colorset Phenotype =enum with A, B;
colorset DivisionType = enum with replicate , mutate ;

ADRiING=SPACE

[div=replicate](2 c)++

JONTROLLING COLONY SPREADING
CONFROELMNGFHRICKNESS

(c=B) & (div=mutate) : cell*(db*beta)

CONTROLLING COLONY SIZE

monika.heiner@tu-cottbus.de

July 2013



EXx5: CELL COLONIES, ADDING SPACE PN & BioModel Engineering

colorset Grid = product with Grid2D x Phenotype,;

Grid 1 (x=MIDDLE)&(y=MIDDLE)&(c=A)
cell

[div=replicate]((x,y),c)++
[div=mutate]((x,y),(+c))

(X, y\©

divisionl
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EX5: CELL COLONIES, CONTROLLING COLONY SPREADING

PN & BioModel Engineering

colorset Grid = product with Grid2D x Phenotype,;

Grid 1 (x=MIDDLE)&(y=MIDDLE)&(c=A)
cell

[div=replicate]((xn,yn),c)++
[div=mutate]((xn,yn),(+c))

[div=replicate]((x,y),c)++
[div=mutate]((x,y),(+c))

((xfy),
divisionZ2
[nheighbour2D8(x,y,xn,yn)]

divisionl

monika.heiner@tu-cottbus.de
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EX5: CELL COLONIES, CONTROLLING THICKNESS PN & BioModel Engineering

colorset Grid = product with Grid2D x Phenotype,;

Grid 1 (x=MIDDLE)&(y=MIDDLE)&(c=A)
cell

[div=replicate]((xn,yn),c)++
[div=mutate]((xn,yn),(+c))

[div=replicate]((x,y),c)++
[div=mutate]((x,y),(+c))

(xX4y), )
division?2 . divisionl
[nheighbour2D8(x,y,xn,yn)]

(xn,yn) x,y)
POOLSIZE (1<=x&x<=D1) & (1l<=y&y<=D2) & (x<>MIDDLE |y<>MIDDLE)++
POOLSIZE_1" (x=MIDDLE & y=MIDDLE)
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EX5: CELL COLONIES, CONTROLLING COLONY SIZE PN & BioModel Engineering

colorset Grid = product with Grid2D x Phenotype,;

Grid 1 (x=MIDDLE)&(y=MIDDLE)&(c=A)
cell

[div=replicate]((xn,yn),c)++
[div=mutate]((xn,yn),(+c))

[div=replicate]((x,y),c)++
[div=mutate]((x,y),(+c))

division?2 . . divisionl
[nheighbour2D8(x,y,xn,yn)] A )

POOLSIZE (1<=x&x<=D1) & (l<=y&y<=D2) & (x<>MIDDLE |y<>MIDDLE)++
POOLSIZE_1" (x=MIDDLE & y=MIDDLE)
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EXx5: CELL COLONIES, SOME DETAILS PN & BioModel Engineering

0 model assumptions

-> “If phase variation occurs, the progeny consists of one A and one B”
(Saunders 2003)

-> |t is always the mutant who goes to a neighbouring position, if any.
-> constant biofilm thickness (so far)

QO colony size-24h
-> 25 generations: 33.5 E+06
-> 26 generations: 67 E+06
-> COLONYSIZE = 70,000,000

Q grid size
-> 61x 61grd: 11,163 P /131,044 T; unfolding: 152 sec;
-> 101 x 101 grid: 30,603 P /362,404 T, unfolding: 9 min;

-> runtime 1 stoch. simulation: 35-40 minutes
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PN & BioModel Engineering

. . . SOME EXPERIMENTS
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EX5 2D = TRACE 1 (H'GH, F:].) PN & BioModel Engineering
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EX5 2D = TRACE 1 (H'GH, F:].) PN & BioModel Engineering

‘data.dat.00000040’ matrix
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EX5 2D = TRACE 1 (H'GH, F:].) PN & BioModel Engineering

‘data.dat.00000050° matrix
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EX5 2D = TRACE 1 (H'GH, F:].) PN & BioModel Engineering

‘data.dat.00000060° matrix
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EX5 2D = TRACE 1 (H'GH, F:].) PN & BioModel Engineering

‘data.dat.00000070’ matrix
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Ex5: 2D - TRACE 1 (HIGH, F=1)

PN & BioModel Engineering
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EXS 2D = TRACE 1 (H'GH, F=1) PN & BioModel Engineering

‘data.dat.00000090’ matrix
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EXS 2D = TRACE 1 (H'GH, F=1) PN & BioModel Engineering

‘data.dat.00000100’ matrix
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Ex5: SOME FINAL STATES (HIGH, F=1) PN & BioModel Engineering
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Ex5: SOME FINAL STATES (HIGH, F=1) PN & BioModel Engineering
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ADVANTAGES OF OUR APPROACH PN & BioModel Engineering

Q the spatial modelling principle can be equally applied to all paradigms
-> (ualitative, stochastic, continuous, and hybrid
-> model transformations preserve all spatial attributes

Q all space-related information is encoded in colour
-> reuse in other models

O changing the notion of space
-> adapt colour-related definitions
-> net structure itself needs not to be touched.

L use of a priori finitely discretised space preserves model analysibility

Q0 automatic unfolding
-> resue of all analysis and simulation techniques of uncoloured Petri nets
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PHASE VARIATION, PLAIN MODEL (3x3) PN & BioModel Engineering
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Ex6 - PLANAR CELL POLARITY PN & BioModel Engineering

mi
Fm ng
Actin Fz Pk
Ds
RhoA

Actin

[BIOPPN 2011] sBAsaL
[CMSB 2011]
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Ex6 - PLANAR CELL POLARITY PN & BioModel Engineering

Cell (3,2)
A A
v v

(1,1) [ (1,3)

§§2,1) (2,2) (2,35

(3,1) | (3,3)

A A
A\ v
(b)
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(1,1) (1,3)
(2,2)
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Ex6 - PLANAR CELL POLARITY

PN & BioModel Engineering

—

. 2 __‘ B —— —_
— - —— e,
- A e B CE-W e - et ; £ _“'
- ; : &

™ ( grid size: 40x40
N\ PLACES: 164,000
uf gl | TRANSITIONS: 229,686

S | unfolding: 2 min
-~ | cont. simulation: 2h )
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[BIOPPN 2011] sBAsaL
[CMSB 2011]
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Ex6 - PLANAR CELL POLARITY PN & BioModel Engineering

14

[TCBB 2012)
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PN & BioModel Engineering

SUMMARY

& OUTLOOK
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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. QPN, XQPN, SPN, XSPN, CPN, TPN,

free style graphs

O CHARLIE
-> QPN, XQPN, Time/Timed Petri nets (TPN)
-> mostly standard analysis techniques of Petri net theory

O MARCIE
-> XQPN, SPN, XSPN, SRN
-> symbolic and simulative model checking

Q Patty
-> animation via web browser
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OU R TOOL B OX PN & BioModel Engineering

0 SNOOPY
-> modelling and animation/simulatg@n of hierarchical graphs,
e.g. (extended) fault trees,
various Petri net classes, €. QPN, XQPN, SPN, XSPN, CPN, TPN,

SBML import/export

-> QPN, XQPN, Time/Timed Petri (TPN)

.-EXPORT TO MATAB AND
.-MANY OTHER TOOLS

-> animation via web browser
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SUMMARY

PN & BioModel Engineering

Q

representation of bio networks by Petri nets
-> partial order representation

-> formal semantics

-> unifying view

purposes
-> animation ->
-> model validation against consistency criteria ->

-> qualitative / quantitative behaviour prediction ->

step-wise model development
-> ualitative model

-> discrete quantitative model

-> continuous quantitative model

-> |ocality and space

better comprehension
sound analysis techniques

to experience the model
to increase confidence

experiment design,
new insights

discrete Petri nets

stochastic Petri nets
continuous Petri nets = ODEs,
hybrid models

coloured Petri nets
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A B ST RA CTl ON PN & BioModel Engineering

Q hierarchical organisation of components -> model variables
genes, molecules, organelles, cells, tissues, organs, organisms

Q functionality of atomic events
chemical reactions with/out stoichiometry, conformational change, transport, . . .

Q time
gualitative versus guantitative models

individual vs population behaviour -> hybrid
(hierarchical) space
observables

shape and volume of components

L O O O O

biosystem development
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M ULT'SCAL E CHAL L ENGES PN & BioModel Engineering

o O 0 O 0 O O

U

repetition of components
variation of components
organisation of components

communication between components

mobility / motility
replication / deletion of components I

hierarchical organisation of components >

dynamic grid size

irregular / semi-regular organisation of components
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OUTL OOK PN & BioModel Engineering

THANKS |
HHTP://WWW-DSSZ.INFORMATIK.TU-COTTBUS.DE
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APPENDIX
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A BIT OF HISTORY

PN & BioModel Engineering

C. A. PETRI, NOVEMBER 2006
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A B |T OF HlSTORY PN & BioModel Engineering
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PLACES, TRANSITIONS - INTERPRETATIONS

PN & BioModel Engineering

C. A. PETRI

INTERPRETATIONS OF NET THEORY

GMD, INTERNAL REPORT 75-07, 2ND IMPROVED EDITION 1976

places transitions
state elements transitional elements
conditions events/facts
statements

dependencies

model domains

specifications

chemical compounds

chemical reactions

open one-point sets

closed one-point sets

channels offices
languages translators
products poduction activities
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MORE HISTORY 1

PN & BioModel Engineering

74 Chap. 3 Modeling with Petri Neis

Figure 3.38 A Petri net representing the oxidation-reduction of oxalic acid
and hydrogen peroxide into carbon dioxide and water.

H,C,04—= 2C0, + 2H* + 2e™
2¢ + 2H" + H;D: — ZHED

[Peterson 1981]
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MORE H |STORY 2 PN & BioModel Engineering

[Murata 1989]

H,0

(a)
"" o)
0,

(b)

Fig. 1. Example 1: Anillustration of a transition (firing) rule:
(a) The marking before firing the enabled transition t. (b) The
marking after firing t, where t is disabled.
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STOCHASTIC PETRI NETS, BASICS

PN & BioModel Engineering

Q

transitions r; get a stochastic waiting time

-> exponential distribution with parameter lambda

state-dependent lambda defined by rate function v;(r;)

-> any arithmetic function including
the transition’s pre-places as integer variables and
user-defined real-valued parameters

-> modifier arcs
-> popular kinetics:
mass-action semantics, level semantics

semantics: Continuous Time Markov Chain (CTMC)
-> reachability graph + state transition rates

analysis

-> standard Markov analysis techniques: transient, steady state
-> stochastic simulation algorithms (SSA), e.g. Gillespie’'s SSA
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RATE FUNCT'ONS PN & BioModel Engineering

J mass-action semantics

o= T ()

pE®t

Q level semantics

hy .= ki - N - Ii[ (fﬁ%;Q)

pe®t
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L EVEL CONCEPT PN & BioModel Engineering

A
04 4 level version 8 level version
| level 8 :
(S| I S ——————
level 7
c 0.3 - B
S level 6
© level3
= level 5
= leveld
O level 2
-~ level 3
014
level 2
level1
level 1
o S -
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CONTINUOUS PETRI NETS, BASICS PN & BioModel Engineering

Q transitions r; fire continuously

Q rate functions v;(r;)

-> any arithmetic function including
the transition’s pre-places as real-valued variables and
user-defined real-valued parameters

L real-valued tokens
-> concentrations

O semantics: set of Ordinary Differential Equations (ODES)
-> uniquely defined, but not vice versa -> [SoLIMAN, HEINER 2010]
-> typically non-linear

O simulation (numerical integration)
-> stiff / unstiff solvers
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CONTINUOUS PETRI NET DEFINES ODES

PN & BioModel Engineering

MEK-PP

Raf-1Star
sl

ERK-PP
s9

k8

s8 MEK-PP_ERK

ERK

s2

k1 k2

RKIP

s3 Raf-1Star RKIP

k3 k4

s4
Raf-1Star RKIP_ERK-PP

RKIP-P

s11

RP
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CONTINUOUS PETRI NET DEFINES ODES

PN & BioModel Engineering

ds3

dt

MEK-PP

ERK-PP
s9

k8

Raf-1Star

sl

s8 MEK-PP_ERK

ERK

k1

s3

k3

s4
Raf-1Star RKIP_ERK-PP

s2

k2

k4

RKIP

Raf-1Star RKIP

RKIP-P

s11

RP
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CONTINUOUS PETRI NET DEFINES ODES

PN & BioModel Engineering

+ v4

MEK-PP

ERK-PP
s9

k8

Raf-1Star

sl

s8 MEK-PP_ERK

ERK

k1

s3

k3

s4
Raf-1Star RKIP_ERK-PP

s2

k2

k4

RKIP

Raf-1Star RKIP

RKIP-P

s11

RP
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CONTINUOUS PETRI NET DEFINES ODESs PN & BioModel Engineering

Raf-1Star RKIP
ds3
— = +v1 sl s2
dt
+ v4
- V2 k1 k2
-v3
ERK-PP
s9 s3 Raf-1Star RKIP
k3 k4 o
k8 r k11
|
s8 MEK-PP_ERK s4 s11 \RKIP-P_RP
Raf-1Star RKIP_ERK-PP

MEK-PP ERK RKIP-P RP
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CONTINUOUS PETRI NET DEFINES ODESs PN & BioModel Engineering

Raf-1Star
ds3 RKIP
— = +kl*sl*s2 sl s2
dt
+ Vv4
- V2 k1 k2
-v3
ERK-PP
s9 s3 Raf-1Star RKIP
K k4 o
k8 3 I =
'}
s8 MEK-PP_ERK s4 s11 \RKIP-P_RP
Raf-1Star RKIP_ERK-PP

MEK-PP ERK RKIP-P RP
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CONTINUOUS PETRI NET DEFINES ODESs PN & BioModel Engineering

dS3 Raf-1Star RKIP
— = +kl*sl*s2 st >
dt .
+ k4 * s4
_ *
k2 * s3 . o
- k3 *s3 *s9
ERK-PP
s9 s3 Raf-1Star RKIP
K k4 o
k8 3 I =
'}
S8 MEK-PP_ERK s4 s11 \RKIP-P_RP
Raf-1Star RKIP_ERK-PP

MEK-PP ERK RKIP-P RP
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GENERALIZED HYBRID PETRI NETS (GHPN) PN & BioModel Engineering

Q
C GHPN = XSPN + CPN ) [HERAUY, HEINER 2010]

L XSPN - Extended Generalized Stochastic Petri Nets
-> discrete places
-> discrete transitions: stochastic, immediate, deterministically delayed, scheduled
-> special arcs: read, inhibitor, equal, reset

d CPN - Continuous Petri Nets
-> continuous places ‘r'5 \

-> continuous transitions &
-> special arcs: read, inhibitor Struct \
. . | fo—e-bs
O hybrid simulation engine 4 o 9EN 3 temp
-> static partitioning
-> dynamic partitioning L

ro r2
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