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FROM PETRI NETS TO
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- A PETRI NET PERSPECTIVE ON SYSTEMS AND SYNTHETIC BIOLOGY -
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O UTLl N E PN & BioModel Engineering

0 FRAMEWORK

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

-> our toolbox :
Snoopy - Marcie - Charlie - Patty - S4

0 MODELLING B10 PETRI NETS
-> composition from standard components
-> pottom-up (reverse engineering)
-> genome-controlled model generation I

O COLOURED PETRI NETS
-> colouring space -> PDE
-> Turing patterns
-> planar cell polarity

monika.heiner@b-tu.de December 2015



PN & BioModel Engineering

THE PETRI NET
FRAMEWORK
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B |O N ETWORKS PN & BioModel Engineering

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

ARE NETWORKS )

NAD* 2 NADH

OF BIOCHEMICAL 2
H,0

REACTIONS 0,
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B10 NETWORKS

PN & BioModel Engineering

ARE NETWORKS
OF BIOCHEMICAL
REACTIONS

NATURALLY
EXPRESSIBLE AS
PETRI NETS

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

NAD* 2 NADH
2
2 H*
H,O —
O,

monika.heiner@b-tu.de

December 2015



PLACES, TRANSITIONS - SOME BIO INTERPRETATIONS PN & BioModel Engineering

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

O transitions -> atomic events
-> (stoichiometric) chemical reaction
-> complexation / decomplexation

-> phosphorylation /
dephosphorylation

-> conformational change
-> transport step, ..., etc.
.. . In different locations SHTAEAN R

monika.heiner@b-tu.de December 2015



Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

[Reddy 1993]

\
5
2G NAD
{ 2 3
4 GSH 2 NADP*

Gluc /9\%;613 B rp /\ -~ FBP \' GAP
ATP  ADP ATP  ADP DHAP/ NAD*
ot
1 P
N
NAD" NADH ATP ADP ADP NADH
)
Lec A\zy Pyr Aw PEp._ 18 ) . ‘\1J L3BRG
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & BioModel Engineering

Xu5p [Reddy 1993]

Ru5P S70 ® [Heiner 1998]
GSSG  NADPH ¢. ATP
2 2 GAP
NADP-+ g

Gluc FoP FBP GAP

GoP

NAD+
ATP ADP ATP
DHAP Pi
NADH

NAD+ NADH ATP ADP

mq@wy@ 3-89
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Ex1 - Glycolysis and Pentose Phosphate Pathway

PN & BioModel Engineering

Xu5P

RUSP 57PQ /Efb
GSSG  NADPH T
GAP F6P
RSP

2 2 2
GSH NADP+
Gluc FoP FBP
GoP
ATP ADP ATP ADP

DHAP

NAD+ NADH ATP ADP

YA Y

[Reddy 1993]
[Heiner 1998]
iATP [Heiner 2009]

:;;ADP

GAP g"i

NAD+

Pi

NADH

3-BPG
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Ex2 - APOPTOSIS IN MAMMALIAN CELLS

PN & BioModel Engineering

)/ Fas ligand(ml)

l [ cell membrane

Fas receptor Apoptptic Stimuli F-1 (mi
'h!l Apaf-1 (nl7)

L
. Bax, Bii,ﬂill ﬁjph

Procaspase-8 (m5) F—Bc|-2, Bc|-XI

dATP/ATP

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

| SO EE

Mitochondrion (m16)

=
Gasme-a Procaspase—3 (m25)
— &
D .00 e
v J, (n23) (n20)
Caspase-3 o
m27) €D € . h

Procaspase—9 (m21)
o —

Cleaved DFF45
(m33, 34, 35)

2 0l igomer of DFF40

DNA flagmentation

[GON 2003]

as-Ligand (Apoptotic_Stimuli
s7 =
rocaspase-38
FADD Bax_Bad_Bi paf-1
Bcl-2_Bcl-xL
s8
/=
Cg gidC—Ter'minal Cytochrome 'p‘“l
sl Bi dATP/ATP
O
/:- S6Mitochondrion s10
Caspase-8 s5
Procaspase-3
s2[] (m20)
Caspase-9 =
Caspase-3 <—O
11
Procaspase-9
CleavedDFF45 (m22)

DFF40-011igome

s4

NA-Fragment

[HEINER, KOCH, WILL 2004]
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STATE-DEPENDENT
RATE FUNCTIONS

monika.heiner@b-tu.de December 2015



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

monika.heiner@b-tu.de December 2015



FRAM EWORK 2007 PN & BioModel Engineering

QUALITATIVE

STOCHASTIC CONTINUOUS
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FRAM EWORK 2007 PN & BioModel Engineering

QUALITATIVE !

time-free J
_____________________________ S

timed, ,’
guantitative !

1

1

1

STOCHASTIC / CONTINUOUS

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

QUALITATIVE !

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

QUALITATIVE !

time-free

timed,
guantitative

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

timed,
guantitative

approximation ,

STOCHASTIC - ————+ CONTINUOUS
approximation,
CTMC / ODEs
CSL, PLTLcC J LTLC
/

discrete state space ! continuous state space
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FRAM EWORK 20 10 PN & BioModel Engineering

LTS / PO /
CTL, LTL | QUALITATIVE /

time-free

timed,
guantitative

approximation ,'

STOCHASTIC = CONTINUOUS
apprOX|mat|on,

e \ / &3

discrete state space HYIBRID continuous state space
/

1

L
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COLOURED FRAMEWORK 2011 PN & BioModel Engineering

ITS/po ) COLOURED
CTL,LTL | QUALITATIVE |/

time-free

timed,
guantitative

COLOURED apprOXImatlon : COLOURED

STOCHASTIC = CONTINUOUS
apprOX|mat|on,

CTMC ODES
CSL, PLTLC LTLC
COLOIURED

discrete state space HYIBRID continuous state space
/

L
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FRAMEWORK - KEY IDEA PN & BioModel Engineering

4 <2

MODELS SHARING STRUCTURE

A4

QUANTITATIVE MODEL = QUALITATIVE MODEL
+

RATE FUNCTIONS
(KINETICS)
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FRAM EWORK PN & BioModel Engineering

/| P COLOURED
Paetrirmnet

COLOURED
discrete state space HYBRID continuous state space

monika.heiner@b-tu.de December 2015



FRAM EWORK = TOOLBOX PN & BioModel Engineering

LTS/ PO COLOURED !
CLTL QUALITATIVE !

Ime-free

COLOURED COLOURED
STOCHASTIC = ¥ CONTINUOUS
g approxi C ‘ i
:\ ED /;

H BR D continuous state space

discrete state space
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FRAM EWORK = TOOLBOX PN & BioModel Engineering

Ts/po) CQLOURED !
CTL,LTL | QUELITATIVE /

time-free

X

-

COLOURED approJmation K

TV Ee D apoati'
T) A \

CSL, PLTLC ; LTLC

/
/
MANY O FHER TOOLS
discrete state space H ,B ontinuous slate Space
/

OLOURED
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PN & BioModel Engineering

MODELLING
BiO (PETRI) NETS
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APPROACH 1
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FROM WIRING DIAGRAMS TO MODELS PN & BioModel Engineering

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

MEK 2~ S MEKP < ™ MEKPP
\/ \__/

_ )
~
Phosphatase?2
/\ /\
ERK \( ERKP ‘j/ ERKPP

Phosphatase3
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B AS'C STRUCTU RE PN & BioModel Engineering

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

rl/
0

r2
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BAS'C STRUCTURE PN & BioModel Engineering

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

rl 4

X

>
/

R\
LA
i
:

AlE r3 B
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BASIC STRUCTURE

PN & BioModel Engineering

E
A <> A|E --> B

rl 4

X

>
/

R\
LA
i
:

AlE r3 B

A r1, r2 A|E r3 B

enzymatic reaction,
mass-action kinetics

monika.heiner@b-tu.de
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NET COMPOSITION FROM BUILDING BLOCKS PN & BioModel Engineering

SINGLE ’O\
MASS-ACTION STEP

J b
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NET COMPOSITION FROM BUILDING BLOCKS

PN & BioModel Engineering

4 a

SINGLE
PHOSPHORYLATION / DEPHOSPHORYLATION
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NET COMPOSITION FROM BUILDING BLOCKS

PN & BioModel Engineering

DOUBLE PHOSPHORYLATION / DEPHOSPHORYLATION

RN

RON

|
|

monika.heiner@b-tu.de
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SIGNALLING CASCADE AS PETRI NET

PN & BioModel Engineering

RasGTP

Raf_RasGTP

Elgrai

Raf

Phase2

ERK

k25/k26

I Sp=] ay I Cgi=]

ERKP_Phase3 ERKPP_Phase3

Phase3

[GILBERT,
HEINER,
LEHRACK 2007]

[HEINER,
GILBERT,
DONALDSON 2008]
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SIGNALLING CASCADE, SIMULATIONS

PN & BioModel Engineering

Concentration (Levels)

Concentration (Levels)

00 02 04 06 08 1.0

20 40 60 80 100

0

Stochastic Output - 1 Level

Time (s)

0 20 40 60 80 100

Time (s)

Concentration (Levels)

Concentration (uMol)

00 02 04 06 08 1.0

Stochastic Output - 10 Levels

0 20 40 60 80 100

Time (s)

Deterministic Output

0 20 40 60 80 100

Time (s)

signalling cascade
as wiring diagram

[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

Literature
]
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FROM LITERATURE TO MODELS

PN & BioModel Engineering

R
PHARMACOLOGY

Literature
]
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FROM LITERATURE TO MODELS

PN & BioModel Engineering
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FROM LITERATURE TO MODELS

PN & BioModel Engineering
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APPROACH 3
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FROM GENOMES TO MODELS PN & BioModel Engineering

[Monk 2013]
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FROM GENOM ES TO MODELS PN & BioModel Engineering

[Monk 2013]

_boundary
Eeboﬁgukn.sg%y
y

o

hf_c_be
U bStnasry WS
P

in Mtk
out_M_mththf_c_boundar;

e_boundary
oundary

L_e_boundar:
A
¥ e_boundary

Ay
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FROM GENOM ES TO MODELS PN & BioModel Engineering

A ' N Net Informations [Monk 2013]

Nodeclass Count
Place 2330
Transition 4168
Immediate Transition 0

Deterministic Transition 0
Scheduled Transition 0
LookupTable 0

Edgeclass Count
Arc 13558
Read Arc 0

Inhibitor Arc
Reset Arc
W Equal Arc
Modifier Arc

I
MWegip
g

monika.heiner@b-tu.de December 2015



PN & BioModel Engineering

HOW TO SURVIVE LARGER MODELS ?
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PN & BioModel Engineering

HOW TO SURVIVE LARGER MODELS ?

-> MODULAR MODELLING
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PN & BioModel Engineering

HOW TO SURVIVE LARGER MODELS ?
-> MODULAR MODELLING

-> COLOURED PETRI NETS
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= = o= AND THEN THERE WAS COLOUR PN & BioModel Engineering

Kew Gardens, 24/04/2011
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EX: PREY - PREDATOR

PN & BioModel Engineering

reproduction_of prey predator_death
2
Preyl Predatorl
5 0
2

consumption_of prey
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EX: PREY - PREDATOR

PN & BioModel Engineering

reproduction_of prey predator_death
2
Preyl Predatorl
5 0
2

consumption_of prey

monika.heiner@b-tu.de

December 2015



EX P REY = 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
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EX: PREY - PREDATOR

PN & BioModel Engineering

L definitions
colourset CS =1-2;
var X : CS;

O better:
const SIZE = 2;
colourset CS = 1-SIZE;
var x : CS;

reproduction_of_preypredator_death

50 all()

Prey
CS

Q

Predator

CS
100" all()

2" X

consumption_of_prey

monika.heiner@b-tu.de
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EX P REY = PREDATOR PN & BioModel Engineering

Q' definitions reproduction_of_prey predator_death
colourset CS =1-2;
var X : CS; 1 i

O 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 72X

consumption_of_prey

O changing SIZE adapts the model to various scenariou s

monika.heiner@b-tu.de December 2015



EX: REPRESSILATOR

PN & BioModel Engineering

gene a

unblock

generat block

blocked a
proteing a block b

degrade

gene b
unblock
generat block |b
blocked b
proteing b block ¢
degrade

gene c
unflock
generat block
blocked ¢
proteing c block_a
degrade
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EX: REPRESSILATOR

PN & BioModel Engineering

gene a
uniqlock
generat block
blocked a
proteing a block b
degrade

gene b
unblock
generat block [b
blocked b
proteing b block_c
degrade

gene c
unfdlock
generat block
blocked ¢
proteing c block_a
degrade

monika.heiner@b-tu.de
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EX: REPRESSILATOR

PN & BioModel Engineering

L definitions
colorset Gene = enum a-C;
var X : Gene;

blocked

degrade
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EX R EPRESS' LATOR PN & BioModel Engineering

L definitions
colorset Gene = enum a-C;
var X : Gene;

0 o
0 model scaling

colorset Gene = enum a-i;

o e
® % -

T@&M«@

blocked
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EX: REPRESSILATOR PN & BioModel Eng ineering

160

140

120

100




PN & BioModel Engineering

COLOURING SPACE

EXAMPLE 1.

DIFFUSION IN SPACE
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D|SCRETE SPACE PN & BioModel Engineering

Richmond, 13/09/2011
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Ex1: DIFFUSION - 1D

PN & BioModel Engineering
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Ex1: DIFFUSION - 1D

PN & BioModel Engineering

t1.2_1

=

t1.1.2

cAMP_;\\\A

t1_3_2 t1.4_3

t1.2_3 t1_3_4

t1_4.5

cAMP::\\\\\\\

t1_5_4

cAMP_5
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EXl DlFFUS'ON = 1D PN & BioModel Engineering

Q definitions
const D1 =5; I/ grid size
const MIDDLE = D1/2;
colorset CS = 1-D1; /Il grid positions
var x,y : CS;
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EXl DlFFUS'ON = 1D PN & BioModel Engineering

Q definitions
const D1 =5; I/ 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);

monika.heiner@b-tu.de December 2015



EXl DlFFUS'ON = 1D PN & BioModel Engineering

Q definitions
const D1 =5; I/ 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

[neighbourlD(x,y)] CAMP
GridlD

tl y
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EXl DlFFUS'ON = 1D PN & BioModel Engineering

Q definitions
const D1 =5; I/ 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

[neighbourlD(x,y)] CAMP
GridlD

tl y

O movement = changing colour
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Ex1: DIFFUSSION -1D, ODEs

PN & BioModel Engineering

dei
dt
dey
dt
des
dt
deq
dt
des
dt

-c3+ k

ey —k -
cc1+ k-

-co+ k-

ey — k-

C1
63—2-]€-C2

ca —2-k-c3

cc5 —2-k-cy

C5
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EXl DlFFUS'ON = 1D PN & BioModel Engineering

100
< 100 80
£ 80 | 60
3
c 60 40
3
o 40
> 20
S 20 0

14

10

20

40 Cellin 1D

i 80
Time 00

15 GRID POSITIONS
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EXl DlFFUS'ON = 1D PN & BioModel Engineering

100
5 100 80
£ 80 60
c
3
2 60 40
3
o 40
2 20
S 20 0
0
60
40
20
00
0 50
20 Cellin 1D
40 1
. 0
Time 80
1000

150 GRID POSITIONS, SCALING OF INITIAL MARKING AND RATES
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Ex1: DIFFUSION - 2D

PN & BioModel Engineering

O SCHEME
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O SCHEME
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EXl DlFFUS'ON = 2D PN & BioModel Engineering

O SCHEME
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EXl DlFFUSlON = 2D PN & BioModel Engineering

Q SCHEME

Q definitions
const D1 =5; Il grid size first dimension
const D2 = D1; /Il grid size second dimension
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Ex1: DIFFUSION - 2D

PN & BioModel Engineering

O SCHEME

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

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

/l grid size first dimension
/Il grid size second dimension

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

monika.heiner@b-tu.de

December 2015



Ex1: DIFFUSION - 2D

PN & BioModel Engineering

O SCHEME

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

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

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

/l grid size first dimension
/Il grid size second dimension

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

monika.heiner@b-tu.de

December 2015



Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD PN & BioModel Engineering

Q four neighbours
function neighbour2D4 (CD1 x, CD2y, 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
@

monika.heiner@b-tu.de December 2015
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Ex1: 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)

monika.heiner@b-tu.de December 2015



- 2D8 NEIGHBOURHOOD

Ex1: DIFFUSION




Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

‘data.dat.00000000’ matrix

100

80

60

40

20

monika.heiner@b-tu.de December 2015



Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

‘data.dat.00000006’ matrix

18

16

14

12

10
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Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

‘data.dat.00000010’ matrix

10

9
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Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

‘data.dat.00000015’ matrix

6
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Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

‘data.dat.00000020° matrix

4.5

4

3.5

3

2.5

2

1.5

0.5
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Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

‘data.dat.00000030’ matrix
3

—
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Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

‘data.dat.00000040’ matrix

2.5

0.5
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Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 15x15 PN & BioModel Engineering

‘data.dat.00000050’ matrix

1.8

—
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Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 30x30 PN & BioModel Engineering

‘data.dat.00000050’ matrix

1.6

1.4

—
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Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 60x60 PN & BioModel Engineering

‘data.dat.00000050’ matrix

1.6

1.4

—
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Ex1: DIFFUSION - 2D4 NEIGHBOURHOOD, 120x120

PN & BioModel Engineering

’data.dat.00000050’ matrix

100

80

60

40

20

0 20 40 60 80 100

1.6

1.4

—
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PN & BioModel Engineering

EXAMPLE 2:

TURING PATTERNS

Liu, Blatke, Heiner, Yang:
Modelling and simulating reaction—diffusion systems using coloured Petri nets;
Computers in Biology and Medicine, 53:297-308, October 2014
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EX2 TU R'NG PATTERNS PN & BioModel Engineering

“How the Leopard Got Its Spots”

L morphogenesis
-> developmental pattern formation in bio systems
-> the process that controls the organized spatial distribution of cells
-> tiger stripes, leopard spots, the precisely spaced rows of alligator teeth, etc.

O Turing's theory of biological pattern formation, 19 52
-> patterns form as result of

the interactions between two chemicals
that spread throughout a system at different rates

O highly simplified and idealised take on biological patterning

L mathematical challenge
-> For which parameters do stable/oscillating Turing patterns exist ?
-> analysis of stability, multistability, bifurcation of non-linear PDE

monika.heiner@b-tu.de December 2015



EX2 TUR'NG PATTERNS PN & BioModel Engineering

rl: > U

ri
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EX2 TUR'NG PATTERNS PN & BioModel Engineering

rl: > U
r2: U->V

ri
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EX2 TUR'NG PATTERNS PN & BioModel Engineering

rl: > U
r2: U->V
r3: 2U+V ->3U

ri r3
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Ex2: TURING PATTERNS

PN & BioModel Engineering

rl:
r2:
r3:
r4.

_>U

U->V

2U +V -> 3U
U->

ri r3

r4

monika.heiner@b-tu.de

December 2015



EX2 TUR'NG PATTERNS PN & BioModel Engineering

rl: > U .
G weow  adding SPACE
r4: U->

Vv
(x,y) Gric\12D Grid2D
3" (INIT,INIT) 13 (INIT,INIT)

r4
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EX2 TUR'NG PATTERNS PN & BioModel Engineering

rl: > U diffusion:
r2. U->V 5: Uy, - 1/h?--> Uy,
r3: 2U0+V ->3U . 2
r6: V., -- D/hc-->V
r4: u-> Xy ab
ri r3
(x,y)
[N2D(x,y,a,b)] [N2D(x,y,a,b)]

J
U (X’YD
rS . r2 \ ro
(0,0, yy| Gridzp Grid2D
3" (INIT,INIT) 13 (INIT,INIT)

r4

rl - r4 follow mass action kinetics with rate constants:
rl: A, r2: B, r3: 1, r4: 1;

monika.heiner@b-tu.de December 2015



Ex2: SOME EXPERIMENTS PN & BioModel Engineering

L reactions
-> version of Brusselator model, http://en.wikipedia.org/wiki/Brusselator

O parameters

-> Pena, Perez-Garcia: Stability of Turing patterns in the Brusselator model,
Physical Review 2001

-> A=45,B=0.04.098 D=128,h=0.8

O unfolding
-> runtime (constraint solver, 4 threads): 128 sec
-> places: 32,768, transitions: 324,616

O continues simulation
-> BDF (Backward Differentiation Formulae, higher-order stiffly stable solver)
-> simulation time: 5,000 -> runtime: about 30h

monika.heiner@b-tu.de December 2015



EXZ TRAC ES PN & BioModel Engineering

-> EVOLUTION OF U,V IN ALL GRID POSITIONS OVER TIME
L e oo oo .....................

5.20

3.90:

2.60-
1.30 :
D.DD— T T T I | T T T T T
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 101
Time
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EXZ TUR'NG PATTERNS PN & BioModel Engineering

-> U IN ALL GRID POSITIONS AT TIME 5,000

7

120
6

100
5

80
4

>

60
3
40 5
20 1
0 0

0 20 40 60 80 100 120
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EXZ TUR'NG PATTERNS PN & BioModel Engineering

7
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20 1
0 0
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EXZ TUR'NG PATTERNS PN & BioModel Engineering

7
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EXZ TUR'NG PATTERNS PN & BioModel Engineering

7
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PN & BioModel Engineering

EXAMPLE 3:

PLANAR CELL POLARITY
IN FLY WING

Gao, Gilbert, Heiner, Liu, Maccagnola, Tree:
Multiscale Modelling and Analysis of Planar Cell Polarity in the Drosophila Wing;
IEEE/ACM Transactions on Computational Biology and Bioinformatics, 10(2):337-351, 2013

monika.heiner@b-tu.de

December 2015



Ex3 - PLANAR CELL POLARITY PN & BioModel Engineering

mi
Fm ng
Actin Fz Pk

Ds
RhoA

Actin

[BIOPPN 2011]
[CMSB 2011]
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Ex3 - PLANAR CELL POLARITY

PN & BioModel Engineering

(1,1)
(3,1)

(1,3)
(3,3)

Cell (3,2)

(1,3)

o

(3,3)

A

(b)

v

(1

(2,1)

(2,2)

(1

(3,

(d)

3)

(2,3)
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Ex3: PLANAR CELL POLARITY

PN & BioModel Engineering

CCx,
NN(x,

¥),(a,b)), r)++
y,a,b,r)++

S

cS3 parameter_set

[6d2(x,y,a,b,r)] NWCG,y,a,b,r++ . [6d1(x,y)] [Gd1(x,y)]
T SHGGY,a.b,0 1allO (C06¥),(a,02),m) GGy, (a,b)), rPa (C(x,y),(a,b)), -
- [}
((x,y),(a,b)),r)++ ril rtl Fmi_pro rp
NN(x,y,a,b,r)++
NW(x,y,a,b, r)++ cs3
(%, y),(Ca, b,
SW(x,y,a,b,r) [Gd1(x,y)] 14110 [Gd1(x,y)] s3 [Gd1(x,y)]
(((x,y),(a,b)),r) 1 ((x,¥),(a,b)), 1, (C(x,¥),(a,b)), = . (((x,¥),(a,b)), r)~ (((x,y),(a,b)),rp
s3 5, 6w i | ]
FmiFmi r2 VaRg rt2 Vang_pro rp2
b ) \ 2,2
(OINGa 0, P+ (o, (@7 ety a6, oy, @220
NNCX\ Y, a,¥, r)++
Nm(x, ,0,b R+ v 1 515130 [6d1(x,y2] €s3 [Gd1(x,y)]
cs3 ARSI (O8I AN X,¥3,(a,0)), P~ (((x,y),(a,b)),rhm CCCx¥),€a,02), 3= (XX, 9, (2,20)
\ NWCx,y,a,b, P+ Q2T N o8 e (]
1 alFlz() [ TSR, rt3 Pk_pro rp3
riz R (9,6,€00x, y) , (@, BYITB
cs3 Om b))’r) (x,y,(2,2
FmiFz NW(x,y,a,b,r)++ [Gd1(x,y)]
SWCX,,a,b,r) 2.€0,09),1) ] (0¥, (a,09), )
rf4
\  CSmiddle
(((x,¥),(a,b)), M++ ) .
NNCx,y,a,b, r)++ s3 (,600 2 all()
NW(x,y,a,b,r)++ [Gd1cx, 0.7 b=1++ Protein_Production
SW(x,y,a,b,r) ] ‘ 1°b=3
Arf1 DV_complex “ rf2 DV_complex2 {, 160 Ld ((x,¥),(2,2))
N & (X, y), M),
NNCX, y,a,b, )+ (o, a, 7N, (53
cs3 NW(X'Y’a'b"")‘rEGdZ(x,y,a,b,r)] l‘(ﬂ.‘k%% [Gd1(x,y)] [Gd1(x,y)
16110 SW(x,y,a,b,r) 3 (((x,¥),(a,bd),r R x,y),(a,b)),r) (((x,y),(a,b)),r(x,y),(a,b)),r
v F
e (x,y)a,62) O RS carbm re Fz-pro P4 (), (2,20
G,y,a,b,r)++ y,(a,b)),r) e
cs3 NNCX,y,a,b, r)++ oy, Caet3d,m) « ”’(“C’Sb;)’”
FmiVang SW(x,y,a,b,r) [Gd1(x,y)]
Gd1 N [Gd1(x,y)] 3 ’
3 G, a0 %&y),(a,b)),r) 5() K2, (0,02) o cccx,y>,ca,b)),r<<X’Y>v<°:b>>:
(C,¥2,(q,bY) Dsh rts Dsh_pro rp

7y5Ca,b)) (CCx,y) . Cash ),Ca,bd),r)

CSmembrane
FFD C/

[Gd1(x,y)]

((x,y),(a,b))

r8

[QIAN GAO, PHD THESIS 201 3]
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PLANAR CELL POLARITY, PLAIN MODEL (7 CELLS)

Ex3

December 2015
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Ex3 - PLANAR CELL POLARITY

PN & BioModel Engineering

. o — o -
. 2 __‘ B —— —_
- e > = iy,
= o e e p o Y T L b

™, (grid size: 40x40
.. NPLACEs: 164,000
| B N -~ TRANSITIONS: 229,686

/ B - | unfolding: 4 min
. | cont. simulation: 2h )

PROXIMAL ( ) DISTAL

mi
APICAL

Fm ang
Actin Fz Pk
Ds
Actin

[BIOPPN 2011] &#saL
[CMSB 2011]
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Ex3 - PLANAR CELL POLARITY PN & BioModel Engineering

14

[TCBB 2012]
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ANOTHER APPROACH TO CoOMBINE PDE AND PETRI NETS PN & BioModel Engineering

’U)l U)2 U)S
w5 ’LU4 i
1

w

g2 95
bk At b

q2
T1 5 T2 w5

Bertens, Kleijn, Hille, Heiner, Koutny,Verbeek:
Modeling biological gradient formation: combining partial differential equations and Petri nets;
Natural Computing 2015.
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SUMMARY

PN & BioModel Engineering

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

O MODELLING B10 PETRI NETS

O COLOUR
-> gradients
-> Turing pattern
-> fly wing

O WHAT NEXT ?

monika.heiner@b-tu.de
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S U M MARY PN & BioModel Engineering

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

O MODELLING B10 PETRI NETS

O COLOUR
-> gradients
-> Turing pattern —

-> fly wing I

O WHAT NEXT ? -> MODELLING 4 ANALYSING
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SUMMARY

PN & BioModel Engineering

Q

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

MODELLING BIO PETRI NETS

COLOUR

-> gradients

-> Turing pattern
-> fly wing

WHAT NEXT ? -> MODELLING 4 ANALYSING
-> how to analyse coloured Petri nets ?

-> model checking

-> efficient hybrid simulation

monika.heiner@b-tu.de

December 2015
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