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WHAT KIND OF MODEL
SHOULD BE USED?
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B10 NETWORKS, SOME PROBLEMS PN & Systems Biology

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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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

-> MODELS ARE FULL OF ASSUMPTIONS <-
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U readable
-> fault avoidance
-> informal = cartoon-like representations ?

U analysable
-> formal = mathematical representations

0 executable
-> to experience the model

O unifying power
-> high-level description for various analysis approaches
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PETRI NETS -
AN INFORMAL CRASH COURSE
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. ARE
NETWORKS OF
(BIO-) CHEMICAL REACTIONS
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a
2 NAD* + 2 H,O ->2 NADH + 2 H" + O,
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2 NAD* + 2 H,0 -> 2 NADH + 2 H* + O,
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J chemical reactions

-> atomic actions

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

NAD* 0\2\

r1

%Q NADH
2. O)H

H,0 0/2(

\O O,

-> Petri net transitions
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J chemical reactions -> atomic actions -> Petri net transitions

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

| NAD* 0\2\ %Q NADH
input - —2>Q " output
compounds Q/ \ compounds
2

Q chemical compounds -> Petri net places X C{ })y

- primary compounds - metabolites
- auxiliary compounds, - e. g. electron carrier AO—=r2|—0OsB
ubiquitous -> fusion nodes !
enzyme

- catlalyzing compounds enzymes
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J chemical reactions -> atomic actions -> Petri net transitions

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

| NAD* 0\2\ %Q NADH
iInput - —2>Q " output
compounds Q/ \ compounds
2

U chemical compounds -> Petri net places y y
- primary compounds - metabolites C{ P
- auxiliary compounds, - e. g. electron carrier AO—2—0Os
ubiquitous -> fusion nodes g
- catalyzing compounds - enzymes eneyme

0 stoichiometric relations -> Petri net arc multiplicities

U compounds distribution -> marking
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r1: A->B
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(1 A->B PA
(2:B->C +D
r3:B->D+E

-> alternative reactions
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A
r1: A->B %
2:B->C +D
3:B->D+E rir-Oa
r4:F ->B +a
OF

r6:C+b->G+c
r7:D+b->H+c

-> concurrent reactions
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r1:
r2:
r3:
4.
r5:
ro:
7.
r8:

A->B
B->C+D
B->D+E
F->B+a
E+H<>F
C+b->G+c
D+b->H+c
H<->G

-> reversible reactions

monika.heiner@informatik.tu-cottbus.de

February 2010



B10 PETRI NETS, INTRO

PN & Systems Biology

r1:
r2:
r3:
4.
r5:
ro:
7.
r8:

A->B
B->C+D
B->D+E
F->B+a
E+H<>F
C+b->G+c
D+b->H+c
H<->G

-> reversible reactions
- hierarchical nodes
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r1:
r2:
r3:
4.
r5:
ro:
7.
r8:
ro:
r10: H + 28a + 29¢ -> 29b

A->B
B->C+D
B->D+E
F->B+a
E+H<>F
C+b->G+c
D+b->H+c
H<->G
G+b->K+c+d

r11:d -> 2a
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r1:
r2:
r3:
4.
r5:
ro:
7.
r8:
ro:

A->B
B->C+D
B->D+E
F->B+a
E+H<>F
C+b->G+c
D+b->H+c
H<->G
G+b->K+c+d

r10: H + 28a + 29¢ -> 29b
r11: d -> 2a
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O input substances -

g A
-> generating pre-transitions OA
Q output substances
Ir4 a
)
U auxiliary substances
-> both
O~—=OF
U no boundary places,
but boundary transitions
O transitions without pre-places a
> live 9-2—~@
b
-> all post-places are unbounded o bl—@
. C
0 steady state behaviour o cl—~@

-> empty marking reproduction
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U biochemical networks
-> networks of (abstract) chemical reactions

L biochemically interpreted Petri net

-> partial order sequences of chemical reactions (= elementary actions)
transforming input into output compounds / signals

[ respecting the given stoichiometric relations, if any |

-> set of all pathways (self-contained partial order sequence)
from the input to the output compounds / signals

[ respecting the stoichiometric relations, if any |

O typical properties
INA
ORD HOM NBM PUR CSV SCF CON SC Ft0O tFO FpO pFO MG SM FC EFC ES
N N N Y N N Y N Y Y N N N N N N N
DTP CPI CTI B SB REV DSt BSt DTr DCF L LV L&S
N N Y N N Y N ? N N Y ? N
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-> networks of (abstract) chemical reactions
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-> set of all pathways (self-contained partial order sequence)
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O typical properties
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L metabolic networks
signal transduction networks
gene regulatory networks

O transitions
-> (reversible, stoichiometric) chemical reactions,

-> enzyme-catalyzed conversions of metabolites, proteins, . . .
-> complexations/decomplexations, de-/phosphorylations, . . .

U places
-> (primary, secondary) chemical compounds,

-> (various states of) proteins, protein complex, genes, . . .

O tokens
-> molecules, moles,

-> concentration levels, gene expression levels, . ..
(e.g., high/low = present/not present
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/(C)B

A->B+C A()—»

r3

r1

A --> B,
A-->C

r4

- »( ) C

A+B-->C ()¢

r2

A O—b r5

A -->C,

B->C c
B( )—» ré
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TYPICAL BASIC STRUCTURES I

A -->B A<-->B
r1
O—1—0 Gl _ 0 OO0
A r1 B A B A 1, 12 B
r2
E E
A -->B A<-->B
E E E
r1
O—{—0O o~y C—Ol—O
A r1 B A B A r1, r2 B
r2
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A -->B A<-->B
r1
O—1—0 Gl _ 0 O—s{T—0
A r1 B A B A r1, r2 B
r2
E E
A -->B A<-->B
E E E
read arc "
O—{—0O o~y OO —O
A r1 B A B A r1, r2 B
r2

macro transition
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d metabolic networks

el e2 e3
-> substance flows

O signal transduction net-
works

-> signal flows

@—’?’Q
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d metabolic networks

el e2 e3

-> substance flows
C r1 O r2 O T’Q
INPUT OUTPUT
COMPOUND COMPOUND

O signal transduction net-
works INPUT
-> signal flows SIGNAL

®_>r1

®_>r2

OUTPUT
SIGNAL

O—1 10
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TYPICAL BASIC STRUCTURES lll PN & Systems Biology

d metabolic networks

el e2 e3
-> substance flows
I:I C r1 O r2 O r3 'O "I:I
INPUT OUTPUT
COMPOUND COMPOUND
O signal transduction net-
works INPUT
-> signal flows SIGNAL

I:;»@_’ r1

CD_>r2

OUTPUT
SIGNAL

O—{Iz—0—

-> OPEN / CLOSED SYSTEMS
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TYPICAL BASIC STRUCTURES IV
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E
A <-> AJE --> B

r1/
FET 0

r2

A 1,2 AE 3 B

enzymatic reaction,
mass-action approach 1
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A <E> A|E --> B enzymatic reaction,
mass-action approach 1

r1/
i Ai AlE r3 ><B>>|:|

r2

F—Os—ge—=O— —>O—l —O«—0—0O—]

A r1, r2 AlE r3 B A MA1 B
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LAYOUT OPTIONS
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reaction-centred view

AlE

r2

%
$bdb ¢

r3

logical nodes
(fusion nodes)

process-oriented view

r1

species-centred view

O

r2

A r1

BN

r3

B

r2

r3

r1

O—
4>Q<:

AlE

r1

r2
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DOUBLE PHOSPHOYLATION/DEPHOSPHORYLATION

RN

L]

PON

|
|
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DOUBLE PHOSPHOYLATION/DEPHOSPHORYLATION

SINGLE A'O\ ’Q\
MASS-ACTION STEP

L]
L]

|
|
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NET COMPOSITION FROM BUILDING BLOCKS

PN & Systems Biology

DOUBLE PHOSPHOYLATION / DEPHOSPHORYLATION

SINGLE

PHOSPHOYLATION / DEPHOSPHORYLATION

L]
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Bi0 PETRI NETS -
SOME EXAMPLES
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & Systems Biology

[Reddy 1993]
GSSK NADP}L\
4 GSH 2NADP

TN T TN \ 2T

ATP  ADP ATP  ADP 14 NAD™
_|_

15 Pi

NAD" NADH ATP ADP ATP  ADP NADH

\
MMMMPHE 18 2PG- 17 3PGM1’3_BPG
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & Systems Biology

XuoP [Reddy 1993]

Ru5P

GSSG  NADPH ‘

> 2 gADP
GSH  NADP+

NAD+ NADH ATP ADP ATP ADP

1,3-BPG
Lac Pyr PEP 2PG 3PG
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Ex2 - Carbon Metabolism in Potato Tuber PN & Systems Biology

[KOCH; JUNKER; HEINER 2005]
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Ex2 - Carbon Metabolism in Potato Tuber PN & Systems Biology

geSuc

eSuc

SucTrans

HK

ATPcons(b)

[KOCH; JUNKER; HEINER 2005]

starch

PP PPase Pi o

rstarch
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EXx3: APOPTOSIS IN MAMMALIAN CELLS PN & Systems Biology

[GON 2003]

monika.heiner@informatik.tu-cottbus.de February 2010



EXx3: APOPTOSIS IN MAMMALIAN CELLS PN & Systems Biology

Fas-Ligand . Apoptotic_Stimuli

s7

Bax_Bad_Bim
Bcl-2_Bol-xL () Apaf-1

< O
Bid BidC-Terminal CytochromeC dP/ATP
i

O O (O ()

s6  Mitochondrion s10

FADD Procaspase-8

s

Caspase-8 s5

Procaspase-3

2] () m20)
o1 s11
B O Procaspase-9
sOan S %
DFF40-Oligomer (™) VedDFF45 () (me2)
s12

. s4

DNA
. DNA-Fragment

[GON 2003] [HEINER; KOCH; WILL 2004]

monika.heiner@informatik.tu-cottbus.de February 2010



Ex4 - SWITCH CYCLE HALOBACTERIUM SALINARUM PN & Systems Biology

[Marwan; Oesterhelt 1999]
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Ex4 - SWITCH CYCLE HALOBACTERIUM SALINARUM PN & Systems Biology

SR_I_373 SR_I_373Me SR_I_58

SR_I_587

V\\‘E{ i

SR_ll480Me

_p1d

1 J

no_hvag?

SR_I_510Me @
CheA-P

CheR
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Tstop_cw

L:l s I

K0_cw A o
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_p7_
K0_cow
< Scow

Y
Tstop_cow
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EX5 = B IOSENSOR PN & Systems Biology

positive feedback

|

TF+S — TFI®

"l - >

rF1riLivio

l

PCA
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EX5 = B IOSENSOR PN & Systems Biology

TF

TF expression TF degradation

pfb

POSITIVE
FEEDBACK

signal

TFS disassociation TFS association

5| TFS degradation

reporter

reporter expression

p 7| reporter degradation

precursor response
8 >O » 9 | response degradation

response production
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EX6 - SIGNALLING CASCADE PN & Systems Biology

RasGTP

#

/\
Raf \/ RafP

Phosphatasel

Mk ~ T~ wmkp - > T ke

%f)

Phosphatase?2

/\ /\
ERK ~_ - ERKP ~__ - ERKPP

%fj

Phosphatase3
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EX6 - SIGNALLING CASCADE PN & Systems Biology

k25/k26

e 0

k27 E
ERKP_Phase3 ERKPP_Phase3
O

Phase3
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EX7 - R KI P PATHWAY PN & Systems Biology

...one pathway...

Mitogens
Growth factors

receptor

Plp
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EX7 - RKI P PATHWAY PN & Systems Biology

[Cho et al.,
CMSB 2003]
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EX7 - RKIP PATHWAY, PETRI NET

PN & Systems Biology

m7
MEK-PP

RKIP
m2

k2

Raf-1Star_RKIP

k4

Raf-1Star_RKIP_ERK-PP

Raf-1Star
m1
|
k1
ERK-PP
m9 m3
k8 k3
m8 MEK-PP_ERK m4
k6 k7
m5
ERK

k5

mo6
RKIP-P

m11

k9

k11

RKIP-P_RH

k10

m10

RP
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EX7 - RKIP PATHWAY, HIERARCHICAL PETRI NET

PN & Systems Biology

m7
MEK-PP

RKIP
m2

O] k1 k2

m3 Raf-1Star_RKIP

00| k3 k4

m4
Raf-1Star_RKIP_ERK-PP

k5

Raf-1Star
m1
|
ERK-PP
m9 -
k8
m8 MEK-PP_ERK
k6_k7
mb5

ERK

mo6
RKIP-P

m11

k11

RKIP-P_RH

k9 k10

m10

RP
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S U M MARY PN & Systems Biology

O representation of bionetworks by Petri nets
-> partial order representation -> better comprehension
-> formal semantics -> sound analysis techniques

-> unifying view
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SUMMARY

PN & Systems Biology

O representation of bionetworks by Petri nets
-> partial order representation ->
-> formal semantics ->
-> unifying view

U purposes
-> animation ->
-> model validation against consistency criteria
-> qualitative / quantitative behaviour prediction

1
\/

1
VvV

better comprehension
sound analysis techniques

to experience the model
to increase confidence

experiment design,
new insights
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SUMMARY

PN & Systems Biology

O representation of bionetworks by Petri nets
-> partial order representation
-> formal semantics
-> unifying view

U purposes
-> animation
-> model validation against consistency criteria
-> qualitative / quantitative behaviour prediction

U step-wise model development
-> qualitative model
-> discrete quantitative model
-> continuous quantitative model

->

->

1
\/

1
VvV

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
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SUMMARY, FRAMEWORK

PN & Systems Biology

QUALITATIVE

RG
CTL, LT

)

time-free

timed,
quantitative

approximation
hazard function, type (1)
STOCHASTIC =

CTMC
CSL, PLTLc

discrete state space

hazard function, type (2)

|

|

|

|

|

|

|

" I I
approximation l
|

|

|

|

|

|

|

|

CONTINUOUS

g

PLTLcC
continuous state space
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