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Motivations
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Motivation

® Monolithic pathway models
are not always easy to handle

® Hard to maintain, update and

curate
® Coupling of different pathway

models is far from trivial

“And that's why we need a computer.”

= Our Idea: Modular representation of proteins
with a defined connection interface
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Motivation
® ODEs are not always the best
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[Soliman et al., 2010]

=0ur ldea: Using the power of Petri nets
to Model Molecular Networks  [Heiner et al., 2010]
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Modular Petri net Modeling Concept
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Network Structure of a Module and Properties

® Domain-related representation of a protein, its
interactions and intermolecular changes by a Petri net

Module

[Kim et al., 2007]

1.) Literature Research™™~

2.) Translation into a PN
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Network Structure of a Module and Properties

® Domain-related representation of a protein, its
interactions and intermolecular changes by a Petri net
® Place - Specific state of a protein domain (or a non-protein)
B Transitions - Shifts between different states
® Principle of double-entry bookkeeping -> shared copies of

identical subnets among interacting protein

Module

[Kim et al., 2007]

N subunitee®
|

1.) Literature Researchi™ -
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Network Structure of a Module and Properties

® Domain-related representation of a protein, its
interactions and intermolecular changes by a Petri net
® Place - Specific state of a protein domain (or a non-protein)
B Transitions - Shifts between different states
® Principle of double-entry bookkeeping —> shared copies of

identical subnets among interacting protein

—A module is a comprehensive “review article”
about a protein in the form of a Petri net
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Validation of a Module

® Domain-related representation of a protein, its
interactions and intermolecular changes by a Petri net
® Place - Specific state of a protein domain (or a non-protein)
B Transitions - Shifts between different states
® Principle of double-entry bookkeeping —> shared copies of

identical subnets among interacting protein

—=Validation of each module by topological
Properties of a Petri net'and simulation studies
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Validation of a Module

O Properties

ORD | HOM

|
Y|Y

SCTI

PFO SC

B =
.

DSt
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DTr ‘ LIV ‘ REV

- .

Covered with P-INV:

the non-protein

 Set of all possible states of a domain of the
module-protein, an interactive protein or of

B Stochastic simulation studies

N‘N‘N

must not be fulfilled
variable

must be fulfilled

® Dynamic behavior of the modules has to reflect the assigned

function of the protein
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Generation of a Modular Network

B Generation of a modular network from a set of modules

® |dentical copies of subnets and places of non-proteins

build the connection interface among the modules

Indicate
identical

subnets as

logical
subnets

Wrap every

module in a

macro
place

Kinase 1

¥ U

------

R [] Klnas:e~2va[‘i‘
’ l\%odular NetWork

A

; @ Phosphata's'e ---- =

.4 [ ]| Receptor

Adapter protein

[] Channel

Insert all

modules in

one Petri
net

Recheck of
the

modular
network
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Properties of the Modular Network

® Modules:
ORD | HOM PFO SC
. Y | Y Y N
DTr ‘ LIV ‘ REV
N ‘ N ‘ N

N
must not be fulfilled = 1:1 Transfer
P variable = Determined by the intersection of the modules
must be fulfilled = 1:1 Transfer
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Case Study - Pain Signaling
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Pain Signaling

® Serious clinical and public health issues

® No sufficient mechanism-based pain therapy

® Complex and diverse molecular mechanisms of parallel,

convergent and concurrent processes
® But: Molecular processes are not very well understood

—> Activation
—1 Inhibition Heaty Emotions Environment
— Synthesis < AEA _
—» lon-flow VDG - N TRPVA Memories
*® A o QPH/
™. Caz2+~ > Mhannels(lh, ASIC)
[\ i ‘ v, % ,
6 /. = K+- nels }KCa, GIRK) ) .
a i, &nnels (NaV) \ Peripheral Tissue
\ R @

Spinal Cord

DRG neuron
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Pain Signaling
® Serious clinical and public health issues
® No sufficient mechanism-based pain therapy
® Complex and diverse molecular mechanisms of parallel,
convergent and concurrent processes
® But: Molecular processes are not very well understood

= Modeling Pain Signaling is a Challenging
(and Painful) Process
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Modules

320 scientific articles

m 38 Modules based on literature
® Enzymes (PKA, PKC, AC etc.)
® Receptors (GPCRs)

® Ca(2+)-Channels

= Etc. -
® Validated by: I Literature
®  Structural analysis . Stmulation
— Inhibition_ J Lt_leat;
® Simulation studies ionton ) @ rrev-

%, ”}/.C /—\\‘; \pH/
® All modules are valid ! P/ Cazi gg R sso
s bl K%hnels (KCa, GIRK)

foo o Ve
‘ aM y \

Modules
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Example : mueOR + Gi-Protein

morphine

mu-Opioid-Receptor

muOR_LBD_morphine muOR_LBD

E Regulation2

. muOR_Gi_a_BS_active

E EffectorFunction1

muOR_Gi_a_BS_Gi_a_GPCR_B!

| Regulation1: Activation of the mu-Opioid receptor by morphine | lReguIation2: Conformational changes in the Gi binding site of the mu-Opiod recepto

muOR_Gi_a_BS_inactive

muOR_LBD_morphinel muOR_LBD

muOR _t3 muOR_t4

muOR_Gi_a_BS_active

| EffectorFunction1: Activation of the Gi-Protein by mu-Opioid recepto

muOR_Gi_a_BS_active

Gi_a_bg BS_Gi_bg_a BS Gi_a_GTP_GDP_BS_GTI

Gi_muOR_t2

muOR Gi a BS Gi a GPCR B!
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Example : mueOR + Gi-Protein

morphine =

Effector-Function?: Interactions of the Gi_alpha subuni

1

AC1_GLIS

AC1_C1|BS1_Gi_a_SBD

delfaOR_Gi_&_BS_Gi_a_GI GPcR Bt BS1
kappaOR_Gi_h_BS_Gi_a_GPCR_ 8 Ya BS Gi_a GPCR B 4

Gi_a_GTP|GDP_BS_GDI _GTP_GDP_BS_GTI
g Gi_a_SED)

Gia by BS AC5.GIit3

AC5_C1_BS1_Gi_a_SED Gi_a_GTH_GDP_BS_GTI

BS1

AC5_Gi_t4

AC1_Gla_BS1_Gi Ha SBD Gi bg a 8BS \3_/ Gi_a_by_BS AC1_C1_BS1| Gi_a_SBD Effector-Function2: Interactions of the Gi_alpha subuni
o O

L] acioie

Regulbtiont

ACB_Unknown_BS1_G| byt

AC1_C1a_BS1 o
EffpllorFunction?  Gi_a_bg 88 61 b6 2 BS  gyreqorruniont

AC5_NT_BS1_Gi_bj 1a_BS1_Gi_bg_SBD

AC5_C1_BS1_Gi a_SBD

Regulation4: Hydolysis of the bound GT at the Gi_alpha subunit

)Gi s GTPase

Gi_a_GTP_GDP_BS GTI ¢ Gi s GTP GDP_£S GOI

bg_SBD

Pi )Gi_a_GAP_BS_GAP Gi_bg_a_BS

MUOR_Gi_a_BS_Gi_a_GPCR_B!

Regulation2: Elimination of GDP from Gi_alpha subunit | I Reqgulation5: Binding of GAP to the Gi_alpha subunit

\Gi_a_GAP_BS_GAP

muOR_Gi a_BS Gi_a GPCR_B: ACS|NT_BS1 (@)

Gt . Gi_t10 NT_BS1_Gi_bg_SBD

AC5_GLH

Gla_GTP_GDP_BS_GDI Gi_a_GTP_GDP_BS

GDP
Regulation3: Binding of GTP ta the Gi_alpha subuml| | Regulation§: Dissociation and Reassociation of the Gi subunits |
muOR_Gi_a_BS_Gi_a_GPCR_B! Gi_a_bg_BS_Gi_bg_a_BS

Gi_a_GTP_GDP_BS_GDI 2 GTP_GDP_BS_GTI

N

-

Gi_a_GTP_GDP_BS_GTI Gi_a_GTP_GDP_BS Gi_bg_a_BS

GTP
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Other Examples: Protein kinase A

Module 8.1 - Regutation of Protein Kinase A (Rbatal)

PHA-RBelal-PEC-A-CAMP-CRALY) PRA-RbSIaF PEC A AP
PKA-Rbetal-CR-A(+) PKA-Rbelal-PEC-A
PKa-Roetal-sito3i+-C-sto3 gl Q O ) () O (XPra-Roctaksiel(+)-C-sitet
PKA-RbolB-CRA(-
PHAC-NIH) ; o PrA-C-sien(+]

PKA-Rbetal-site3(+ Q @ Prca-Rbetal-site(+)
PKARbetal-site3{-) PKA-Rbetal-sitdt
Reglabdns Reguiations R Regulsiond
P C-sited ) (IQPKA-Rbatal-site(+ C-efte2
PRACsju(s) Pra.C-sie2(+)

o rvel

PHA-Hbotal PEC-B-cAMP-CR-B PKA-Rbetal-PEC-B PKA-Rbelal-CRE8 PKARbetal-PEC-8-cAMF

equiation2

PKA-Rbetal-S86-P PiA-Rbetal-586

PKA-Rbetal-0D PKA-Rbetal-DD-AKAP

PKA-C-CD-5338-p PRA-C-sitel[-)  PKA-C-CD-T197-P

Goulation

PiA-C-siiail) (08) {08) Pra-Cositsdl)

PAC-CD-5336 (@) (8) Pra-coDT197
PKA-C1-site2(-)’

Effector-Function

PKA.C-CD-ATP-BS-ATP PKA-G-CO-ATP-BS

fes] 0




£3

OTTO VON GUERICKE
UNIVERSITAT FAKULTAT FUR
MAGDEBURG NAT NATURWISSENSCHAFTEN

21 June, 2011

20

Other Examples: TRPV1- lon-Channel

Regulation15

TRPV1-VVI-Linker-E600 o

TRPVI-VIVI-Linker-E648 (@)

TRPV1-AEA-BS-Al

TRPV1-AEA-BS('® )
Regulation16

TRPV1-CPS-BS (@)
Regulation17

TRPV1-PE-BS (@)

Regulation18

TRPV-C-Termi o

Regulation1

TRPV1-N-Termings-S116-P

TRPVA-N-Terminug-S116

Regulation2

Regulation3

TRPV1-N-Teymir|us-T144-P

TRPVA-N-Te[minus-T144
Regulationd

Regulations

Regulationé
TRPVI-N-Tefminus-T370 (@) inys-T370.

TRPY1-Ch2+-BS-Ca2+

VA-Il/llI-Linker-S502-H

TRPV1-IIfill-Linker-S502 TRPV1-VVi-Linker(closed)

Regulation8
Regulation13

() TRPVA-VV-Linker-E6Q0-H!

TRPV-C{Terminus-PIP2-BS TRPV1-Cap+-BS

PIP2
-ViVi-Linker-E648-H+

Ay TRPVI-L-Terminus-S800 fus-T800-P

Regulation10

TRRV-C-Terminus-CaM-BS Regulation14 TRPV-Ct Terminus-CaM-BS-CaM-§BD(active)

() TRPV1.RE-BS-PE

TRPV1-C-Terminus-T704 TRPV1-C-Terminus-T704-P

Regulation12




21 June, 2011 21

OTTO VON GUERI?KE
UNIVERSITAT NAT FAKULTAT FUR
MAGDEBURG NATURWISSENSCHAFTEN

Top-Level of the Nociceptive Network

morphine enkephaline dynorphine adrenaline  PGE2

PDE4D_L  PDE4D_S

(@)
AMP
®
bradykinin
®
AEA
@ ©
NAFE_PLD

acetylcholine

NAPE-Precursor

© © © o @

PKCzeta PKCepsilon PKCalpha CaMKll CaMKK CaMKIv NA|

0 o

intracellular space

NAPE-Precursor1

extracellular space
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Top-Level of the Nociceptive Network

[+ keph '] pt
C PGE
1 9 1 ' ACI Acv Acvil 1 <1
) ©) ©) © _wl )., ‘ beta2AR (O) (O) PGER
muOR’ deitaOR  kappaOR CB1R e ‘. = 1 .
= 4 AY vr
or— ® ATP @ ] eOchmP (O
1¥ | cBMR—_\ AT R o Gs

-« = '-’./
A "DF 4D-S

= Tﬁe noé”ié“'eﬁt[i?e nefWork iS valid!

Predlcted propertles have been confmmed by structural anaIyS|s
= Med ules: 38 e
PIP3 PK(;}Q ’(Ll:‘.[ n' :’ “‘ Gal ‘JKK ’;f;%;\xc'a v ’.T' S
- Places: 713

int.rac,;ellular space Tr an S | t | O n S M? 75 cps T

PSER—__PA

(._ ) TRPV1 ®

S membrane NAPE-Precursor1
Nestlng Bepth 4

extracellular space
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Conclusion and Outlook
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Advantages
[ 50655 Gene sgremsin|

STAT3_SH2_STAT3_Y701_P

® Modules are...

® interactive reviews of spread

DNA_STAT3_t1

information about a protein ONA_S55_STATH DNA_BS_acive  ma_S0cs3 SOCS? Tranlation

SOCS3_KIR
STAT3_DNA_BS_active

B easy to update, to extend,

DNA_STAT3_t2 SOCS3_SH2
DR

Gene_SOCS3 SOCS3_Decay ;"' .z “ ”:,

® to couple by identical matching

subnets => straight forward

_ | 50053 Degraatin
generation of modular networks P

B reusable in other networks

SOCS3_Degradation
Proteasom

¥ Extend the modular core network

SOCS3_SH2

with gene expression, degradation,
translocation modules...
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Outlook: “Pain Model”

® |dentification of possible targets for therapeutic
Intervention strategies

Completion
Parameterization and Validation
Stochastic Simulation studies

Extension to colored Petri nets to represent multiple

copies of Proteins and DRG neuron populations
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Outlook: Modular Modeling Concept
® Network reconstruction coupled with modular

modeling concept
® Advanced analysis of structural motifs
® Other case studies: pain signaling, EGF pathway...

©) ® ©

gpl30  aki

©

SHP2

. . SOCS3_Degradation

S0Cs3

. SOCS3_Expression

[Heinrich et al., 2003]



21 June, 2011

OTTO VON GUERICKE
UNIVERSITAT FAKULTAT FUR
MAGDEBURG NAT NATURWISSENSCHAFTEN

27

Outlook: Modular Modeling Concept
® Modeling platform for protein modules:

Resources

g Wb
q}atab ase

Organization of the modules

Module + data set offering detailed information

Strict naming convention

Automatic generation of modular networks from a set of
approved curated modules
B |terative search of coupling partners

® Pathway oriented suggestion using tags
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SCALING UP FROM SINGLE MOLECULES TO MULTICELLULAR SYSTEMS:
MODELLING OVER TIME AND SPACE
WITH ADVANCED PETRI NET TECHNIQUES

MULTICELLULAR ORGANISMS

SPATIOTEMPEROL CELL MOTILITY
AND GRADIENT FORMATION

MOLECULAR SIGNALING NETWORK

AT 12TH INTERNATIONAL CONFERENCE ON SYSTEMS BIOLOGY
(ICSB 201 1), HEIDELBERG

ICSB2011
HEIDELBERG

27./28. AuGUST 2011
ORGANIZED BY MONIKA HEINER, DAVID GILBERT AND MARY ANN BLATKE

SCHEDULE

SATURDAY, AUGUST 27,201 1:

14.30- 19.00 H - FOUNDATIONS OF ADVANCED PETRI NETS
SUNDAY, AUGUST 28, 201 1:

9.00- 13.30 H- FURTHER ADVANCED PETRI NET TECHNIQUES AND APPLICATIONS
REGISTRATION:

WWW.ICSB-201 1.NET
CONTACT/ INFORMATION:
MARY-ANN.BLAETKE@QOVGU.DE

HTTP./ /WWW-DSSZ.INFORMATIK.TU-COTTBUS.DE/BME/ICSB201 1
WWW.ICSB-201 1.NET
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Interaction Matrix

[Py

skt Grasi (M s (s g

Protein Module Database

GENERATE NETWORK

EESEEREEE LR RS EE L ER LR EELEEE SRR EE R SRS e SRRl
e e e e O s

e e e e
B e e e e e R W O

e o, e o e e e e e e e,

Interaction Matrix in the
Background of the Database

ADCY5

GNAI1 | GNAS1 | OPRD1 | OPRK1 | OPRM1 | PRKACA | PRKCA

PRKCZ

TRPV1

ADCYS

GNAI1

GNAS1

OPRD1

OPRK1

OPRM1

PRKACA

PRKCA

PRKCZ

TRPV1
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Iterative Search of Coupling Partners

1.) Search Interacting Proteins 2.) List of Interacting Proteins
Method: Iterative Network Generation Accession No.  Gene Organism Author Version Approved
1. Stringency: Human Symbol
2. Start-Protein: ADCYS 095622 ADCYS ~ Human  Authorl 1 Yes v
2. Iteration ) No l
_ Author2 1 Yes |
1 Tteration | OFRDL P63096 GNAIL Human Author 3 1 Yes I
' ' : G5IWF2 GNAS1 Human Author 4 1 Yes Ls
P — — P41143 OPRD1  Human Author 3 1 Yes I
NAI1 — OPERE1l
& R P41145 OPRKL  Human  Author§ 1 No b
i ) P&3096 OPRM1 Human Author 5 1 Yes v
OFRM1 | P17612 PRKACA  Human Autho6 I Yes :
_ Author? 1 Yes v
| GNAS1
ﬁ— P17252 PRKCA  Human Authorl 1 Yes ::
Q05513 PRECZ Human Authorl 1 Yes
P
PRECA—— .. QBNER1 TRPV1 Human Author8 1 No :
— 2 No
kPRKCz —— ... 3. Iteration Author3 1 Yes [
— 2 No '

REACA TREV1}—— |




