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The MAP Kinase pathw ay

Model of the MAPK Pathway
Asthagiri AR, Lauffenburger DA: A computational study of feedback
effects on signal dynamics in a mitogen-activated protein kinase
(mapk) pathway model,
Biotechnol Prog. 2001 Mar-Apr;17(2):227-39.
coded in CellML by Catherine Lloyd, Department of Engineering
Sclence - University of Auckland {25th October 2001)
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Feedback turns o pathw ay



From linear pathw ays to complex networks?

Signal Amplificatin or Attenuation by modulating
Phosphatase/Kinase ratio:

Signal amplification with low Phosphatase/Kinase ratio

Signal attenuation
with high Phosphatase/Kinase ratio

St il ety S e )

Upstream effects of adaptor targeted feedback mechanisms: Cross Talk?

Vlca1 (Grb2) Cross Talk:
4 =t 2 ¢ Adaptor A2 targeted Feedback
- increases concentration of C*Al.
; -> increased signal through putative branching
i point C*A1

Enzyme targeted feedback has no
: upstream effect.

Asthagiri AR, Lauffenburger DA. A Computational Study of Feedback Effects on Signal Dynamics in
a Mitogen-Activated Protein Kinase (MAPK) Pathway Model.
Biotechnol. Prog. 2001, 17, 227-239

Feedback can have upstream eect on branching pathw ays.



Deterministic and Sto chastic Mo delling

Deterministic  App roach, ODE system, S-Systems
{ Dene a set of ODEs
{ Set dx/dt = 0 (steady state)

{ Simulate numerically

Sto chastic App roach, Gillespie and mo di cations
{ Hidden Markov chains/Ma rkov jump process
{ Randomly select two molecules

{ Randomly select timestep

{ If areaction can occur (between molecules and in time step), do it



Hybrid Mo delling App roaches

(Schw ehm 2001):

ODEs + Gillespie, parallelization

GON Hybrid Functional Petri Net (Matsuno 2001):

ODEs + discrete events

CHARON (Alur 2001):

ODEs + 'mo de-switching’ mechanisms



Used Mo delling Tools

Sto chastic Algo rithms - Gillespie, mo di ed:
Sto chsim*, Cellw are*, STODE* (ODEs as input), Schwehm* (P arallelization), Mat-
Lab*, Sto chastirato r, BioPSI (PiCalculus), UltraSAN (Sto chastic PetriNet)

ODEs - S-systems:

ECell*, Gepasi*, BioSpice*, DBSolve*, VCell* (compa rtments, PDEs), Cellerato r*
(ODEs for Mathematica), Jarnac*, ProMot/Diva* (Net work Mo dules), NetBuilder*,
Schw ehm* (P arallelization),  Matlab*,  BioDrive* (multicellula r), Dynetica, Kinetikit

(Genesis), Pathw ayPrism (CellML), PLAS, GenomicObjectNet (Hyb rid PetriNet)

*) Collab orate in the SBW-SBML project



Metab olic Networks - Existing Mo dels
Bo ehringer-Ingelneim  Metab olic Map

ECell: complete known E.coli pathw ays

{ Glycolysis, Pentose Phosphate Pathw ay, Gluconeogenesis
{ Nucleotide, amino acid synthesis

Erythro cytes: complete known pathw ays in ECell

The latest model includes SNP eects and provides
guantitative  explanation for anemia forms!



Regulato ry + Signalling Networks
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(& 1308 Figure fram: Hanahan and YWeinberg, 2006, Cell 100, p. 57-70

Hanahan, Weinberg: The Hallma rks of Cancer. cCell. 2000 Jan 7;100(1):57-70



Regulato ry + Signalling Networks - Some EXxisting Mo dels

Intracellula r level:

{ Prok aryotes

E.coli chemotaxis: sensitivit y, adaptation, robustness (lattice of hexagonal re-
cepto r clusters with submemb rane compa rtment)

phage switching between lytic and lysogenic cycle
Plasmid replication
Lac Op eron

{ Eukaryotes

Yeast cell cycle
Neuronal excitation, ion channels, synaptic signalling

Caspase Cascade, TNF recepto r activation, Integrins+mechanical control, Rho
signalling, Notch signalling, Phospholipid signalling, T Cell Recepto r dynamics



Studied Prop erties of the MAPK Pathw ay

The MAPK pathw ay: EGF/EGFR/Ras/Raf/MEK/ERK

{ Ultrasensitivit y by Ampli cation (Huang, Ferrel 1996)

{ Feedback eects (Brightman, Fell 2000, Asthagiri, Lauenburger 2001)
{ Diusion (Kholo denko 2000)

{ Scaolds and complex formation (Levchenk o et.al.2000)

{ Temperature dependence (Mo ehren et.al. 2002)

{ in signalling networks (Bhalla, Iyengar 1999, 2002)

{ Recepto r internalization (Scho eberl B. et.al. 2002)

{ Oscillations (Kholo denko 2002)



Regulato ry + Signalling Networks - Existing Mo dels

Multicellula r and tissue level:

~—

Bacterial population dynamics: ecology, Lotk a Voltera etc.

Drosophila/Sea  Urchin embryonic development: genetic regulato ry network
Migration: wound healing, cancer invasion

Eye: the structure as a Petri Net

The Heart: electrophysiology , ‘from genes to cells to the whole organ'
Immune System: T Cell development, cytokine network

P.falcipa rum: proliferation in host, invasion of erythro cytes (Mala ria!)

Erythro cytes: proliferation vs. dierentiation  vs. apop optosis
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Emergent Prop erties of Biological Signalling Networks
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Bhalla, lyengar 1999: 4 signalling pathw ays, 11 submo dels
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Feedback switch - PKC and MAPK: cellular memo ry mechanism?






Pathw ay Databases
EcoCyc (Karp 1999)
KEGG (Kanehisa and Goto 2000)
WIT (Overb eek 2000)
aMAZE (van Helden ... Wodak 2001)
PathDB
Signal Transduction Kno wledge Environment (Science)
AfCS/Nature: Signalling Up date

Mo del Rep osito ries: www.cellml.o rg, www.sbml.o rg



Structural Networks Analysis

Metab olic Flux or Metab olic Control Analysis
{ Extreme Pathw ays

{ Elementa ry Flux Mo des (Metato ol)

Petri Nets

{ Coloured PN - qualitative simulation, stoichiometric analysis (De-
sign/CPN)

{ Sto chastic PN - Gillespie algorithm (UltraSAN)

{ Hybrid PNs - discrete and continuous, ODEs (GenomicObjectNet)

Overall structure: Scale free network analysis



Other Approaches to Mo delling of Biopathw ays

Cells/net works as concurrent computational processes:

{ PiCalculus models (can represent domain structure of proteins)
based on Gillespie algorithm (Regev et.al. 2001)

{ Pro cedural descriptions (‘Cha ron', Alur et.al. 2002)

LISP encoded mo dels (Heidtk e, Schulze-Kremer 1998)

Causal, Functional, Logic mo dels

Kno wledge Base, Exp ert Systems (Day and Shirey, TAMBIS, Peleg)

Functional Ontologies (GOML)



Reverse Mo delling or Engineering |

Genetic Network Inference from microa rray data sets

(steady state or time-series) - Review ed in D'haeseleer 2000

W eight Matrices (W eaver et.al)

Bayesian network (Friedman et.al., Sabatti et.al.)

Maximum Lik eliho od Analysis (Idek er, Tho rsson et.al.)

Bo olean networks (ldek er,Tho rsson et.al., Maki,T ominaga et.al., Akutsu, Miyano et.al.)
S-systems (Maki, Tominaga et.al.,, Akutsu, Miy ano et.al.)

Genetic algorithms, Genetic Programming (Koza et.al.)

Dierence Based Regulation Finding Metho d (Onami et.al.)

Map on 'Forward Mo dels' in Pathw ay DB (aMAZE, v.Helden et.al.)



Reverse Mo delling Il - Dierence Based Regulation Finding Metho d

Infere +/- edges from expression data of k.o. cells for all genes,
Find two paths between gene A and B (W arshall algo rithm),

Delete short, if numb er of neg. interactions odd/even in both (Thiery , Thomas)



Reverse Mo delling Il - Dierence Based Regulation Finding Metho d




Reverse Mo delling 111 - Data Integration
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Combine gene and protein expression data, map to Pathw ay DB, nd common regulato ry

elements in Genome DB and edit unkno wn genes/p roteins in mo del edito r



A New Role for Raf - Current Evidence and Hyp otheses

Baccarani M. An old kinase on a new path: Raf and apoptosis. Cell Death Di. 2002



Why Mo delling?

Theo ry:
{ Explo re network structure and dynamics
{ Find unexp ected emergent prop erties

{ Explain self-organized Evolution of networks

Practice:
{ Experiment design: increasing complexit y of conceptual mo dels
{ Consolidation of conceptual and "na rrative" knowledge

{ Multiple Drug Targeting: individual therap y - upload genetic prole?



Net work Prop erties for Further

Robustness
Sensitivit 'y
Flexibilit y

Redundancy

Mo dularity

Investigation



Problems and Questions
ODEs: Steady state assumption
Gillespie: Eciency . Concurrency in big systems?

W ell-mixed reacto r assumption

{ reaction-di usion systems

(PDEs, Gillespie: separate volumes)

Is knowledge deep enough to go beyond conceptual mo dels?
{ parameters from in vitro systems ) parameter estimation!?
{ Location and transp ort (T racking System)

{ RNA network (Mattick, Gagen):

Interaction with protein network? Evolutiona ry role?
Wet-lab is well ahead with conceptual knowledge

Consistent Biological Representation



Why Mo delling?

Frequently it is the process of formal modelling rather then the
mathematical mo del obtained that is the valuable outcome.

In engineering it is a common experience that we often learn most
from those mo dels that fail.

Wolkenhauer O.. Systems biology: The reincarnation of systems

theo ry applied in biology? Brief Bioinfo rm. 2001 Sep;2(3):258-70.



The Mathematician's View on Life:



Persp ectives

Growing networks: merging of existing mo dels (XML standa rds)
{ Retrieve mo dels from Pathw ay DBs or directly implement algo rithms

{ Online Mo del Reposito ries

Integrative, hybrid and multilevel/cross-hiera  rchical mo dels
(multi-+intracellula  r, ecological, pathogen-host interaction mo dels)

Integrative and hyp erlink ed Mo del and Data DB for collab orative work
(AfCS, MAPK EU project, MIT: DSpace)

Biological representation and Graphical Standa rd Notations

General multi-level graph-based Mo del Edito r with DB connection



Graphical and Graph based Representations

Fig3. from Kitano 2002, a symb ol system for state-transition  diagram.

Kohn 1999,2001, Maimon and Browing 2001, Cook 2001, Kitano 2002



Graphical and Graph based Representations

4 Graph types for coherent description of biological networks
{ State-transition  diagram
{ Flow chart
{ Timing chart

{ Blo ck diagram

Kitano H. 2002



Blo ck diagram of the cellular Hub' protein p53 in Kohn notation






