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timed,

approximation

STOCHASTIC = CONTINUOUS
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CTMC approximation ! ODEs
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discrete state space

continuous state space
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MODELS SHARING STRUCTURE

ey

QUANTITATIVE MODEL = QUALITATIVE MODEL
+

RATE FUNCTIONS
(KINETICS)
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STOCHASTIC PETRI NETS, BASICS
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U transitions get a stochastic waiting time
-> exponential distribution with parameter lambda

0 state-dependent lambda defined by rate function

-> any arithmetic function including

the transition’s pre-places as integer variables and
user-defined real-valued parameters

-> modlifier arcs
-> popular kinetics:
mass-action semantics, level semantics
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Q

transitions get a stochastic waiting time
-> exponential distribution with parameter lambda

state-dependent lambda defined by rate function

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

-> modlifier 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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J mass-action semantics

O level semantics
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Stochastic Output - 1 Level
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Stochastic Output - 100 Levels
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Deterministic Output
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O transitions fire continuously

 rate functions

-> any arithmetic function including

the transition’s pre-places as real-valued variables and
user-defined real-valued parameters

U real-valued tokens
-> concentrations
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O transitions fire continuously

 rate functions

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

U real-valued tokens
-> concentrations

0 semantics: set of Ordinary Differential Equations (ODEs)
-> uniquely defined, but not vice versa
-> typically non-linear

0 simulation (numerical integration)
-> stiff/unstiff solvers
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dm3
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C RU C IAL P OI NT PN & BioModel Engineering

STATE-DEPENDENT
RATE FUNCTION

/\

LAMBDA OF STRENGTH OF
EXPONENTIAL CONTINUOUS
WAITING TIME FLOW

CTMC ODEs

-> supported by, e.qg., COPASI, Dizzy, ..., Snoopy
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U two cell types: phenotype A and B

O cell divide

-> cell division may involve mutation of the offspring

-> parent cell keeps

alpha
its phenotype

beta
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U two cell types: phenotype A and B

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

-> parent cell keeps alpha
its phenotype

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

0 output
-> total number of bacteria
-> proportion of A=A/ (A + B)
-> proportionof B=B/ (A + B)
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MassAction(da*alpha)

2 A2B

A2A A B2A 2 B2B
MassAction(da*(1-alpha)) MassAction(db*(1-beta))

MassAction(db*beta)
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MassAction(da*alpha)

2 A2B

A2A A B2A 2 B2B
MassAction(da*(1-alpha)) MassAction(db*(1-beta))

MassAction(db*beta)

dA/dt=da * (1 - alpha) * A+ db * beta * B
dB/dt=db * (1 -beta) *B +da *alpha* A
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A2B B

A2A A B2A B2B
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A2B B

A2A A B2A B2B

dA/dt =da * (1 - alpha) * A * read(1,A)
+ db * beta * B * read(1,B)

dB/dt =db * (1 - beta) * B * read(1,B)
+ da * alpha * A * read(1,A)
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da*alpha*A

W AZMB 0.0001

da*(1-alpha)*A db*(1-beta)*B
db*beta*B
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MULTICELL COLONIES, PETRI NET 3 PN & BioModel Engineering

da*alpha*A

W AZMB 0.0001

da*(1-alpha)*A db*(1-beta)*B
db*beta*B

dA/dt=da * (1 - alpha) * A * read(0.0001,A)
+ db * beta * B * read(0.0001,B)

dB/dt =db * (1 - beta) * B * read(0.0001,B)
+ da * alpha * A * read(0.0001,A)
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stochastic model of cell mutation
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continuous model of cell mutation
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EXE RC IS E PN & BioModel Engineering

O cellDivision0a.spcontped
-> take a look on the unreduced ODEs and simulate them

O cellDivision0a.spcontped
-> take a look on the reduced ODEs and simulate them

O cellDivision0Ob.spcontped
-> take a look on the ODEs and simulate them

O cellDivision0Oc.spcontped
-> take a look on the ODEs and simulate them
-> repeat with varied parameters and different read arc weights;

MAIN LESSON LEARNT:
NEVER BLINDLY TRUST NUMERICAL SIMULATION RESULTS.
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SUMMARY
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O representation of bionetworks by Petri nets
-> partial order representation -> better comprehension
-> formal semantics -> sound analysis techniques
-> unifying view
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O representation of bionetworks by Petri nets
-> partial order representation ->
-> formal semantics ->
-> unifying view

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

1
\/

1
\/

-> qualitative / quantitative behaviour prediction

better comprehension
sound analysis techniques

to experience the model
to increase confidence

experiment design,
new insights
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SUMMARY

PN & BioModel Engineering

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
\/

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

monika.heiner@informatik.tu-cottbus.de

August 2011
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®-
i @
THANKS !
HHTP://WWW-DSSZ.INFORMATIK.TU-COTTBUS.DE
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SUPPLEMENT:

ABOUT THE RELATION
SPN - CPN
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EX1 - RKIP, REACHABILITY GRAPH (STS) PN & BioModel Enginesring

0 simple
algorithm

U nodes:
system states

O arcs:
the (single)
firing transition

U single step
firing rule
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EX1 - RKIP, QUANTITATIVE ANALYSIS
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Species 51152 53 54 55 56 57581549 510 511 512 513 500

Raf-1* 1Moo 111131400 1 1 1 450

RKIP 1o 00 00o0pfo 0 1 0 0 400

Raf-1* RKIP Oj1 0 0 00O0j0f1L 1 0O 0 0 350

Raf-1* RKIFP_ERK-PR{ 0|0 1 O O O OO0 0 O 0O 0O 300

ERK 0j0 01 00 1141 0 0O 0 0 5 250

RKIP-F ojo0 01 1 0 0040 0 0O 0 1 200

MEK-PF 1jfr 110013141 0 0 1 1 150

MEK-PP_ERK ojo0 001 1 0jJ0f0 1 1 0 0 100

ERK-FPP 1100000000 0 1 1 50

RP 1jf1 11 1o00p141 1 1 0 1 or ' ’ . " . -

RKIP-P.RP ojo 0001 1j0f0 0 0 1 0 Dsencs
Distribution of "bad' steady states as euclidean
distances from the “good' final steady state

13 “good” state configurations

the “bad” ones
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Ex2 - HYpPoXxiA PN & BioModel Engineering

[YU ET AL. 2007]

Degradation pathway
0, )i K2 0O, dependent Pathway - 1
independent —— = ——
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Pathway_zl I SamEEEEsm I
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A 4 K17 ] A
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: : 7y
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EX2 - HYP OXIA PN & BioModel Engineering

[HEINER; SRIRAM 2010]

H1FOH:VAL

H1F:PHD
S13

H1F:ARNT:HRE H1FOH:ARNT:HRE
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(b)
k5, k6, k29, k30

HIF (steady state values)
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Ex2 - HYPOXIA
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H1FOH:VAL
S18
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k12, k14

k18, k20

k3, k15, k17, k22
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Ex2 - HYPOXIA
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B C
k2 Ll k12, k14
k18, k20
A E
k1 .
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Olp
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B C B C
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b D
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PN & BioModel Engineering

BUT,

THERE ARE MANY EXAMPLES
WHERE THE TRANSITION SPN -> CPN
COMES WITH COUNTERINTUITIVE EFFECTS.
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ABSOLUT CONCENTRATION ROBUSTNESS (ACR) PN & BioModel Engineering

O ACR: steady state value of variable (place) does not depend on total mass,
only on kinetic constants -> [SHINAR, FEINBERG 2010]

0 simple example mass-action kinetics
I'1.'A + B ->2B v1(r1) =k1AB
I'2.'B->A V2(I'2) =k28
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ABSOLUT CONCENTRATION ROBUSTNESS (ACR) PN & BioModel Engineering

O ACR: steady state value of variable (place) does not depend on total mass,
only on kinetic constants -> [SHINAR, FEINBERG 2010]

0 simple example mass-action kinetics rq
I'1.'A + B ->2B v1(r1) =k1AB

2
<
r,: B->A Vo(ro) = koB @< :><?

A
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ABSOLUT CONCENTRATION ROBUSTNESS (ACR) PN & BioModel Engineering

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

only on kinetic constants -> [SHINAR, FEINBERG 2010]

d simple example mass-action kinetics ry 2
ri:A+B->2B v4(rs) = k;AB ~
ro. B->A V2(I'2) = sz ’<.>g

r2 BAD SIPHON

CPI: mO(A) + mO(B) = total
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ABSOLUT CONCENTRATION ROBUSTNESS (ACR)

PN & BioModel Engineering

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

only on kinetic constants

0 simple example mass-action kinetics

rq. A+B->2B v1(r1) - k1AB
ro. B->A V2(I'2) = sz
O ODEs

dA/dt = Vo-Vq= sz - k1AB
dB/dt = Vi-Vo = k1AB - sz

-> [SHINAR, FEINBERG 2010]

I

o T o

r2 BAD SIPHON

CPI: mO(A) + mO(B) = total

monika.heiner@informatik.tu-cottbus.de
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ABSOLUT CONCENTRATION ROBUSTNESS (ACR) PN & BioModel Engineering

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

only on kinetic constants -> [SHINAR, FEINBERG 2010]

d simple example mass-action kinetics ry 2
ri:A+B->2B V4(ry) = k/AB S
ry: B -> A Vo(rs) = koB ’<. -

O ODEs r2 BAD SIPHON

dA/dt = Vo-Vq= sz - k1AB

CPI: myp(A) + my(B) = total
dB/dt = vy - v, = kiAB - kB o(A) + mo(B)

L steady state
dA/dt = k,B - k/AB =0
dB/dt = k4AB - koB = 0
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ABSOLUT CONCENTRATION ROBUSTNESS (ACR) PN & BioModel Engineering

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

only on kinetic constants -> [SHINAR, FEINBERG 2010]

d simple example mass-action kinetics ry 2
r:A+B->2B vo(ry) = k,AB ACR S
ry: B -> A Vo(rs) = koB ’<. -

O ODEs r2 BAD SIPHON

dA/dt = Vo-Vq= sz - k1AB

CPI: myp(A) + my(B) = total
dB/dt = vy - v, = kiAB - kB o(A) + mo(B)

L steady state
dA/dt = k,B - k/AB =0
dB/dt = k4AB - koB = 0

-> steady state(A) = ko/k4
Steady_state(B) = total - ko/k4
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ABSOLUT CONCENTRATION ROBUSTNESS (ACR) PN & BioModel Engineering

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

only on kinetic constants -> [SHINAR, FEINBERG 2010]

d simple example mass-action kinetics ry 2
r:A+B->2B vo(ry) = k,AB ACR S
ry: B -> A Vo(rs) = koB ’<. -

O ODEs r2 BAD SIPHON

dA/dt = Vo-Vq= sz - k1AB

CPI: mo(A) + my(B) = total
dB/dt = vy - v, = kiAB - kB o(A) + mo(B)

] steady state ry
dA/dt = k,B - k/AB =0

2
~—__ 3
dB/dt = k,AB - koB = 0 ’<./‘
B

-> steady state(A) = ko/k4
Steady_state(B) = total - ko/k4
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