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Outline

Background
Scientific Computing
Related projects MAS-colleagues

Angiogenesis (Jan Verwer, Alf Gerisch)

Axon guidance (Johannes Krottje, Arjen van Ooyen, Jan Verwer)

System reduction (Hanna Härdin, Jan van Schuppen)

Spatial / stochastic regimes in biochemistry

Biological case studies
PTS pathway
RIRR in cardiomyocyte mitochondria

Comparison of mesoscopic methods

TBD ...
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Scienti�c Computing

Computer based applied mathematics

Modelling Translation of problem into formulas
Abstracting / approximating reality

Application

Analysis Mathematical and numerical issues
(asymptotics, stability, conservation, ...)

Mathematics

Simulation Programming, benchmarks, testing,
visualization, interpretation

Computer
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Angiog enesis

Jan Verwer, Alf Gerisch(Martin-Luther Univ, Halle). APNUM 42 (2002)

• density of blood vessels (ρ)
• concentration TAF (c) secreted by tumor

TAF induces growth of bloodvessels in the direction of tumor (chemotaxis)
∂ρ/∂t = ε∆ρ −∇ · (κρ∇c) + µρ(1 − ρ)max(0, c − c∗) − βρ
∂c/∂t = ∆c − λc − (αρc)/(γ + c)

http://www.cwi.n l/ ∼j anv IARWISO2-9/06 – p.4/23
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Axon guidance

Johannes Krottje (PhD, 2005), Arjen van Ooyen(CNCR/VU), Jan Verwer

Axons are connections between nerve cells
Q: Mechanism guiding formation connections?

Model:
• chemical attractant and repellent properties
• roles of target cells, growth speed, direction bias
• sensation of other axons, bundling and debundling
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Axon guidance

Johannes Krottje (PhD, 2005), Arjen van Ooyen(CNCR/VU), Jan Verwer

Mathematical Framework

Domain Voronoi mesh

States Growth cones, target cells, axon properties, locations

Particle dynamics: ODEs

Fields Concentrations of guidance molecules; diffusion, absorption, moving sources

Reaction-diffusion PDEs with source terms
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Axon guidance

Johannes Krottje (PhD, 2005), Arjen van Ooyen(CNCR/VU), Jan Verwer

Example
50 growth cones; 2500 nodes used in discretization
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System Reduction

Hanna Härdin & Jan van Schuppen. POSTA 2006
System Reduction of Nonlinear Positive Systems by Linearization and Truncation

Biochemical reaction networks:
— large dimension (Boehringer)
— rational positive dynamical systems (ODEs)

System reduction
linearization at a SS

balancing

truncation

Glycolysis: 13 → 3
Current method
— locally good approximation
— not positive
— not biological

http://www.cwi.n l/ ∼sch uppen IARWISO2-9/06 – p.6/23
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Regimes in bioc hemistr y

Space → more-dimensional systems
Low number of molecules → not deterministic

Regimes
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Spatial Effects in Bioc hemical
Pathwa ys: PTS

JGB & Mark Peletier (now TU/e)
Christof Francke & Hans Westerhoff (VU)

Boris Kholodenko (TJU,Phil.)

Objective
— Investigate the role of diffusive transport in controlling
cellular function
— Generalize classical Metabolic Control Analysis to
systems with diffusion.

System: reaction and diffusion
In cytosol and in membrane: c = (c1 , c2 , . . . , cn)

∂ci/∂t = ∇ · (Di∇ci) +
P

reactions nijkjRj(c)

Boundary conditions:
ci = cb

i (concentration) or Di
∂ci

∂ν
= fi(c) (flux)
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Metabolic Contr ol Anal ysis

Study of parameter dependence of

Measure of throughput: flux J =

Z

∂

D

∂c

∂ν

Flux control coef�cients: CJ
p =

∂ ln J

∂ ln p

Classical MCA: −CJ
t +

X

CJ
kj

= 1

New theorems:
−CJ

t +
X

CJ
kj

+
X

CJ
fi

+
X

CJ
Di

= 1

X

CJ
fi

+ 2
X

CJ
Di

+ CJ
L = 1

CJ
L : control by spatial size

Parameter dependence of concentrations:

−Cc
t +

X

Cc
kj

+
X

Cc
fi

+
X

Cc
Di

= 0

X

Cc
fi

+ 2
X

Cc
Di

+ Cc
L = 0
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Numerical Simulation

Questions:

Membrane flux

Rate-limiting/control

Gradients

Real data important:

Flux and control
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Why eukaryotes do not have PTS :-)
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Numerical Simulation

Questions:

Membrane flux

Rate-limiting/control

Gradients

Real data important: Rohwer(2000)

Phophosphoenolpyruvate-dependent phosphotransferase
(PTS) pathway — Glucose uptake and metabolism

Flux and control
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Numerical Simulation

Flux and control
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Numerical Simulation

Flux and control
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ROS-Induced ROS Release in Heart
Cells

Nathan Brady, Klaas Krab, Frank Bruggeman (VU)
Maciej Dobrzyński, JGB (CWI), Jordi Vidal Rodríguez (UvA)

Mitochondria: energy sources for heart cells
Changes can alter heart beating

Cardiomyocyte
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RIRR

Exp. front observation (Brady)

Green: high ROS; Red: polarized mitochondria
Also observed: repolarization, preconditioning

Possible
mechanism: cROS production induced (laser)

1. pore ’active’ ⇔ membrane polarized

2. cROS stimulates ETC ⇒ mROS

3. pore opens if ’active’ & mROS

4. pore open ⇒ mROS → cytosol & membrane depolarization

5. scavengers eating ROS

∂[ROSc](x,t)
∂t

= DR[ROSc]xx(x, t) − µc[ROSc](x, t)[Scavc](x, t)+

popen(∆Ψ, ROSm).λ

�
[ROSm](x, t) − k[ROSc](x, t)

�

d∆Ψ(x,t)
dt

= VETC − leak(∆Ψ) − γpopen(∆Ψ, ROSm)
d[ROSm](x,t)

dt
= aETC(ROSc)VETC − µm[ROSm](x, t)−

popen(∆Ψ, ROSm).λ

�
[ROSm](x, t) − k[ROSc](x, t)

�

∂[Scavc](x,t)
∂t

= DS[Scavc]xx(x, t) − µc[ROSc](x, t)[Scavc](x, t) + a(ROSc)
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RIRR: preconditioning

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.00021261

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.022302

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.088563

�	 ; ROSc; ROSm; Scavc

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.00021406

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.045011

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.10293

IARWISO2-9/06 – p.13/23



RIRR: preconditioning

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.00021261

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.022302

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.088563

�	 ; ROSc; ROSm; Scavc

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.00021406

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.045011

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t=0.10293

IARWISO2-9/06 – p.13/23



Chemistr y + Space + Low number s
Comparison of mesoscopic methods

Maciej Dobrzyński, JGB (CWI), Jordi Vidal Rodríguez (UvA)

Motivation

0 1000 2000 3000 4000 5000
Time [s]

500

1000

1500

N
um

be
r 

of
 P

GFRD
Smoldyn
SSA

Different mesoscopic methods can predict different
fluctuations although averages are the same
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Regimes (Mesoscopic methods)

Problem / Model regimes
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Regimes (Mesoscopic methods)

Method regimes
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Brownian Dynamics (Mesoscopic methods)

MD: BD:
N degrees of freedom reduced to M«N

Diffusion: Time evolution of the probability distribution

∂tp(r , t|r 0, t0) =
σ2

2γ2
∇2p(r , t|r 0, t0)
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BD — chemistr y (Mesoscopic methods)

Reversible reaction: A + B ↔ C

flux at r = rb ∼ −κr

+κd

n̂(r ) · Ĵ(r ) p(r , t|r 0, t0) = κr p(r , t|r 0, t0)

− κd [1 − S(t|r0)]
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BD — implementations (Mesoscopic methods)

GFRD van Zon & ten Wolde, J.Chem.Phys.123, 2005

tabulated solution of Smoluchowski diffusion equation
event-driven scheme (variable time-step)
2 molecules can react per � t

not a package!

Smoldyn Andrews & Bray, Physical Biology 1, 2004

collision of reactive species → reaction
forward reaction rate → distance
binding/unbinding radius
�x ed � t

usable tool
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Reaction-Diffusion ME (Mesoscopic methods)

(as CME) Jump Markov process
Domain partioned in spatial cells.
Variables: number of particles {Ui;j } of species i in cell j.

d

dt
P ({Ui,j} ; t) =

X

{U′

i,j
}

W
`˘

U ′
i,j

¯

| {Ui,j}
´

P
`˘

U ′
i,j

¯

; t
´

+
X

i

D̃i

2d
{((Ui,j + 1)P (..., Ui,j + 1, Ui,j+ l − 1, ...; t) − Ui,jP (Ui,j ; t)}

W : transition probabilities per unit time; l2/(2d)D̃i: Fick’s diffusion coeff.

MFP< l <correlation length
(local equilibrium; cell coherent)

Implementations

Stoch.Sim.Alg. – solves CME
Gillespie, J.Phys.Chem.,1977

MesoRD – next subvolume method
Hattne, Fange & Elf, Bioinformatics, 2005
Elf & Ehrenberg, Systems Biology, 2004

GMP – splitting diffusion and reactions
Vidal Rodríguez, Dobrzyński, Kaandorp & Blom

Bioinformatics, 2006

IARWISO2-9/06 – p.19/23



Reaction-Diffusion ME (Mesoscopic methods)

Implementations

Stoch.Sim.Alg. – solves CME
Gillespie, J.Phys.Chem.,1977

MesoRD – next subvolume method
Hattne, Fange & Elf, Bioinformatics, 2005
Elf & Ehrenberg, Systems Biology, 2004

GMP – splitting diffusion and reactions
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Test case: Gene expression

geneDNA
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Protein noise vs lattice size
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Average time is the same, only higher moments differ.

IARWISO2-9/06 – p.20/23



Test case: Gene expression

geneDNA

DNA+RNAP

RNA

RNA+rybosome

unfolded
protein

functional
protein

transcription

transcription
initiation

translation
initiation

translation

post−translation
modifications

degradation

DNA+ RNAp ↔ Complex

Complex → DNA+ RNAp+ P

P → ∅

Protein noise vs lattice size

1 10 100
Lattice divisions

0

0.05

0.10

0.15

0.20

N
oi

se
   

η 
= 

S
TD

 / 
A

V
G

MesoRD
GMP

RMFP 2 σ

GFRD

Smoldyn

SSA

Average time is the same, only higher moments differ. IARWISO2-9/06 – p.20/23



Test case: isolated pair

Isolated pair – distribution of times between bindings
A + B ↔ Complex
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power-law: t
-3/2

Power-law: ‘infinite’ domain; diffusion-limited reactions
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To Be Done

NISB
Bacillus Subtilis σB -σF Hellingwerf (SILS/UvA)

Cardiomyocyte mitochondria
DNA repair ? van Driel (SILS/UvA)

RDME theory / numerics

Benchmarks spatial / stochastic biochemistry

Genetic regulatory networks
early development sponges / corals, moving cells
Ashyraliyev (MAS/CWI), Fomekong NanFack, Kaandorp (SCS/UvA)

Membrane modelling ? Fraaije (UL/Culgi)

In Silico Oncology ???

...
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