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Ubersicht

Austausch und Archivierung von biochemischen Modellen
=> SBML

Diffusion plus Reaktionen
=>Virtual Cell

Komplexitat der Modelle
=> BioNetGen
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Systems Biology Markup Language

: — XML-Dialekt fur Speicherung und Austausch
( BM I_ biochemischer Modelle
=> Archivierung

=> Transfer von Modellen in andere Softwaretools
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SBML <= XML

XML = eXtensible Markup Language

* hierarchische Baumstruktur:

=> Schachtelung von  <Object> ... </Object> oder <Objekt [Parameter...]/>
* genau ein Wurzelobjekt: <sbml...>

Aktuelle Dialekte: siehe http://sbml.org/Documents/Specifications

SBML Level |, Version 2

http://www.sbml.org/specifications/sbml-level- | /version-2/sbml-level- | -v2.pdf

SBML Level 2, Version 4, Release |

http://precedings.nature.com/documents/27 | 5/version/ |

w /NN

globale Zielrichtung, Version:
Sprachumfang Features und Definitionen

Release:
Bug-fixes
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Was ist enthalten?

http://sbml.org/More Detailed Summary of SBML
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E i n B e i S p i e I <ci>cytosol</ci>

kon kcat

E+S<=> ES => E+P

<?xml version="1.0" encoding="UTF-8"?>
<sbml level="2" version="3" xmlIns="http://www.sbml.org/sbml/level2/version3">
<model name="EnzymaticReaction">
<listOfUnitDefinitions>
<unitDefinition id="per_second">
<listOfUnits>
<unit kind="second" exponent="-1"/>
</listOfUnits>
</unitDefinition>
<unitDefinition id="litre_per_mole_per_second">
<listOfUnits>
<unit kind="mole" exponent="-1"/>
<unit kind="litre" exponent="1"/>
<unit kind="second" exponent="-1"/>
</listOfUnits>
</unitDefinition>
</listOfUnitDefinitions>
<listOfCompartments>
<compartment id="cytosol" size="1e-14"/>
</listOfCompartments>
<listOfSpecies>
<species compartment="cytosol" id="ES" initialAmount="0" name="ES"/>
<species compartment="cytosol" id="P" initialAmount="0" name="P"/>
<species compartment="cytosol" id="S" initialAmount="1e-20" name="S"/>
<species compartment="cytosol" id="E" initialAmount="5e-21" name="E"/>
</listOfSpecies>
<listOfReactions>
<reaction id="veq">
<listOfReactants>
<speciesReference species="E"/>
<speciesReference species="S"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="ES"/>
</listOfProducts>
<kineticLaw>
<math xmlns="http://www.w3.org/1998/Math/MathML">
<apply>
<times/>
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<apply>
<minus/>
<apply>
<times/>
<ci>kon</ci>
<ci>E</ci>
<ci>S</ci>
</apply>
<apply>
<times/>
<ci>koff</ci>
<Ci>ES</ci>
</apply>
</apply>
</apply>
</math>
<listOfParameters>
<parameter id="kon" value="1000000" units="litre_per_mole_per_second"/>
<parameter id="koff" value="0.2"  units="per_second"/>
</listOfParameters>
</kineticLaw>
</reaction>
<reaction id="vcat" reversible="false">
<listOfReactants>
<speciesReference species="ES"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="E"/>
<speciesReference species="P"/>
</listOfProducts>
<kineticLaw>
<math xmlns="http://www.w3.0rg/1998/Math/MathML">
<apply>
<times/>
<ci>cytosol</ci>
<ci>kcat</ci>
<ci>ES</ci>
</apply>
</math>
<listOfParameters>
<parameter id="kcat" value="0.1" units="per_second"/>
</listOfParameters>
</kineticLaw>
</reaction>
</listOfReactions>
</model>
</sbml>




Nochmal:

kon kcat

E+Sg=> ES => E+P

<?xml version="1.0" encoding="UTF-8"?>
<sbml level="2" version="3" xmIns="http://www.sbml.org/sbml/level2 /version3">
<model name="EnzymaticReaction">
<listOfUnitDefinitions>

</listOfUnitDefinitions>

<listOfCompartments>
<compartment id="cytosol" size="1e-14"/>

</listOfCompartments>

<listOfSpecies>
<species compartment="cytosol" id="ES" initialAmount="0" name="ES"/>
<species compartment="cytosol" id="P" initialAmount="0" name="P"/>
<species compartment="cytosol" id="S" initialAmount="1e-20" name="S"/>
<species compartment="cytosol" id="E" initialAmount="5e-21" name="E"/>

</listOfSpecies>

<listOfReactions>

< /listOfReactions>

</model>
</sbml>
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Details: Einheiten

<listOfUnitDefinitions>
<unitDefinition id="per_second">
<listOfUnits>
<unit kind="second" exponent="-1"/>
</listOfUnits>
< /unitDefinition>
<unitDefinition id="litre_per_mole_per_second">
<listOfUnits>
<unit kind="mole" exponent="-1"/>
<unit kind="litre" exponent="1"/>
<unit kind="second" exponent="-1"/>
</listOfUnits>
< /unitDefinition>
< /listOfUnitDefinitions>
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ano SBNL Software Guide /SEML Software Matrcx - SEMLorg
4 J Mg/ b ong ) SAML_Software Cuide /SSENL Sofeware Matrix

SBML Software Matrix

Ths Malrx Srovdes b - a0t summuary of sOfMmdre KNows L0 Ul 10 Pronde sorvte dedree of support for redding,
Wrting, or otherwise woarking with SBML. The columas” meanings ore explained below. For o et of longer descriptions
GrOuSed N0 themes, poadst e cur SBML Software Summuary page
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Import nach Copasi

“Reaction . Asrctation  RDF Browser | :
v Mode
v{ompan=ents ]3
Ao Chemical EQuation £ « S « &S .
n
vSu:m W Reversivie 7 Midtl Compartment =
£s — n
= Rate Law | Mass action (reversible) W NewRatetaw )
- Fhax (i /%) 0
weat
Clobal Quancizes Symbol Definition k! I globat Le+06 |/imol*s)
Paramerer Overview =28
» Mathemancal e Scbiteate [ substra ol /1
Dugrams E
| > Tasks S
B Parametes k2 ) global 02 s
e I ]
| o] T = (Gor) (Duvisrongeee) (Wew)
(e R
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Interoperabilitat?

e Lot Ve Opions  Jools  Help
] mojetng erity

& ] sen e modeing  endty

& [ stuchira-modeing endly
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Received aigual nwmber 11 (Seguentation wviclatioxm)




Details: eine Reaktion

<listOfReactions>

<reaction id="vcat" reversible="false">
<listOfReactants>

<speciesReference species="ES"/> " K
on cat

</listOfReactants> h e
+ <=> => +
<listOfProducts> E+S Kot ES E P

<speciesReference species="E"/>
<speciesReference species="P"/>
< /listOfProducts>
<kineticLaw>
<math xmins="http://www.w3.0rg/1998/Math/MathML">
<apply>
<times/>
<ci>cytosol</ci> dN
<ci>kcat</ci> = — = chtosol kecat [ES’]
<ci>ES</ci> dt
</apply>
</math>
<listOfParameters>
<parameter id="kcat" value="0.1" units="per_second"/>
</listOfParameters>
</kineticLaw>

</reaction>

</listOfReactions> lokaler Parameter!
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SBML file:

MIRIAM
O Oors

Conves %o
Forl 50

Paper s2¢
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SBML lesbar machen

GBML AATEX

Conversion of SBML files into human-readable reports

conmnven
ENZYMane am [ Browie

Ranart & an
Keport optbions

Check SBNL

! ’ - ."

v v ndiude pradelired u "

CONBslancy GoClar Mions
Layout oplions
~2n Set romo In

P0F ol Landscape
eQuatiors

11 —.' Heactor partc gants Set idartifeey in "

~ n one Lable typraniter fort
OIN A4 > Create a ttie page

Comeert

http://webservices.cs.uni-tuebingen.de/

Dréager A, Planatscher H, Wouamba DM, Schréder A, Hucka M, Endler L, Golebiewski M, Muller W, and
Zell A: “SBML2LaTeX: Conversion of SBML files into human-readable reports”, Bioinformatics 2009



Drei Minuten spater:

‘convert
Please 07ff0064-6af4-4eb5-bea1-906da1fbcd86-request pdf
download your
result here:
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r SBMI. Model Report

Model name: “EnzymaticReaction”
BML AATEX

June 30, 2009

1 General Overview

This is 2 document in SBML Level 2 Vervion 3 foemat. Table | gives an overview of the quans.
thes of ¥ componones of Bils model.

Table |- The SBML corposcnts = tha ssodel
All comsponcats are doscribed in more dotsl = the followng wctiom.
Elemere | Quantey Bcmeni Quannity

compartncsl Lypes 0 compartments 1

PO Ly pes 0 species 4

cwenls 0 cossteaists 0

feactioes 2 fasxtion defotions o

ghobad parsmecters 0 unit defimmons 3

reles 0wl ssagremenis o
E—
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2 Unit Definitions

Thix is an overview of seven umit delinitioss. The unils substasce, voluze, ares, lesgth,
and tize are prodefined by SBML and not mentioned in the model.

2.1 Unit per secoad
Definition s

2.2 Unit litre per zole per second
Detinition mol ™' 15"

2.3 Unit scatance
Notes Mol is the prodefinad SEBML cnit for sudetance
Definmon mal

2.4 Unit voluse
Notes Lirc is B¢ prodefimod SEBML anit for voloze.
Definiion |

2.5 Unit area
Notes Squae metre i $e peodefned SEML snit for area wnce SEML Lowel 2 Verwos |,
Definmon -

2.6 Unit leagta
Notes Mctre i e peodefnad SBML anit for Jeagts vince SEML Lovel 2 Venaos |
Definmon

2.7 Unit tize
Notes Scooed i the prodefined SBML usat foe tise.
Definiion »




3 Compartment
Thes model contalns ono comparmont.
Table 2: Proporsos of all compartments.
Id Name  SHO Spatial Size  Unit Cosstant Ounide
Dimermions
cysosol 3 10 ) =4

3.1 Compartment cytoscl
This is 2 theee-dimersional comparement with a constant size of 107" lise.

4 Species

This model contains four spockes. Section 6 provides Serther details and the derfved raes of change of cach spocies.

Table ): Propemos of cach spocies,

i Name Comparntmens Derived Unit Constare  Bosndary
Coad-

tion

ES ES cytosol mol 1! A 2]

» P cytosol sl 1 =] =)

s s cytosol mal- 1! i =]

E E cytosol ol 1™ =] 2]

5 Reactions

This model contains two reactions. All reactions are listed in the following table and are subsegqueatly described in detail. If a reaction
1s affected by one or mare modifiers, the identifiers of the modifier species are writien above the reaction ammow.

Tuble 4: Overview of all reactions

N W Name Reaction Equation SBO
I oveq E+~SeES
2 vcat ES —E+P
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5.1 Reaction veg ,

This is a revensible reaction of two reactasts forming one prodect.

Reaction equation
E4S iz (L))
Reactants
Table S: Properuies of cach reactam.
M Name SBO
E L
s S
Product
Table 6: Properties of each product.
M Name SDO
BB ES
Kinetic Law
Derived unit + ' - maol
v = vol (cysonol) - (ko - (B - & — koff - [BS]) e

Table 7: Properties of cach parasseter.

Id Name S8O Vale Uait Coastast
kso MO0 mel ot g
koft 02 s 4
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es gibt bereits sehr viele Modelle

ano BeModes Database | e

D/ Jeww A DLAC Uk ) DISMOSHis - A/

> - e o - s N .
EMBL £8) L A Ovavasos e e riare O
b - . - -w A

Jenlavwes 00k 5N Crouga Training ra. sty About Un Hali e we B

BoModels om0 Beowso madols Sutma Sgn n Swppont Arout BoModols

BioModels Database - A Datadase of Annotated Published Models

DioModels Database s & dala resource that alows bologists 10 stomn, seach and mtneve pubiished matsematical models of
Dolog ol imterests. Models present 0 BioModels Catabase ao annotated and nked 20 relevart data resouwrces, such
plcations, databases of compounds and pathways, controlied vocabulares, ot

(_Search ) ( Go 1o the medel ) a9 ancea search & Model of the month
Browse models Sucrose pocumulstion is 1
HCCOTRad Dy Coirmudus /
. modet synhesis and degradation Suxt
cw““ 8 @16 proceshes 1 1he Sevsioping / \
SN cane, Saccharum .
* Browse models using GO oM Suge Cars ,
PlOMOde Malrption CoNCIons
* Non-curated models (19¢) wih iInCraased SUC/ose S10MOe

Dt 5 Nt Seperdent pusey on e, In
K . y RAGLON, CaNE vnelies ACCuMmuAie Sucie
Simulate in JWS Online 10 Guste Grvevgend oxctents
Beed mone.
Submit a model
2N
. W S . Fourteecs reloase
Miror at Caltfornia lastitute of Techaclogy 2opstxomodels Citech oy Daaniced All Models Under SOML Format

!o .
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Prozesse in einer Zelle

Schneider und Haugh "Quantitative elucidation of a distinct spatial
gradient-sensing mechanism in fibroblasts", JCB 171 (2005) 883

Pl 3-kinase signaling in response to a transient PDGF gradient. The video depicts the experiment
presented in Fig. 5 A of the paper, with TIRF time courses of the extracellular OG 514-dextran
gradient (left) and intracellular CFP-AktPH translocation response (right). A CFP-AktPH-transfected
fibroblast was stimulated with a moving PDGF gradient for 21 min, after which a uniform bolus of

10 nM PDGF and subsequently wortmannin were added (additions indicated by the flashing screen).

The video plays at 7.5 frames/s (150x speed up). Bar, 30 pm.
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Diffusion

f Diffusion
=> verschmiert Unterschiede

Entwicklung der ortsabh. Dichte
<=> Diffusionsgleichung

U AN (7, 1)

p(7,t) = AV

+ ortsabhangige Quellen und Senken

Softwarewerkzeuge WS 13/14 -V |1
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Kontinuitatsgleichung

Zwei Beitrage zur Diffusionsgleichung:

|) Kontinuitatsgleichung: wo bleibt das Material?

dp(7,t - ~
PLL) — V(7,1) = —aiv (7
E;t
Anderung der Divergenzdes _ Quellen und
Dichte p bei (r, t) Stromes  Senken fiir Teilchen

\

partielle Ableitung:
=> betrachte nur Anderungen von p in der Zeit an einem
festgehaltenen Ort r (nicht: Ortsverschiebungen r = r(t))

o O AN = Nip—Now = 3-5 = -2

Softwarewerkzeuge WS 13/14 -V |1
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Diffusionsstrom

2) Diffusionsstrom durch Dichteunterschiede (Gradienten) — Fick‘sches Gesetz:

j(#1t)=—D Vp(#,t) =D grad p(7#,t)

/

Diffusionstrom Strom flief3t Diffusions— Dich'Fe-
bei (r, t) weg von hohen oeffizient fluktuationen
’ Dichten (=Gradienten)

A
P |
\\ hier: phanomenologischer
Umrechnungsfaktor von
>
x Dichteunterschieden in Teilchenstrome
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Diffusion mikroskopisch

Ohne externe Krafte

=> Teilchen bewegen sich in alle Richtungen gleich wahrscheinlich

(Gauss'sche Wahrscheinlichkeit)

A p(x)  p(x)

/—;«-»
\ >

=

p(x1) = pix2) => jar =0

_p()—pGa)

Jdiff
Gleiche Dichten an x| und x2:
=> gleiche Anzahl Teilchen springt

von X| => X2 wie von X2 => X|

Softwarewerkzeuge WS 13/14 -V |1

X2 — X1

—— P
& X
<
p(x1) < p(x2) => jair <O
dp
dx

Unterschiedliche Dichten:
=> mehr Teilchen springen
von X2 => x als von x1 => x»

24



Diffusionsgleichung: partielle DGL

Diffusionsstrom
j(#,t)=—D Vp(#,t) = —D grad p(7,?)

in Kontinuitatsgleichung einsetzen

dp(7,t)
or

—Vj(#1) = —div j(#,1)

=> Diffusionsgleichung: D(F.1)
7,t) = const

R _ _9(-DVp(E1) < Dp(E)

=>Vollstandige Beschreibung der zeitabhangigen Dichteverteilung
(ohne externe Krafte)
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Zur Boltzmann-Verteilung

Diffusion unter dem EinfluB einer externen Kraft (z.B. Schwerkraft)
=> stationare Losung der Diffusionsgleichung

A zwei Beitrage
A
Gravitation Dichteunterschied
=> Molekule sinken => Diffusionsstrom
; : mg dp(h
Joink joe(B) = vp(h) = — 8 o (h) jasg () = — dp(h)
Y dh
stationirer Zustand:  Jsink() + Jaisr(h) =0
Jait ksT dp(h) mg
I D = — = —_— = —_—— h
X Mit Yy . dh il
mgh stationarer Zustand ist unabhangi
) — _en gig
p(7) = po exp [ kBT] von D (aber: Relaxationszeit)

Softwarewerkzeuge WS 13/14 -V |1

26



Integration

Bisher: (System von) ODEs

d
Cx = £(X. %y, ...
7 filX1,X,...)

 Zeitentwicklung abhangig von den lokalen Werten der Systemparameter

e alle Ableitungen nach der Zeit

Jetzt: Diffusionsgl. mit konstantem D:

op(7,1)
ot

= D Ap(#,t)

 Zeitentwicklung bestimmt durch globale Werte (Verteilungen) der Variablen
(gesamte Dichte p(r) notig fur Gradient)
* Ableitungen nach Zeit und Ort

Softwarewerkzeuge WS 13/14 -V |1
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FTCS—Integrator

Diffusionsgleichung mit konstantem D in ID:

() _ Pp(En)
ot ox?

Direkte Implementierung auf einem Gitter {p(xi)} mit Abstand Ax:

p;(t+Az) —pj(t) Pj+1(2) —2p;(t) +pj-1(2)

At - D sz A pj(t T At)
t °
Forward in Time Centered in Space
Propagationsschritt: (1)~ 2,1 0 i °( /) p‘( ) p. 0
p.+1t — pt _|_p._1t i1 i i1
pi(t+At) = p(t) +AtD ™ v a—
Ax?
Stabil fur: At < D (At < Dilffusionszeit uber Abstand Ax)
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Beispiel: Diffusion

Molekule werden bei xs produziert und in der ganzen Zelle abgebaut

Diffusion in beliebiger Geometrie:

=> Einflu} der Wande?

Simulationstool?

Do-lt-Yourself fer/t’ge SW

"TheVirtual Cell": ¢ Reaktions-Diffusions-Systeme
* kontinuierliche und stochastische Integration

* frei definierbare Geometrien (Fotos)
* lokales Java-Frontend + Cluster @ NRCAM

Softwarewerkzeuge WS 13/14 -V |1
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(EAKE] Ranning the Virtual Cell and User Information

0 @ © htp / www.nrcas, uche eds logn/login bl ~Qe
v » A

& Coogle & Pvon Tunanial ™ Pyihos Larary Reference 4 Vesmeb@oentiop o Vesmeb@servce 4 Moletuler Systera Biods & QTYouTube

National Resource for Cell Analysis and Modeling oo™

veentegm Run the Virtual Cell @

Release and Bem ™he Virtual Coll reguires Javae. Cat It

Yirtual Colt User
Documentation Versions

User Guide, Quick
Start ang Tutorials

Run VCell 44
Release Notes (Please Note: New U will need to register when they first run the Virtual Cell Software.)

Current information
on Release and Deta

versions New Features in 4.4

Technical )
Requirements ® field data (using Images dMa a5 input to simufations)

Hardware and ® annctations (MIRIAM compiant)
software system
specific ® better SBML support

requirements.
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Reaction Kinetics Editor
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sanNnn BOMOOEL Bohnendiffuson (Wed Jun 18 09 04:38 CEST 2008)
File View Server Window BloNetCen Melp

‘Bon APPLICATION: Boten-Diffusion
[‘ Reaction Mapping  Electrical Mapping  View Math — Simufation | Analysis -~ 4

Nase Last saved furnng statvy esuns
[ Lasfl Wed Jun 18 0904 38 CIS.. S 308 yes

I New . delete Do Stop | Results

SIMULATION SUMMARY
Comments

Sparaal yes

Time start end timested outpet

00 250.0 0.1 keep every 10
Sensitivity No Anayss
Solver; Fimte Vouse, Regelar Grd
Ceometry size (640.0,480.0) morons
Mesh: 240 x 1580 « 43200 elemems
Parameters with values changed from defaults

Pararveter Narve Defasit Valse Charge Value

W Server: ms3 welLuchc edu 80 User: tgeyer Java Memory Used: 51MB / 109.6M8




ZRANA BOMODEL. Bobmendifusion (Wed Jun 18 09.04. 38 CEST 2008)
File View Server Window BioNetCen Melp

Y SIMULATION: Laufl
L View Data Export Data

SOSSSET 15930054  JEMSALS 13380121 B1IATERAA 362 00437 Scale
83 0

.;(. 'f Auto Range
L6 % . & 27575095114
199 55

fn :

WS 9 :

™ 0%

$2.2%¢

474
L 00N

A 1564

e Rp

B
C

J ADD»
J Erreugug

Functions.. §25.439331,9.3854740) [120,03] Voe « 4.201516380782120( -

Statistics

e CONNECTED ~ Server ms3.veell wche edu 80 User tgeyer Java Memory Used 50.3MB / 110,28




Kombinatorische Komplexitat

Einfaches Modellsystem: * externer monovalenter Ligand
* monovalente Rezeptor-Kinase
* Adapterprotein im Zytosol

Reaktionen:

* Rezeptor + Ligand

* Rezeptor-Dimere

* Phosphorylierung des Rezeptors
* Bindung des Adapterproteins

3 Spezies + 5 Regeln => 14 Kombinationen im Modell

BioNetGen: Regelbasierter "Biological Network Generator"
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BioNetGen

J. R. Faeder, M. L. Blinov, and W. §S. Hlavacek.“Rule-Based Modeling
of Biochemical Systems with BioNetGen.”

In Methods in Molecular Biology: Systems Biology, Ed. |.V. Maly,
Humana Press, Totowa, NJ, 2009

W

- BioNetGen@VirtualCell
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toyl.bngl

begin parameters
1L0 1

2RO 1

3A0 5

4kpt1 0.5
5km1 0.1

6 kp2 1.1

7 km2 0.1
8p1 10

9d1 5

10 kpA 1et

11 kmA 0.02
end parameters

begin species
1 L(r) LO # Ligand has one site for binding to receptor.
# LO is initial concentration
2 R(l,d,Y~U) RO # Dimer has three sites: | for binding to a ligand,
# d for binding to another receptor, and
#Y - tyrosine. Initially Y is unphosphorylated, Y~U.
3 A(SH2) A0 # A has a single SH2 domain that binds phosphotyrosine
end species

begin reaction rules

# Ligand binding (L+R)
# Note: specifying r in R here means that the r component must not
# be bound. This prevents dissociation of ligand from R
# when R is in a dimer.
1 L(r) + R(l,d) <> L(r!1).R(I'1,d) kp1, km1

# Aggregation (R-L + R-L)
# Note: R must be bound to ligand to dimerize.
2 R(I'+,d) + R(I'+,d) <> R(I'+,d!2).R(I'+,d!2) kp2, km2

# Transphosphorylation
# Note: R must be bound to another R to be transphosphorylated.
3 R(d+,Y~U) -> R(d!+,Y~P) p1

# Dephosphorylation
# Note: R can be in any complex, but tyrosine is not protected by bound A.
4 R(Y~P) -> R(Y~U) d1

# Adaptor binding phosphotyrosine (reversible).

# Note: Doesn't depend on whether R is bound to

# receptor, i.e. binding rate is same whether R is a monomer, is
# in association with a ligand, in a dimer, or in a complex.

5 R(Y~P) + A(SH2) <-> R(Y~P!1).A(SH2!1) kpA, kmA
end reaction rules

begin observables
Molecules R_dim R(d!+)  # All receptors in dimer
Molecules R_phos R(Y~P!?) # Total of all phosphotyrosines
Molecules A_R A(SH2!1).R(Y~P!1) # Total of all A's associated with phosphotyrosines
Molecules A_tot A() # Total of A. Should be a constant during simulation.
Molecules R_tot R() # Total of R. Should be a constant during simulation.
Molecules L_tot L() # Total of L. Should be a constant during simulation.
end observables

generate_network();
writeSBML();
simulate_ode({t_end=>50,n_steps=>20});

BioNetGen-Input fur das Rezeptor-System von S 35
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Zusammenfassung

SBML:
* hierarchisches XML-Schema
* es gibt viel Software, die SBML lesen und schreiben kann

Diffusion:

* Diffusionsgleichung
e Simulation mit "The Virtual Cell" im Tutorial nachste Woche

Kombinatorische Komplexitat
* BioNetGen
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