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S SEMBL-EBI European Bioinformatics Institute

British outstation of the European MolecularBiology Laboratory
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and dictionaries ) @

Research groups

- Comparative genomics (Ouzounis)
Structural Genomics (Thornton)
Molecular Evolution (Goldman)

- Text-Mining (Rebholz-Schumman)
Computational Systems Biology (Le Novere)
Statistical array analysis (Huber)
Genomic analysis of regulatory systems (Luscombe)
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Computer simulation Vs. mathematical models

One would like to be able to follow this more general process
mathematically also. The difficulties are, however, such that
one cannot hope to have any very embracing theory of such
processes, beyond the statement of the equations. It might be
possible, however, to treat a few particular cases in detail with
the aid of a digital computer. This method has the advantage
that it is not so necessary to make simplifying assumptions as
it is when doing a more theoretical type of analysis.

A.M. Turing (1952). The chemical basis of morphogenesis. Phyl
Trans Roy Soc Lond B237: 37-72

[About the development from one developmental pattern to
another, a non-linear process]
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3L-EBI Simulation in Neurobiology

T
Hodgkin and Huxley

"A Quantitative Description of Membrane Current and its Application to Conduction and
Excitation in Nerve". J Physiol 1952, 117: 500-544

Rall
“Branching dendritic trees and motoneuron membrane resistivity". Exp Neurol 1959, 1: 491-527

[NEURON] Hines
"A program for simulation of nerve equations with branching geometries".
Int ] Biomed Comput 1989, 24:55-68

[GENESIS] Wilson, Bhalla, Uhley, Bower
“GENESIS : A system for simulating neural networks.” Advances in neural information
processing systems. Touretzky, D. ed, 1989, pp. 485-492

Land, Salpeter, Salpeter

"Kinetic parameters for acetylcholine interaction in intact neuromuscular junction".
Proc Natl Acad Sci USA 1981, 78:7200-7204

[MCell] Bartol, Land, Salpeter, Salpeter
“Monte Carlo simulation of miniature endplate current generation in the vertebrate
neuromuscular junction”. Biophy J 1991, 59: 1290-1307

Changeux, Courrege, Danchin
"A theory of the epigenesis of neural networks by selective stabilization of synapses".
Proc Natl Acad Sci USA 1973, 70: 2974-2978

Tsodyks and Markram

"., “The neural code between neocortical pyramidal neurons depends on neurotransmitter
Computational

Neufobiologiy

release probability”. Proc Natl Acad Sci USA 1997, 94: 719-723 et SISIEE po



the Medium Spiny Neuron of the striatum
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Kinetic model of receptor function
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“l'iﬂl Excitatory post-synaptic potential

/ “FTRStochSim
Fle Simuation Options Help

voatresults: EPSP AChDynValue

close I lines? I “update. I _P_ﬁﬂiafl zoominX | zoomin¥ | zeomoutX | zoom outy
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Compartmental models

BC A
l 20mV

10 ms

De Schuter and Bower (1994) J Neurophysio, 71: 375-419




“l‘“' Multiple afferent signals

Cerebral cortex
(glutamate)

-

Medium spiny neurons

(GABA) Ve

N

Substantia nigra
(dopamine)

Large aspiny heurons
(acetylcholine)

)

Fundamental Neuroscience
Squire et al. 2" ed(2003)
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3L-EBI Dopamine mesotelencephalic pathway

Neocortex
@—( Glu
Voluntary motion
B . (GABA Emotional control
N Reward
I DA Learning
i Parkinson's
Striatum Huntington
Drug addiction
Schizophrenia
GPe
Thalamus
Subthalamic
nucleus
SNc
GPi/SNr
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wl-iﬂl Dopamine mesotelencephalic pathway
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L-EBI DARPP-32, a signal integrator
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3L-EBI Model of DARPP-32 regulation

Upinder Bhalla

Ca2+

T

Thr/> CKl «—— PP-2B

PP-2A —Vl T<— CDK5

DARPP-32 — > [Serl37
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PP-2C
> | |
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SL-EBI Negative loops: “russian dolls”

CD\A CaMKIl

K1 <&—— PP-2B
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Choose the right formalism

I
kds kcat kap d[P]
E+S=*—» ES™*——» EP *———» E+P = kdp[EP] - kap[E][P]
as kcat P dt
kds kcat kap
E+S*—%» ES —— » EP ®*—» E+P catalysisirreversible
kas kdp
ksa kcat i
< product is consumed
E+S W ES ——» E+P before rebinding
\Eif dIP] [E] kcat
S > P steady-state dt = m
1+
Leonor Michaelis, Maud Menten (1913). [S]

Die Kinetik der Intertinwerkung, Biochem. Z. 49:333-369.

G. E. Briggs and J. B. S. Haldane (1925)
A note on the kinetics of enzyme action, Biochem. J., 19, 339-339.
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)L-EBI Signal Transduction # Metabolic Control

e Signal transduction and steady-state are contradictory.

* Enzyme, substrate, product are proteins:

- [S] ~ [E]
- Rebinding of product is not negligible.

* Approximations are context-dependant: Model composition
becomes questionable (validity of the assumptions), or even
impossible (no explicit representation of some species).

* Michaelis-Menten is an approximation meant to ease
analytical work. In most case we don't need it anymore,
and should use elementary steps, representing all
molecular species.

= computers do (part of) the job for you!
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3L-EBI The complete model

57 species, 104 reactions

*D + CDK5 < D_CDK5 — D75 + CDK5

B * D75 + PP2A < D75_PP2A — D + PP2A *D + PKA < D_PKA — D34 + PKA
B * D75 + PP2AP < D75_PP2AP — D + PP2AP * D34 + PP2B < D34_PP2B — D + PP2B
* D137 + CDK5 < D137_CDK5 — D75-137 + CDK5 * D75 + PKA < D75_PKA — D34-75 + PKA
*D75-137 + PP2A < D75-137_PP2A — D137 + PP2A * D34-75 + PP2B < D34-75_PP2B — D75 + PP2B
* D75-137 + PP2AP < D75-137_PP2AP — D137 + PP2AP * D137 + PKA < D137_PKA — D34-137 + PKA
* D34 + CDK5 < D34_CDK5 — D34-75 + CDK5 * D75-137 + PKA < D75-137_PKA — D34-75-137 + PKA

* D34-75 + PP2A < D34-75_PP2A — D34 + PP2A

* D34-75 + PP2AP < D34-75_PP2AP — D34 + PP2AP

* D34-137 + CDK5 < D34-137_CDK5 — D34-75_137 + CDK5
* D34-75-137 + PP2A < D34-75-137_PP2A — D34-137 + PP2A * D75 + PKA < D75_PKA

* D34-75-137 + PP2AP < D34-75-137_PP2AP — D34-137 + PP2AP *D34-75 + PKA < D34-75_PKA

* CK1 + CK1 < CK1_CK1 — CK1P + CK1
* CK1P + PP2B < CK1P_PP2B — CK1 + PP2B

° - - L) - -
«D + CK1 € D CK1 — D137 + CK1 D34-75-137 + PKA D34-75-137 PKA

* D137 + PP2C < D137_PP2C — D + PP2C «R2 PKA2 + CAMP < CAMP R2 PKA2

* D75 + CK1 < D75_CK1 — D75-137 + CK1 « CAMP_R2_PKA2 + CAMP <> CAMP2_R2_PKA2
* D75-137 + PP2C < D75-137_PP2C — D75 + PP2C - CAMP2_R2_PKA2 + CAMP < CAMP3_R2_PKA2
* D34 + CK1 < D34_CK1 — D34-137 + CK1 * CAMP3_R2_PKA2 + CAMP < cAMP4_R2_PKA2
* D34-75 + PP2C < D34-75 PP2C — D75 + PP2C * CAMP4_R2_PKA2 < cAMP4 R2 PKA + PKA

* D34-75 + CK1 & D34-75_CK1 — D34-75-137 + CK1 « CAMP4_R2_PKA < cAMP4_R2 + PKA

* D34-75-137 + PP2C < D34-75-137_PP2C — D34-75 + PP2C
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Effect of CDK5 activity
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wl-iﬂl Classical view of the synapse

One kind of transmitter
One kind of receptor
Homogenous distribution

Frozen in space and time
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Structural complexity

Atlas of Ultrastructural Neurocytology
http://synapses.mcg.edu/atlas/eurosci

Shoop et al. (2002)
J Neurosci, 22: 748-756

'_

Compltational
Neufobiologiy



€ B Movie NM]

L‘ampﬁ.ta!fanau‘ %: o : m
NeufobiologLy .



3L-EBI The position of receptors affects the signal

Franks et al. (2003) J Neurosci, 23: 3186-3195
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Complex post-synaptic machinery
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Equilibrium
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Receptors for neurotransmitters are moving

Barry and Ziff. (2002)
Curr Opin Neurobiol, 12: 279-286

Choquet & Triller (2003)
Nat Rev Neurosci, 4: 251-265
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Multi-scale multi-algorithm problem

Whole-neuron
Cable theory
lum-1m
Ims-1lweek

c

Synapse

Stochastic algorithm

Inm-100nm
1us-1ms

Signaling network
ODE

1um-10um
1s-1d

Dendritic spine
Diffusion, PDE
100nm-1pm
1ms-1s
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3L-EBI Modelisation: the collaborative approach

All these programs speak SBML
(Systems Biology Markup Language)

)
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4 stochastic
e N
i VCell E-cell MesoRD MCell
I SmartCell StochSim
I GENESIS |
Whole-cell -
\
SBW DB interface
BioSPICE CellDesigner KEGG
Jarnac Reactome
NEOSIM
Copasi
N GRID, RPC

BML
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Systems Biology
Markup Language

home * contacts * documents * downloads * FAQs * forums * Leveld * models * news * online tools * wiki * workshops

A Tool-Neutral Exchange Format

The Systems Biology Markup Language (SEML) is a computer-readable format for representing models of
biochemical reaction networks. SEML is applicable to metabolic networks, cell-signaling pathways,
regulatory networks, and many others,

Internationally Supported and Widely Used

=BML has been evolving since mid-2000 through the efforts of an international group of software developers
and users. Today, SEML is supported by over 60 software systems, including the following (where ™'
indicates SBML support in development):

BalLSA
BASIS
Bio Charon

fodesto
Moleculizer
FADIRLT
fonod
et Builder
Pathsrt

Cellerator JDesigner
Cellware Jigg Cell
Corasi JEIM

biocyc2 5BML Cytoscape JWS"

BinGrid DBsolve Karyote®
BioMet Gen Dizzy KEGG2SEBML
Bio Sketch Fad E-CELL Kinsalwer™ FathScout StachSim
[Drashboard acell libSEML Fa\ESy STOCKS
BioSpreadsheet ESS LION Target Engine  Patheay Builder  Trelis
BinoLIML FluzAnalyzer Math SEML Process DB Wirtual Cell
BSTLak Gepasi MesaRD Fy5Ces” WLa Suite
CADLMWE INSILICO discovery Metabologica SEMLToolbo:  Win3CAMP
CellDesigner Jarnac MMT2 SBW

A Free and Cpen Language

SClpath
Sigrnoic®
SigFath
SigTran
Simpathica
Simiiz

Advances in hiotechnology are leading to larger, more complex models. The systems hiology community
needs information standards if models are to be shared, evaluated and developed cooperatively. SEML's
widespread adoption offers many benefits:

« Enabling the use of multiple tools without rewriting models for each tool

« Enabling models to be shared and published in a form other researchers can use even in a different
software environment

« Ensuring the survival of models (and the intellectual effort put into them) beyond the lifetime of the
software used to create them

Does Your Software Subbort SBML?

=
LibSBML 2,20 Released!
(ovtioderd, 2004 A new version oflibSERL is now auvailable.
It s full of mew features, including suppaort for Lisp and Ped.
riad more

-
HathSEML 2.4.0 Released!

(Segtainber 24, 20041 A mew version of MathSERL is now
arailable. 1t adds new feahres and support for even more SERL
and mathii L constucts,

read more
|/

=

SEMLToolbox 1.0 Released!

(Septerler 27, 20045 SEMLTo0lboR lets wou work with SERL
models in MATLAE. 1 provides functions for reading and writing
SE L, converting and manipulading models, and more,

| read mote

| Fomm meeting in ootobed
(Sepdenndar 10y 20050 The nertSBML Fomm meesting will be
october 14- 15, ight after 12 S E 2004 in Heidelberg, Garmani.
| read more

| Announcement MesoRD

(Segtamber B 2004 MesaRO s astochastic simulator of
reactions and diffusions in space. Itimplements & new simulation
method and suppors SERL.

read more

See older news items.
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31-EB Requirements for mathematical models

T
Bench biologists need to find models relevant for their research.

Modellers need to reuse existing models, or portions of models, rather than
rewrite them from scratch. Model composition on a large scale will be possible
only if we have such a model “shopping cart”.

But ...
- No true database of models, only repositories, sometimes with side information.
- few quality control on the models available online (JWS excepted).
- No annotation of models: reactants are A,B,C, reactions 1, 2, 3 etc.

- Lack of standards on production, curation and annotation of models.

= Biomodels.net: collaboration between Caltech, EMBL-EBI, SBI, JWS etc. etc.

- SBML: Systems Biology Markup Language

- MIRIAM:
Minimum Information Requested In the Annotation of Models

- Controlled vocabularies:

 Parameters: Kd, Ka, Kp, IC50 ARE DIFFERENT!
e “Michaelis-Menten”, “Mass Action Law” etc.

- Biomodels database, a database of “Systems Biology Models”

L\ .
- E 3 e,
et e,



’lﬂl-ﬂil Models repositories already exist

SBML model repository [SBML]
CellML models repository [CellIML][curation]] ]

JWS online [SBML, Pysces][curation]
E-Cell Developer Network [E-Cell, SBML]
DOQCS [GENESIS][curation]] ]
SenselLab ModelDB [NEURON, GENESIS]

)

Cumpl:lta!fnnaf _"Z."_...".,JE I TE
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Biomodels database

Originally a collaboration between the EMBL-EBI, and SBML core team.
Forthcoming collaborations: Keck Graduate Institute, EML, JWS
plus X plus Y plus you.

Each model served by the database will be published (submitted or in the
press will be processed but kept private).

To be accepted in biomodels, a model has to be semantically correct, i.e.
when instanciated, provides values corresponding “well” to the results
described in the publication.

Model components are annotated: creator, publication, Gene Ontology,
Taxonomy, Reactome, UniProt, KEGG, OMIM, ChEBI etc.

= search for all models related to “synaptic plasticity”, “Hodgkin” or
“CALM_HUMAN"

e i



wl-iﬂl Structure of Biomodels

e curators annotators You
I
GENESIS MatLab
SBML —py>€mantic SBML
curation
CellML CellML
MatLab ENESIS

Mathematica
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==l EMBL-EBI
g
'y uropean Bioinformatics Institute
EBI Home About EBI Research Services Toolbox Databases Downloads Submissions

Person:

BIONAODELS. NET Mndels

“iou can search for models using one or mare of the following criteria;

Blotodelz 10— Allows to retrieve only the madels whose BioModels identifier contains the entered string. For instance, if you enter 3, only the models with
BinModels identifier SASMIOO0000003, SIS DOOON0TT, BISME0X0000033, etc., are returned.

Fersore — Permits to retriese anly the models where the full name of the submitter, andfor of the creators, contains the entered string. For instance, if vou enter
Mitcavzs, only the models submitted by Micodes Le Mowvére are returned; if you enter Shaois, only the models created by Sruce Sfapiae are returned .

SEML Eferrents — Allows to retrieve only the models whose hames of varions SEML elements (such as model, corpartrents, species, reactions, etc. ) contain the
entered string, for example a0f OF Mok,

Fubdicalionr — Permits ta retrieve only the models whase publication Fubbed 1D, title andior abstract contain the entered string, for example 5255450 ar cwciis.
Fesource (8 — Permits to retrieve only the models whose SEML element annotations contain the entered identifier for the selected resource, for example
CHESNTEIZZ or 15422 for ChEB|, GE& 007045 ar 2045 for Gene Ontology, 852758 for Beactome, or 8575 for Taxonomy .

For each criteria, the search operates on a condains B enlered s basss, case-insensitive. That is, searching Person far Acs ar seco will return the same results as
searching for Micodes ar fieodzs. Inaddition, since search strings are treated as words, do not enter regular expressions.

fultiple criteria can be combined with either 373 or o If andis selected, only those models satisfying all the criteria will be returned. If instead o is selected, all the models
satisfying at least one of the criteria will be returned.

BioModels ID: |

SBML Elements:l

Publication: |

Resource ID: | EIND ;l I
Resource ID: I EIMD ;l I
Resource ID: | EBIND j I

Cornpose by * and i.'“ ar
Search | Reset |

Top Last modification: FH Mar 11 14:4 317 GWT 2005 Confact ]
=
m @' | Connecting to vy ehiac ol |_|iﬂl:é=h|
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@0 Q @ @ 'E?.}. http: ffwww ebi.ac. ukfcompneur-srefbiorodels-dermofsearch jspracn=5SRC =:.'.’;| [\-;g.ﬁehfcﬁ-ﬂ
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uropean Bioinformatics Institutea

EBI Home About EBI Research Services Toolbox Databases Downloads Submissions
BIOMODELS DEMO

RIONAODELS. NET Mudels

The zearch returned 3 models.

Mew Search

BIOMO00a0000005 Gardner 1895 Cell Cycle Goldbeter Micolas Le howvére 2005-02-11T22:35:24 A5266 76 SEML
BlODO00000001 1 Levchenka2000_MAFK_noScaffold Micolas Le Movérs 2005-03-07T23:42:13 10523959 SEML
EIOMDBO000000001 4 Levchenko2000_MAPK_Scaffold Micolas Le Mowvére 2005-03-05T00:11:41 10523939 SEML
Mew Search
Top Lastmodification: Fri mar 11 14:4 317 GMT 2005 Confact
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| [C search | C-:l:gg

EBl Home About EBI

BIOMNAODELS. NET

Netrfolrioiomgey

BL-EBI

E uropean Bioinformatics Institute

Research Services Toolbox Databases Downloads  Submissions
BIOMODELS DEMO

2=tz arg i Models

Wiou can search for models using one or more of the following criteria;

BioMadels 1L — Allows ta retrieve only the models whose BioModels identifier containg the entered string. For instance, if you enter 3, anly the models with
Biokodels identifier SEMIOO000000T, BIGMOOOO0000N0T S, SISO 000000033, ete, are returned,

Fersaty — Permits to retrieve only the models where the full name of the submitter, andior of the creators, containg the entered string. For instance, if you enter
Micotas, only the models submitted by Alcoizs Lo Movdre are returned; if you enter Shaoie, only the models created by Sruce Shapio are returned.

SEML Efements — Allows to retrieve only the models whose names of various SBML elements (such as model, compartments, species, reactions, etc. ) contain the
entered string, for example ach or mask.

Fubication — Permits to retrieve only the models whose publication FubMed 1D, title andior abstract contain the entered string, for example 9255458 or cwcl.
Aesaurce i — Permits to retrieve only the models whose SBEML elerment annotations contain the entered identifier for the selected resource, for example
CHEBTESZZ or 15422 far ChEEBI GO 007043 or 7049 for Gene Ontology, 55275 for Reactome, of 6575 for Taxonomy .

Faor each criteria, 1 BIND fromirnndn s m s s e e e s s dmem b0 Basds, caAse-insensitive. That is, searching Persor for Mis or sécs will return the same results as
searching for ."t.l'.v:.-:r TLEn reated as words, do not enter reqular expressions.
fultiple criteria car Ensernbl eod, only those models satisfying all the criteria will be returned. If instead avis selected, all the models
satisfing at least Ky Ontology

IntEnz

InterPro

BioModels I: | KEGS Compound

Person:

SBML Elements:

KEGG Pathway
KEGS Reaction
Cnline Mendelian Inheritance in Man

Reactorne
Publication: E‘:ITF?:D?E"“F
Resource ID: EGene Ontology P IGO:UUU?D49
Resource ID: I BIMD x| I
Resource ID: | BIND | |

Compose by * and 8 or

Search | Reset |

F s
e}

Top Last modificadion: Fri har 11 14:4 517 GMT 2005 Contact [T
=
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EBI Home About EBI Rﬂs&arch Services Toolbox alabases Dnloads Submissions
BIOMODELS DEMD
BIORADDELS NET Search LULEEE
The zearch returned B models.
Mew Search
ElOMDO0000000005 Goldbeter 1981 _rdinkdit Oscil Micolas Le Mowere 2005-02-10T14:33:09 1833774 GERL
BIO M DOOO0000004 Goldbeter 1951 _Minbdit Oscil_Explinact Micolas Le Mowére 2005-02-10T14:33:43 1833774 SEML
BIOMDOO00000005 Tyson1991_ CellCycle Bwar Micolas Le Mowére 2005-03-08T00:21:09 1831270 SEML
BIOMDO00000000E Tyson1991 _ CellCycle 2war Mizolas Le Mowére 2005-02-08T18:37:08 1831270 SEML
EIORDO00000000Y Movvak1997 CellCycle 13wvar Migolas Le Movére 2005-02-10T14:25:45 9256450 SEML
ElOMDO0000000005 Gardner 1935 _CellCycle_Goldbeter Micolas Le Movére 2005-02-11T722:35:24 Q326676 SEML
Mew Search
Top Lestmodification: Fri mar 11 14:4 317 GWT 2005 Confect
[i] & | Done Ee=mu




#f =+ BioModels Demo - Mozilla. = Jﬁ—
. Q @ Q ]Q} http:ftwww. ebi. ac ulkfcompneur-srytbiomodels-demofsearch.jspracn=5RC : I [Ck e l = Q .Lm]

BL-EBI

urupaan Bioinformatics Institute

EBl Home About EBI Research Services Toolbox Databases Downloads Submissions
BIOMODELS DEME

BIONAODELS MNET Mndels

The search returned & models.

ey Search

B0 DA0000000035 Goldbeter1991 _MinhditOscil Micolas Le Movérs 2005-02-10T14:33:09 16335774 SEML
B0 DA000000004 Goldbeter1 991 _Minhdit Oscil_Explinact Micolas Le Mowvérs 2005-02-10T14:33:43 1833774 SEML
B0 DA000000005 Tyson1991_CellCycle_Bvar Micolas Le Mowvérs 2005-03-05T00:21:09 1831270 SEML
B0 DA000000006 Tyzon1991 _CellCycle_2var Micolas Le Mowvérs 2005-02-058T15:37:05 1831270 SEML
Metrfobinioge; .
B0 CA000000007 Mowvak1897_CellCyele_13var Micolas Le Mowérs 2005-02-10T14:25:48 9256450 SEML
B0 DO000000005 Gardner 1995 _Cell Cycle_Goldbeter hMicolas Le Movérs 2005-02-11T22:35:24 95266 7E SEML
Mew Search
Top Lest modificadion: Fri tar 11 14:4 317 G WT 2005 Confact
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Reference Publication: 9256450

Creators: Bruce Shapiro

Compitational
Necfoblofogy

Reaction1
Reactants: Empty Set
Products; mass
Modifiers:

Reaction2
Feactarits: Empty Set Reactome 55510 69262

Products: G2k
Modifiers:

Reaction3 e ;
Feactants: G2k Gene Ontology G0:0005054

Procucts: EmptySet
Mrc'.jdi#érss:urgE : Reactome B9271 BA7EE

Reactiond
Reactants: Empty Set
Froducts: B
fodifiers:

Reactiond
Feactants: B

Products: Empty Set
Modifiers:

Reactionb f i e
Feactarts: GIK ‘Gene Ontology GO:0045756

Products: PG2 o [
Modifiers: Yeel Reactome BY2E0

Reaction? it i
Feactants: PG2 SR G0 005707
Products: G2k e :

Modifiers; Coe2S Reactome 69263

Reactiond
Reactants: G2K R

Products; G2R

Modifiers:

Beactiond




Novak and Tyson Cell Cycle Model (1997)

Citation

Movrak B, tyson [J(1887) Modeling the control of DMA replication in fission yeast, PHAS,
Uss, 94:91 47-9152, http:/ v phas.org/cgi/content/abstract 9451 7/91 47

Description

A cell cycle model with 13 dynamic variables (

Cdc2h,GLE, Gl R=[Cig2/Cdcz/Rum]l 1,G2E=[Cdcl 3/Cdc2], G2R=[Cdcl 3/Cdc2/Ruml ], IE=[
Intermediary enzyme] mass, PE2=[Cdcl 3/P-Cdc2] PGZR=[Cdcl 3/P-Cdc2/Buml ] B=[

Fuml ],ULE, UbEZ, Weel} and two auxilllary wariables MPF = GZE.+ heta*PGZ,

SPF=MPF +alpha*G1E +Cigl, (alpha, beta, Cigl constants) . MOTE: The following switches
in the published model are MOT described by the SBIML: " Switches(i) When SFF crosses
0.1 frorm below, 5 phase is initiated (Start).(ii) When UbBE crosses 0.1 from above, the cell
divides functionally (mass-=masg/2), although wisible cytokinesis may be delayed.(iii) 80
tnin after Start kp is divided by 2, and at cell division kp is multiplied by 2." [ from Table

n=ExP&tnm=species¥species

| [C search | ‘:-.:“ga

1 of the cited reference).

Rate constant

Q

000175

0.00495*mass[t]

0.0075*(1 - UbELt]) + 0.25*UbE[t]
0.0075*(1 - UbE[t]) + 0.25*UbE[t]

0.015

0.025%(1 - CdeZ5([t]) + 0.5%Cdc25[t]
0.035%1 - Weel[t]) + 0.35%Weel [t]
0.0375*%(1 - UbEZ[t]) + 7.5*UbEZ[t]

0.05 + 0.0075*(1 - UBE[t]} + 0.25*UbE[t]
0.05 + 0.0075+#(1 - URE[t]} + 0.25*UkE[t]
008375

0.1

0.1

0.1

01875

0.1875

0.1875

01875

0.4 (GZE[t] + 0.05 PG2[t]) = unassigned [ hill vmax)
10

Reaction
GlR-= R
Emptyset -= GLE
EmptySet -= mass
GZE -= Emptyset
PGZ -= Emptyset
Emptyset -= GZE
PGE = GZE

G2F -= PGZ

G1E -= Emptyset
GZR-= R

FGZR -= R
Emptyset = R
GlR-=GlE + R
GZR-= GZE + R
PGZR -= PGZ + R
GlR -= GlE

G2ZR -= GZE
PGZE -= PG2

R -= Empty=et
1-IE|-=1IE

GlE + R-= GLR

ownloads Submissions

fltdl SCHEO
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| + # Cwlin &(E associated events during G2¢W fransifion
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[Homo sapiens]
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compleqes
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Weel/mytl : - C;"E pT14Y15
- (Cyclin A/B ._[é(‘;’k“

-

Cdc25 _ )
inactive

Phosphorylation of proteins
involved in G2/M transition

Citing

Go!




p LLFE || o B _l_l.ﬂ

S0 KOO a0
Q O @ O ]"7‘3} http: e ehi ac ulkfcompneur-srefhiomodels-demofsearch. jspFacn=5RC : I [@L search 1 c:"-'h'ga
b |
[ ¥

-
b

EBI Home About EBI Research Services Toolbox Databases Downloads Submissions
BIOMODELS DEMO

BIONAODELS. NET Mndels

BioModetls Demo The search returned 4 models.
i1 Browse Mew Search
----- Search
tons Sbrnit :
i"!‘ﬂ-"ii""é-"-ﬂi
----- Replace o h
i Delete ElOMO0000000003 Huang1 396 MAPE ultrazens Micolas Le Mowvére 2005-03-06T23:15:46 BE1E754 SERL
----- Annotate
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, B[Ok DO000o0oo 0 Kholodenko2000_MAFK feedback Micolas Le Mowvére 2005-02-12T17.31.53 10712587 SEML
Contact
: B[O RMDOD00000071 1 Levchenko2000_MAFE _noScaffold Mizolas Le Mowvére 2005-03-07T23:42:13 10823539 SEML
- :
Cormpmutational EIOMDO00000001 4 Levchenko2000_MAPE_Scaffold Micolas Le Mowvére 2005-03-08T00:11:41 108235939 SEML
Netrfolioiogyg
Mew Search
Top Lest modificadion: Fr tar 11 144517 GWT 2005 Confect
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Rio Models Deino Mozilla. | El x
o @ 0 | %% hittp: ffwww. ebi.ac.ukfcompneur-snefbiomodels-demaofshow. jsprhbid=BI0OMD0000000010 i [q Search ] C-:.E.[;
. D . Q =
b |
BIORADDELS . NET Kholodenko2000_MAPK,_feedback =
Biokdodels Demo
IIIII Bioisa Download SERML
Submitter: Micolas Le Rovére Gene Ontology GO:00001 65
Submizsion Date: 2005-02-12T00:15:12 Taxonomy 835
Last Modification Date: 2005-02-12T17:31:53
Reference Publication: 10712587
Creators: Herbert Sauro =
= Compartments
uvaol
MAPKKE UniProt FAF1 XEMLA
Compartrnent: uiol S
Initial Amount: 90
MAPKKK-P UniProt FAF1 XEMLA
Compartrnent: uhiol el
Initial Armourt: 1
MAPKK =~ UniProt MP2K1 XEMLA
Compartrnent; uiol
Imitial Amount: 280
gl UniProk MFP2K1 XEMLA
Compartrent: uial
Imitial Armourt: 1
MBLRR-ER UniProt MP2K1 XEMLA
Compartrnent: uhviol
Initial Amount: 10
MAPK .
Eminartment kol UniProt ME01 KEMNLA
Initial Amount: 280
MAPK-F UniProt MEO1 XENLA
Compartment: utal
Imitial Amount: 10
MAPK-PP g
5 Cormtartroent - ool UniProt MKO1 RENLA _T
| [ & Er=E
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Negqative feedback and ultrasensitivity can bring about oscillations in the mitogen-activated protein
kinase cascades.

Kholodenko EN.

Department of Pathology, Anatomy and Cell Biology, Thomas Jefferson University, Philadelphia, PA 19107, USA.
Boris.Fholodenko@mail.tju.edu

Functional organization of signal transduction into protein phosphorylation cascades, such as the mitogen-activated protein
kinase (MAPE) cascades, greatly enhances the sensitivity of cellular targets to external stimuli. The sensitivity increases
multiplicatively with the number of cascade lewvels, so that a tiny change in a stimulus results in a large change in the response,
the phencmenon referred to as ultrasensitivity. In a variety of cell types, the MAPE cascades are imhedded in long feedback
loops, positive or negative, depending on whether the terminal kinase stimulates or inhibits the activation of the initial level.
Here we demonstrate that a negative feedback loop combined with intrinsic ultrasensitivity of the MAPK cascade can bring
about sustained oscillations in MAPE phosphorylation. Based on recent kinetic data on the MAPE cascades, we predict that the
period of oscillations can range from minutes to hours. The phosphorylation leswel can vary hetween the base lewel and almost
100% of the total protein. The oscillations of the phosphorylation cascades and slow protein diffusion in the cytoplasm can lead
to intracellular waves of phospho-proteins.

PMID: 10712587 [PubMed - indexed for MEDLINE]
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= Reactions: =

MAPKEE activation ; ;
Feactants: MAFKEE Gene Ountology GO:0000185 GO:0002345

Products: MAPKKK-F
Modifiers: MAPK-PF

MAPKEK inactivation
Feactants: MAFPKER-F
Products: MAFKKE
Modifiers:

phosphorylation of MAPKK
Feactants: MAPKR

Products: MAFPKK-F
Modifiers: MAFKKE-F

Gene Ontology GO:0004709

B AEREE Gene Ontology 500000186 GO:0004709

Products: MAPKK-FFP
Modifiers: MAPKEE-F

dephosphorylation of MAPKK-PP
Reactants: MAFPKK-PP

Products: MAPKK-F

Modifiers:

dephosphorylation of MAPKK-P
Reactants: MAPKK-F

Products: MAPER

Madifiers:

%g;:%ﬁgﬂﬂm“ MAPK. Gene Ontology GO0:0004708 ~

Froducts; MAFE-F
Modifiers: MAFKK-FF

I AT MARKR Gene Ontology GO.0000187 GO:0004708

Froducts: MAFK-FF
Modifiers: MAPKE-FF

dephozphorylation of MAPK-PP
Feactants: MAFK-FF

Products: MAFPE-FP

Modifiers:

Gene Ontology GO:0000153

dephoszphorylation of MAPK-P
Feactants: MAFE-F

Products: MAFK

Modifiers:

s L (=t 1]

| [ & E=E




O |@ http: ffwww, ebi. ac. ukfegofDisplayGoTermfselected=CG0: 0000185 l [@L Search ] Q?“jﬂ

I Ouick GO hane Search G0 Annotation home Documentation Browser FAL I

I Search:l I Search GO term namesfsynonyms ;" Search all ontologies :l Search GO |I

GO Term GO:0000183 [7]1= help
Tenm ID .
12 GO:0000185
Hame [7] |activation of MAFKER
Last
updated | 2001-03-30 04:29:44 10
il
Definition

7] prequiation of MAFERKE activity in response 1o a sighal.

Synonyms | activation of MAF kinaze kinase kinase
[#] | positive requlation of MAF kinase kinase kinase activity
positive requlation of MAFKKK activity

Hierarchy

[l

Wiew this term's parents in a denormalised tree.
Wiew with neither graph nor tree.

Hidle all selected terms except the primary one
Aodd more terms to the selection with a search

OO03E7E
Gene_Ontalocy

| Farent terms: |

. I IS A
|SE ected terms 0) |
I F&RT OF &
) ) 0003150
bialogiczl_proczss | Primary term |
J00998; . DosoFen
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<reaction id="Reactl3" metaid="000C2%" pname="Reactl3"=

<annotation=
<rdf:RDF xmlns:dc="http: //purl.orgsdc/elements/1.1/" xmlns:dcterms="http: //purl. org/dc/terms/" xmlns:rdf="http:/ fwww. w3, 0m

=rdf:Description rdf:about="#000028"=
<rdf:Bag=
=rdf:1i-
=dc:relation rdf:resource="http://www.geneontology org/"=
GO 0042165
=/dc:relation=
</rdf:li=
=/rdf: Bag=
</rdf:bescription=
</rdf:RDF=
=/annotation>

<notes:
<body xmlns="http:/ wew. w3.0rg /1888 xhtnl" >

=p=gecond ligand on desensiticed-</p=
=/body=
</notes=
<listOfReactants-
=speciesReference species="[0L" /=
=/list0fReactants=
<listifProducts>
=speciesReference species="[0LL" /=
</list0fProducts>
zhkineticLaw-
<notes-
<hody xmlns="http:/ www w3, 0rg 1999/ xhtml" =
=p=(kf 13 * DL - kr_13 ¥ DLL) * compl=/p=
< /body=
</motes-
<math xmlns="http:/fwww w3 orgs 1588 Math MathHL" =

=apply=

<minus /=

<apply=
~times /=
ciskf 13=/ci=
=ci=0l=/ci=

=/apply=

=apply=
<times /=
=cizkr_13=/ci=
<ci=flL=/ci=

</apply=>

=/apply=

<smath-
il | ]}]
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