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Why using mathematical models?
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Why using mathematical models?

Describe Explain Predict

Extracellular Medium
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What is a mathematical model?

Wikipedia (October 14t 2013): “A mathematical model is a description of
a system using mathematical concepts and language.”
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What is a mathematical model?

Wikipedia (October 14t 2013): “A mathematical model is a description of
a system using mathematical concepts and language.”

variables

[X]
Vmax

Kd

EC

50

length

1/2

What we want to know
or compare with experiments
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What is a mathematical model?

Wikipedia (October 14t 2013): “A mathematical model is a description of
a system using mathematical concepts and language.”

variables relationships
[X] _ Al [B]
Ka= [AB]
Vmax
d[X]/dt =k - [Y]?
Kd
EC,, ;[X]z' —F()=0
length k(t) ~ N(k, 02)

If mass; > threshold

112 then mass;;a; = 0.5 - mass

What we already know
or want to test
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What is a mathematical model?

Wikipedia (October 14t 2013): “A mathematical model is a description of
a system using mathematical concepts and language.”

variables relationships constraints
[X] _ 4] [B] x]>0
Ra="T1m] %
Vmax Energy conservation
dX]/dt =k -[Y]?
Kd Boundary conditions
Z[X]i —_F(t)=0 (v < upper limit)
EC50 i
Objective functions
length k(t) ~ N(k,o?) (maximise ATP)

If mass; > threshold

112 then mass;;a; = 0.5 - mass

TGAC, 17 October 2013

Initial conditions

The context or what
we want to ignore




\Y; i
Many levels of “modelling”

@
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The models | am talking about

biochemical modeII mathematical modeII

/ m Mo keIM] — kg[~PI[C2] + ko[CP]

N — [PMIF(M]) + ks[~PI[M]
~+ 4l s ' dIM1/dt = [pM (M) — ksi~PIIM] — ke[M]
d[Y)/dt = ky[aa] Nka[Y] — ks[CP[Y]
cyclin-P s 3 d[YP)/dt = kg[M] — R[YP]
edc?
P
aa
Parameter \ Notes
04 kal2al/[CT] - .
T
0.3 /\ *
(adjustable)
0.2¢f ¥

01}

0!
0

S|mulat|on| Tyson et al (1991) PNAS 88(1):7328-32 computational modeII
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Computational models on the rise

200 relationships

1000 - per model
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0 ~ 1000
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BioModels Database growth (published models branch) since its creation

http://www.ebi.ac.uk/biomodels/




Knowledge-based model creation
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EMEL-EBI

Training

Joint EMBL-EBI-Wellcome Trust Course: InSiIicu Systems Biology

Venue:
European Bioinformatics Institute, Cambridge, CB10 15D
United Kingdom

Date: Tuesday, June 25, 2013 - Saturday, June 29, 2013
Organizers:

Julio Saez-Rodriguez , EMBL-EBI

Micolas Le Movére , EMBL-EBI

Admin support:

Wellcome Trust Advanced Courses , Wellcome Trust Advanced Courses, UK
Registration Opens Date: Thursday, August 23, 2012

Registration Deadline: Friday, March 8, 2013

Participation: Cpen application with selection

Cwverview | Programme | Reqgistration | Trainers |
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EMEL-EBI

Training

Joint EMBL-EBI-Wellcome Trust Course: InSiIicu Systems Biology

Venue:
European Bioinformatics Institute, Cambridge, CB10 15D
United Kingdom

Date: Tuesday, June 25, 2013 - Saturday, June 29, 2013
Organizers:

Julio Saez-Rodriguez , EMBL-EBI
Micolas Le Movére , EMBL-EBI
Admin support: Starting on July 1, 2011 the KEGG FTP site for academic users will be transferred from
Wellcome Trust Advanced Courses , Wellcon] GenomeMet at Kyoto University to NPO Bicinformatics Japan, and it will be available only
Registration Opens Date: Thursday, Augzl to paid subscribers. The publicly funded portion, the medicus directory, will continue to
Registration Deadline: Friday, March 8, 20 be freely accessible at GenomeNet., The KEGG FTP site for commercial customers
Participation: Open application with select] Managed by Pathway Solutions will remain unchanged. The new FTF site is available for
free trial until the end of June. I

Cwverview | Programme | Reqgistration | Traing

Flease register to learn more about the KEGG FTP subscription.

Thank you!

Minoru Kanehisa
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EMEL-EBI

Training

Joint EMBL-EBI-Wellcome Trust Course: InSiIicu Systems Biology

Venue:
European Bioinformatics Institute, Cambridge, CB10 15D
United Kingdom

Date: Tuesday, June 25, 2013 - Saturday, June 29, 2013
Organizers:

Julio Saez-Rodriguez , EMBL-EBI
Micolas Le Movére , EMBL-EBI
Admin support:

Wellcome Trust Advanced Courses
Registration Opens Date: Thur
Registration Deadline: Friday,
Participation: Cpen application wi

| want my pathways
" G8ML

rainers |

Cwverview | Progr
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Systems Biology Markup Language

discrete events
arbitrary rules

Hucka et al. The Systems Biology Markup Language (SBML): A Medium for Representation
and Exchange of Biochemical Network Models. Bioinformatics (2003), 19: 524-531.

TGAC, 17 October 2013
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{QMU Systems Biology Markup Language

<?xml version="1.0" encoding="UTF-8"7>
<sbml level="3" version="1"-

xmlns="http://www.sbml .org/sbml/level3/versionl/core">

<model>
<list0fFunctionDefinitions> ='-- --= </list0fFunctionDefinitions>
<list0fUnitDefinitions> =/'-- --= </1list0fUnitDefinitions>
qiistﬁ?ﬁnmpartmentsh <l-- --= ﬂfiistﬁ?fnmpartmentsh

. <list0fSpecies> </-- --= </list0fSpecies>
variables <listO0fParameters> ='-- --= <flist0fParameters>
<list0fInitialAssignments> =/ -- --= </list0fInitialAssignments>
<listOfRules> = -- --= </list0fRules>
. . <list0fConstraints> ='-- --= </1list0fConstraints>
relationships <list0fReactions> =/-- --= <flist0fReactions>

<list0fEvents> =/ -- --= </1ist0fEvents>

</model>

</sbml>

TGAC, 17 October 2013
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<?xml version="1.0" encoding="UTF-8"7>
<sbml xmlns="http://www.sbml.org/sbml/level2/versiond" level="2" version="4">
<model name="Simple Model">
<list0fCompartments>
<compartment id="cell" size="1" />
</list0fCompartments>
<list0fSpecies>
<species id="A" compartment="cell" 1n1tlaIConcentratljf "1t =
"1

<species id="B" compartment="cell" initialConcentratio
</list0fSpecies>
<listOfParameters>
<parameter id="kl1" value="0.1"/>
</list0fParameters> _)
<list0fReactions> l\‘ E3
<reaction id="rl" reversible="false">

§ystems <listOfReactants> vl = k1 % [A]

2 <speciesReference species="A"/>
_Eil()l()s;)[ </list0fReactants>
<list0fProducts>
Markup <speciesReference species="B"/>
</1ist0fProducts>

Language <kineticlLaw>
<math xmlns="http://www.w3.0rg/1998/Math/MathML">

cm_ m <apply=>
JM L <times/>
\ <ci> cell </ci=>

<cli> k1l </ci>
<ci> A </ci>

</apoly> A very simple
< th= =
-:fkiﬂ:ticLaw:- SBML flle

</reaction>
</1list0fReactions>

</model>
</sbml>
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@[ 0] simplesBML - COPASI 4.8 (Build 32) /home/../2011-03-Modelsindustry/SimpleSBML.cps
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A community-driven global reconstruction of human
metabolism

Ines Thiele!**7, Neil Swainston®**7, Ronan M T Fleming'~, Andreas Hoppe®, Swagatika Sahoo',

Maike K Aurich!, Hulda Haraldsdottir!, Monica L Mo?, Ottar Rolfsson!, Miranda D) Stobbe®¥,

Stefan G Thorleifsson', Rasmus Agren'®, Christian Bélling®, Sergio Bordel'’, Arvind K Chavali'!,

Paul Dobson'?, Warwick B Dunn*!?, Lukas Endler'?, David Hala'®, Michael Hucka'®, Duncan Hull?,

Daniel Jameson®*, Neema Jamshidi”, Jon | Jonsson®, Nick Juty!'?, Sarah Keating!”, Intawat Nookaew!®,

Nicolas Le Novere!71%, Naglis Malys*1*%, Alexander Mazein?!, Jason A Papin!!, Nathan D Price®?,

Evgeni Selkov, Sr**, Martin I Sigurdsson', Evangelos Simeonidis®®*4, Nikolaus Sonnenschein®, Kieran Smallbone*26,
Anatoly Sorokin®!-*", Johannes H G M van Beek?®*C, Dieter Weichart™*!, Igor Goryanin®'+2, Jens Nielsen'?,
Hans V Westerhoff*2%3*, Douglas B Kell*%, Pedro Mendes™*¢ & Bernhard @ Palsson®”

Multiple models of human metabelism have been reconstructed, but each represents only a subset of our knowledge. Here we
describe Recon 2, a community-driven, consensus ‘metabolic reconstruction’, which is the most comprehensive representation
of human metabelism that is applicable to computational modeling. Compared with its predecessors, the reconstruction has
improved topolegical and functional features, including ~2x more reactions and ~1.7x more unique metabolites. Using Recon 2
wie predicted changes in metabolite biomarkers for 49 inborn errors of metabolism with 77% accuracy when compared to
experimental data. Mapping metabolomic data and drug information onto Recon 2 demonstrates its potential for integrating and
analyzing diverse data types. Using protein expression data, we automatically generated a compendium of 85 cell type-specific
models, providing a basis for manual curation or investigation of cell-specific metabolic properties. Recon 2 will facilitate many
future biomedical studies and is freely available at httpJ/fhumanmetabolism.orgl.

A not so simple
SBML file (Recon2

An understanding of metabolism is fundamental to comprehending
the phenotypic behavior of all living organisms, including humans,
where metabolism is integral to health and is involved in much of
human disease. High quality, genome-scale ‘metabolic reconstructions”
are at the heart of bottom-up systems biology analyses and represent
the entire network of metabolic reactions that a given organism is
known to exhibit!. The metabolic-network reconstruction procedure

is now well-established® and has been applied to a growing number
of model organisms®. Metabolic reconstructions allow for the con-
version of biological knowledge into a mathematical format and the
subsequent computation of physiological states'4 to address a variety
of scientific and applied questions™®. Reconstructions enable network-
wide mechanistic investigations of the genotype-phenotype relation-
ship. A high-quality reconstruction of the metabolic netwaork is thus

'Center for Systems Biclogy, University of lceland, Reykjauik, leeland. *Faculty of Indusirial Enginesring, Mechanical Engineering and Compuler Science, University

ol lceland, Reykjil, koelard. SMancheter Centre for Integrative Syatems Bioksgy, University of Manchester, Manchester Institute of Biotechaology, Manchester, UK.
A3chool of Computer Seience, University of Manchester, Manehester, UK. SDepartrent of Biozhemistry and Moleculs Biolagy, University of leeland, Reykjavik, loeland.
ECenmputational Syslens Biochemislry Group, Charité— Universititemed izin Berlin, Berlin, Germany. "Depatment ol Bioangnesrng, Universily of Calitarnia, San Diego,
La Jolla, Califarnia, USA. ®Degartment of Clinica demicliogy, Bicstatislics and Bioinformatics, Academic Medical Canler, University of Amsierdam, Armsterdam, the
Metherlands, “Metherlands Biinfoermatics Centre, Mipmegen, the Netherlands. '9pepariment of Chemical and Eiological Engineering, Chabmess University of Technology,
Guthenburg, Sweden. ! Department of Biomedical Engineering, University of Vieginia, Charlattesville, Yirginia, USA. 12Deparirment of Chemical and Biological Engineering,
University of Sheflield, Sheflield, UK. 13Centre for Advanced Diseovery and Experimental Therapeutics (CADETI, Central Manchester University Hespitals NHE Faundation
Trust, Manchester Aeadenic Health Stisnces Centre, Manchester, UK. “Institule far Theoretical Chemistry, Univeraity of Wienna, Vienna, Austria. L5Dapartrment of
Biokogy, Universily of Morth Teeas, Deniton, Texas, UShA. '5Du|n:|ululg and Mathemalical Sciences Departrent, Califarnia Instiute of Technology, Pasadena, Calitornia,
USA. "Eurcpean Malecular Biclogy Labaraiory, European Biainformatics Institute, Hirsten, UK. "®*Babraharn Institute, Babraham Resssrch Campus, Cambridge, UK.
19Fgculty of Lite Sciences, University of Manchester, Manchester, UK. ©School of Lile Sciences, Gibbet Hill Campus, University of Warwick. Coventry, UK. 213ehoal of
Infeernatics, Unisersity of Edinburgh, Edinbungh, UK. 22institute for Syatems Biology, Seattle, Weshinglon, USA, ZGenome Designs, Ine., Walmut Creek, California, USA,
28 uxem bourg Centre lor Systems Biomedicine, University of Luvemboung, Campus Belval, Eseh-sur-Alzette, Lusemboung. 2>Sehool of Enginesring and Science, lacobs
Univeraity Brasmen, Bremen, Germany. “55chool of Mathematics, University of Mancheater, Manchester, UK. 27Institute of Cell Biophysics, Russian Acadenmy of Scienoss,
Moscow region, Pushehing, Russia, “BDegartmeant of Mobecular Cell Physialogy, Vrije Unhersiteit, Amsterdam, the Netherlan s, 295ection Medical Genamics,
Department af Clinical Genetics, Vrije Universiteit University Medical Centre, Amsterdam, the Metherdands. 30Methadands Corsortium lor Systema Biohogy, Amstendam,
The Metherlands. 315 hoal of ey, The University of Manchester, Manchsester, UK. 2200 nawa Institube Science and Technology, Okinawa, Japan. 335¢hoal of
Chemical Ergireering and Analytical Scierce, University of Manchester, Manchester, UK. 295wamimerndam Iratitute lor Life Sciences, Faculty of Science, University

of Amsterdam, Ameterdam, The Netherlanis. 35Sehoal of Chamistry, The University of Maricheter, Manchester, UK. 35inginia Biainformatics Institute, Vinginia Tech,
Blackaburg, Vieginia, USA. 7 These authors cantributed equally t this wark, Comespandence should be addressed ta 1T, (ines thisle@gimail sorm).

Recaived 7 Saptember 2012, accapted 19 Decernber 2012; publighed online 3 March 2013, doi: 10.1038Mb1. 2488
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m 8 compartments
m 5 063 metabolites
m 2 194 proteins

m 7 440 reactions
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m  Core package — public specification

®m  Flux balance constraint — public specification
m  Model composition — public specification

= Qualitative models — public specification

m  Graph Layout — public specification
SBML Level 3

m Graph rendering — specification finalised .
P 9= P iIs modular

m Complex species — specification finalised

m  Groups - specification finalised

m Distributions and ranges - specification under
discussion

m  Spatial diffusion — specification under discussion
m Enhanced metadata — specification under discussion
m  Arrays and sets — specification proposed

®m  Dynamic structures - discussed

TGAC, 17 October 2013




Aims of the Path2Models project

m To re-use existing pathway data to generate biochemically based models

m  To provide a starting point to model as many biochemical pathways as possible
iIn @as many species as possible

m To provide models in a standard format readable by most systems biology
software

@MU ML

Pathways Models
In SBML In SBML

Pathways
In proprietary
formats

Graphical representation in SBGN

TGAC, 17 October 2013




What is GB3GN?

= An unambiguous way of graphically describing and interpreting
biochemical and cellular events: “biological circuit diagrams”

®m Limited amount of symbols
Re-use existing symbols
= SMmooth learning curve

m  Can represent logical or mechanistic models, biochemical pathways, at
different levels of granularity

m Detailed technical specification, precise data-models, standard API and
growing software support

m Developed over four years by a diverse community, including biologists,
modellers, computer scientists etc.

Le Novere et al. The Systems Biology Graphical Notation.
Nat Biotechnol (2009), 27: 735-741

TGAC, 17 October 2013




\:@GN;\ Graph trinity: three languages in one notation

Process Descriptions Entity Relationships Activity Flows

m

MEK

ERK

TGAC, 17 October 2013



Influence diagrams
ctivity flows)
Interaction networks >

O
O\(} Jz V

Four types of networks in systems biology

SN

-

Entity relationships l
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Activity flows

Path2models focus

O_ 4>O Process descriptions

TGAC, 17 October 2013




Influence diagrams (activity-flows)

m Signalling pathways,

RAF > gene regulatory networks
l m Nodes represent activities
MEK m Directional
l m Sequential

\Vi

m Non-mechanistic
ERK

m | ogical modelling

TGAC, 17 October 2013



http://www.genome.jp/kegg/pathway.html

LOMWG-TEFI POTENTIATION
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(o) http://stke.sciencemag.org/cm/
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Process Descriptions

m Biochemistry, Metabolic networks

m Nodes represent populations of
reactants and reactions

m Directional

P m Sequential
l J} ® Mechanistic

P2 m Subjected to combinatorial explosion

®m Process modelling (ODE, SSA)

TGAC, 17 October 2013



http://www.genome.jp/kegg/pathway.html
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| Home & Search| | Analyze, Annotate & Upload |

Switch Species:
Homo sapiens

+¢ Apoptosis
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+-%, [EREERIC e Cycle

+¢ Cell-Cell communication

) >

+¢ Cellularresponses to stress

+¢ Circadian Clock

+¢ Developmental Biology

+¢ MEEEECisease

+-%, DNARspalr

+-&, DNA Rsplication

+¢ MR Edracellular matrix arganization
+¢ Gene Expression

+¢ Hemostasis

+¥ MEEEER mmune System

+¢ Meiosis

+¢ Membrane Trafficking

=¥, W Etakolisim

+¢ Metabolism of carbohydrates

- & Inositol phosphats metabolism

+}-5. Synthesis of IP3 and IP4 in the cytog
+¢ IF3 and IP4 transport hetween cytos
+¢ Synthesis of IPs inthe nucleus
+¥ IPs transport between nucleus and
+¢ Synthesis of pyrophosphates in the
+¢ IPE and IPT transport between cytos
+¥ IPs transport between eytosal and E
+¢ Synthesis of IPs inthe ER lumen
+¢ IPs transport between ER lumen ar
+¥ IPs transport between ER lumen ar,
+¢ IPs transport between nucleus and
+¥ Synthesis of IP2, IF, and Ins in the c
+}-<5 [EEEEVetabolism of lipids and lipopk
+¢ Integration of energy metabolism

+¥ Metabolism of nitric oxide
+¢ The citric acid (TCA) cycle and respirat(®

+'!;', Metabolism of nucleotides

+¥ Metabolism of vitamins and cofactors
+¢ Metabolism of amino acids and derivat
+'!;', Metabolism of porphyrins

+¢ Biological oxidations
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Three parallel workflows

s Logical models
BIOCARTA ”'» 9

) of individual signalling pathways
= g agp y

Signalling
Pathways
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Kyoto Encyclopedia of
Genesand Genomes
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Signalling
Pathways

Metabolic
Networks

Three parallel workflows

. E:e — Logical models
el of individual signalling pathways
= g ap y
= Chemical kinetics models

of individual metabolic pathways
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Three parallel workflows

KF- = Logical models

P e 3 = of individual signalling pathways

Signalling
Pathways

= Chemical kinetics models
of individual metabolic pathways

Metabolic
Networks

E !pd of
find o

- Flux Balance Analysis
of whole genome reconstructions

EdMETACYC

Metabolic
Networks
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Signalling pathways: Logical models

m \ariables can take a discrete number of values, at least 2
m Transitions of output are expressed as logical combinations of input values

= Simulations can be:
synchronous: all the nodes are updated at once
asynchronous: nodes are updated one after the other

®  One can add delays, inputs etc.

A CBH AB G

1111 |[<*+—1]1]0

BML
- BN

1101 }—[1]0]0

C

Influence diagram state diagram
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From KEGG metabolic pathways to full kinetic models

KGML
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From KEGG metabolic pathways to full kinetic models

[@ KEGGtranslator
loloNellelle r

Core
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From KEGG metabolic pathways to full kinetic models

~

[@ KEGGtranslator
| ‘
ollelelielle )

KGML === g M U Which type?

GSML!

.
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Systems Biology Ontology vocabularies

m  Entities, that is existing objects, whether functional or material, such as
“macromolecule”, or “channel”.

Eh 1

m  Roles of reaction participants, including terms like “substrate”, “catalyst”
etc.

m Parameter used in quantitative models. This vocabulary includes terms
like “Michaelis constant”, “forward unimolecular rate constantetc. Aterm
may contain a precise mathematical expression stored as a MathML
lambda function. The variables refer to other parameters.

m  Mathematical expressions. Examples of terms are “mass action kinetics”,
“Henri-Michaelis-Menten equation” etc. A term may contain a precise
mathematical expression stored as a MathML lambda function. The
variables refer to the other vocabularies.

m  Modelling framework to precise how to interpret the rate-law. E.g.

7 11

“continuous modelling”, “discrete modelling” etc.

m  Event type, such as “catalysis” or “addition of a chemical group”.

Courtot et al. Controlled vocabularies and semantics in Systems Biology.
Mol Syst Biol (2011), 7: 543

TGAC, 17 October 2013




EEl * SBQ »* Browsing

htt

[] www.ebi.ac.uk - Systems Biology Ontology - SeaMonkey
u

p:/lwww.ebi.ac.uk/sbo/

Systems Biology Ontology

=]
= | SBO:0000000 - sho term
€9 SB0:0000236 - entity
= & SB0:0000231 - interaction

Hame
Briggs-Haldane rate law

Definition
Rate-law presented in"G.E. Briggs and J.B.5. Haldane (1925) A note on the kinetics of enzyme action,
Biochem. J., 19: 338-339". Itis a general rate equation that does not require the restriction of equilibrium
of Henri-Michaelis-Menten orirreversible reactions of Van Slyke, but instead make the hypothesis that the
comnl me-substrate is in quasi-steady-state. Although of the same form than the

= € SBO:0000064 - mathematical 2Xpressio

= & SBO:0DD0355 - conse
= & SBO:00D000T - T

in law

aw

Henri-Michaelis- tion, itis semantically different since Km now represents a
pseudo-equilibrium constant, ig equal to the ratio between the rate of consumption of the complex
(sum of dissociation of substrate and ation of product) and the association rate of the enzyme and
the substrate.

MathML

€ SBO:0000004 - modelling framework
€ SBO:0000003 - participant role
€ SBO:0000002 - quantitative parameter

Legend

&8 "is a" relationship

{ Contact EBl | @ Eumpean Bioinformatics Instiute 2008. EBI i an Outstation of the E

0268 - enzymatic rate law emath xmlns="httn- Lus
. ) . . J fsemantics definitinnURL="http:ffhinmndels.net}SEDJ#SBD:DDDDDE:"ﬂ
SB0:0000150 - enzymatic rate law far irrevers LT
i} SB0Q:0000151 - enzymatic rate law for i <hbwar®< definitiDnURL="http:IIhiDdeels.netISBDI#SBG:DDDDD:5">kcat<Ici><th3
] } <bwvarr«<gi definitionUBRL="http://biomodels net/SE0/#SEC0:0000014"*Ec<foi=</bwvar>
@ SB0:0000152 - enzymatic rate law for | <bvar><di definitionUBL="http://biomodels net/SBO/#5E0:0000015">S</ci></brar>
E]i} SBO-0000028 - enzymatic rate law for i =bwar><oj definitiDnURL="http:ffhionodels.nethBDI#SBG:DDDDB?l"}Km{Ici}{Ihvari
' <apply®
€ SB0:0000031 - Briggs-Haldane <diwvide/>
<apply>
€ 5B0:0000029 - Henri-Michaelis- <t ime
€ 5B0:0000199 - normalised enzy sclyficac</ei>
=Et</ci>
€ SB0D:0000030- Van Slyke-Cullel Zci=Se/ois
<fapply>
€ SB0:0000269 - enzymatic rate law for unireat <apply>
Frlyies e
€ SBO:0000192 - Hill-ype rate law, generalised form 4] Il
€ SBO:0000012 - mass action rate law Rendered equation
. \ fkcat, Er, §, Km) = XAt xEt x5
B0:0000391 - steady state expression ' s Em+5
Miscellaneous
Date of creation:
23 February 2006, 14:00
Date of last modification:
25 Movember 2008, 16:27
Parent(s)
SBO:0000028 enzymatic rate law for irreversible non-modulated non-interacting unireactant enzymes (is a)
Children
This term has no chiid.
History [+]

4]

Done

e F;TB'




f—l\/”jand SBO

“

<listOfCompartments>
<compartment id="C” sboTerm="SB0:0000289">
</listOfCompartments>
<listOfSpecies>
<species id="A" sboTerm="SB0:0000247" />
<species id="B” sboTerm="SB0:0000247" /
<species id="C"” sboTerm="SB0O:0000014" />
</listOfSpecies>
<listOfReactions>
<reaction sboTerm="SBO:0000172">
<listOfReactants>
<speciesReference species="A" sboTerm="SB0O:0000015"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="B” sboTerm="SB0O:0000011"/>
</listOfProducts>
<listOfModifiers>
<speciesReference species="C” sboTerm="SB0:0000014"/>
</listOfModifiers>
<kineticLaw sboTerm=”"SBO:0000031">
<listOfParameters>
<parameter id="U" sboTerm="SB0:0000008"/>
<parameter id="V"” sboTerm="SB0:0000025"/>
</listOfParameters>
</kineticLaw>
</reaction>
</listOfReactions>
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{W}and SBO

<listOfCompartments>

— _
<compartment id="C"” sboTe%g="SB0:0000289">7 P functional compartment
</listOfCompartments>
<listOfSpecies> . .
<species id="A" sboTeS=sat Sy I < S,lmplle cnem,lcall
<species id="B"” sboTe¥% o 7 < Sélrr\gpriec emica
<species id="C"” sboTewa= :0000014%r77> . y
</listOfSpecies>
<listOfReactions>
— .
<reaction sboTeWg="5B0:0000172~>” > catalysis
<listOfReactants>
<speciesReference species="A" sboTer@BO:OOOOOlD P substrate
</listOfReactants>
<listOfProducts>
——
<speciesReference species="B" sboTer@BO:OOOOOly » product
</listOfProducts>
<listOfModifiers>
<speciesReference species="C" sboTer@BO:OOOOOlD catalyst
</listOfModifiers>
<kineticLaw sboTex@Bo:ooooo.?D P Briggs-Haldane equation

<listOfParameters> ~—
<parameter id="U”" sboTernl 4 P Km
<parameter id="V"” sboTernQ”SBO:0000025"/>) P kcat

</listOfParameters>
</kineticLaw>
</reaction>
</listOfReactions>
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Conversion between modeling frameworks

<listOfCompartments> discrete simulator
<compartment id="C” sboTerm="SB0:0000289"> (k +V)
</listOfCompartments> 1{122-—;L———-[/1]-[(j]
<listOfSpecies>
<species id="A" sboTerm="SB0:0000247" /> .
<species id="B” sboTerm="SB0:0000247" / V2—k_1‘[D]
<species id="C"” sboTerm="SB0O:0000014" />
</listOfSpecies> v3=V [D]

<listOfReactions>
<reaction sboTerm="SBO:0000172">
<listOfReactants>
<speciesReference species="A" sboTerm="SB
</listOfReactants>
<listOfProducts>
<speciesReference species="B” sboTer
</1listOfProducts>
<listOfModifiers>
<speciesReference species="C"” s

£0000015" />

”SBO:0000011"/>

/e emesn0: 0000014, CONTINUOUS simulator

</listOfModifiers>
<kineticLaw sboTerm="SB0:0000031"> —> ., _ C.-V. [A]
<listOfParameters> o (l] e [fi])
<parameter id="U" sboTerm="SB0:0000008"/>

<parameter id="V"” sboTerm="SB0:0000025"/>
</listOfParameters>
</kineticLaw>
</reaction>
</listOfReactions>
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{IMU to \@\ conversion using SBO

<listOfCompartments>

. _ o .
<compartment 1id="C"” sboTewg="SB0:0000289°.5
</listOfCompartments>
<listOfSpecies> (::)
<species id="A" sboTewy 7> < O
<species id="B"” sboTe¥% 7 <
<species id="C"” sboTewa= 00000142-7> > D
</listOfSpecies>
<listOfReactions> ~ ]
<reaction sboTeMg="SB0:0000172%> >
<listOfReactants>
<speciesReference species="A" sboTeﬂEéZéBO:OOOOOlS" _—
</listOfReactants>
<listOfProducts>
<speciesReference species="B” sboTer@BO:OOOOOll" .
</listOfProducts>

<listOfModifiers>
<speciesReference species="C" sboTer@BO:OOOOOl% _O
</listOfModifiers>
<kineticLaw sboTerm=”"SBO:0000031">
<listOfParameters>
<parameter id="U" sboTerm="SB0:0000008"/>
<parameter id="V"” sboTerm="SB0:0000025"/>
</listOfParameters>
</kineticLaw>
</reaction>

</listOfReactions> http://WWW.Sbgn.orgl I
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CON T n (CBANT
SBML to BGN conversion using SBO




From KEGG metabolic pathways to full kinetic models

ollolelele [@ R ) = )
ST e QM Ll Which type? {QM Ll

4__ﬁ

Missing reactants and modifiers
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From KEGG metabolic pathways to full kinetic models‘

QQ
[@ KEGGtranslator 'é

BML—— 3M M
/ | / Which one?

Missing reactants and modifiers
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From KEGG metabolic pathways to full kinetic models‘

GO Prot, ¢ -
a . a . a I . . o [@ KEGGtranslator J
C

KaML =t CB\ /|| = € M
., - Which type? \

Missing reactants and modifiers r
Supercurated pathway = {J M L
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From KEGG metabolic pathways to full kinetic models‘

GO Prot #» ChEBI
[@ KEGGtranslator b
elelelele )

ko —— CBM| ——> M
< Which type? \
4 / Which one?

Missing reactants and modifiers { M L

Supercurated pathway =

JML<
( SBMLsqueezer

SABIO-RK
TGAC, 17 October 2013
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From KEGG metabolic pathways to full kinetic models‘

gg
Mo

JMU Which type? Q M

Missing reactants and modifiers

Supercurated pathway =

Ab initio kinetics
BML~— JML<
( SBMLsqueezer

SABIO-RK
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From KEGG metabolic pathways to full kinetic models‘

GO f’f°t
R [@ KEGGtranslator J
C

ko —— CBM| ——> M
< Which type? \
4 / Which one?

Missing reactants and modifiers

Supercurated pathway =

Ab initio kinetics
Chemical kinetics model
. SBMLsqueezer

SABIO-RK
TGAC, 17 October 2013




Metabolic reactions: Common modular rate-law ‘

Reaction rate Enzyme Stoichiometry,
k[\ level 3 parametrlzatlons
M M
Ka k l / e

\ Specific

5 rate laws regulation

@ Complete or
partial regulation

« Common rate law
* Direct binding rate law

» Simultaneous binding rate law N\ My N\ M
 Force dependent rate law T — kT 1_[ i k- 1_[ ‘i
» Power Law r M r M

] ' rt

Liebermeister, Uhlendorf, Klipp (2010) Modular rate laws for enzymatic reactions:
thermodynamics, elasticities and implementation. Bioinformatics 26: 1528-1534

TGAC, 17 October 2013




Unparametrised Vs. known kinetics

myo
inositol

\

[myoinositol]

N\
=

[IPS]

V2 = Vipax X

1 =[IMPA] X kcat X
vl = ' + [IP3] K, + [myoinositol]

> / \

3.5-10"°mol -s - 0 0033 M

To estimate

Model BMID000000038685 "Inositol phosphate metabolism"
SABIO—RK
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c?xml version="1.0' encoding='UTF=8' standalone="pno®?>
<sbml xmlns="http:/ www.sbml .org/sbml/level }/versionl/caore"
#mlna: layouk="http://www.sbml.crg/ebml/levelsifversionl/layocut fversicnl”
level="3" verzion="1" layout:required="false®=
<model id="BHIDROOO0Q10116%" name="Citrate cycle” metaid="meta_path_hsa000z0"
timeUnits="time"” substancelnits="substance™ wolumelUnits="volume":>

<listDfSpecies>

<gpecies id="FH" constant="falge" initialfmount="1" hasOnlySubstanceUnits="false"

name="FH" metaid-"meta FHY boundaryCondition-"false” sboTerm="SBO:0000252°>
sannetation®

<bgbicl : LsEncodedBy =
=rdf:Bag>
<rdf:li rdf:rescurce="http://identifiers.org/fensembl /ENSGO0000091483 /=
< frdf i Bag>
ﬂthhinl:i:ﬁnchzdﬂy}
</annotation:
< lapeciags

<gpecies id="Malate™ constant="false" initialAmount="1" hasOnlySubstanceUnits="false"

name="Malate" metaid= "metes Malate® boundaryCondition="false® shaTerm="SBO:0DDDZ4T"=>

<rdf:li rdf:resource="http:/S/identifiers.org/obo.chebi/CHEBL: 18012 />

o fapeciags
<listDfReactions>

“<reaction reversible="true" sboTerm="SBO:0000176" fast="false" compartment="default">
<annotaticn®

crdfrli rdf:resource="http://identifiers.org/kegyg. reaction/RO1082" />

<fannotaticns
<listdfReactants>
<specieseference species="Halate" name="cpd:C00149" stoichiometry="1" sholerm="580:0000010"
</ligedfReactants>
<ligtOIProducts >

<speciesReference species="Fumarate" stoichiometry="1" sboTerm="5B3:0000010" JF=

<spaciesReferesnce species="H20" stoichiometry="1" shoTerm="SE0:0000010" /=
</lige0fProductas

wligtOfMadifiers>
<modifierspeciesReference species="FH" sboTerm="SBO:0000040" f=
<fligeQfModifiera>
ckinetieLaw> ... </kineticLaw»
</reaction>
<flistofReactlona>
< fmadel>
</sbml>

=
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From KEGG metabolic pathways to full kinetic models‘

GO "'°‘
g;% /

@M Ll Which type? M
/l / Which one?

Missing reactants and modifiers

~

Supercurated pathway =

| Ab initio Kinetics
+— ML — ML
Chemical kir=1etics model SBMquueezer

SABIO-RK
TGAC, 17 October 2013




%o, Yo, T, T T
% Oy Xy N . .
o, ©, “©, ©, -
S DB, D DD \"4 X
7 e e v 2 / \
- N
Flux 1
Reactant1 | -1 -1 0 0 - 1 X 4 d[x1]/dt\
Flux 2
Reactant 2 o 1 0 -2 - 0 Flux 3 d[x2]/dt
Reactant3 | -1 1 -1 0 = 0 X .y = | dx3ydt
Reactant m 2 0 1 o - 0 d[xm]/dt
N Y \ Flux n / \ [xm] /

Whole genome reconstructions:
Flux balance analysis models

} ll"1

Unconstrained
solution space

Va

TGAC, 17 October 2013
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Workflow to build a Path2Models

. @ METACYC
whole genome reconstruction

KEGG-extract MetaCyc-extract

Reconcile metabolite and reaction ids

{g M Ll Core Verge

Add growth medium

Add biomass components

Add Gene-Protein Relationships

Add flux bounds

Format for COBRA

Draft

/3
TGAC, 17 October 2013 Babrahamy



Steady-states:

B R R AR 2
.. S, S, O, %, Concentrations do not vary
. <y . . Y/
9 0, 0, 0, " V  Inputs = outputs
S 7 L QS v 9 / \
~ ™
Flux 1
Reactant 1 -1 -1 0 o - 1 ux
Flux 2
Reactant 2 o 1 0 -2 - 0 Flux 3
Reactant3 [-1 1 -1 0 - 0 X Flux 4 — O
Reactant m 2 0 1 o - 0
_ y \.Hux?/

More reactions than reactants = undetermined (more variables than equations)

Va Va
A Constraints A
1)Sv=0
2) a;< vj< b,

——]

} ll"1

Allowable

Unconstrained
solution space

solution space
Vo Va

TGAC, 17 October 2013




B R B A R
%% Q%, %% Q%‘ %%
% 0, o, %, - o Vv
S s 20 76 Py % £
~ ™
Flux 1
Reactant 1 -1 -1 0 0 1 ux
Flux 2
Reactant 2 o 1 0 -2 0 Flux 3
Reactant3 | -1 1 -1 0 0 X Flux 4 — O
Reactant m 2 0 1 0 0
N Y \.Hux?/

More reactions than reactants = undetermined (more variables than equations)

Vy

A

Constraints
1)Sv=0
E:' E.I',-{ i-"'j:“'-': Df

——]

Unconstrained
solution space

Va

} ll"1

Va

Optimization
maximize 2

Allowable
solution space

Vo

Va

>

Optimal solution

TGAC, 17 October 2013

Choose an objective function
(maximise biomass
or ATP production)




Application of FBA
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Perturbations

B-D-Glucose_b a-D-Glucose_b B-D-Glucose_b o-D-Glucose_b
£l
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Y
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Metabolic reactions .
Metabolites .

Makeable metabolites

Makeable biomass components .



http://itol.embl.de/external.cgi?tree=1308801712097513714825090&restore_saved=1&cT=6976
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Gene Ontology Coverage
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26" BioModels Database release //ﬂ/

m QOctober 2013 — 5 release of Path2Models data

m 112 898 common modular rate law models of
metabolic networks

m 27 306 qualitative models of signalling pathways

m 2 630 whole genome flux balance analysis models
m 12 280 007 mathematical relations

m 432 154 677 cross references

m http://www.ebi.ac.uk/biomodels-main/path2models
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Inositol phosphate metabolism - Mus musculus
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