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Lecture outline

e Biological networks
T e Metabolic networks
Yo e Metabolic reconstruction
etabolic networks e Flux balance analysis

Metabolic reconstruction

Flux balance analysis

References

A part of this lecture’s material is by Juho Rousu.
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T —————————

Biological networks

Many biological systems can be modeled as graphs or
networks:

Systems biology

@ Biological networks

® Signaling networks

® Gene regulatory networks

Signaling networks
 Couree, Computatonl Gene regulatory networks
Methods of Systems .
y Metabolic networks

Biology [ ]
Metabolism e Protein-protein interaction networks
Metabolic networks
Metabolic reconstruction This lecture concentrates on metabolic networks.

Flux balance analysis

References
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Biological networks

Biological systems of networks

Systems biology

@ Biological networks

® Signaling networks

® Gene regulatory networks

® Metabolic networks \ /
® Course: Computational

Methods of Systems . .

Biology N / \
Metabolism . /!\.:\ /. .\

Metabolic networks . . . — @ — . «— @
N
Metabolic reconstruction

Flux balance analysis

References
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Signaling networks

Signal transduction

Systems biology signal molecule & receptor
® Biological networks
® Signaling networks -
active O O

® Gene regulatory networks

_ activated relay molecule N
® Metabolic networks /’\‘ sign a||ng \ /
® Course: Computational

protein Q

Methods of Systems inactive .
Biology i i / \
signaling 4
Metabolism mu . }\CD‘\ /O O\

Metabolic networks . . Q — ) — Q a— i
b J

,/’ / \ 'y
Metabolic reconstruction /’/ O ) O/
Flux balance analysis end produ ct of the
signaling cascade
References activated enzyme)
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Gene regulatory networks

Transcriptional regulation
Systems biology ] & (5

® Biological networks

@ Signaling networks \ /4
® Gene regulatory networks
® Metabolic networks Q

® Course: Computational \

Methods of Systems /
Biology O O O O
Metabolism /Q\BQ/‘ \
/A

&

O

Metabolic networks / 4
O O O
Metabolic reconstruction
Flux balance analysis microarra
experiments

regulato
References :

redion

ene «---- co-operative

regulation

transcription factor
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Metabolic networks

Systems biology

® Biological networks
® Signaling networks

©)

® Gene regulatory networks

® Metabolic networks

® Course: Computational
Methods of Systems
Biology

Metabolism

Metabolic networks

Metabolic reconstruction

Flux balance analysis

References
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Course: Computational Methods of Systems
Biology

Systems biology

@ Biological networks

@ Signaling networks

® Gene regulatory networks

® Metabolic networks

® Course: Computational
Methods of Systems
Biology

_'__.9‘.'"@:}WILEY

Metabolism

e |l period, 2011
e Lecturer: Juho Rousu

e Course book: Analysis of
Biological Networks (Junker,
Schreiber; editors), 2008

Metabolic networks

Metabolic reconstruction

Flux balance analysis

References

Edited by ¢
BIORN H JUNKER | * /4
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ﬁ
What is metabolism?

e Metabolism (from Greek "Metabolismos" for "change", or
"overthrow") is the set of chemical reactions that happen in
living organisms to maintain life (\Wikipedia)

Systems biology

Metabolism
@ What is metabolism?
® Why should we study

metabolism?
® Cellular space

® Enzymes
® Metabolism: an overview
® Metabolism in KEGG

Metabolic networks

Metabolic reconstruction

Flux balance analysis

References
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T —————————

What is metabolism?

e Metabolism (from Greek "Metabolismos" for "change", or
"overthrow") is the set of chemical reactions that happen in
living organisms to maintain life (\Wikipedia)

Systems biology

Metabolism
e o e Metabolism relates to various processes within the body
o Celiar sphce that convert food and other substances into energy and

& Enzymes other metabolic byproducts used by the body.

® Metabolism: an overview
® Metabolism in KEGG

Metabolic networks

Metabolic reconstruction

Flux balance analysis

References
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ﬁ
What is metabolism?

e Metabolism (from Greek "Metabolismos" for "change", or
"overthrow") is the set of chemical reactions that happen in
living organisms to maintain life (\Wikipedia)

Systems biology

Metabolism

s et e Metabolism relates to various processes within the body
e that convert food and other substances into energy and
e o other metabolic byproducts used by the body.

B o Cellular subsystem that processes small molecules or
Metabolc netorks metabolites to generate energy and building blocks for

Metabolic reconstruction Iarger mOIeCU Ies

Flux balance analysis

References
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Why should we study metabolism?

e Metabolism is the “ultimate phenotype”

Systems biology

e Metabolic diseases (such as diabetes)

Metabolism
® What is metabolism?
@ Why should we study

metabolism?
® Cellular space

e Applications in bioengineering

Diabetes Il pathway in KEGG

Lactose — Ethanol pathway, 2009.igem.org

. Enzymes Adipacyte, hepatoeste, skeletal rusels cell :gi w]‘gbﬂ;ﬂpﬁgﬁiﬁr}ﬁé\m
@ Metabolism: an overview Ouety ——A[EDIEC} BT
. q sig ‘Pathwray
® Metabolism in KEGG
Type I disbetes rellitos
signaling pathway
INS |— 9 INSR }—— @ IR5 || PI3K| —————~, \ +
. (Hyperinsulinisra) }
Metabolic networks !
|
|

o
Ohesity— — e FFA
THFa.

Metabolic reconstruction

|
|
|
|
|
|
Adipocyokine || | LEREY A
sigualieg paiay | }
|
|
|
|
|
|

| - 1
. Insulin resistance — —
Flux balance analysis ; |, Teasinthopogyrnsa =
| Pancreatic p-cell nprired insulin screfion—) Hpm
J
o——
Glugose | Ce* dependent = *r
(Hyperglyvemis) } @ | Mahm‘!ymzmﬂdmhzns
References R - Era Wy fj
(- o=7 —»0— [T |-
RO \-4 DNA
1
o
O ATP
}’T_?\’_/‘A
Mhiockondrion | ——— — ——— —
{\) Mitochondrial dysfunction
Pyravate

04930 71200
(c) Kanehisa Laboratoriss
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Cellular space

e Density of biomolecules in
the cell is high: plenty of

Systems biology

interactions!

o Celar space e Figure: Escherichia coli
A B— Cross-section

° eholemniEse o Green: cell wall
Metabole networks o Blue, purple:

Metabolc recanstruction cytoplasmic area

o Yellow: nucleoid region
o White: mRNAmM

Flux balance analysis

References

Image: David S. Goodsell
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T —————————

Enzymes

e Reactions catalyzed by enzymes
o Example: Fructose biphosphate
aldolase enzyme catalyzes reaction

Systems biology

Metabolism

® What is metabolism? Fructose 1,6-b|phOSphate —
® Why should we stud

ooy D-glyceraldehyde 3-phosphate +
® Cellular space .
o Enaymes | dihydroxyacetone phosphate
* MewholsminKECS e Enzymes are very specific: one
Metabolic networks enzyme catalyzes typically only one
Metabolic reconstruction re aCtI O n

2o . Aldolase (PDB 4ALD)

Flux balance analysis ® SpeCIfICIty a”OWS regU|at|On
References
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T —————————
Fructose biphosphate aldolase

Systems biology

Metabolism
® What is metabolism?
® Why should we study

metabolism?
® Cellular space

® Enzymes
® Metabolism: an overview
® Metabolism in KEGG

Metabolic networks

Metabolic reconstruction

Flux balance analysis

References
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Fructose biphosphate aldolase

Systems biology

Metabolism
® What is metabolism?
® Why should we study

metabolism?
® Cellular space

® Enzymes
® Metabolism: an overview
® Metabolism in KEGG

Metabolic networks

Metabolic reconstruction

Flux balance analysis

References
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Metabolism: an overview

Systems biology

® What is metabolism? ’\ /4
® Why should we study
metabolism? O .
® Cellular space N /‘ ’\
® Enzymes o ® ®
® Metabolism: an overview O \ / \
® Metabolism in KEGG
O @ @ o @0
/ A
0]

Metabolic networks / \
@) ©)

enzyme

Metabolic reconstruction

Flux balance analysis

References

Elements of bioinformatics: Introduction to systems biology p. 14



ﬁ
Metabolism in KEGG

Systems biology

Metabolism
® What is metabolism?
® Why should we study {4l | = | PHid—] S o

Pos b f — oL dle | Tommemp o
metabolism?
® Cellular space

® Enzymes
® Metabolism: an overview
® Metabolism in KEGG

Baras ucasnai
e

Wy LB mle oF
Laifaiars wnpl Vilamas.

Metabolic networks

Metabolic reconstruction

Flux balance analysis S (N i v
[ o Sisiganzse

.

References
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KEGG Pathway overview: 8049 reactions (27 Nov 2009)
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o
|

Systems biology

Metabolism
® What is metabolism?
® Why should we study

metabolism?
® Cellular space

® Enzymes
® Metabolism: an overview
® Metabolism in KEGG

Metabolic networks

Metabolic reconstruction

Flux balance analysis

References
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Systems biology

Metabolism

® What is metabolism?
® Why should we study

metabolism?
® Cellular space

® Enzymes
® Metabolism: an overview
® Metabolism in KEGG

Metabolic networks

Metabolic reconstruction

Flux balance analysis

References
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ﬁ
Metabolic networks

e Metabolic network is a graph model of metabolism

S e  Different flavors: bipartite graphs, substrate graphs,
enzyme graphs

Metabolism

Vetabolic networks e Bipartite graphs:

. o Nodes: reactions, metabolites

o ymems eauatons o Edges: consumer/producer relationships between
. dels reactions and metabolites

. ooty o Edge labels can be used to encode stoichiometry

® Modelling metabolism:
steady-state models

Metabolic reconstruction

Flux balance analysis

References
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ﬁ
Metabolic networks

e Metabolic network is a graph model of metabolism

S e  Different flavors: bipartite graphs, substrate graphs,
enzyme graphs

e Bipartite graphs:

Metabolism

Metabolic networks

. oo o Nodes: reactions, metabolites

. o Edges: consumer/producer relationships between
o Kot models reactions and metabolites

. ooty o Edge labels can be used to encode stoichiometry

® Modelling metabolism:
steady-state models

Metabolic reconstruction

Flux balance analysis

References
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ﬁ
Stoichiometric matrix

e The stoichiometric coefficient s;; of metabolite : in reaction
7 specifies the number of metabolites produced or
consumed in a single reaction step

o s;; > 0: reaction produces metabolite

Systems biology

Metabolism

e o s;; < 0: reaction consumes metabolite
« Systems equatons o s;; = 0: metabolite does not participate in reaction

@ Stoichiometric matrix:

canpe e Example reaction: 2 m; — my + mg

@ Kinetic models ..

@ Spatial modelling CoefﬂClentS 81’1 — —2, 82’1 = 83’1 — 1

® Compartments

e e o Coefficients comprise a stoichiometric matrix S = (sij).

Metabolic reconstruction

Flux balance analysis

References
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ﬁ
Systems equations

o Rate of concentration changes determined by the set of
systems equations:

Systems biology

Metabolism d 'CC'I;

= E Sij;,
Metabolic networks dt
@ Metabolic networks _]

@ Stoichiometric matrix
® Systems equations

* Sochioner matr o x;: concentration of metabolite i
example . 0 5 . .

b o o s;;. stoichiometric coefficient

@ Spatial modelling . .

o Compartments o v;: rate of reaction j

® Modelling metabolism:
steady-state models

Metabolic reconstruction

Flux balance analysis

References
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Stoichiometric matrix: example

Systems biology

Metabolism

Metabolic networks
® Metabolic networks

@ Stoichiometric matrix ] 9 rg T4 rs rg T rg rg 10 11 19
@ Systems equations
@ Stoichiometric matrix: pG6eP -1 0 1 0 -1 0 0 0 0 0
example aG6P 0 0 -1 -1 0 1 0 0 0 0
® Kinetic models
@ Spatial modelling BF6P U e o ¢ 1 1 g 4 U ¢ ¢
@ Compartments 6PGL 1 -1 0 0 0 0 0 0 0 0 0
@ Modelling metabolism: 6PG 0 1 1 0 0 0 0 0 0 0 0 0
steady-state models
R5P 0 0 -1 0 0 0 0 0 0 0 0
Metabolic reconstruction X5P 0 0 0 1 0 0 0 0 -1 0 0 0
NADP T -1 0 -1 0 0 0 0 0 1 0 0
Flux balance analysis NADPH 1 0 0 0 0 0 0 0 1 0
Reforences HoO 0 -1 0 0 0 0 0 0 0 0 1
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Kinetic models

e Dynamic behaviour: how metabolite and enzyme
concentrations change over time — Kinetic models
o Detailed models for individual enzymes

e For simple enzymes, the Michaelis-Menten equation
Metabolic networks . .
o Vetabolic networks describes the reaction rate v adequately:

@ Stoichiometric matrix

@ Systems equations

@ Stoichiometric matrix: ¥
example

@ Kinetic models Vmax

@ Spatial modelling S /_’

® Compartments /Uma,m [ ]

® Modelling metabolism: V= ) Vﬁ
steady-state models K M —I— [ S ] Z

Metabolic reconstruction

Systems biology

Metabolism

By [5]
Flux balance analysis where v,,,.. IS the maximum reaction rate, |S] is the

References substrate concentration and K, is the Michaelis constant.
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ﬁ
Kinetic models

e Require a lot of data to specify
o 10-20 parameter models for more complex enzymes

e Limited to small to medium-scale models

Systems biology

Metabolism

Metabolic networks

® Metabolic networks
@ Stoichiometric matrix
@ Systems equations

@ Stoichiometric matrix:

example
@ Kinetic models

@ Spatial modelling

® Compartments

® Modelling metabolism:
steady-state models

Metabolic reconstruction

Flux balance analysis

References
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Spatial modelling

e “Bag-of-enzymes”
o all molecules (metabolites and enzymes) in one “bag”
o all interactions potentially allowed

N o Compartmentalized models
® Metabolic networks ® MOdels Of Spatlal mOIeCUIe dlstrlbutlons

@ Stoichiometric matrix
@ Systems equations
@ Stoichiometric matrix:

example
@ Kinetic models

@ Spatial modelling

® Compartments

® Modelling metabolism:
steady-state models

Systems biology

Metabolism

Metabolic reconstruction

Flux balance analysis

References
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ﬁ
Compartments

e Metabolic models of eukaryotic cells are divided into

o yetems biokoay compartments
| o Cytosol
e o Mitochondria
T > Nucleus
RS o ...and others
im*;.: dlm o Extracellular space can be thought as a “compartment” too
i  Metabolites carried across compartment borders by
e transport reactions

Metabolic reconstruction

Flux balance analysis

References
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ﬁ
Modelling metabolism: steady-state models

o Steady-state assumption: internal metabolite
concentrations are constant over time

Systems biology

Metabolism dX
=0
Metabolic networks dt
® Metabolic networks
RS « External (exchange) metabolites not constrained

@ Stoichiometric matrix:

example
@ Kinetic models

@ Spatial modelling

® Compartments

® Modelling metabolism:
steady-state models

Metabolic reconstruction

Flux balance analysis

References
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ﬁ
Modelling metabolism: steady-state models

o Steady-state assumption: internal metabolite
T concentrations are constant over time
Metabolism dX

=0
Metabolic networks dt
) Met.abeIic ne.tworks. . .
RS « External (exchange) metabolites not constrained
@ Stoichiometric matrix: . c . 5 C
cample « Net production of each internal metabolite i is zero:

@ Kinetic models
@ Spatial modelling

® Compartments
@ Modelling metabolism: S?,j U] = SV = 0
steady-state models -
J

Metabolic reconstruction

Is this assumption meaningful? Think of questions we can
ask under the assumption!

Flux balance analysis

References
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ﬁ
Modelling metabolism: steady-state models

o Steady-state assumption: internal metabolite
& eems boogy concentrations are constant over time
Metabolism dX L O
Metabolic networks dt
) Met.abeIic ne.tworks. . .
RS « External (exchange) metabolites not constrained

@ Stoichiometric matrix:

exaimpe e Net production of each internal metabolite i is zero:

@ Kinetic models
@ Spatial modelling

® Compartments
@ Modelling metabolism: SZ] 'U] = SV = 0
steady-state models -
J

Metabolic reconstruction

e |Is this assumption meaningful? Think of questions we can
ask under the assumption!

o Steady-state reaction rate (flux) v;

e Holds in certain conditions, for example in chemostat
cultivations

Flux balance analysis

References
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ﬁ
Metabolic reconstruction

e Reconstruction problem: infer the metabolic network from
sequenced genome

e Determine genes coding for enzymes and assemble
metabolic network?
o Subproblem of genome annotation?

Systems biology

Metabolism

Metabolic networks

Metabolic reconstruction

® Metabolic reconstruction
@ Reconstruction process
® Data sources for

reconstruction
® Annotating sequences

® Assembling the metabolic

network
® Gaps in metabolic

networks
@ Gaps in metabolic

networks
@ In silico validation of

metabolic models

Flux balance analysis

References
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Metabolic reconstruction

Systems biology ~  sasaasssn

Genome

Metabolism . ! i

Metabolic networks

W
£
3
a3

Metabolic reconstruction : O 2

@ Metabolic reconstruction O : v A\ . . e

S —————— SO K /Cém_,o Gene/Protein Function Prediction
O [ ]

® Data sources for

"

reconstruction : . .
@ Annotating sequences Metabolism =....... k

® Assembling the metabolic

Blast, Fasta
Profile methods (HMMs)

L]
L]
L
L]
a
L]
1]
L
L]
L]
[
]
L
o
]
o
L
L
o
n

° ge;;vsoirlr? metabolic . Enzym e kinetics Metabolic
networks 3 Regulation Reconstruction

® Gape i sk . Spontaneous reactions i .

@ In silico validation of . Compartments .

metabolic models

Network-level modeling

Flux balance analysis

References
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Reconstruction process

. KAAS (KEGG Automatic Annotation Tool)
Systems biology

Genome Pathway Tools/Gap filler Flux Balance Analysis
Metabolism : e, .
annotation | . Set of o Preliminary
A , In silico model .
_ v reactions/ peesesess R eeaaa» Metabolic
Metabolic networks R validation
. : pathways model
Biological |, 7Y R 5
Metabolic reconstruction databases f C o :
@ Metabolic reconstruction E ‘."
@ Reconstruction process . ‘." 5
o ’ KEGG, BioCyc, ... ; . :
ata sources for Lit t High-th h t dat .
reconstruction iterature gl =iirireitie et Elit .
® Annotating sequences "-.,.. H
® Assembling the metabolic "'~.~.. . :
-------------------------------i.-.u------------------------ [
network C “eu, . . -
® Gaps in metabolic . ."'~... : =
networks . ‘¥ vV
@ Gaps in metabolic . ane
Pe! ' Metabolic Wetlab In silico
networks uesnnnnng uunnnnnns a uunnn .
@ In silico validation of model experiments anaIyS|s
. Export for
metabolic models
further use:
SBML

Flux balance analysis

References
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Applications in Biotechnology. PLoS Computational Biology 2008.
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ﬁ
Data sources for reconstruction

e Biochemistry
o Enzyme assays. measure enzymatic activity

o Genomics
o Annotation of open reading frames

Metabolic reconstruction ° PhySIOIOgy . c
o Metaboli reconsirucion o Measure cellular inputs (growth media) and outputs

@ Reconstruction process

o Data sources fo o Biomass composition

reconstruction
@ Annotating sequences

® Assembling the metabolic

Systems biology

Metabolism

Metabolic networks

network
® Gaps in metabolic

networks
@ Gaps in metabolic

networks
@ In silico validation of

metabolic models

Flux balance analysis

References
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ﬁ
Resources

o Databases
o KEGG
o BioCyc
e Ontologies
o Enzyme Classification (EC)
e e o Gene Ontology

Software

Systems biology

Metabolism

Metabolic networks

@ Reconstruction process
® Data sources for
reconstruction

® Annotating sequences o Pathway TOO I S
® Assembling the metabolic
network 'e)

- KEGG Automatic Annotation Server (KAAS)
o Gaps in metabolc MetaSHARK, MetaTIGER
° InnEtsvi\llic::r(l(?/alidation of I d e ntl C S

metabolic models RAST

@)

(@)

(@)

Flux balance analysis

References
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ﬁ
Annotating sequences

1. Find genes in sequenced genome (available software)
e GLIMMER (microbes)

o GlimmerM (eukaryotes, considers intron/exon structure)
e GENSCAN (human)

Systems biology

Metabolism

Metabolic networks

Vetabolis reconstrucion 2. Assign a function to each gene

P e« BLAST, FASTA against a database of annotated
oo seqguences (e.g., UniProt)

Zgg%fgl?f;i‘l“iliiiom e Profile-based methods (HMMs, see InterProScan for a
® Gans I metaolc unified interface for different methods)

e « Protein complexes, isozymes

@ In silico validation of
metabolic models

Flux balance analysis

References
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ﬁ
Assembling the metabolic network

Systems biology

Metabolism

Metabolic networks e In principle: for each gene with
Metaboli reconsiructon annotated enzymatic function(s), add

@ Metabolic reconstruction

@ Reconstruction process re aCtl 0 n (S) to n etWO r k

® Data sources for

(gene-protein-reaction associations)

® Annotating sequences
® Assembling the metabolic

network
® Gaps in metabolic

networks
@ Gaps in metabolic

networks
@ In silico validation of

metabolic models

Flux balance analysis

References
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ﬁ
Assembling the metabolic network

Level GPR Associations

Succinate dehydrogenase
Gene | [b0721] [b0722] [b0723] [b0724]

Systems biology

peptide | |5ahC| [sdhD] [sahA | | sdnB]
=

Metabolism %

Protein

. . . @
B e In principle: for each gene with | A
Metabolic reconstruction annotated enzymatlc funCt'On(S), add eaction g

@ Metabolic reconstruction . D-Xylose ABC transporter
® Reconstruction process re aCtI on (S) tO N etWO I k Gere |b3i57| |b3i65| |b3i53|

® Data sources for [ 2G| [ xyiF | [xyiH |

(gene-protein-reaction associations)

® Annotating sequences

Spmnarersanic o Multiple peptides may form a single
.S;S\lso:'nksmetabmlc protein (top) Reaction
® Gaps in metabolic pr——
o insica vadaton o  Proteins may form complexes (middle)
metabolic models ) . Gene [p1779] [p1476] [p1477]
o Different genes may encode isozymes ... | [@# mdE
Flux balance analysis
(bottom)
References Protein @ ?
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ﬁ
Gaps in metabolic networks

o Assembled network often contains so-called gaps
S e e Informally: gap is a reaction
—— o “missing” from the network...
N o ...required to perform some function.
T e A large amount of manual work is required to fix networks
P o Recently, computational methods have been developed to
! fix network consistency problems

® Annotating sequences
® Assembling the metabolic

network
® Gaps in metabolic

networks
@ Gaps in metabolic

networks
@ In silico validation of

metabolic models

Flux balance analysis

References
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ﬁ
Gaps in metabolic networks

May carry steady-state flux — Blocked — Gap

Systems biology

Metabolism

Metabolic networks

Metabolic reconstruction

® Metabolic reconstruction
@ Reconstruction process
® Data sources for

reconstruction
® Annotating sequences

® Assembling the metabolic

network
® Gaps in metabolic

networks
® Gaps in metabolic

networks
@ In silico validation of

metabolic models

Flux balance analysis

References
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® Metabolic reconstruction
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Gaps in metabolic networks

May carry steady-state flux — Blocked — Gap

Systems biology

Metabolism

Metabolic networks

Metabolic reconstruction

® Metabolic reconstruction
@ Reconstruction process
® Data sources for

reconstruction
® Annotating sequences

® Assembling the metabolic

network
® Gaps in metabolic

networks
® Gaps in metabolic

networks
@ In silico validation of

metabolic models

Flux balance analysis
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ﬁ
In silico validation of metabolic models

e Reconstructed genome-scale metabolic networks are very
large: hundreds or thousands of reactions and metabolites

o Manual curation is often necessary

o Amount of manual work needed can be reduced with
computational methods

Systems biology

Metabolism

Metabolic networks

Metabolic reconstruction

& ool econsiucior e Aims to provide a good basis for further analysis and
DIPSITEE

® Annotating sequences

® Assembiing the metabolc e Does not remove the need for experimental verification

network
® Gaps in metabolic

networks
@ Gaps in metabolic

networks
® In silico validation of

metabolic models

Flux balance analysis

References
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ﬁ
Flux Balance Analysis: preliminaries

e Recall that in a steady state, metabolite concentrations are
constant over time,

Systems biology

r

Metabolism d Ts
7

Metabolic networks dt — § S’Lj,Uj — 07 for 1 = 1, o o e ,n.
g=1

Metabolic reconstruction

S Stoichiometric model can be given as

® Flux Balance Analysis:

preliminaries

® Flux Balance Analysis S — [SII SIE]

(FBA)
® Formulating an FBA
problem

o Sohving an FBA problem where S;; describes internal metabolites - internal

® Linear programs

o o Bt Aty reactions, and S;g internal metabolites - exchange

example

@ FBA validation of a reaCtlonS-

reconstruction

References
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ﬁ
Flux Balance Analysis (FBA)

e FBA is a framework for investigating the theoretical
capabilities of a stoichiometric metabolic model S

e Analysis is constrained by
1. Steady state assumption Sv =0

2. Thermodynamic constraints: (ir)reversibility of reactions
o beance 3. Limited reaction rates of enzymes: V,,.;», < v < Viax
s AT e Note that constraints (2) can be included in V,,,;,, and V,,, 4.

@ Flux Balance Analysis
(FBA)

® Formulating an FBA
problem

® Solving an FBA problem

® Linear programs

® Flux Balance Analysis:
example

@ FBA validation of a
reconstruction

Systems biology

Metabolism

Metabolic networks

Metabolic reconstruction

References
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ﬁ
Flux Balance Analysis (FBA)

GLYCOLYSIS ! GLUCONEDGENER S | Starch and surrose
A

Systems biology i

k] Jonmonao
i —
Metabolism . ] — YRR Tzz i gﬁgﬁm
e In FBA, we are interested in L
27163 bz ineoge
BT S MERTOHES B-~F H [5L33] [51a15][5319] [5at3]
determining the theoretical O e
Metabolic reconstruction . .. ) A:“;;S F’D'Gl““'“'ﬁ - §§§§i%‘e
maximum (minimum) yield of | ..o sm G
{exiracellular)
Flux balance analysis = = Selieine & ERERE)
o Flux Balace Aocivare some metabolite, given model R
SIS Ca—{ 5311 F—wod———=————
preliminaries GlyseroneP a0 —
: .
® Flux Balance Analysis ) erst-
o For instance, we may be

1219
@ Formulating an FBA 5 H H H G2 3P2 O
roblem iInterested in finding how Ll

St efficiently yeast is able to |

Clycerat-2P O — —— — — — — — — — —
® Flux Balance Analysis:

example convert sugar into ethanol -

I
I
I
I
q q — -0y Phosphoennl-
@ FBA validation of a e sphosnol I
I
|

DFrUTEE

reconstruction 0 . I I = =
e Figure: glycolysis in KEGG | |&) ——=m—————
References 5&?‘%?
1241 g
o T ] 4111270 LLactts
g{ﬁyﬁ?}}{poaﬂde-E HaE Froovate |
o v
Dbl ipoamide- Propannate metsholism §
lipoamide-E

2. [111a]1iaz]
1215 Aceriehyde |1:1998] Ewe
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ﬁ
Flux Balance Analysis (FBA)

e FBA has applications both in metabolic engineering and
metabolic reconstruction

» Metabolic engineering: find out possible reactions
(pathways) to insert or delete

e Metabolic reconstruction: validate the reconstruction given
observed metabolic phenotype

Systems biology

Metabolism

Metabolic networks

Metabolic reconstruction

Flux balance analysis

® Flux Balance Analysis:
preliminaries

@ Flux Balance Analysis
(FBA)

® Formulating an FBA
problem

® Solving an FBA problem

® Linear programs

® Flux Balance Analysis:
example

@ FBA validation of a
reconstruction

References
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ﬁ
Formulating an FBA problem

o We formulate an FBA problem by specifying parameters c
In the optimization function 7,

Systems biology

Metabolism

r
Metabolic networks Z - E C’L U’L 0
1=1

Metabolic reconstruction

Flux balance analysis > Exam p I eS

e o Set ¢; = 1 if reaction 7 produces “target” metabolite, and
o ¢; = 0 otherwise

® Formulating an FBA

e o Growth function: maximize production of biomass

® Solving an FBA problem

@ Linear programs COﬂStltuentS

® Flux Balance Analysis:

— o Energy: maximize ATP (net) production

@ FBA validation of a
reconstruction

References
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ﬁ
Solving an FBA problem

e Given a model S, we then seek to find the maximum of Z
while respecting the FBA constraints,

Systems biology

Metabolism

T
Metabolic networks (1) mQ?JX Z — mva’X E C’L /U'I, SuCh that
1=1
(2) Sv=20
Flux balance analysis

® Flux Balance Analysis: (3) szn S v S Vmax

preliminaries
® Flux Balance Analysis
(FBA)

 Formlating an FBA e (We could also replace max with min.)

problem

® Solving an FBA problem e This is a linear program, having a linear objective function

® Linear programs

@ Flux Balance Analysis: and Ilnear Constralnts

example
@ FBA validation of a
reconstruction

Metabolic reconstruction

References
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ﬁ
Solving a linear program

e General linear program formulation:

Systems biology

maXE c;x; such that
-

g
Metabolic networks AZU < b

Metabolic reconstruction

Metabolism

N e Algorithms: simplex (worst-case exponential time), interior
ux palance analysis . .
® Flux Balance Analysis: p0|nt methOdS (pOlyn0m|a|)

preliminaries
® Flux Balance Analysis

o o Matlab solver: linprog (Statistical Toolbox)

® Formulating an FBA

probien e Many solvers around, efficiency with (very) large models

® Solving an FBA problem .
@ Linear programs Var | eS
® Flux Balance Analysis:
example
@ FBA validation of a
reconstruction

References
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ﬁ
Linear programs

e Linear constraints define a convex
polyhedron (feasible region)

Systems biology

o |f the feasible region is empty, the
problem is infeasible.

Metabolism

Metabolic networks

Metabolic reconstruction

e Unbounded feasible region (in
Flux balance analysis direction of objective function): no
® Flux Balance Analysis: c I I 5
preliminaries Feasible 0ptlma SO UtIOn

® Flux Balance Analysis
(FBA)
® Formulating an FBA

e Given a linear objective function,
e \ %, Where can you find the maximum

® Linear programs

® Flux Balance Analysis: Val U 67

example
@ FBA validation of a
reconstruction

region

References
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ﬁ
Flux Balance Analysis: example

Systems biology

Metabolism

Metabolic networks

Metabolic reconstruction

e |et’s take our running example...

Flux balance analysis
® Flux Balance Analysis:

Balar Unconstrained uptake (exchange) reactions for NADP™ (r10),
oﬁsznélglj\::iZAnalysis NADPH and HQO (not drawn)

(FBA)

® Formulating an FBA
problem

® Solving an FBA problem

® Linear programs

® Flux Balance Analysis:
example

@ FBA validation of a

reconstruction C = (0,0,0,0,0, 0,0,0, 1,0, 0,0)

References

Constrained uptake for aG6P, 0 < vg <1

Objective: production of X5P (vg)
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Systems biology

Flux Balance Analysis: example

Metabolism

Metabolic networks

Metabolic reconstruction

Flux balance analysis

® Flux Balance Analysis:
preliminaries

® Flux Balance Analysis
(FBA)

® Formulating an FBA
problem

® Solving an FBA problem

® Linear programs

® Flux Balance Analysis:
example

@ FBA validation of a
reconstruction

References
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ﬁ
Flux Balance Analysis: example

e Solve the linear program

Systems biology r
il max E c;V; = maxuvg subject to
v
i

Metabolic networks

r

Metabolic reconstruction )
etabolic reconstructio g Sijv’i — O fOI' all I = 1,,10

Flux balance analysis —1
® Flux Balance Analysis: U=
reliminaries
[ lglux Balance Analysis O S US S 1
(FBA)
® Formulating an FBA
problem

Hint: Matlab’s linprog offers nice convenience functions for
® Solving an FBA problem . . . .
o Linear programs specifying equality constraints and bounds

® Flux Balance Analysis:
example

® FBA validation of a
reconstruction

References
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ﬁ
Flux Balance Analysis: example

NADPP

Systems biology
r50.57 N—

Metabolism aG6P

16 0.43

Metabolic networks

Metabolic reconstruction

Figure gives one possible solution (flux assignment v)
el Reaction r; (red) operates in backward direction
ey e e Uptake of NADP™ vg = 2vg = 2

® Formulating an FBA . . o
probiem How many solutions (different flux assignments) are there
® Linear programs for this problem?

® Solving an FBA problem

® Flux Balance Analysis:
example

@ FBA validation of a

reconstruction

Flux balance analysis
® Flux Balance Analysis:

References
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ﬁ
FBA validation of a reconstruction

o Check if it is possible to produce metabolites that the
organism is known to produce
o Maximize production of each such metabolite at time
o Make sure max. production is above zero

e To check biomass production (growth), add a reaction to
the model with stoichiometry corresponding to biomass
Flux balance analysis CO m pOS Itl O n

® Flux Balance Analysis:

Systems biology

Metabolism

Metabolic networks

Metabolic reconstruction

preliminaries

® Flux Balance Analysis
(FBA)

® Formulating an FBA
problem

® Solving an FBA problem

® Linear programs

® Flux Balance Analysis:
example

@ FBA validation of a
reconstruction

References
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ﬁ
FBA validation of a reconstruction

e |f a maximum yield of some metabolite is lower than measured —
missing pathway

Systems biology

Metabolism o |terative process: find metabolite that cannot be produced, fix the
Metabolic networks problem by changing the model, try again

il EEEE TG ( = X e o L) e D I
Flux balance analysis oz H20

® Flux Balance Analysis:
preliminaries r50.00 bG6P 170.00 @

® Flux Balance Analysis 180.00 aG6P

(FBA) r6.0.00 »( bFeP
® Formulating an FBA

problem

® Solving an FBA problem

® Linear programs

® Flux Balance Analysis:
example

@ FBA validation of a
reconstruction

References
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ﬁ
FBA validation of a reconstruction

e FBA gives the maximum flux given stoichiometry only, i.e., not
constrained by regulation or kinetics

Systems biology

— e |n particular, assignment of internal fluxes on alternative pathways
Metabolie metworke can be arbitrary (of course subject to problem constraints)

Metabolic reconstruction

Flux balance analysis

® Flux Balance Analysis:
preliminaries

® Flux Balance Analysis
(FBA)

® Formulating an FBA
problem

® Solving an FBA problem

® Linear programs

® Flux Balance Analysis:
example

@ FBA validation of a
reconstruction

References
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Further studying

e Computational methods of systems biology course, Il period

e M. Durot, P.-Y. Bourguignon, and V. Schachter:
Genome-scale models of bacterial metabolism: ... FEMS Microbiol Rev.
33:164-190, 2009.

e N. C. Duarte et. al: Global reconstruction of the human metabolic network

Systems biology

Metabolism

Metabolic networks

iEiekelelee iy based on genomic and bibliomic data. PNAS 104(6), 2007.
Flux balance analysis e V. Lacroix, L. Cottret, P. Thebault and M.-F. Sagot: An introduction to
References metabolic networks and their structural analysis. IEEE Transactions on

® Further studying

Computational Biology and Bioinformatics 5(4), 2008.

e E. Pitkdnen, A. Rantanen, J. Rousu and E. Ukkonen:
A computational method for reconstructing gapless metabolic networks.
Proceedings of the BIRD’08, 2008.

e E. Pitkanen, J. Rousu and E. Ukkonen:
Computational methods for metabolic reconstruction. Current Opinion in
Biotechnology, 21(1):70-77, 2010.
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http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2704943/
http://www.cs.helsinki.fi/u/epitkane/pub/gapless_reconstructions.pdf
http://dx.doi.org/10.1016/j.copbio.2010.01.010
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