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OUTLl N E PN & Bacterial BioEngineering

O my background
-> what | did so far

O the project
-> what | understood so far

L some tentative contributions
-> what | could contribute, potentially
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B10 NETWORKS

PN & Bacterial BioEngineering

ARE NETWORKS
OF BIOCHEMICAL
REACTIONS

NATURALLY
EXPRESSIBLE AS
PETRI NETS

2 NAD* + 2 H,0 -> 2 NADH + 2 H* + O,
NAD+\2<2: NADH
2
H+
H,O —-y\.
? )

hyper-arcs

—
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PLACES, TRANSITIONS - SOME BIO INTERPRETATIONS PN & Bacterial BioEngineering

Q places -> model variables
-> (bio-) chemical compounds
-> proteins
-> protein conformations
-> complexes
-> genes, ..., etc.
. In different locations

@ transitions -> atomic events

-> (stoichiometric) chemical reaction
-> complexation / decomplexation

-> phosphorylation /
dephosphorylation

-> conformational change
-> transport step, ..., etc.

nzyme binds substrate  Enryme releasas producis

. . . In different locations
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A D D | N G Tl M E PN & Bacterial BioEngineering

STATE-DEPENDENT
RATE FUNCTIONS

/\

STOCHASTIC RATES CONTINUOUS RATES
LAMBDA OF STRENGTH OF
EXPONENTIAL CONTINUOUS
WAITING TIME FLOW
CTMC ODEs

-> supported by, e.g., COPASI, Dizzy, ..., Snhoopy
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F RAM EWO R K PN & Bacterial BioEngineering

discrete state space ,”’

’ .
., continuous state space

molecules/levels
LTS, PO

CTL/LTL
time-free
timed,
quantitative

molecules/levels concentrations
stochastic rates deterministic rates
CTMC ODEs
CSL/PLTLc LTLc

folding —~~r>
unfolding —~~~—
abstraction ----> ."“:.'4 } molecules and concent‘ra:tic.)ns
extension . @ stochastic and deterministic rates
: . . § CTMC coupled by Markov jumps
: approximation -----ee> \ PLTLec
1
1
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K EY I DEA PN & Bacterial BioEngineering

4 <2

MODELS SHARING STRUCTURE

AL

QUANTITATIVE MODEL = QUALITATIVE MODEL
+

RATE FUNCTIONS
(KINETICS)
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OU R TOOL B OX PN & Bacterial BioEngineering

Q SNOOPY
-> modelling and animation/simulation of hierarchical graphs,
e.g. various Petri net classes, e.g. PN, XPN, SPN, XSPN, CPN, ...

Q S4
-> standalone, computational steering server

QO CHARLIE
-> PN, XPN, Time/Timed Petri nets (TPN)
-> mostly standard analysis techniques of Petri net theory

0 MARCIE
-> PN, XPN, SPN, XSPN, SRN
-> symbolic and simulative model checking

Q Patty
-> animation via web browser
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OU R TOOL B OX PN & Bacterial BioEngineering

0 SNOOPY
-> modelling and animation/simulaggpon of hierarchical graphs,

XPN, SPN, XSPN, CPN, ...

SBML.import/export

-> mostly standard analysis techni

e.g. various Petri net class

s of Petri net theory

“*EAPORI-T0 MATAB AND

-> symbolic and simulative model checking

“MANY.OTHER TOOLS
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CASE STUDIES, EX1 - SIGNALLING PATHWAYS PN & Bacterial BioEngineering

RasGTP signalling cascade
! as wiring diagram
/\
Raf \/ RafP
Phosphatasel

MEK 2~ ™ MEKP - ™ MEKPP
\_/ \/

_ J
~
Phosphatase?2
/\ /—\
ERK - ERKP ~ ERKPP

Phosphatase3
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CASE STUDIES, EX1 - SIGNALLING PATHWAYS

PN & Bacterial BioEngineering

RasGTP

signalling cascade
as wiring diagram

Raf

[GILBERT,
HEINER,
LEHRACK 2007]

[HEINER,
GILBERT,
DONALDSON 2008]

Phase2

ERK

| A0 LR A0l

ERKP_Phase3 ERKPP_Phase3

Phase3
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CASE STUDIES, EX1 - SIGNALLING PATHWAYS

PN & Bacterial BioEngineering

Stochastic Output - 1 Level
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signalling cascade
as wiring diagram

[GILBERT,
HEINER,
LEHRACK 2007]

[HEINER,
GILBERT,
DONALDSON 2008]
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CASE STUDIES, Ex2: TURING PATTERNS PN & Bacterial BioEngineering

rl: ->U diffusion:
r2: U->V r5: Uy - 1/h% > Uy,
r3: 2U+V ->3U 2
r6: V,, -- D/hc-->V

r4: U-> 4 ab

rl r3

(x,y)

[N2D(x,y,a,b)] [N2D(x,y,a,b]]

) -

(x,y)
™ @b Grigw " GridzD e
3" (INIT,INIT) 13" (INIT,INIT)
r4

rl - r4 follow mass action kinetics with rate constants:
rl:a, r2: b, r3:1,r4: 1;

[LIU ET AL 2014]

monika.heiner@brunel.ac.uk April 2015



CASE STUDIES, Ex2: TURING PATTERNS PN & Bacterial BioEngineering
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CASE STUDIES, EX3 - PLANAR CELL POLARITY
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CASE STUDIES, ExX3 - PLANAR CELL POLARITY PN & Bacterial BioEngineering
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CASE STUDIES, Ex4 - PHASE VARIATION PN & Bacterial BioEngineering
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[GILBERT ET AL 2013], [PARVU ET AL 2013], [PARVU ET AL 2015]
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CASE STUDIES, ExX4 - PHASE VARIATION PN & Bacterial BioEngineering

h

HTTP://MULTISCALEPN .BRUNEL .AC.UK ¢l

[GILBERT ET AL 2013], [PARVU ET AL 2013], [PARVU ET AL 2015]
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B ASlCS PN & Bacterial BioEngineering

O synthetic systems biology
-> knowledge-based design
-> creation of new living systems (in our case: bacteria)
-> with novel exploitable/translational applications

L bacteria can be engineered to act as little factori  es for
-> energy production
-> drug production
-> immune system booster (probiotics)
-> pollution clean up, and
-> environmental sensors

L bacterial engineering
-> genetic engineering -> target-driven genome modification
-> metabolic engineering -> focus on metabolism

L model organisms
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ESCHER'CH'A COL| (E COL') PN & Bacterial BioEngineering

L 1885 discovered by German-Austrian pediatrician Th  eodor Escherich
-> named after him in 1919

L can be grown and cultured easily and inexpensively in a laboratory setting
-> under favourable conditions, it takes only 20 minutes to reproduce

O the most widely studied prokaryotic (single-cell) m odel organism
-> EcoliWiki

O one of the most diverse bacterial species
-> only 20% of the genome is common to all strains

L strain

-> a species’ subgroup with unigue characteristics
that distinguish it from other strains

-> EcoCyc: scientific database for the bacterium Escherichia coli K-12 MG1655

monika.heiner@brunel.ac.uk April 2015



E. COLl GENOME, SOME F|GURES PN & Bacterial BioEngineering

Pan

O 1997, first complete DNA sequence

O today
-> several hundred ,complete' genomic sequences
-> each individual genome: 4,000 - 5,500 genes
(protein genes, RNA genes)
-> How many protein genes control metabolism?

O core genome: 800 - 1,100 genes
-> the genome common to all strains
-> compare: genome of all humans differ by about 1%

O pangenome: exceeds 16,000 genes
-> total number of different genes among all of the sequenced E. coli strains
-> possible explanation: horizontal gene transfer
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E. COLl GENOME, SOME F|GURES PN & Bacterial BioEngineering

Q 1997, first complete DNA sequence

Q today
-> several hundred ,complete' genomic sequence
-> each individual genome: 4,000 - 5,500 gen€

(protein genes, RNA geges)
-> How many protein genes cofol meta

lism?
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MODELLING 4 METABOLIC ENGINEERING, STATE OF THE ART PN & Bacterial BioEngineering

L research subject since about 15 years

O basically two categories of models and related anal  ysis techniques
-> static (structural) modellling (no kinetic information required)
-> dynamic (kinetic) modelling -> computational models

O the fast majority of research follows first approac h,
related analysis techniques

O standard graph algorithms

-> eg., structural (linear) paths going from input A to output B,
while avoiding or passing specified intermediates C

O linear programming techniques + steady state assump tion
-> all minimal flows (EM - elementary modes, T-invariants, ...)
-> flux balance analysis = ,all minimal flows + target function”

-> optimum flux distributions

monika.heiner@brunel.ac.uk April 2015



MODELLING 4 METABOLIC ENGINEERING, STATE OF THE ART PN & Bacterial BioEngineering

O identification

-> gene candidates for overexpression,
if they control the production pathway

-> gene candidates for downregulation or knockout,
if they control competing pathways and don't contradict the cell's viability

-> minimal cut sets to find minimal deletion strategies

0 CONS
-> the core metabolism of E. coli (about 100 reactions)

- around 272 million EMs
- requires a machine with at least 153 GB of RAM [Zanghellini 2013]

-> 99% of the EMSs in the core model are biologically infeasible [Zanghellini 2013]

- enhance metabolic models by
regulatory networks, thermodynamical and/or biological data
to constrain the available solution space

-> engineering of single strains
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CHALLENGES PN & Bacterial BioEngineering

O How to generate strain-specific models ?
-> computational metabolic models

-> estimated model size:
1,800 reactions, 1,700 metabolites [Monk 2013]

O How to (semi-automatically) generate models
for new strains?

O How to deal with sets of models ?
-> to rank according to target behaviour observed in the wetlab
-> to identify genes crucial for different performance

O How to select ?
-> chassis strain: target of gene transfer
-> donor strains: source of gene transfer

monika.heiner@brunel.ac.uk April 2015



C HALLE N G ES PN & Bacterial BioEngineering

O How to generate strain-specific models ?
-> computational metabolic models

-> estimated model size:
1,800 reactions, 1,700 metabolites [Monk 2013]

O How to (semi-automatically) generate models
for new strains?

O How to deal with sets of mod

COMPUTATIONAL-TOOLS FOR

-> to identify genes crucial for different performance

T “MODEL-DRIVEN DESIGN 4

-> donor strains: source of gene transfer

SYNTHETIC SYSTEMS BIOLOGY
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SOME TENTATIVE

CONTRIBUTIONS
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SOME TENTATIVE CONTRIBUTIONS PN & Bacterial BioEngineering

Q Modular modelling
-> |ayout options
-> strutural protein knowledge

O Atomic fragments
-> static (constraint-based) analysis
-> T-invariants / elementary flax modes

P

mmmmmmm

Q Parameter-free Simulation
-> efficient simulation without kinetic parameters
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PN & Bacterial BioEngineering
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MODULAR X
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get data

process

show
results
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E NZY MAT| C R EACTl ON S PN & Bacterial BioEngineering

Substrate Binding Site

> Active Site

-

Allosteric Site Catalytic Site
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ENzZYMATIC REACTIONS

PN & Bacterial BioEngineering

Substrate Binding Site

\ . .
J Active Site
N\ !
Allosteric Site Catalytic Site
Product2
Substrate m Product 1

. . r2b .

rlb
Enzyme A Enzyme A Enzyme A
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E NZY MAT| C R EACTl O N S PN & Bacterial BioEngineering

Product2
Substrate m Product 1

—p —

rlb . r2b .

Enzyme A Enzyme A Enzyme A

)
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E NZY MAT| C R EACTl O N S PN & Bacterial BioEngineering

HOW TO CONSTRUCT THE MODEL?

Product2
Substrate m Product 1

—p —

rlb . r2b .

Enzyme A Enzyme A Enzyme A

)
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E NZY MAT| C R EACTl O N S PN & Bacterial BioEngineering

HOW TO CONSTRUCT THE MODEL?
HOW TO DESIGN THE MODEL?

Product2
Substrate late Product 1

ﬁl_whuﬂ.'.
]

Enzyme A Enzyme A
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How TO DESIGN THE MODEL - LAYOUT OPTIONS PN & Bacterial BioEngineering

process-oriented view
reaction-centred view

rl

AlE

m

> species-centred view
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ENZYMATIC REACTIONS, A FIRST PETRI NET MODEL PN & Bacterial BioEngineering

Product2

Substrate m Product 1

—p —

rlb . r2b .

Enzyme A Enzyme A Enzyme A

)
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ENZYMATIC REACTIONS, A FIRST PETRI NET MODEL PN & Bacterial BioEngineering

(EnzymeA)
EnzymeA_SubstrateBindingSite

rib r2b
Productl

Substrate Product?2
ri r2

EnzymeA_SubstrateBindingSite__Substrate
(EnzymeA__Substrate)

Product2
Substrate m Product 1

M r1

m—)>
rilb

Enzyme A Enzyme A Enzyme A
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ENZYMATIC REACTIONS, A FIRST PETRI NET MODEL PN & Bacterial BioEngineering

(EnzymeA)

EnzymeA_SubstrateBindingSite

(EnzyMeA__Substrate)

Product2

Substrate late Product 1

Substrate

Enzyme A Enzyme A Enzyme A
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ENZYMATIC REACTIONS, A FIRST PETRI NET MODEL
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(EnzymeA)
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ENzYMATIC REACTIONS, LAYOUT OPTIONS PN & Bacterial BioEngineering

(EnzymeA)
EnzymeA_SubstrateBindingSite

rilb reb
Productl

Substrate Product?2
ri r2

EnzymeA_SubstrateBindingSite__Substrate
(EnzymeA__Substrate)
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ENzYMATIC REACTIONS, LAYOUT OPTIONS
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(EnzymeA)
EnzymeA_SubstrateBindingSite

rilb reb
Productl

Substrate Product?2
ri r2

EnzymeA_SubstrateBindingSite__Substrate
(EnzymeA__Substrate)
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ENzYMATIC REACTIONS, LAYOUT OPTIONS PN & Bacterial BioEngineering

(EnzymeA)
EnzymeA_SubstrateBindingSite

rilb reb
Productl

Substrate Product?2
ri r2

EnzymeA_SubstrateBindingSite__Substrate
(EnzymeA__Substrate)
EnzymeA_SubstrateBindingSite

Product?2
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ENzYMATIC REACTIONS AS MODULES PN & Bacterial BioEngineering

Module: Enzyme A

EnzymeA_SubstrateBindingSite

Product?2
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ENzYMATIC REACTIONS AS MODULES PN & Bacterial BioEngineering

Module: Enzyme A

EnzymeA_SubstrateBindingSite

EnzymeA_CatalyticSite
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ENZYMATIC REACTIONS IN A CHAIN PN & Bacterial BioEngineering

Substrate Intermediate Product 1
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ENZYMATIC REACTIONS IN A CHAIN PN & Bacterial BioEngineering

EnzymeA_SubstrateBindingSite EnzymeB_SubstrateBindingSite

[ —(@=— ]

ubstrate

JubstrateBindingSite
__ Intermediate

ubstrateBindingSite
__Substrate

Intermediate

EnzymeA_CatalyticSite EnzymeB_CatalyticSite
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ENzZYMATIC REACTIONS IN A CHAIN PN & Bacterial BioEngineering

EnzymeA_SubstrateBindingSite EnzymeB_SubstrateBindingSite
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INHIBITION OF ENZYMATIC REACTIONS

PN & Bacterial BioEngineering

Competitive
inhibitor
interferes with
active site of
enzyme so
substrate
cannot bind

(a) Competitive inhibition

/4

Noncompetitive inhibitor
changes shape of
enzyme so it cannot
bind to substrate

(b) Noncompetitive inhibition
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INHIBITION OF ENZYMATIC REACTIONS PN & Bacterial BioEngineering

.—“ Substrate
G_Q_O competitive Inhibitor

A non-competitive Inhibitor

Substrate Binding Site

> Active Site

T

Allosteric Site Catalytic Site
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INHIBITION OF ENZYMATIC REACTIONS PN & Bacterial BioEngineering

Substrate Substrate

HO e

COMPETITIVE INHIBITION
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N . R
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E NZYM E M O D U LE PN & Bacterial BioEngineering

Module: Enzyme A

EnzymeA_SubstrateBindingSite

EnzymeA_CatalyticSite

monika.heiner@brunel.ac.uk April 2015



ENzYME MODULE WITH INHIBITION 1
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Module: Enzyme A

r

Enzyme_SubstrateBindingSite__compInhibitor

\
COMPETITIVE INHIBITION

EnzymeA_CatalyticSite
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ENzYME MODULE WITH INHIBITION 2

PN & Bacterial BioEngineering

Module: Enzyme A
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ENzYME MODULE WITH INHIBITION 2 PN & Bacterial BioEngineering

Module: Enzyme A Enzyme_SubstrateBindingSite__compInhibitor
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CASE STU D | ES PN & Bacterial BioEngineering

O JAK-STAT pathway in IL-6 signalling [B  LATKE ET A. 2013]
-> Anna Dietrich, Fred Scharper, OvG University Magdeburg
-> constraints: induced by IL-6 cytokine, one isoform
-> 7 protein modules: JAK1, STAT3, SOCS3, SHP2, gp130, IL-6, IL-6R
+ SOCS3 biosynthesis module
-> in total: 92 places, 102 transitions, 58 pages, nesting depth 4

L phosphate regulatory network [B  LATKE ET A. 2012]
-> basics demonstrated in CMSB 2012

O nociceptive network in pain signalling [H  UCHO ET AL., IN PREPARATION ]
-> running BMBF project with 7 consortium partners

-> (so far) 38 protein modules, among them
several membrane receptors, kinases, phosphatases and ion channels

-> in total (so far):
713 places, 775 transitions, 325 pages, nesting depth 4
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MoDULE GP130 TRANSMEMBRANE RECEPTOR PN & Bacterial BioEngineering
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MODULAR MODELLING, SUMMARY PN & Bacterial BioEngineering

O monolithic models R -

- > p ro C e S S - O r i e n te d Vi eW gp130_Iglike gp130_lglike_IL6_sitellla_IL6Ralpha_sitelllb

p130_Boxil

-> cons: it's difficult to
- reuse network components
- combine networks

L modular models

-> a priori modular network design
-> object-oriented view

- object = protein

- well-defined object interfaces = composionality
-> pros

- step-wise incorporation of structural knowledge

- step-wise construction of larger networks

- automatic mutation of modules/networks

-> personalised medicine (Horizon 2020 -PHC)

monika.heiner@brunel.ac.uk April 2015



PN & Bacterial BioEngineering

(J Donauinsel

Ibeuern
() RoRauer Lande
(J Vorgartenstraie
StraBe TaborstralRe
Schottenring 1) () Messe-Prater
itadter StraBe Praterstern ¢

stralle

Stephans-

platz () Schlachtt

endorfer .b(g‘\ o f| Museums-
N ) 2 quartier
) @
& S
S
S N
N
=0
nfeldgasse Kettenbriicken- Karlsplatz &
gasse
rhofstrale Taubstummengasse
Sidtiroler Platz €9
elphiabriicke ¢ &

Keplerplatz

T- INVARIANTS

( ELEMENTARY (FLUX) MODES )

( EXTREME PATHWAYS )
( GENERIC PATHWAYS )

monika.heiner@brunel.ac.uk April 2015



VIENNA METRO

PN & Bacterial BioEngineering

B .

U4 Q Heiligenstadt ¢y

&
@ ¥ &
o\,bo é‘“‘@ g&\e} ()" Neue Donau
& ¥
NuRdorfer Strale Q) O O (J Handelskai 63

Walieger Sirsery (Q,Friedensbriicke

2\ Michelbeuern

A Q) Alser Strale

U3 Q) Ottakring ¢ O Josefstadter Strake

() RoRauer Lande

(J VorgartenstraRe

TaborstralBe
Schottenring 10 O

O
KendlerstraBe , Schottentor Nestroyplatz
Q Thaliastrale
( ) Schwedenplatz

Hutteldorfer StralRe

Q) Burggasse
Johnstralle -

Schweglerstrale Neubaugasse LandstraRe ¢)
" O O) O
.,  Westbahnhof ¢ Zieglergasse Stephans- Rochusgasse
Q&e {@\ Museums
g . . Gumpendorfer s At
{\@ RC Ry &q’\g & o ° Straf&pe &° ,g?e' quartier
© ) 5 & EIROR o S
N ) & & U S R &
& ¢ & & [ F &S & (Jstadtpark
N o RS- NI P
O O O O O O O ) O O
u4 Langenfeldgasse Kettenbriicken- Karlsplatz &

gasse
Q) Taubstummengasse

Q) Sidtiroler Platz ¢

Q) Niederhofstralle

Q) Philadelphiabriicke ¢ &
Q) Keplerplatz

O) Tscherttegasse U1 O Reumannplatz

O) Am Schopfwerk
Q) Alterlaa

O) Erlaaer StralRe

Q) Perfektastrale

U6 O Siebenhirten

[ Floridsdorf ¢

() Messe-Prater
Praterstern ¢

U1 O Leopoldau ¢y
{J GroRfeldsiedlung
() Aderklaaer Strake
O Rennbahnweg
O Kagraner Platz
() Kagran

(J Alte Donau

(J Kaisermiihlen

(J Donauinsel

u2

(O AspernstraRe
Hardeggasse

® O Donauspital

) Krieau (J Stadlau 6

Stadion (7 Donaustadtbriicke
Q

U Donaumarina

Q. Kardinal-Nagl-Platz

Q) Schlachthausgasse
0 Erdberg
® Gasometer
® Zippererstralle
() Enkplatz

() Simmering ¢
u3

[Zanghellini 2013]

monika.heiner@brunel.ac.uk

April 2015



VIENNA METRO, GRAPH REPRESENTATION PN & Bacterial BioEngineering

How many elemenary modes
from any terminal station
to any terminal station ?

[Zanghellini 2013]
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STO'CH | OM ETR | C MATR'X PN & Bacterial BioEngineering

O arepresentation of the net structure => incidence matrix
P Tt ... tj | ... tm
pl
C=1o ci cij = (pi, tj) = F(4,pi) - F(pi, tj) = Atj(pi)
. At P — (*
H t] At = Atj(*)

O matrix entry Cij:
token change in place pi by firing of transition tj

O matrix column Atj:
vector describing the change of the whole marking b y firing of tj

X

ol ~O

a enzyme-catalysed b
reaction

O side-conditions are neglected enzyme cifj=0
X
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T'|NVAR|ANTS y BAS'CS PN & Bacterial BioEngineering

O Lautenbach, 1973 -> Schuster, 1993

O T-invariant x -> multiset of transitions
-> integer solution of (Cx = 0,x#0, xz@

O support of a T-invariant x  -> supp(x) -> set of transitions
-> set of transitions involved, i.e. ( X(i)#0 )

O minimal T-invariants
-> there is no T-invariant with a smaller support
-> gcD of all entries is 1

O any T-invariant is a non-negative linear combinatio n of minimal ones
-> multiplication with a positive integer C(X — Zaixi)
-> addition -
-> Division by gcD
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T-INVARIANTS, INTERPRETATIONS PN & Bacterial BioEngineering

Q T-invariants = (multi-) sets of transitions = Parik  h vector
-> zero effect on marking
-> reproducing a marking / system state

O two interpretations

1. partially ordered transition sequence -> behaviour understanding
of transitions occuring one after the other

-> substance / signal flow

2. relative transition firing rates -> steady state behaviour
of transitions occuring permanently & concurrently

-> steady state behaviour

O a minimal T-invariant defines a connected subnet

-> the T-invariant’s transitions (the support),
+ all their pre- and post-places
+ the arcs in between

-> pre-set of support = post-set of support
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Ex1 - Glycolysis and Pentose Phosphate Pathway
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2°G NADP!
{ 2 3
4 GSH 2 NADP*

Gluc /9\ - G6P - F6P / \ ~ FBP \' /GAP

ATP  ADP ATP  ADP DHAP

NAD" NADH ATP ADP ATP  ADP

a;Mpyr MPEFQ 18 2PGC - PG - \HJ 13BPG

=

R
\~

NADH

NAD*

[Reddy 1993]
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EXx - Glycolysis and Pentose Phosphate Pathway PN & Bacterial BioEngineering

[Reddy 1993]
[Heiner 1998]

GSSG NADPH

ATP ADP

NAD+ NADH ATP ADP

La®

Lac Pyr PEP 2PG 3PG
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EXx - Glycolysis and Pentose Phosphate Pathway PN & Bacterial BioEngineering

[Reddy 1993]

[Heiner 1998]
Ru5P
8 ATP
GSSG  NADPH ‘
Gluc
[—=O—{ 9]
O O
ATP ADP ATP ADP
DHAP Pi
1
NADH
NAD+ NADH ATP ADP ATP ADP
Lac Pyr PEP 2PG 3PG
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EX - Glycolysis and Pentose Phosphate Pathway PN & Bacterial BioEngineering

[Reddy 1993]
[Heiner 1998]

GSSG NADPH

GSH NADP+ g

I Gluc Pi
NAD+
ATP ADP ATP ADP
DHAP Pi
NADH
NAD+ NADH ATP ADP ATP ADP
l<—© ,3-BPG
Lac Pyr PEP 2PG 3PG
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EX - Glycolysis and Pentose Phosphate Pathway PN & Bacterial BioEngineering

XUSP [Reddy 1993]
-Q [Heiner 1998]
Ru5P
GSSG  NADPH EATP
2 2
GSH
I Gluc
ATP ADP ATP ADP
DHAP Pi
NADH
NAD+ NADH ATP ADP ATP ADP
<O ,3-BPG
Lac Pyr PEP 2PG 3PG
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EX - Glycolysis and Pentose Phosphate Pathway PN & Bacterial BioEngineering

[Reddy 1993]
[Heiner 1998]

4
Ru5P
GSSG  NADPH ‘

2 2 2
GSH NADP+
I Gluc
ATP
NAD+ NADH ATP ADP ATP ADP
<O y@—.—@—.—;ﬁ@ﬁ-m
Lac Pyr PEP 2PG 3PG
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T-INVARIANTS, OBSERVATIONS

PN & Bacterial BioEngineering

Q

minimal T-invariants

-> connected, but generally overlapping subnets

-> computation: NP-complete

-> worst case: exponentially many (in number of transitions)

maximal abstract dependent transition sets (ADT set  s)
-> unique partitioning of the transition set

-> disjunctive, but not necessarily connected subnets

-> direct computation: polynomial - DIANE, PETIA (Ipsolve)
-> worst case: linear (in number of transitions)

maximal connected ADT sets -> atomic fragments
-> disjunctive and connected subnets
-> coarse (hierarchical) network structure

. . . better understanding, highlighting of crucial parts, . . .

-> possibly according to primary compounts only,
l.e., neglecting conncections by auxiliary compounds
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Ex1 - Glycolysis and Pentose Phosphate Pathway
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Xu5P

-Q [Heiner 2009]
Ru5P
GSSG  NADPH EATP

F6P
2 2 > gADP
GSH NADP+
I Gluc FeP FBP GAP y gPi
NAD+
ATP ADP ATP ADP
DHAP Pi
NADH
NAD+ NADH ATP ADP ATP ADP
<O ,3-BPG
Lac Pyr PEP 2PG 3PG
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Xu5P

-Q [Heiner 2009]
Ru5P
GSSG  NADPH EATP

F6P
2 2 > gADP
GSH NADP+
I Gluc FeP FBP GAP y gPi
G6P
NAD+
ATP ADP ATP ADP
DHAP Pi
NADH
NAD+ NADH ATP ADP ATP ADP
<O ,3-BPG
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Ex1 - Glycolysis and Pentose Phosphate Pathway PN & Bacterial BioEngineering

red

G6P F6P GAP

blue1 10 blue2, |[13 blue3
14
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Ex1 - Glycolysis and Pentose Phosphate Pathway
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O

] GAP

A1 G6P B F6P A2

GAP

A1 G6P B F6P A2
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TO BE CONTINUED
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