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Model-based Integration of Data

metabolites metabolic
 

fluxes

gene
 

expressionregulators

Idea of SUMO

Carbon-, Redox-
 

and Energy Metabolism
 

of Escherichia coli is
 sufficiently

 
well understood, to develop

 
mechanism-based, 

mathematical
 

models

• describing
 

the
 

closed
 

loop
 

of metabolic
 

regulation

• describing
 

the
 

closed
 

loop
 

of energy
 

and redox
 

equivalents
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Reminder: The Aerobiosis Scale
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[1] S. Alexeeva et al., J Bacteriol, vol. 182, no. 17, pp. 4934–4940, Sep 2000.
[2] S. Alexeeva et al., J Bacteriol, vol. 184, no. 5, pp. 1402–1406, Mar 2002.
[3] S. Alexeeva et al., J Bacteriol, vol. 185, no. 1, pp. 204–209, Jan 2003

Glucose-limited chemostat

fresh medium medium + cells

adjustable O2

 

+ N2

 

mixture

different 
reactor

100 %

Aerobiosis
 

scale enables
cross-lab reproducibility!
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The ArcA Riddle

ArcB ArcA

oxidized
 

quinones

reduced
 

quinones
gene

 expression

two
 

component
 

system-+?

see e.g. 
Alvarez  & Georgellis, Meth. Enz., 
2010. 

Expected behaviour:

aerobiosis

ArcA
 

activity

Measured behaviour:

aerobiosis

% reduction
of quinone

 
pool

% reduction
 of q8

ArcA
 

activity

? ?

(Bekker

 

et al. J. Bac, 2010)
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Modelling the 
Regulatory Structure of the ETC

ArcA

 

activity

 (Sheffield)

mRNA

 (Sheffield)
Modelling

 

by

 TFInfer

 

(Sheffield 
/ Edinbourgh)

ArcA, quinones, 
physiol

 

(Amster-

 dam, pre-SUMO)

Quinone

 

data

 (Amsterdam)

network

 

structure

 (literature)

Prediction

 

for

 SUMO conditions
physiological

 data, 
(Magdeburg)

Alexeeva
 Conditions

SUMO 
Conditions

sub-model

 

for

 agent-based

 model

 

(Sheffield)

Prediction

 

for

 different 
conditions

Modification

 

for

 anaerobic

 respiration

 

(Stgt)

Transfer to model

 of central

 metabolism

 

(Stgt)
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Regulatory Structure of the ETC

ExpA: Alexeeva

ExpB: SUMO

Differential equation
 

model
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Regulatory Structure of the ETC

ExpA: Alexeeva

ExpB: SUMO

Differential equation
 

model
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Regulatory Structure of the ETC

Conclusions


 

Model compares the wild-type 
behaviour for Alexeeva

 
vs

 
SUMO

 conditions



 

Experimental Data is consistent 
with the assumption oxidized 
quinones

 
─┤ArcA

 
(no influence of 

reduced quinones)



 

Qualitative differences of quinone
 and ArcA

 
data

 
between growth 

conditions …



 

… can be explained by quantitative 
differences

 
in dilution rate and 

quinone
 

synthesis rate
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Nitrate and Nitrite Respiraton

•
 

model
 

structure
 

adapted
 

to 
nitrate/nitrite

 
respiration

• nitrate
 

pulse to anaerobic
 

chemostat

•
 

model-based
 

analysis
 

of different 
hypotheses
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Linear Electron Transport Chains

WT
TBE031
TBE032
TBE042

bo
 

(cyo)bdI
 

(cyd)bdII
 

(app)

NDH I (nuo)NDH II (ndh)

quinones/quinoles

o2/h2o

nadh/nad

NDH I NDH II bo bdI bdII
WT + + + + +
TBE031 - + + - -
TBE032 - + - - +
TBE042 - + - + -
TBE029 - + + + +

• ArcA

 

signal is clearly more complex

 

than just q8.
•

 

Bekker

 

et al. (J. Bac, 2010) show

 involvement of menaquinones
•

 

Involvement of metabolites (e.g. acetate)

 

was 
hypothesized in the literature

Oxidized

 

Ubiquinones

 

[nmol/gDCW]
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Modelling the Central Metabolism



 

Goal: 
to provide a physically and logically coherent framework

 
in order 

to check the consistency
 

of different types of measurement data 
and our understanding of the network.

Scope of model:


 

Central metabolism 
(Glycolysis, ETC, PPP, 
TCA, fermentation 
pathways)



 

Regulation (enzymatic, 
genetic)



 

Cellular Growth
 overall reaction:
 precursor → biomass



 

Chemostat
 

dynamics
(Source: Alexeeva

 
et al.,  2000)
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Thermodynamic Consistency



 

Thermodynamically consistent modelling
 

is crucial to avoid spurious 
model variants



 

Thermodynamic-Kinetic Modeling
 (TKM, Ederer & Gilles, Biophys

 
J, 2007)



 

Thermodynamic Data
 

(Alberty, Thermodyn. of Bioch. Reac.,2003)
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Model-Reduction by Rapid 
Equilibrium



 

Stiffness of the model → slow simulation & numerical instability


 

Model reduction by separation of time scales
 

reduces stiffness and 
numbers of variables and parameters

Kümmel
 

et al., MSB, 
2006:

Classification of 
reactions:
 near (open boxes) 


 
far (filled boxes) 

from equilibrium
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A Global Model of Central 
Metabolism Regulation

Mathematical
 

Form 1.

 

Textual

 

model

 

description

 

file
2.

 

Symbolic

 

Preprocessing

 

(Model Reduction)
3.

 

Translation

 

into

 

differential-algebraic

 

equations
4.

 

Simulation with

 

DASKR (FORTRAN)
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Modelling the Central Metabolism

physiological

 data, mRNA

 (Magdburg)

mRNA

 (Sheffield)
Modelling

 

by

 TFInfer

 

(Sheffield 
/ Edinbourgh)

physiological

 

data

 (Magdeb., 
Sheff.,Amst.)

Predictions

 

for

 mutants

network

 

structure

 (literature)

mRNA

 

Data

 (Sheff., Magdeb.)
quinone

 

data

 (Magdeb., Amst.)

Deep

 

Model vs

 Data Mismatch

physiological

 data, mRNA, 
quinones(Magdb)

Wildtype

ΔsdhC, ΔfrdA

Linear ETC mutants
 TBE031, TBE032

TBE042

Predictions

 

for

 TBE029

TBE029 Comparison

 

to 
Data
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Comprehensive Metabolism Model 
Overview

Glucose Uptake
Glycolysis

Fermentation Pathways
Citric Acid Cycle

Pentosephosphate Pathway

Electron Transport Chain 
(ubiquinone)
Electron Transport Chain 
(menaquinone)
Transcription Factor Activities

gene
 expression Concentrations

 
& Fluxes
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Comprehensive Metabolism Model – 
Transport & Growth

•
 

Transport and growth fluxes
 

can
 

be
 reproduced

 
qualitatively

 
and to some

 
extent

 also quantitatively

•Many
 

features
 

of these
 

solutions
 

are
 

robust
 with

 
respect

 
to model

 
assumptions

 
(e.g. 

parameter
 

values)
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Comprehensive Metabolism Model – 
Genetic Regulation

•
 

Model provides
 

(partly
 

robust) predicitions
 

on 
transcription

 
factor

 
activities

•
 

In this
 

model
 

version: ArcA
 

signal
 

dependent
 

on menaquinones
 

and 
ubiquinones

•
 

Measured
 

ArcA
 

activity
 

remains
 

a mystery
 

(different anaerobic
 

ArcA
 activity

 
in strains

 
differing

 
only

 
in oxidase)
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Comprehensive Metabolism Model – 
Electron Transport Chains

• Quinone
 

and quinol
 

pools
 

can
 

only
 

partly
 

be
 

explained.

•
 

This
 

is
 

related
 

to our
 incomplete

 
knowledge

 
of the

 
ArcA

 
signal

• Ongoing
 

work: Find a phenomenological
 

ArcA
 

model
 

explaining
 

the
 

data.
• influence

 
of metabolites

 
(e.g. acetate)

• influence
 

of oxidase
 

concentrations
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Conclusions



 

Major components of redox
 

regulation in E. coli are not well understood
 → SUMO models provide tools to tackle these questions in a systemic 

way



 

Modelling in SUMO allows 
–

 

integrating different data types

 (metabolites, mRNA, transcription factors, fluxes)
–

 

integrating information from different mutants
into a physically and logically consistent framework.



 

The modelling process
–

 

reveals inconsistencies and gaps in our understanding of the network 
–

 

provides a framework for an consistent testing of hypotheses (e.g. the signal 
of ArcAB,  nitrite inhibition of glucose transport)



 

The model suggested and suggests experiments to test the hypotheses 
and is able to evaluate the experimental data (e.g. new experimental 
data on menaquinone

 
redox

 
state is on the way)
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Follow-up Project: RecogNize



 

Models will be used in 

RecogNice: Modeling 
Regulation of Carbon, 
Oxygen and Nitrogen in 
Large-Scale Processes with 
E. coli

 
Cooperation

 
project

 
with

 IBVT, IMB (University of 
Stuttgart) and IMG 
(University of Tübingen)



 

Funded in BMBF initiative 
e:Bio

n
r
e

gradients of dissolved
oxygen, glucose, ammonia
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