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ABSTRACT

A benchmark problem is described for the reconstruction
of biochemical networks given sampled experimental data.
The growth of the organisms is described in a bio-reactor
where one substrate is feed into the reactor with a given
feed rate and feed concentration. Measurements for some
intracellular components are provided representing a small
biochemical network. Problems of model discrimination, pa-
rameter estimation, and identifiability are addressed. Feed
rate and feed concentration could be used as control inputs.
To verify calculated input profiles an interactive web-site
(http:/ /www.sysbio.de/projects/benchmark/ ) is pro-
vided.

1. INTRODUCTION

The analysis of metabolic and regulatory pathways with
mathematical models contributes to the better understand-
ing of the behavior of metabolic processes [2]. The setup
of the structure of the model, i.e. the stoichiometry of
the biochemical reaction network, is mainly based on data
from database systems or from literature. Recent efforts
in measurement technologies like cDNA array data or 2gel
electrophoresis [1] will enable researchers to produce time
courses of a number of substances from inside the cell. Hav-
ing available such data, a challenging task is to identify the
structure of the network (“reverse engineering”) and - if two
or more model structures are suited to describe the experi-
mental data - to design new experiments which will allow to
discriminate between the model variants. Further problems
comprise identifiability of the model parameters, sensitiv-
ity of the parameters and metabolic design [3]. Here, we
present in silico experimental data for an organism growing
in a chemostat (Figure 1). After reaching a steady state,
the dilution rate ¢in, gout as well as the concentration of
the substrate in the feed c¢;, are changed. Measurements
are available for three metabolites M1, M2 and M3 repre-
senting a small biochemical network of the organism. The
network structure has to be identified on the basis of these
data and a new experiment has to be designed to select to
most feasible model structure. Measurement for biomass X
and substrate S are also available.
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Figure 1: Scheme of the bio-reactor. Inputs are feed
rates ¢in, ¢out and feed concentration c;,. Biomass is
assumed to homogeneously distributed in the reac-
tor. A biochemical reaction network is responsible
for growth and cell division.

2. BENCHMARKPROBLEMDEFINITIONS
2.1 Initial conditions

Figure 2 shows the time course of the metabolites M1, M2,
and M3 as well as the time course of biomass X and sub-
strate S. The conditions during the chemostat experiment
are summarized in Table 1. The molecular weight for the
substrate used is 342.3 mol/g. The initial conditions for
biomass and substrate are 0.1 g/l and 2.0 g/, respectively.
The volume of the bio-reactor was held constant at 1.0 1 for
the given time series (the maximal working volume of the
reactor is Viper =5 1).

2.2 Measurement

Measurement are sampled every 2 hours. To allow realis-
tically complex behavior, the following procedure was em-
ployed. A set of kinetic parameters was chosen for the (hid-
den) network. After a simulation run with the starting con-
ditions from above the measured data were generated: With
a random number rand the absolute value was modified ac-
cording to & = z (1 + rand), rand is normally distributed
with mean value m = 0, and standard deviation ¢ = 0.1.
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Figure 2: Time series data for biomass and sub-
strate (upper left), for substance M1 (upper right),
for substance M2 (lower left) and for substance M3
(lower right). Numerical values of the data are given
in the appendix.

Table 1: Conditions during continuous culture ex-
periment (the volume of the bio-reactor was held
constant at 1.01).

time input time input

0-20h ¢ =0251/h | 20-30h ¢n =0.351/h
Gout =0.251/h Gout =0.351/h
cin =2.0g/l cin = 2.0 g/l

30-60h g¢in =0.351/h
Gout =0.351/h
cin = 0.50 g/1

3. BENCHMARKPROBLEM APPLICATIONS

3.1 Network identification

Based on the measurement of substances M1, M2, and M3
the structure of network has to be identified. Note that
all substances are able to reach a steady-state. The rate
of synthesis or degradation of the substances may be con-
stant or may depend on the metabolites or the extracellular
substrate.

3.2 Model discrimination

If some more information on the network is existing another
problem in reverse engineering can be addressed. The fol-
lowing biochemical facts can be used for further studies:

e Metabolite M1 is the first substance after uptake. The
transport mechanism was identified as a Michaelis-
Menten reaction law with parameters given in Table 2.

e Substance M3 acts as an enzyme F converting metabo-
lite M1 in M2. The reaction is irreversible and the
affinity (dissociation constant) of M1 was determined
(see also Table 2).

e Degradation of M2 is also identified as a Michaelis-
Menten reaction law with parameters given in Table 2.

It is assumed that flux from M2 is responsible for the
entire biomass:

M2 —s biomass (1)

e The enzyme is subject to control (control of activity
or control of synthesis).

Using two different (or more) models describing the control
of the enzyme, the design of a new experiment is required
to select the most feasible model structure.

Table 2: Kinetic parameters for synthesis of M1,
degradation of M2 and the affinity of M1 to enzyme
E.

synthesis of M1

values: Tmaz = 24000 pmol/gDW h
K =0.4437 pmol/gDW

affinity M1 —-FE

value: K =12.2 pymol/gDW

degradation of M2

Tmaz = 3 -10° pmol/gDW h
K =10.0 gmol/gDW

values:

3.3 Problem extensions
3.3.1 Further control inputs

To design a new experiment control variables « have to be
fixed. To direct the chemostat, the feed rates ¢in, qout as
well as the feed concentration c;, are possible variables.

For some strategies it might be necessary to include a control
variable that directly influences the enzyme either by alter-
ation of the activity or the rate of synthesis. The following
scenario allows to control enzyme synthesis: if an enzyme is
under control, at least one transcription factor is necessary
to activate or to repress gene expression. The amount of
the transcription factor can be varied if we assume that the
expression of the transcription factor is under full control,
e.g. by given an inducer in distinct concentration.

3.3.2 Metabolic design

Another extension would be to expand the proposed bio-
chemical network through the addition of new pathways.
Such a metabolic redesign would allow the redirection of
fluxes to achieve a desired impact.

3.3.3 Identifiability

To design a new experiment inputs and outputs must be
chosen in such a way that parameters could be identified.
Furthermore parameters could only be estimated with high
quality if the control inputs direct them into sensitive re-
gions.

3.3.4 Modeling approach

Although the problem is suited for models with ordinary
differential equations other approaches using e.g. automaton
may also lead to interesting results.



3.3.5 Education

The problem could be used as a study in metabolic modeling
to illustrate methods in model set-up, model analysis and
system design.

4. INTERACTIVE WEB-SITE

To verify calculated input profiles an interactive web-site is
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provided under http://www.sysbio.de/projects/benchmark/. ¢, 7400

The site offers the possibility to enter a vector of time points
and corresponding values for the input profiles for ¢in, Gout,
and ¢;, as well as sampling time points (in k). Initial condi-
tions for all states must be given also. Outputs are the time
vector at the given sampling time points and a vector of all
states with random noise. The time series data are shown
in a number of plots and can be download also.
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APPENDIX
A. MEASUREMENT
time [h] X [g/1] S [g/1]

0 0.1008 1.9134
2.0000 0.4345 0.0805
4.0000 0.4811 0.0791
6.0000 0.4114 0.0734
8.0000 0.3956 0.0990

10.0000 0.3714 0.0724
12.0000 0.3995 0.0782
14.0000 0.4477 0.0752
16.0000 0.4190 0.0853
18.0000 0.3540 0.0725
20.0000 0.3690 0.0781
22.0000 0.4345 0.1195
24.0000 0.3183 0.1178
26.0000 0.3767 0.1099
28.0000 0.34389 0.1243
30.0000 0.4019 0.1249
32.0000 0.2023 0.0403
34.0000 0.1595 0.0703

54.0000
56.0000
58.0000
60.0000

M1

.0620
L4479
.3045
.2534
.2569
.2736
.2561
.2268
.2086
. 2375
.2539
.4895
.4561
.4673
.5358
.5961
1357
.1584
.1873
. 2860
.3434
.4408
L4767
.5163
.5675
.5399
.5851
.6062
.5443
.6399
.6020

[elelNeNelNeNeNeNeNe Ne e Ne Ne e e e Ne e lNeo e N lNeolNeo e lNeolNeo e lNeoNeolNeo Neol

Values of M1, M2 and M3 are in [pmol/gDW]. A file with
the presented data can be download from the above men-

tioned web-site.
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.1068
.0868
.1047
.0967
.0714
.0916
.0992
.0877
.0766
.0747
.0769
.0786
.0781

M2

.0079
.0110
.0102
.0133
.0116
.0125
.0130
.0112
.0121
.0121
.0128
.0169
.0147
.0173
.0144
.0149
.0067
.0089
.0121
.0138
.0135
.0152
.0161
.0180
.0165
.0181
.0177
.0157
.0128
.0143
.0127
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.0691
.0933
.0893
.1000
.0965
.1122

1234

.1180
.1133
.1196
.1256
.1269
.1138

M3

.0749
.0124
.0173
.0266
.0294
.0378
.0257
.0332
.0305
.0296
.0342
.0258
.0176
.0187
.0152
.0156
.0319
.0432
.0418
.0296
.0322
.0267
.0225
.0222
.0189
.0202
.0176
.0157
.0205
.0154
.0142



