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Abstract. The process modeling tool ProMoT [6, 5] has been developed for the object-oriented and
equation-based modeling of chemical processes. This contribution presents the application of ProMoT
to a novel application field: the design and implementation of a knowledge base for modeling metabolic
networks in living cells. This knowledge base contains predefined modeling entities for the hierarchical
aggregation of complex reaction network models. The principles of defining primitive metabolic entities as
well as the construction of a flexible knowledge base for modeling larger metabolic networks are presented.
Key words: computer-aided process modeling, knowledge base design, object-oriented modeling lan-
guage, process modeling tool, metabolic processes

1 Introduction

Today commercially and freely available software tools for the steady-state and dynamic simulation of
chemical and biological processes are well established in the process engineering community. Whereas
these simulation tools provide state-of-the-art numerical methods, the computer-aided development, im-
plementation, and reuse of mathematical models for chemical and bioengineering processes are not suffi-
ciently supported. The process modeling tool ProMoT has been designed for the computer-aided mod-
eling of chemical processes as well as for the implementation of knowledge bases that contain reusable
modeling entities [5, 6]. The differential-algebraic process models created with ProMoT are added to
the model library of the simulation environment Diva [2] by calling the Diva code generator. The nu-
merical methods provided by Diva may be applied to the numerical analysis, dynamic and steady state
simulation, and optimization of the process models.

2 Modeling Concept

The modeling concept of ProMoT is both based on the rigorous modeling of lumped parameter systems
as well as the mechanisms of object-oriented modeling including abstraction, encapsulation, aggregation,
and inheritance. In ProMoT, process models are built by aggregating structural and behavioural mod-
eling entities that represent the topological structure or the dynamic and steady-state behaviour of the
investigated process, respectively. Two types of structural modeling entities are distinguished: modules
and terminals. Modules represent differential-algebraic process models and their submodels. Examples
for modules in process engineering are models for process units (e. g. distillation columns), control vol-
umes (e. g. thermodynamic liquid and gas phases), compartments (e. g. distillation column trays and
sections), and signal transformers (e. g. control devices).

For defining a module, it must be separated from its environment. The system boundary of a module
is defined by attaching terminals. Via these terminals, the module may exchange material, momentum,
energy, and information with other modules. There are two types of behavioural modeling entities:
process variables and ordinary differential as well as algebraic equations. The aggregation of process
variables and equations leads to a differential-algebraic model for the considered module.

All modeling entities in ProMoT are organized in an object-oriented class hierarchy with multiple
inheritance. They inherit all parts and attributes from their respective superclasses.

This modeling concept was developed for chemical processes and can be readily applied to the modeling
of metabolic networks as shown in this contribution. In living cells, hundreds of enzyme catalysed
reactions occur simultaneously. Moreover, a large number of feedback and feedforward control loops
were discovered in biochemical research. However, cells are able to respond very quickly to changes



of the environmental conditions by turning on or off metabolic pathways. It can be concluded that a
powerful but sensitive control management with well balanced actions upon metabolic fluxes is realized
within the cellular interior. Therefore, in microbiology, the thinking in units (describing a subset of
metabolic processes) has become very popular and has resulted in the definition of subnetworks that
are under control of a common regulator protein [3]. This allows the cell to stop or to activate the
biosynthesis of a large number of enzymes belonging to this subnetwork. In the bacterium Escherichia
coli a very well known subnetwork for transport and metabolism of carbohydrates is the crp modulon
with the common regulator protein CAP (catabolite activator protein). In this subnetwork more than 40
metabolic pathways are under control of this single protein which is able to bind on the DNA and can
activate the transcription of the genetic information.

A decomposition of the subnetworks leads to elemental modules or submodels [1]. This corresponds
to the subsystems of chemical processes. The elemental modules are substance storages, substance
transformers and signal transformers. Substance storages represent two classes of substances: on one
hand intermediates of the metabolism possessing no genetic information, like precursors and amino acids
and on the other hand macromolecules like proteins, DNA and RNA which do possess genetic information.
The substance storages are mathematically described by differential equations. Substance transformers
connect two or more storages and therefore represent biochemical reactions. These transformers therefore
have two main aspects: (1) the representation of the stoichiometric structure of the reaction and (2) the
representation of the reaction kinetics as well as the influences of participating and controlling ligands
(substrates, activators and inhibitors) on this reaction. These two aspects are investigated and described
separately.

Since the understanding of signal transduction and processing is the key for describing the overall
behaviour of cellular systems, these processes are described by the module signal transformer. A typical
example for a signal transducing process is the initiation of gene expression (first step of protein biosyn-
thesis). The activity of the activator CAP can be varied by a small molecule (cAMP). The activation of
CAP and the subsequent binding on the DNA binding site can be seen as a signal for the synthesis of
the enzymes.
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Figure 1: Structure of a simple subnetwork: lactose uptake and degradation. Lactose is taken up with
the help of the enzyme lacy and is split into glucose and galactose by lacz. An important by-product is
Allolactose.

Substance storages and substance transformers are aggregated to a higher structured unit: a metabolic
pathway. A pathway describes a system of substances and reactions that are aggregated to a reaction
chain. As an example, Figure 1 shows the uptake and degradation of the carbohydrate lactose. External
lactose from the medium (lac e) is taken up by the enzyme lacy. Intracellular lactose (lac) is subsequently
metabolized by the enzyme lacz to glucose and galactose. These substances can be used by other sub-



networks through the terminals gluc out and glac out. The transformers r lacy and r lacz are named
according to their enzymes. The production of the enzymes lacy and lacz is controlled by CAP on a
superior level of the metabolic network. A by-product of this reaction is the metabolite allolactose (alac)
which acts as an inducer for the lactose enzymes. This means that besides the activator CAP a further
regulator protein is involved (laci – not shown in Figure 1) which guarantees that the enzymes responsible
for lactose degradation are synthesized only when lactose is present in the medium.

3 Knowledge Base for Metabolic Models

The knowledge base is designed in a bottom-up approach. At first, elemental modules are defined, like
substance storages and aspects of transformers. As mentioned above, the structure and the kinetics
of transformers are represented separately by two distinct specialization hierarchies of modules in the
knowledge base. The different kinds of modules can be combined by multiple inheritance in order to form
many different transformers with specific reaction kinetics. E.g. the transformer TRANS2A M1A, shown
in Figure 2 is the combination of a stoichiometric structure TRANS2A with the kinetic module M1AT.
This transformer is used in the example above (Figure 1) for r lacy. The module TRANS2A represents
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Figure 2: Inheritance of transformer TRANS2A M1A (most special class on the right side)

a transformer for two substances with stoichiometric calculations for consumption and production of the
substances while M1AT is a kinetic module which calculates the reaction rate using a Michaelis-Menten
kinetic under the control of one enzyme. These two parts are abstract1 modules that are complementing
each other. TRANS2A is located in the hierarchy of structural aspects for transformers which starts with
TRANS1, a drain transformer for one substance. M1AT is a reaction-rate-mixin which calculates the
reaction-rate for different transformers. As it uses the concentration of one enzyme for its calculations,
it includes ENZYM10 which defines a terminal and some parameters for the connection to an enzyme
storage. The definition of the resulting transformer is rather simple and describes only a new name
and the used superclasses. There are other tranformer modules in the knowledge base which use an
identical structure but a different kinetic aspect. The proposed design of the knowledge base facilitates
the integration of other kinetic aspects. Due to the stability of the interface defined by the terminals
of the structural aspect module, transformer models in a larger subnetwork can be easily replaced by a
different version.

Further modules in the knowledge base are composite modules that describe common metabolic
pathways that are useful for different metabolisms. There are for instance modules for glycolysis, the
tricarboxylic acid cycle, and for lactose uptake and degradation. With this set of modules the user can
compose larger metabolic networks. Modules for these networks are defined by aggregating the predefined
modules from the knowledge base and coupling them via their terminals. A complete model for a part
of the metabolism of a cell that can be used in simulation is also represented by a module.

For the investigation of metabolic systems, the resulting model can be analyzed using the numeric
routines of the simulation environment Diva [5]. There are simulations performed to estimate parameters
for fermentation experiments or to show the dynamic behaviour of the biological model under changing
external conditions. Another important method for comprehending the interaction between the different
reactions in the metabolic network is the metabolic flux analysis (MFA) [4]. MFA is based on the
stoichiometric matrix of the metabolic network and does not require information about kinetic aspects.
The necessary stoichiometric information for this method is already contained in the modeling entities,
so ProMoT generates the input for MFA out of the same model as used for dynamic simulation.

1Abstract means: They cannot be used directly in a metabolic model because they are incomplete and describe only one
aspect of the transformer.



Therefore special modeling entities are arranged in the specialization hierarchy that reflect the se-
mantics of the variables and equations within the model. There are for instance modeling entities for
stoichiometric parameters or intracellular substance concentrations. These entities are used throughout
all the predefined modules in the knowledge base. From this formal information the correct parameters
out of model are selected and arranged into the stoichiometric matrix according to the associated sub-
stances and reactions. ProMoT is now able to provide the input for a Matlab based MFA tool that is
currently under development.

4 Conclusions

In this contribution, a new application field for the process modeling tool ProMoT has been presented.
A modeling approach based on storages and transformers has been presented which is sufficient for
the structured modeling of large metabolic networks. The modeling entities for this approach can be
represented with the methodology of ProMoT and can be implemented in a flexible knowledge base
by using multiple inheritance. Of great importance in this implementation process is an object-oriented
analysis of the expert knowledge of the bioprocess engineer. Modeling entities in the knowledge base can
be aggregated to subnetworks for common metabolic systems and complete metabolic networks.

The resulting models can be analyzed with the numerical methods of the dynamic simulation en-
vironment Diva. Besides that a further tool for MFA has been integrated. With additional semantic
information in the knowledge base, the input for this tool can be generated from the same models that
are used for dynamic simulation.

Further development has to be done for the modeling of the entities for the signal transduction
network. Therefore another part for the knowledge base will be implemented. During the modeling of
larger subnetworks some problems arose due to the current rigid methodology of connections in ProMoT.
Some improvements have to be done to make this methodology more flexible. Therefore, as a new concept,
the stretchable terminal will be introduced, which allows an indexed vector of terminals to adjust its
dimension to the number of links it has to other terminals. This will facilitate the definition of general
storages and transformers with arbitrary numbers of terminals.

A further extension aims to the access of external databases for the automatic retrieval of stoichiomet-
ric and kinetic parameters of metabolic pathways. In biological research, much data about enzymes and
already known pathways for different biological species has been collected in large databases. This data
is available over the internet and can be used for the automatic retrieval of parameters or in a further
extension to ProMoT for the semi-automatic generation of metabolic models.
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