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Introduction  
 
Metabolism is a vital cellular process and its malfunction is a major contributor to human disease. For this 

reason, it is important to construct and investigate metabolic networks. We can safely say that such 

metabolic networks are complex and highly interconnected, therefore system-level computational 

approaches are required to understand metabolic genotype-phenotype relationships. One of the major 

fields of research in systems biology is the reconstruction of these metabolic networks [1-2]. The 

reconstructed network can be used to suggest potential alternatives to known drug targets or could reveal 

the effects and causes of diseases and therapies. 

 To understand the complex behavior of the system we need to translate the metabolic network 

into a dynamical model with rate laws for each enzymatic reaction. These rate laws are defined as 

mathematical expressions which heavily depend on the underlying mechanism of the enzymatic reactions 

and can become quite complex with a large quantity of parameters. There are two main reasons to use 

dynamical models: (1) we wish to gain more knowledge about the system (2) we want to control the 

system. To model the system as accurately as possible, we wish to have a complete and accurate set of 

parameters which characterize the system. This definition is by the fact that some parameters are: (1) 

corrupted by measurement noise (2) influenced by biological variability (3) completely unknown. All 

these factors of uncertainty and missing knowledge lead to problems in the dynamic modeling of 

metabolic networks.  

 To account for these issues we could perform model parameter estimation, also called system 

identification. With the use of measurement data and the model structure we can estimate the parameters 

as accurately as possible, which eventually leads to a dynamic model that can make accurate predictions 

and would be a gain for fundamental research in various fields. 

 

This document gives an overview of the state of the art in the field of system identification in metabolic 

engineering. First the reader will be introduced to the concept of metabolic engineering after which the 

reader will be further instructed about its goals, procedures and limitations. 

 Next the reader will be introduced to the field of metabolic networks and dynamic modeling. The 

reader will be instructed about its goals, procedures and theoretical methods to extract quantitative and 

qualitative information.  

 To translate the metabolic network into a dynamic model one has to define rate laws for each 

reaction and is explained in Chapter 4. The most well-known and topically important rate laws will be 

explained in full detail. Not only shall we derive the mathematical expressions for these rate laws, but we 

will  also spend effort on the epiphany of the method in terms of assumptions and underlying biological 

ideas. The reader will not only see the mathematical derivation, but can also see the types of reaction 

mechanisms we are trying to model. 

 Although much information of the metabolic model and its dynamics has been gathered over 

time, they are still handicapped by uncertain model parameters. As already explained, many limitations 

can lead to inaccurate model predications with respect to the observed measurements. To account for 

these issues we introduce in Chapter 5 different methods to estimate model parameters.  

Chapter 6 discusses the limitations of the described methods, together with the open problems 

and directions of future work. Next we propose to combine some complementing methods to form a 

synergy. Finally a discussion and conclusion will be given. 

 

M.A. Sanders 
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Metabolic Engineering  

2.1 Introduction  
 
The fundamental goal of the methods discussed later is to accurately model metabolism such that we can 

understand its behavior and improve it by engineering. Here we define metabolic engineering, its goals 

and applications. There are external influences on metabolism that are not directly obvious and shall be 

addressed in this chapter. Furthermore there are currently some limitations and challenges in metabolic 

engineering that we are trying to overcome or resolve. At the heart of metabolic engineering lies the 

measurement of parameters to reconstruct the dynamic behavior of the metabolic model. 

2.2 Metabolism  
 
Metabolism is defined as the total of all chemical reactions that are carried out in an organism. These 

chemical reactions are catalyzed by enzymes and change the structure of one or more chemical 

compounds, also called metabolites. These changes are also called biotransformations. A sequence of 

biotransformations is called a metabolic pathway [3] as illustrated in Figure 2.1.  

 

 
Figure 2.1: A metabolic pathway where multiple biotransformations take place. The substrate of one reaction is the 

product of a previous reaction. 

 
Input metabolites of a metabolic pathway are called substrates and output metabolites are called products. 

Metabolites can originate from ingestion of food, but can also be products of other metabolic pathways. It 

already seems obvious that enzymes, as biological catalysts, have a major influence on the metabolism. 

 

For a metabolic pathway to operate efficiently, its activity must be coordinated and regulated by the cell. 

It seems very unnecessary to synthesize a compound which is already plenty present. 

Regulation of metabolic pathways depends on elegant mechanisms. Figure 2.2(a) shows a metabolic 

pathway catalyzed by three enzymes. This metabolic pathway has no feedback mechanism, but as shown 

in Figure 2.2(b) the end product of this pathway influences the activity of the first enzyme. It binds to an 

allosteric site on the enzyme that catalyzes the first reaction, resulting in the regulation of the enzyme 



6 

 

activity. Shutting down the first reaction in the pathway efficiently shuts down the whole pathway. This 

mode of regulation is also called feedback inhibition: 

 

 
Figure 2.2: (a) A biochemical pathway without feedback inhibition. (b) A biochemical pathway in which the end 

product is an allosteric inhibitor of the first enzyme in the pathway. 

 

2.3 Metabolic Engineering  
 
The phenotype of the cell, i.e. its appearance and functioning, is to a large extent determined by its 

metabolism. Manipulating the regulation of metabolic pathways through different components of 

metabolism, such as enzyme and substrate concentrations, gives bioengineers tools to improve the cellular 

properties. Although metabolic engineering is a young field, many laboratories have succeeded in 

reconstructing metabolic pathways in silico.  Individual enzymes, metabolites, their respective 

interactions and reaction mechanisms involved in these pathways have been studied for many years and 

results are stored in different databases, e.g.: 

 

 Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway database 
(http://www.genome.ad.jp.kegg/pathway.html) 

 BRENDA (http://www.brenda-enzymes.info/) 

 

To improve cellular properties or research cellular behavior, researchers make use of genetic engineering 

(gene duplications or deletions) to alter the gene expression levels which influence the metabolism. 

Manipulation of one specific enzyme is also called gene targeting. A major problem is that most enzymes 

participate in multiple pathways, thus a manipulation of an enzymeôs concentration level will have effect 

on multiple pathways, which could result in undesired side effects. To account for these issues, 

researchers have developed a mathematical tool called Metabolic Control Analysis, which puts emphasis 

on the distribution of control over the enzymes in specific pathways. This allows us to infer whether 

targeting a particular gene will influence other pathways. In the supplement, section S3.3, a full 

description of Metabolic Control Analysis is given.  

These interventions and methods allow us to better understand the genotype-phenotype relationship. 

In most cases the engineers make use of a strain, such as Escherichia coli, to modify. Analysis of the 

recombinant strain should be applied to see if the performance improved with respect to the original 

strain. Often, such an analysis will indicate an additional genetic modification is required to further 
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improve performance. Researchers apply analysis and genetic engineering recursively until a desired 

performance level is achieved: 

 

 Analysis: Analyze a pathway and gain knowledge on how it influences the overall cell function 

and the desired property. 

 Design: Find the next target for genetic engineering. 

 Synthesis: Perform genetic modifications to construct the recombinant strain with improved 

properties. 

2.4 Goals 
 
The goals of metabolic engineering are to improve certain cellular activities or to study the behavior of 

the cell after modifications. These goals are rather abstract; below we give some elaborated goals [1-4]. 

 

 Study of behavior: By studying the behavior of the metabolic pathways after genetic 

modifications one could suggest alternatives to known drug targets or reveal the effects and 

causes of diseases and therapies. 

 Heterologous protein production: A specific genetic sequence from one organism is inserted 

into the DNA of another, hence the name heterologous, to create a specific protein. Examples are 

the production of pharmaceutical proteins (hormones, antibodies, etc.) and novel enzymes. An 

example is the product of human insulin by a recombinant E.Coli strain. 

 Improvement of productivity:  In many industrial processes it is important to continuously 

improve productivity. This can be achieved by increasing the biosynthetic pathway activity, e.g. 

by inserting additional gene copies. This will not always work as some metabolic pathways 

involve many enzymes and the increase of activity of one enzyme does not necessarily result in a 

higher productivity. In these cases Metabolic Control Analysis can help. 

 New product construction: It could be interesting to use another host to produce different 

products. This can be achieved by extending existing metabolic pathways by recruiting 

heterologous enzymes. 

 Reduction of by-product formation: In many industrial processes by-products are formed. If 

these are toxic, they may interfere other metabolic pathways or with the purification of the 

product. Metabolic engineering may reduce the concentration of the by-product. 

 Substrate utility:  It could be interesting to extend the number of substrates which the organism 

can utilize in order to more efficiently utilize raw material. Inserting a pathway processing the 

substrate of interest could however lead to (potentially fatal) by-product formation. 
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2.5 The influence of other information on metabolic engineering  
 
Various types of information have had an influence on metabolic engineering and changed the views in 

this field of research [1],[5]: 

 

 Genome sequences: Over the last decades, the full genomes of multiple organisms have been 

sequenced. The availability of the full genome allows metabolic engineers to identify genes 

participating in metabolic pathways together with their regulatory elements. 

 Gene regulation: Methods to measure and infer networks, such as the yeast two-hybrid system, 

allow researchers to predict what the impact of a genetic modification on other genes and on the 

metabolic pathway will be. 

 Control driven modulation:  Control of the reactions rates along a pathway may be distributed 

along the enzymes, as elucidated by Metabolic Control Analysis. This means that when one tries 

to optimize the performance of a metabolic pathway, one has to modify the gene expression 

levels of multiple enzymes.  

 Metabolic network modeling: Many tools have been developed to analyze metabolic networks. 

Although not all kinetic information is currently available, the structure based on its 

stoichiometry can already provide a direction for modulating metabolism. This type of ñnon-

dynamicò model neglects regulation and control information, but it can already be user to make 

predictions by methods such as Flux Balance Analysis (FBA). Figure 2.3 shows the typical 

construction of such an in silico model. 

 Gene expression microarrays: Measuring gene expression with microarrays can give an 

indication what the enzyme levels are at certain time points. A challenge is that the mRNA levels 

measured are not the same as the enzyme levels, due to post-transcriptional and post-translational 

processes. 

 Metabolic concentration levels: Measuring the concentration levels of metabolites can be done 

by Mass Spectrometry, section S2.1 in the supplement has been dedicated to this procedure. We 

ultimately want to know if the alterations have affect on the metabolite concentrations. 

 

 
Figure 2.3: In silico model construction 
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2.6 Limitations and challenges  
 
Recent progress in the field of metabolic engineering has been tremendous. Many different recombinant 

strains have been designed to produce substances needed by industry: pharmaceuticals, fuels, food 

ingredients, etc. We now give some limitations on metabolic engineering: 

 

 Complexity and connectivity: A major problem in metabolic engineering is that the metabolism 

is highly complex and interconnected. We can measure many properties of the metabolic system, 

but we generally do not know what the full mechanism behind its regulation is.  

 Regulation and control: Although there are metabolic models based on bibliomic data, 

estimations and simulations, these still leave out the regulation and control. A challenge for the 

future is to combine metabolic models with gene regulation models to gain insight into the 

mechanism behind pathways, thriving on new and improved measurement techniques. 

 Missing genomic information: A significant challenge is that we may have fully sequenced the 

genome, but still not have assigned all ORFs a function. Even for well-modeled organisms such 

as Saccharomyces cerevisiae and Escherichia coli only 50% of the ORFôs have an assigned 

function [1].  
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Metabolic Networks  
 

3.1 Introduction  
 
With the availability of the genome sequence and its annotation we can attempt to define all metabolic 

enzymes. In addition many metabolic genes and enzymes have been studied, resulting in a collective 

knowledge base, including reactions mechanisms and characterized interactions. Manual component-by-

component reconstruction of genomic and enzymatic data will lead to a structured reconstruction, also 

called a metabolic network. This model can be used to compute allowable network states under governing 

chemical and genetic constraints. 

3.2 Reconstructing the me tabolic network  
 
The first step is to identify genes from the annotation of the genomic sequence, followed by their 

functional assignment using various experimental methods and bioinformatics tools (e.g. BLAST). Once 

we have derived the biological components from the genome sequence, we would like to infer the 

interactions between them. Next we should define the metabolic specificity for all enzymes. Although 

high gene- and protein-sequence homology implies a similar function for gene products, this should be 

experimentally verified. Enzymes can be classified into two groups on the basis of substrate specificity. 

 

1. Structure specificity: Those that function on one or a few highly similar substrates. 

2. Broad specificity: Those that can function on a class of compounds with similar functional 

groups. 

 

Substrate specificity of enzymes can differ between organisms; this is especially the case for coenzymes. 

In addition to primary substrate specificity, enzymes from different organisms preferentially use different 

coenzymes. Since binding sites for coenzymes often share common sequence and structural motifs, 

consensus sequence motifs can be used to identify coenzyme binding sites based of persevered protein 

folds [7]. However, primary literature is the most reliable source of information to determine the 

coenzyme specificity. Next, we need to know the structural formulas of the metabolite, as we need to 

balance the reaction mechanism to satisfy mass and energy conservation laws. This defines the 

stoichiometry of the reaction. 

 

Then, the directionality or reversibility of a reaction needs to be specified. Directionality is a function of 

the thermodynamics of a reaction. To understand the thermodynamics of a biochemical system, section 

S3.1 about thermodynamics is added to the supplement. Not all biochemical reactions are reversible; 

modeling this incorrectly can lead to incorrect predictions and behavior. For most reactions, reversibility 

is specified, but for other reactions calculated thermodynamic properties can be used to determine it. 

Reactions with a highly negative Gibbs free energy, , can be assumed to be irreversible, while those 

with a Gibbs free energy close to zero can be seen as reversible. The Gibbs free energy of a reaction can 

be estimated from the structures of the metabolites using a group contribution method [8]. Care needs to 

be taken as directionality can differ between in vitro and in vivo due to temperature, pH and metabolite 

concentration differences. Figure 3.1 shows the steps involved in defining all metabolic reactions. 
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Figure 3.1: Defining metabolic reactions 

 
After defining the metabolic reactions we can assemble the metabolic network by: 

 

 Analysing traditional biochemical pathways: These pathways are the fueling reactions of the 

organism under study. If they cannot construct the building blocks of life (e.g. glucose), some 

reactions are missing. 

 Filling in missing metabolic activities: Sometimes metabolic reactions can be found in the 

organism under study, but the genome sequence does not support them. This is most likely caused 

by an incomplete annotation of the genome. 

 

Generally, one begins with the assembly of the central metabolism (present in all organisms), and then 

moves on to the biosynthesis of individual macromolecular building blocks (e.g. amino acids or lipids). 

Once all the main metabolic pathways are included, several reactions not included in the traditional 

biochemical pathways, need to be included. The assembled metabolic network can be mathematically 

represented by the stoichiometric matrix, N. This  matrix is defined for the  metabolites and the  

reactions. Each column of the matrix represents a reaction whereas its elements are the stoichiometric 

coefficients: 

 

 

 

If the metabolite is a substrate of the reaction its stoichiometric coefficient is negative, if it is a product it 

is positive. Figure 3.2 shows a set of reactions mathematically represented by the stoichiometric matrix. 

 
Figure 3.2: Stoichiometric representation of a metabolic network. 
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3.3 Dynamic models  

3.3.1 Introduction  
 
Perturbations of a biochemical system, e.g. by gene modulation or drug treatment, can lead to global 

effects that are by no means self-evident. To understand and predict its behavior we can make use of 

systems biology. Systems biology is a biology-based inter-disciplinary study field that focuses on the 

systematic study of complex interactions in biological systems, using a new perspective (integration 

instead of reduction) to study them. We do this by computer simulations, for which a mathematical model 

of the biochemical networks is required. Using only the structure of a metabolic network, we can 

calculate metabolic fluxes (reaction rates in steady state) by pathway- or constrained-based methods, such 

as Flux Balance Analysis (FBA). However, such methods do not explain how rates are actually 

influenced by the activities of enzymes and how they respond to perturbations. Also the stability of the 

system in chemical equilibrium is not described by this model. 

 These questions are answered by dynamic or kinetic models, which employ ordinary differential 

equations (ODE) to describe the temporal behavior of the system in a deterministic way. These models 

give the researchers a tool to understand and estimate the behavior of dynamically closed or open 

systems such as metabolism. To illustrate the ODE approach, an example of the GLUT transporter is 

shown in Figure 3.3. 
 

(A) 

 
(B) 

 

Figure 3.3: (A) The four states of the GLUT transporter. (B) Four-state kinetic diagram of a GLUT transporter. 

The rates of the elementary process illustrated in the kinetic diagram, 3.3(B), are determined by the law of 

mass action. This law states that the rate of a reaction is proportional to the product of the concentrations 

of the molecular species involved in the reaction. We define  as the proportionality constant (rate 

constant) and the forward rate from one state to the other is given by . It is now easy to 

write down the system of ODEs. To do so one must keep track of the change that each elementary process 

makes for each state. Thus the rate of transition of  to  is given by , where  is 

the concentration of the first state.  
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Writing out the system of ODEs gives: 

 

 

 

 

 

 
Using the package XPPAUT (http://www.math.pitt.edu/~bard/xpp/xpp.html) to solve the system of ODEs 

we constructed Figure 3.4, which shows the temporal behavior of the concentrations. The highest curve to 

the lowest curve is the concentration of  respectively.  

 

 
Figure 3.4: Concentration of the molecular species over time. 

 

Concentrations stop changing after a short time period. This is called chemical equilibrium or steady state 

and indicates that the reaction rates for the production and degradation of the metabolites are equal. The 

system of ODEs can also conveniently be expressed as: 

 

 

 

Where  is the concentration vector, N the stoichiometric matrix,  the reaction rate vector (in this case 

expressed by law of mass action) and  the parameter vector. Steady state would indicate: 

 

 

 

The reaction rate vector  stays constant and in this case also called the flux vector . Due to a large 

variance of enzymatic reactions the reaction rates can also be modeled by different rate laws than the law 

of mass action. This shall be the topic of Chapter 4. 



14 

 

3.3.2 Thermodynamics and chemical equilibrium  
 
We can describe a chemical reaction as a function of the thermodynamic driving force, ultimately 

resulting in chemical equilibrium [10-11]. The occurrence of a reaction is also named a natural process or 

spontaneous change. Spontaneous change is that which, once initiated, proceeds on its own until some 

state of equilibrium is attained. One could think of a ball being rolled up a mountain, containing potential 

energy, and once released this potential energy is converted to kinetic energy ultimately let the ball roll 

until it halts (the equilibrium state). To further understand this we first introduce some important 

properties of chemical systems. 

 

Thermal energy or kinetic energy has the tendency to disperse as widely as possible and this is what 

drives all spontaneous processes. To understand how the direction and extent of the spreading and sharing 

of thermal energy is related to measurable properties of substances we introduce the entropy: 

 

Entropy is a measure of the degree of spreading and sharing of thermal energy 

within a system. This is also called the disorder of the system. 

 

As a substance becomes more dispersed in space, the thermal energy is also spread over a larger volume, 

leading to an increase in entropy. Although this holds for ideal gases and cannot be used for all solids or 

liquids, it turns out that in a dilute solution, the solute can often be treated as a gas dispersed in the 

volume of the solution. This led to the following definition of the change of entropy as reflected by a 

change of concentration of  to . 

 

 

We define the change of entropy in terms of another quantity namely heat, , under the assumption that 

the temperature stays constant.  For a process that exchanges a quantity of heat  with the 

surroundings, the entropy change is defined as. 

 

 

 

Because all natural processes lead to the spreading and sharing of thermal energy and because entropy is a 

measure of the extent to which energy is dispersed in the world, it follows that 

 

In any spontaneous macroscopic change, such as chemical reactions, the entropy of the world 

increases 

 

This is known as the second law of thermodynamics. The most important entropy in the definition of 

thermodynamics is not the entropy of the system or surroundings, but the total entropy, called the entropy 

of the world.  

 

 

 

The only way the entropy of the surrounding changes is through exchange of heat with the 

system: 
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The most fundamental property of a chemical system is its Gibbs free energy. It takes energy to break the 

chemical bonds that hold the atoms in a molecule together. Thermal energy, because it increases atomic 

motion (increase in disorder), makes it easier for the atoms to be pulled apart. Both chemical bonding and 

heat have a significant influence on a molecule; the former reducing disorder, the latter increasing it. The 

net effect, the amount of energy actually available to break and subsequently form other chemical bonds, 

is called the free energy of that molecule. More generally, free energy is defined as the energy available to 

do work in any system. For a molecule within a cell, where pressure and volume usually do not change, 

the free energy is denoted as . The free energy is defined by the energy contained in the chemical bonds, 

enthalpy , and the disorder and temperature in degrees Kelvin (3.7). 

 

 

 

Chemical reactions break some bonds in the reactants and form new bonds in the products. Consequently, 

reactions can produce changes in free energy (3.8). 

 

 

 

This change in free energy is a fundamental property of chemical reactions. In some reactions, the change 

of free energy is positive, indicating that the products of a reaction contain more free energy than its 

reactants. These so called endergonic reactions do not occur spontaneously as they require an input of 

energy. Any chemical reaction tends to occur spontaneously if the difference in disorder between the 

reactants and products is greater than the difference in bond energies. Using (3.5-3.6) we can derive (3.9). 

To perform the chemical reaction the heat is drawn from the surrounding: 

 

 

 

This can be written as the change of enthalpy: 

 

 

 

Multiplying both sides by -T results in: 

 

 

 

and substituting  gives (3.8). 

 

In order to make use of free energies to predict the direction of the spontaneous reactions, we need to 

know the free energies of the individual components of a reaction. For this purpose we can combine the 

standard enthalpy of formation and the standard entropy of a substance to get its standard free energy of 

formation. 

 

 

 
and then determine the standard Gibbs free energy of the reaction according to 

 

 

 




