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Summary

Integration of data sets for understanding the interplay between the various levels of
cellular organisation is an important aspect of today’s systems biology. Consequently,
regulation of metabolic pathways has received a lot of attention. However, several
quantitative analyses have revealed a remarkable lack of understanding of the regula-
tion of metabolic networks. In this thesis, theoretical analyses are proposed, and
combined with experimental studies, that provide insights into the design principles of
the regulation of complex biological networks by assuming optimal performance.

In order to provide a state-of-the-art overview of the current progress made by stud-
ies that use optimisation of fitness as a hypothesis, we have conducted an extensive
literature survey. In Chapter 2 we review experimental and theoretical approaches
used in this field. We specifically focused on the different constraints that affect the
function of molecular networks. The premise is that the same functions are often imple-
mented in different organisms by the same type of network; hence, the concept of
design principles. In biology, due to the strong forces of selective pressure and natural
selection, network functions can often be understood as the outcome of fitness optimi-
sation. The hypothesis of fitness optimisation to understand the design of a network
has proven to be a powerful strategy. The examples that are discussed are organised
according to the complexity of the networks: from small pathways, to modular models
and finally genome-scale models. Special attention is given to the description of differ-
ent (classes) of objective functions and constraints that apply to each of these networks
and the understanding, with respect to the regulation of molecular networks, is
provided.

In Chapter 3 and Chapter 4 we have analysed optimal enzyme expression levels
for metabolic pathways. In Chapter 3 we looked at enzyme properties and cellular
constraints to understand the optimal state of expression levels in terms of a cost-benefit
analysis. In Chapter 4, we analysed it from another perspective: to what extent is the
requirement for optimal metabolic performance constraining the underlying regulatory
networks?

The cost-benefit theory is based on the fact that biosynthetic capacity is limited.
This suggests a view in which an economic tradeoff between cost and benefit underlies
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the optimal regulation of metabolic pathways. Each enzyme has to be maintained at a
level where the costs of synthesis and benefits from catalytic activity, in terms of their
effects on fitness, add up to a maximal total net return. Clearly, costs and benefits of
enzymes must depend on their properties, like amino-acid composition, rate of degra-
dation, maximal specific catalytic rate (kcat ) and other kinetic constants, as well as on
pathway architecture. But how these properties can be related to their effects on fitness
and evolution is an open problem in biology. We present quantitative and intuitive con-
cepts for costs and benefits of enzymes in a metabolic pathway, and calculate these
from kinetic and biochemical data, under the assumption that fitness increases with
pathway flux. Subsequently, we derive a fitness landscape in terms of costs and bene-
fits that highlights how enzyme levels should change to attain maximal pathway flux.
We illustrate our theory with a laboratory evolution experiment of Saccharomyces cere-
visiae propagated on galactose under specific growth rate as selective pressure, which
resulted in increased levels of phosphoglucomutase (PGM). PGM is part of the galac-
tose assimilation pathway. Analysis of the experimental data indicates that the
evolutionary adaptations in the galactose network only partially explain the entire evolu-
tionary process and that other cellular adjustments have taken place as well. Analysis
of a mathematical model of the galactose pathway indicates that PGM indeed has the
highest fitness potential. A cost-benefit analysis of the model suggests that the optimal
enzyme expression levels depend mainly on the catalytic constants of the enzymes
rather than on their cost of production.

Our analysis in Chapter 4 assumed that metabolism will adjust to changes in levels
of nutrients or stress conditions through changes in gene expression of metabolic en-
zymes. To do so, some indicator of the environmental change should function as signal
(input) to the gene network, which will subsequently adapt the enzyme expression
levels (output). We used an integrated approach based on regulatory interactions be-
tween metabolism and genetic networks to study the requirements of a regulatory gene
network to steer metabolism towards a desired state. Our approach requires steady
state enzyme levels (metabolic input) and corresponding metabolite levels (metabolic
output) for a number of different environmental conditions. The inverse of this relation-
ship, that is, metabolites as signal input and enzyme levels as output of the gene
network, can then be used to fit a gene network that can regulate the metabolic net-
work to the proper state. This approach is implemented for the galactose network in
yeast. We assumed optimal performance of the metabolic network and use maximal
specific pathway flux as objective to generate the input-output relationship between
metabolic enzyme levels and the signalling metabolite levels. We found that about one
third of the gene network parameters affects the optimal steering, whereas the other
parameters have no significant effect when perturbed locally. We showed that those
other parameters can potentially be exploited for control of other network functions,
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such as avoiding toxic build-up of galactose-1 phosphate, tracking dynamics in the en-
vironment or a fast induction of the GAL genes. Our approach provides a conceptual
framework that can link metabolic objectives and gene regulatory networks that can
implement them.

The mathematical approach that is underlying the input-output approach is further
developed in Chapter 5. To obtain a better understanding of the adaptivity of metabolic
networks, their underlying regulatory network has to be characterised. Typically, the
topology and kinetics of metabolic networks is well-known in contrast to the regulatory
networks. We developed a theoretical approach that is based on metabolic control
analysis to elucidate gene regulatory networks that can achieve a specific metabolic
control task on the basis of information about the metabolic network alone. We as-
sumed that these gene networks regulate the metabolic network to an optimal state
upon an environmental perturbation. We showed how the demand for optimal regula-
tion of metabolism sets constraints for gene networks. Optimal changes in metabolic
gene expression in terms of gene network structure are expressed, to study the
regulatory limits of gene networks.

Although in recent years it has become possible to measure levels of enzymes and
metabolites in detail, a thorough understanding of the regulation of metabolism is still
lacking. In Chapter 6, we therefore propose to interpret such measurements in terms
of global limitations on cellular physiology and behaviour, in what we call Feasibility
Analysis. We started by noting that as cells operate under a number of hard constraints
(e.g. evolutionary, biochemical, thermodynamic, physiological), the repertoire of enzyme
levels that can be used to regulate metabolism is limited. Inspired by the well-known
method of Flux Balance Analysis (FBA), we further hypothesised that within this allowed
regulatory space cells attempt to reach some physiological objective. We call the set of
enzyme levels that allow such an objective to be achieved the feasible regulatory space.
We illustrated our Feasibility Analysis by studying long-term chemostat cultivation of
yeast cells under carbon limitation. We were able to explain to what extent adaptations
in enzyme levels lead to cellular objectives.

Overall, the findings presented in this thesis have resulted in valuable general in-
sights in the design principles of the regulation of metabolism under optimal conditions,
and of galactose metabolism in yeast in particular. The development of theoretical ap-
proaches has led to a better understanding how molecular networks properties give
rise to the emergent functionality. Furthermore, the results show the potential of
combining theoretical and experimental approaches.
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