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a b s t r a c t

We present an experimental and computational pipeline for the generation of kinetic models of
metabolism, and demonstrate its application to glycolysis in Saccharomyces cerevisiae. Starting from
an approximate mathematical model, we employ a ‘‘cycle of knowledge’’ strategy, identifying the
steps with most control over flux. Kinetic parameters of the individual isoenzymes within these
steps are measured experimentally under a standardised set of conditions. Experimental strategies
are applied to establish a set of in vivo concentrations for isoenzymes and metabolites. The data are
integrated into a mathematical model that is used to predict a new set of metabolite concentrations
and reevaluate the control properties of the system. This bottom-up modelling study reveals that
control over the metabolic network most directly involved in yeast glycolysis is more widely distrib-
uted than previously thought.
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1. Introduction

A major goal of systems biology is the development of
mathematical models of biological phenomena that predict their
behaviour accurately, that are able to provide a quantitative expla-
nation of their mechanisms, and that have predictive power as to
the effects of changes in their parameters [1–4]. For cellular phe-
nomena, this requires models that represent the action of multiple
enzymes as contributors to the behaviour observed. Fortunately,
this area of systems biology is built on the strong foundations of
enzymology dating from the work of Michaelis and Menten [5],
with their model of the dependency of the rate of enzymatic reac-
tions on the concentration of their substrates. Their famous rate
law, and similar ones for reversible reactions and reactions with
multiple substrates and products, are the building blocks for ki-
netic models of metabolism.

So far, the majority of mathematical models of biochemical
pathways have been developed based on data collected from
different sources [6]. The enzyme kinetic data used in such models
have usually been measured at each enzyme’s optimal pH; however
the optimal pH of each enzyme in a pathway is normally different
and the physiological pH and other conditions would not match
the optimal conditions for each enzyme [7]. Due to the shortage
of comprehensive experimental datasets acquired under specific
experimental conditions, this approach may result in a distorted
view, i.e., one not fully representative of the system under study.
Any unknown parameters of the model are estimated through the
finding of a best fit to an available set of experimental data. How-
ever, there is potentially an enormous number of parameter values
providing the same degree of fitting (whatever the fitting metric),
and hence the fitted model may not be a good representation of
the real system and may thereby fail to predict its behaviour under
different conditions. From a computational perspective this issue
has been addressed through sampling approaches [8]. From an
experimental perspective the optimal experimental strategy
must aim to deliver as comprehensive an information content as
possible under a unified set of experimental conditions that should
mimic the intracellular environment as much as possible.

In kinetic modelling, the potential for alternative isoenzymes
catalysing each metabolic reaction step is generally overlooked.
For prokaryotic systems this is likely to be relatively unimportant
since a given activity is more commonly controlled by a single
gene/protein. However, in eukaryotes, there are often multiple
gene/protein isoforms that may act separately and with different
activities under different environmental conditions, or may occur
in different cellular compartments. For example, Gu et al. [9] have
estimated that there are 530, 674, and 1219 duplicate protein
families in Saccharomyces cerevisiae, Drosophila melanogaster and
Caenorhabditis elegans, respectively. These isoenzymes may play
an especially important role in S. cerevisiae whose metabolism
has evolved through whole-genome duplication and subsequent
gene loss [10,11] or divergence [12]. Representation of the distinct
isoenzyme activities has not been addressed in any significant ki-
netic models of metabolic processes to date. Thus, enzymes with
identical or similar activities have mostly been integrated together
(as in the model of glycolysis of Teusink et al. [13]) and measured
as a lumped activity without distinguishing and appreciating the
individual characteristics of each isoform. In practice, we can ex-
pect differential activities of individual isoenzymes based on
changes in the environmental conditions or growth cycle.

In this paper, we introduce a novel strategy that addresses the
above sources of heterogeneity by producing complete sets of
experimentally-derived data using the same parental strain of S.
cerevisiae and identical growth conditions. Furthermore, we char-
acterise individual isoforms of enzymes involved in the biochemis-
try of central carbon metabolism and their differential roles.

As with any system, parameters are distinguished from
variables. In a given metabolic network, the parameters are the
concentrations of enzymes and their kinetic properties, while the
variables are represented by fluxes and concentrations [14]. One
strategy therefore isolates the individual components of a system,
measures their properties (parameters) in vitro, and uses knowl-
edge of these to reconstruct the network as a mathematical model.
This model can then be (and is) used to describe the time-depen-
dent and steady-state concentrations and fluxes in the network.
Separate measurements of those variables allow one to test the
precision of the model. The model can also serve to highlight
potential sources of error in experimental measurements that
can then be re-evaluated (e.g., Ref. [15]).

Our strategy and workflow [2] for producing and testing
systems biology models is summarised in Fig. 1. We have chosen
to construct mathematical models of distinct and important areas
of metabolism (in terms of the amount of flux carried) and have
used S. cerevisiae as a model system to develop and validate our
approach. We stress a number of features of this approach:

1 The external conditions for the biological system (the cell
culture) are well defined, and these act as a source for the
metabolites that are taken up by the system.

2 A topological description of the network is then constructed,
in which all metabolic reactions are defined and associated
to all isoenzymes known to catalyse the reaction. This pro-
cess is performed by extracting a sub-network from larger,
genome-scale metabolic networks, or by compiling litera-
ture data [16–20].

3 A kinetic model is built upon the metabolic map defined in
point 2. Rate laws and parameter values are either taken
from pre-existing models or estimated from published data.

4 The model is evaluated through software packages such as
COPASI [21] and used to predict fluxes and metabolite con-
centrations at steady-state.

5 The control properties of the system are evaluated computa-
tionally and the reaction step exerting the major control
over the system fluxes is identified.

6 The kinetic properties of the most controlling reaction step
are experimentally measured. More particularly, the turn-
over number (kcat), concentration and affinity constants of
each of the corresponding isoenzymes are measured and
their value is used to refine the model.

7 Points 3–5 are repeated until all the reactions in the model
have been fully characterised.

8 Once this has been performed for all the elements in the net-
work, the predicted steady-state values of the fluxes and
metabolite concentrations are compared with their corre-
sponding experimental measurements.

9 The model’s parameters are then adjusted as appropriate to
minimise the mismatch between predicted and measured
quantities.

10 All of the relevant data and models are deposited in suitable
databases.

As with any new strategy for approaching biochemical (or
other) problems, it is appropriate to calibrate or validate it by
applying it to a well-understood system. Glycolysis represents an
excellent test-case [13,22–24]. It is a universal metabolic pathway
conserved across all three domains of life (Archaea, Bacteria and
Eukarya, though with some variations) consuming glucose to pro-
duce free energy in the form of ATP and reducing equivalents in the
form of NADH, and precursors that are used in other cellular met-
abolic processes. Glycolysis is also of applied interest for the
purposes of biomass production in the baking industry [25], as a
catalyst for a variety of biotransformations [26–28] and in ethanol
production [29–30].
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