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Abstract

Advances in biological techniques have led to the availability of genome-scale metabolic reconstructions for
yeast. The size and complexity of such networks impose limits on what types of analyses one can perform.
Constraint-based modelling overcomes some of these restrictions by using physicochemical constraints to
describe the potential behaviour of an organism. FBA (flux balance analysis) highlights flux patterns through
a network that serves to achieve a particular objective and requires a minimal amount of data to make
quantitative inferences about network behaviour. Even though FBA is a powerful tool for system predictions,
its general formulation sometimes results in unrealistic flux patterns. A typical example is fermentation in
yeast: ethanol is produced during aerobic growth in excess glucose, but this pattern is not present in a typical
FBA solution. In the present paper, we examine the issue of yeast fermentation against respiration during
growth. We have studied a number of hypotheses from the modelling perspective, and novel formulations of
the FBA approach have been tested. By making the observation that more respiration requires the synthesis
of more mitochondria, an energy cost related to mitochondrial synthesis is added to the FBA formulation.
Results, although still approximate, are closer to experimental observations than earlier FBA analyses, at

www.biochemsoctrans.org ’[l-a

Biochemical Society Transactions

least on the issue of fermentation.

Introduction

Systems biology studies the function and behaviour of
biological systems and the interactions among the com-
ponents of these systems; for example, metabolic networks
and the interactions of the metabolites and enzymes that
constitute them. Such systems exhibit highly non-linear
characteristics, leading to very complex system dynamics
[1-3]. In addition, advances in high-throughput experi-
mentation and bioinformatics have led to an explosion
of ‘~omics’ data availability. The development of rigorous
quantitative methods is fast becoming a necessity in order to
build comprehensive theoretical models for interpretation,
organization and integration of these data to guide
experimental design and understanding.

Whereas the first stoichiometric models for baker’s
yeast (Saccharomyces cerevisiae) were limited to the central
metabolic pathways, later genome-scale efforts [4-7] were
much more comprehensive. The size and complexity of such
networks often poses a serious restriction on what type of
analyses we are able to perform on metabolism. Constraint-
based modelling [8,9] overcomes such limitations by using the
stoichiometry of the metabolic network and physicochemical
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constraints such as mass balance, energy balance and flux
considerations to describe the potential behaviour of an
organism. A number of stoichiometric techniques have been
proposed, including FBA (flux balance analysis), extreme
pathway analysis or elementary mode analysis.

In particular, FBA [10] highlights the optimal path through
the network in order to achieve a particular objective, such
as the maximization of biomass. The key benefit lies in
the minimal amount of biological data required to make
quantitative inferences. Although FBA is a very powerful
tool for system behaviour predictions (for example, in flux
optimization of engineered processes [11,12]), this comes
at a price. FBA is concerned only with fluxes through
the system and does not make predictions about metabolic
concentrations. Also, there is degeneracy in its solutions,
leading to a large number of alternative flux patterns with
the same optimal value. Finally, the general FBA formulation
sometimes results in unrealistic flux patterns, a typical
example of which is alcoholic fermentation in yeast; even
though it is well known that yeast normally produces ethanol
during growth, this flux patternis not presentina typical FBA
solution.

Elsewhere, we have examined the problems of lack
of information for metabolic concentrations [13,14] and
solution degeneracy [15,16] in FBA. In the present paper,
we examine the issue of unrealistic solutions, and specifically
fermentation against respiration in baker’s yeast. We have
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studied alternative conditions and optimization pressures for
the model in order to observe the expected fermentation. We
propose three improvements for the FBA formulation, which
allow us to obtain the observed fermentative behaviour in the
model. Our hypotheses are tested and conclusions are drawn.

Flux balance analysis
Mathematically, FBA is framed as an LP (linear program-
ming) problem, Formulation I:

Maximize Z = Vgrowth ey
subject to:
]
v}"i“ <wvj < v?m Vi 3)

where 7 is the set of metabolites, j is the set of reactions in the
network, N is the stoichiometric matrix, and v; is the flux
of reaction j. The objective function (1) is maximized over
all possible steady-state fluxes satisfying certain constraints
(2). In genome-scale metabolic models, a biomass producing
reaction is defined and used as the objective function. Upper
and lower bounds are placed on the individual fluxes (3).
For irreversible reactions, v™" = 0. Specific upper bounds,
based on enzyme capacity measurements, may be imposed
on reactions; in the absence of any information, these rates

max

can be generally assumed unconstrained i.e. ¥™* = oo and

™" = — oo for reversible reactions. To avoid unbounded
solutions, i.e. Z reaching 0o, one rate (the input flux) needs to
be fixed to a specific value, and all fluxes should be viewed as
relative to the input flux. Here, we fix the influx of glucose,
but not always at the same level. For the simulations in the
present paper, we used the iND750 genome-scale model of
yeast metabolism [5].

Hypoxic conditions

For yeast, the ability to ferment sugars is a necessity for
growth under anaerobic conditions. When a hexose is
imported into the cell, it is broken down by glycolysis into
two molecules of pyruvate. During glycolysis, there is a net
production of two molecules of ATP and two molecules of
NADH. Under aerobic conditions, NAD is regenerated by
transfer of the electrons of NADH to Complex I (NADH:Q
oxidoreductase, proton-translocating) of the respiratory
chain, from where the electrons continue to flow to molecular
oxygen. In S. cerevisiae, the process of respiration results
in the reduction of molecular oxygen to water [17] and the
generation of a proton gradient along the mitochondrial
membrane. This gradient drives ATP synthesis [18]. In the
absence of oxygen, the enzymes pyruvate decarboxylase
and alcohol dehydrogenase convert pyruvate into
ethanol and CO, to reoxidize the two molecules of
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Figure 1| Activation of fermentation under hypoxic conditions

(a) Fluxes through the TCA cycle and the fermentative pathway against
glucose uptake under hypoxic conditions. (b) Flux of the TCA cycle
and growth rate against glucose uptake under hypoxic conditions. GLC,
glucose.
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NADH, which were produced in glycolysis [19]. During the
latter process, known as alcoholic fermentation, two ATP
molecules are formed from one molecule of glucose. Under
anaerobic conditions (i.e. when we forbid oxygen uptake in
the model), the solution of Formulation I showed a switch
from respiration to fermentation, and ethanol was produced.
This was to be expected, as the complete lack of oxygen
does not allow the respiratory reactions to progress, so an
alternative for the reoxidation of NADH was found by the
model.

We then tested the hypothesis that fermentation could
also be a response to relative oxygen limitation, i.e. when
oxygen levels decline more rapidly than glucose levels (or
glucose availability increases more rapidly than oxygen). To
emulate these conditions in a FBA problem, oxygen transport
(unbounded in the original model) was given an upper bound
[20 mmol-h~!/g of DW (dry weight)]. Formulation I was
solved several times, each time increasing the uptake flux
of glucose. We observed that when the rate of glucose
uptake increased over a certain threshold (~8 mmol-h~!/g of
DW), production of ethanol was activated and subsequently
increased linearly with the rate at which glucose entered the
system (Figure 1a).



Figure 1(b) shows that the biomass production was
dependent on the flux through the TCA (tricarboxylic acid)
cycle even when the fermentative pathway had been activated,
indicating that there is no switch from the respiratory to
the fermentative pathway as the uptake of glucose increases.
Rather, our FBA solution predicts that fermentation is
activated on top of respiration, because of the limited
availability of oxygen, which becomes insufficient to process
all of the glucose through the TCA cycle. These results are
reminiscent of overflow metabolism [20], a phenomenon in
which S. cerevisiae is subjected to an increased glycolytic
flux and metabolism shifts from pure respiration to a mix of
respiratory and fermentative behaviour, even under aerobic
conditions.

Minimization of the number of active
reactions

We next tested the hypothesis that, instead of optimal growth,
the ‘driving force’ for metabolism is resource preservation, i.e.
we made the sensible assumption that the cell will minimize
the number of active reactions (and therefore the enzymes
that need to be synthesized) necessary to produce the required
biomass [21]. Formulation I was solved to identify a value
for biomass production (Z*). This value was then fixed and
Formulation IT was devised:

Minimize Y _ y; (4)
j
subject to:
Vgrowth = A (5)
ZM]"U]':O V,' (6)
j
YU vy < oY, @)

The binary (decision) variable y; is equal to 1 when reaction
7 is active and equal to O otherwise. The new objective (4)
represents the total number of active reactions in the network,
where an ‘active’ reaction is defined as one with a non-zero
flux. Constraint (7) is a modified form of constraint (3); the
implication of binary variable y; is that the flux of reaction
j can only vary between ™" and v™* when y; is not equal
to 0. Formulation II, which is a MILP (mixed integer linear
programming) problem, was solved for increasing values of
glucose uptake.

The results are presented in Figure 2. When glucose uptake
was below a certain threshold, the system used the respiratory
pathway to produce the required amount of ATP in order
to maintain biomass production equal to Z*. When glucose
uptake was sufficiently high so that the ATP produced by
glycolysis became adequate to guarantee the required growth
rate, the system switched from respiration to fermentation
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Figure 2| Switch from respiration to fermentation under resource
preservation

(@) Normalized fluxes through the TCA cycle and the fermentative
pathway against glucose uptake while minimizing the number of active
reactions. (b) Normalized flux of the TCA cycle and normalized growth
rate against glucose uptake while minimizing the number of active
reactions. GLC, glucose.
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in order to minimize the number of active reactions and
conserve resources. The hypothesis underlying these results
(i.e. the tendency to minimize the resources needed to
guarantee a certain biomass production rate) may provide
an explanation for the Crabtree effect [22], an experimentally
observed behaviour whereby S. cerevisiae produces ethanol
acrobically in the presence of high external glucose
concentrations rather than producing biomass through the
TCA cycle. However, one should remain aware that, during
our optimization for the minimum number of reaction steps,
we assumed the growth rate (and yield) to be constant, which
may or may not correspond to evolutionary reality.

Energy costs related to mitochondrial
synthesis

Respiring is a more efficient method of producing ATP
molecules than fermentation. Aerobic respiration breaks
down pyruvate produced through glycolysis and requires
that pyruvate enters the mitochondrion in order to be fully
oxidized by the TCA cycle. The product of this process
is Gibbs free energy in the form of ATP. Nevertheless,

©The Authors Journal compilation ©2010 Biochemical Society



1228

Biochemical Society Transactions (2010) Volume 38, part 5

the choice for more respiration necessitates the synthesis of

more mitochondria, and, in addition, a number of enzymes
involved in the TCA cycle, respiratory chain and in ATP
synthesis. The energy cost of these processes is not taken
into account in the traditional FBA approach. To consider
this aspect, we examined the hypothesis that the necessary
mitochondria synthesis adds an ‘ATP cost’ to the system.
An ATPC (ATP consumption) reaction was included in the

model, which was used to account for any ATP losses due to
cellular operations:

ATPC reaction: ATP + H,O — ADP + H* + P,

The value of the flux of this reaction is typically given a
lower bound of 1 mmol-h/g of DW [4].

1 < varee < Varpe ®)

Constraint (8) is the specialized form of constraint (3)
for reaction ATPC. In order to consider an energy cost for

the synthesis of mitochondria, we altered constraint (8) as
follows:

T+ cmics Y v < vatpC < Ve ©)
jeMit

where cyii; is an energy costassociated with mitochondrial use,
and Z v; represents the mitochondrial flux (the total flux of
jeMit

all active reactions in the mitochondria). The transformation
presented above penalizes the use of mitochondrial flux by
increasing the related consumption of ATP. Formulation I
was solved with the addition of constraint (9). A sensitivity
analysis was performed to identify appropriate values of cygir,
the results of which are presented in Figure 3.

Figure 3 shows the existence of a bifurcation point for
cmic & 0.14. Below this value, the model used the respiratory
pathway, as this allowed for the production of more ATP.
Above this value, there was a sharp switch to the fermentative

pathway, as the associated energy cost made fermentation the
optimal choice.

Conclusions

In studying the problem of FBA formulations predicting
respiration instead of fermentation during growth in yeast,
we have outlined three hypotheses in order to make our
model predict the expected activity of the fermentative
pathway. First, we explored the behaviour of the model
under conditions of oxygen limitation. We concluded that
such conditions do indeed activate the fermentative pathway,
but as an additional route for the uptake of glucose and
not as an alternative to respiration, perhaps an instance of
overflow metabolism. However, the Crabtree effect is also
observed in yeast cells with ample oxygenation. Therefore the
hypothesis that the cell would minimize the number of active
reactions in attempting to optimize resource management
was tested. Again, our model predicted ethanol production at
higher levels of glucose uptake, as the fermentative pathway

©The Authors Journal compilation ©2010 Biochemical Society

Figure 3| Sensitivity analysis of fermentative response to
mitochondrial cost

(@) Normalized fluxes through the TCA cycle and the fermentative
pathway against mitochondrial cost. (b) Normalized flux of the TCA
cycle and normalized growth rate against mitochondrial cost.
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requires a considerably smaller number of enzymes and
pathways, suggesting a possible explanation for the Crabtree
effect. However, it is unclear why there should be an
optimum imposed on the number of enzymes, if it were
not for the free energy required to synthesize them [23],
or for competition for the synthesis of other proteins at
the level of the ribosome [24,25]. Finally, we tested the
hypothesis that more respiration requires the synthesis of
more mitochondria, or numerous TCA cycle enzymes, and
a free energy cost tied to the total mitochondrial flux was
added to the formulation. The simulation predicted that the
fermentative pathway is now dominant, provided that
the assumed energy cost for the synthesis of mitochondria
(or at the very least, for the synthesis of TCA cycle enzymes
involved in the respiratory chain and in ATP synthesis) is
above a specific value. The results of the simulations can be
used to design experiments that could help to decide which of
the three model behaviours described is closer to experimental

observation. Alternatively, it could be the case that such
prediction failures are caused by FBA’s unicellular analysis,
missing important cell-cell interactions. For example, the
production of ethanol could be a waste product toxic to
other cells, an evolutionary mechanism favouring output over
efficiency in the competition for nutrients.



Current work focuses on determining a value for the ATP-
related cost for the synthesis of mitochondria, ey, based
on either experimental or literature evidence. We also want
to extend the method to take into account the dependence
of mitochondrial synthesis on the total metabolic flux, a
consideration that would make the FBA formulation an NLP
(non-linear programming) problem. Our results, although
still approximate and based on many of the same assumptions
as traditional FBA simulations, are closer to experimental
observations than those classical simulations were [26],
at least on the issue of yeast fermentation. Such crucial
improvements are a necessary stepping stone for the creation
of arealistic genome-scale model, and may thus be considered
part of the deductive-inductive ‘cycle of knowledge’ [27]
crucial for systems biology: by using an approximative
model of the system, one can guide experimental design and
can subsequently update the model as specific knowledge
becomes available from experimental results.
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