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Abstract: In this study, the authors investigated how the glycolytic flux was regulated in time upon nitrogen
starvation of cells with different growth histories. We have compared cells grown in glucose-limited chemostat
cultures under respiratory conditions (low dilution rate of 0.1/h) to cells grown under respirofermentative
conditions (high dilution rate of 0.35/h). The fermentative capacity was lower in cells grown under respiratory
conditions than in cells grown under respirofermentative conditions, yet more resilient to prolonged nitrogen
starvation. The time profiles revealed that the fermentative capacity even increased in cells grown under
respiratory conditions during the first hours of nitrogen starvation. In cells grown under respirofermentative
conditions the fermentative capacity decreased from the onset of nitrogen starvation. We have applied time-
dependent Regulation Analysis to follow the fermentative capacity during nitrogen starvation. In both
experiments, diverse categories of regulation were found. However, in the cells grown under respiratory
conditions regulation was predominantly metabolic, whereas in the cells grown under respirofermentative
conditions hierarchical regulation was dominant. To study the metabolic regulation, concentrations of
intracellular metabolites, including allosteric regulators, were measured. The obtained results can explain some
aspects of the metabolic regulation, but not all.
1 Introduction
In Saccharomyces cerevisiae, high sugar concentrations and
high specific growth rates (m . 0.30/h) trigger alcoholic
fermentation, even under fully aerobic conditions. This so-
called respirofermentative growth results in a lower biomass
T Syst. Biol., 2010, Vol. 4, Iss. 2, pp. 157–168
i: 10.1049/iet-syb.2009.0025
yield, but a higher fermentative capacity than fully
respiratory growth [1]. The fermentative capacity is defined
as the specific rate of carbon dioxide (and ethanol)
production immediately upon introduction of the yeast into
an anaerobic glucose-excess environment such as during the
leavening of dough. Several studies showed a more stable
157
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fermentative capacity when cells were grown under
conditions that favour respiratory growth and were
subsequently subjected to for instance cold or nutrient
stress [2, 3]. Similarly, a hxk2D mutant strain, which shows
almost fully respiratory growth even at high glucose
concentrations [4], has a more stable fermentative capacity
[5]. In general, this suggests an inverse correlation between
glucose repression and the resilience of fermentative
capacity towards stress [5].

Rossell et al. [5] started investigating how this relation
between glucose repression and the stability of fermentative
capacity was regulated at the levels of enzyme expression
and metabolism. They found that in the hxk2D mutant,
but not in the wild type, the activities of the glycolytic
enzymes were stable or even increased after 24 h of
nitrogen starvation. Here we will analyse the dependence of
the stability of the fermentative capacity upon the history
of the cells in more depth by following regulation of the
fermentative capacity in time. To this end we will use an
extension of Regulation Analysis [6, 7] in which regulation
coefficients are quantified as a function of time [8]. Time-
dependent Regulation Analysis unravels quantitatively and
dynamically how functional changes in the cell are brought
about by the interplay of gene expression (hierarchical
regulation) and metabolism (metabolic regulation).

The original form of Regulation Analysis has been
developed to compare two steady states. An elaborate
description of Regulation Analysis can be found in Rossell
et al. [6, 9]. Briefly, the method can dissect gene-
expression and metabolic regulation applying the following
equation as derived previously [6, 7, 9]

1 ¼
D log Vmax ,i

D log Ji

þ
D log gi(X , K )

D log Ji

¼ rh,i þ rm,i (1)

Here, J denotes the flux through enzyme i. D denotes the
difference between two steady states. The hierarchical
regulation coefficient rh quantifies the relative contribution
of changes in capacity of enzyme i (Vmax,i) to the regulation
of the flux through enzyme i. The hierarchical regulation
coefficient is associated with changes in the entire gene
expression cascade all the way from transcription to protein
synthesis, stability and modification. The relative
contribution of changes in the interaction of the enzyme
with the rest of metabolism is reflected in the metabolic
regulation coefficient rm. Changes in the metabolic
function g are caused by changes in concentrations of
substrates, products and effectors (X ), and by changes in
affinities (K ) of enzyme i towards its substrates, products
and effectors. And, together the two regulation coefficients
should describe regulation completely, that is add up to
1. Experimentally, the hierarchical regulation coefficient is
the one that is more readily determined, as it requires only
measurements of the Vmax of enzyme i and the flux through
8
The Institution of Engineering and Technology 2010
it under two conditions, according to

r h,i ¼
D log Vmax,i

D log Ji

(2)

The metabolic regulation coefficient can then be calculated
from the summation law (rm ¼ 1 2 rh).

The time-dependent extension of Regulation Analysis
quantifies the regulation coefficients as a function of time
[8]. For this study we have used the integrative version of
time-dependent Regulation Analysis, which integrates all
the changes between time point t0 (the start of the
perturbation) and time point t. This results in the following
equations

rh,i(t) ¼
log Vmax,i(t)� log Vmax,i(t0)

log Ji(t)� log Ji(t0)
(3)

1 ¼ rh,i(t)þ rm,i(t) (4)

in which rh,i and rm,i are the hierarchical and metabolic
regulation coefficients of enzyme i, respectively, Vmax,i is the
catalytic capacity of enzyme i and Ji is the in vivo flux
through enzyme i. For a more elaborate description and
discussion of the method, see Bruggeman et al. [8].

The aim of the present study is to understand how the
regulation of fermentative capacity as a function of time
depends on the history of the cells. We will apply time-
dependent Regulation Analysis to follow the fermentative
capacity during nitrogen starvation. We will compare cells
grown in aerobic glucose-limited chemostats under
respiratory conditions (low dilution rate) to cells grown
under respirofermentative conditions (high dilution rate
[10]).

2 Material and methods
2.1 Strain and growth conditions

The haploid, prototrophic Saccharomyces cerevisiae strain
CEN.PK113-7D (MATa, MAL2-8c, SUC2) was cultivated
in an aerobic, glucose-limited chemostat (1l laboratory
fermentor, Applikon) as described in detail by Van Hoek
et al. [11]. Chemostat cultures were fed with defined
mineral medium [12] in which glucose (42 mM) was the
growth-limiting nutrient. Yeast cells were grown under
either respiratory or respirofermentative conditions at a
dilution rate of 0.1 or 0.35/h, respectively.

2.2 Nitrogen-starvation experiment

For the nitrogen-starvation experiments the same defined
mineral medium was used as for the chemostat culture, but
it lacked ammonium sulphate and contained an excess of
glucose (195 mM, see also Results section). Yeast cells
harvested from steady-state chemostats were washed with
ice-cold starvation medium and resuspended in starvation
IET Syst. Biol., 2010, Vol. 4, Iss. 2, pp. 157–168
doi: 10.1049/iet-syb.2009.0025
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medium to a dry weight concentration of approximately 2 g/l.
Cells were brought back in a new fermentor in batch mode
(start volume was around 1 l) at otherwise the same
conditions as during chemostat cultivation. Samples were
taken for measuring the fermentative capacity and the
capacities of the glycolytic and fermentative enzymes. We
have taken samples at time points 0, 2, 4, 8 and 24 h after
the onset of starvation. After all samples had been taken,
the remaining culture volume was around 500 ml.

2.3 Fermentative capacity and
steady-state fluxes

The set-up used for the determination of fermentative
capacity has been described by Rossell et al. [6]. Briefly, the
fermentative capacity is measured as the rate of ethanol
production in an off-line assay in which cells are transferred
to a complete growth medium under anaerobic conditions
at excess of glucose. Culture samples were taken and cells
were washed and taken up in defined mineral medium [12]
lacking glucose. The fermentative capacity and the steady-
state fluxes were measured under anaerobic conditions with
excess of glucose (56 mM, added at time 0) for 30 min in a
6% wet weight cell suspension at 308C. The concentrations
of ethanol, glucose, glycerol, succinate, pyruvate, acetate
and trehalose were measured by high pressure liquid
chromatography (HPLC) analysis (300 mm � 7.8 mm ion
exchange column Aminex-HPX 87H (Bio-Rad) kept at
558C, with 22.5 mM H2SO4 as eluent at a flow rate of
0.5 ml/min). The HPLC was calibrated for all the
metabolites measured.

For the intracellular metabolite samples, the medium was
adapted to prevent interference of high sulphate
concentrations during the liquid-chromatography mass
spectrometry/mass spectrometry (LC-MS/MS) run. Then
the assay was carried out in medium with 2.27 mM
ammonium sulphate, 26.08 mM ammonium phosphate,
2.2 mM potassium phosphate and 2.03 mM magnesium
sulphate. Vitamins and trace elements were added in the
same concentrations as in the minimal medium according
to Verduyn et al. [12]. Glucose concentration was in both
media 56 mM and pH was adjusted to 5.6 with KOH.
The change in medium composition did not have an
influence on the measured fluxes (data not shown). The
fluxes through the individual enzymes were calculated from
steady-state rates of the glucose consumption and the
ethanol and glycerol production. Fig. 2 shows a simplified
scheme of the pathway in which enzymes with the same
flux are boxed together. Flux through hexokinase (HXK) is
equal to glucose flux. Fluxes through phosphoglucose
isomerase (PGI), phosphofructokinase (PFK) and aldolase
(ALD) were calculated by dividing the sum of the glycerol
and ethanol fluxes by two. The fluxes through the
enzymes from glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) to alcohol dehydrogenase (ADH) were taken to
be equal to the measured ethanol flux. Other products of
glucose metabolism, that is succinate, acetate and pyruvate,
T Syst. Biol., 2010, Vol. 4, Iss. 2, pp. 157–168
oi: 10.1049/iet-syb.2009.0025
were negligible. Implicitly, it is assumed in these
calculations that small gaps in the carbon balance must be
attributed to branches at the level of glucose-6-phosphate
(G6P), that is the pentose-phosphate pathway or the
breakdown/synthesis of storage carbohydrates.

2.4 Enzyme capacity measurements

For preparation of cell-free extracts, samples were
harvested, washed twice with 10 mM potassium phosphate
buffer (pH 7.5) containing 2 mM Na2H2-EDTA,
concentrated 10-fold and stored at 2208C. Samples were
thawed, washed and resuspended in an equal volume of
100 mM potassium phosphate buffer (pH 7.5) containing
2 mM MgCl2 and 1 mM dithiothreitol. Cell-free extracts
were prepared freshly by using the FastPrepw method with
acid-washed glass beads (425–600 microns, Sigma). Eight
bursts of 10 s at a speed of 6.0 were done. In between the
bursts, samples were cooled on ice for at least 1 min.
Enzyme capacities (Vmax) were measured by NAD(P)H-
linked assays [11], using the Novostar (BMG Labtech)
as an analyser for spectroscopic measurements. All
enzyme assays were done at four concentrations of cell-free
extracts to confirm that the reaction rates were proportional
to the amounts of cell extract added. Protein concentrations
were determined by using the Bicinchoninic Acid kit
(Pierce) with bovine serum albumin (BSA) (2 mg/ml stock
solution, Pierce, containing 1 mM dithiothreitol) as
standard.

The activities of triosephosphate isomerase (TPI),
phosphoglycerate mutase (GPM) and enolase (ENO) were
not measured. The activity of TPI measured under the
conditions described in [11] is extremely high. Since the
high values of TPI activity could not be compared in a
statistically sound manner, we have decided to exclude TPI
activity measurements from our data set. Since some of the
substrates for GPM and ENO were not supplied anymore
in sufficiently pure quality, the latter two enzymes could
not be measured either.

2.5 Intracellular metabolite
concentrations

Samples were taken 15 min after the start of the fermentative
capacity assay to the protocol described by Canelas et al. [13].
The exact sample weights were determined by weighing the
tube before and directly after sampling. Quenching and
washing of the sample was done with 100% and 80% (v/v)
methanol/water, respectively, at 2408C and intracellular
metabolite extraction was carried out using the boiling
ethanol method [14], as described in Lange et al. [15].
U-13C-labelled cell extract was added to the pellets just
before the extraction, as internal standard. Sample
concentration was accomplished by evaporation under
vacuum, as described by Mashego et al. [16]. The
concentrations of the intracellular metabolites were
determined by electrospray-ionisation liquid-chromatography
159
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mass spectrometry/mass spectrometry (ESI-LC-MS/MS)
[17] and the quantification was based on isotope dilution
mass spectrometry (IDMS) [16, 18]. Adenosine
triphosphate (ATP), adenosine diphosphate (ADP) and
adenosine monophosphate (AMP) were analysed by
ion-pairing reversed-phase ESI-LC-MS/MS as described
in [19].

3 Results
3.1 Fermentative capacity and
steady-state fluxes

Yeast was grown in aerobic glucose-limited chemostat cultures
at a dilution rate (D) of 0.1/h (respiratory) or 0.35/h
(respirofermentative). Steady-state values showed indeed a

Table 1 Physiological parameters of the aerobic glucose-limited chemostat cultures before the nitrogen-starvation
experiments

Dilution rate,
h21

Yieldglu,X, g/g qa
O2

qb
CO2

RQc qglucose
a qethanol

b Dry weight,
g/l

Carbon
recovery, %

0.1 0.45 + 0.02 2.8 + 0.0 3.0 + 0.1 1.1 + 0.0 1.2 + 0.0 n.d. 3.7 + 0.1 94 + 3

0.35 0.29 + 0.01 7.2 + 0.2 12.9 + 0.4 1.8 + 0.0 6.8 + 0.1 5.2 + 0.2 2.2 + 0.1 93 + 1

Errors represent standard error of the mean (SEM) of at least three independent chemostat cultures
ammol consumed per gram biomass per hour
bmmol produced per gram biomass per hour
cRespiratory quotient (qCO2

/qO2
); n.d.: not detectable

Table 2 C-flux in mmol C/min/gProtein during fermentative capacity assay

Growth rate Metabolite t0 t2 t4 t8 t24

D ¼ 0.1/h glucose 22.13 + 0.10 23.29 + 0.39 23.04 + 0.22 22.17 + 0.37 21.11 + 0.22

ethanol 1.10 + 0.03 1.49 + 0.15 1.56 + 0.07 1.27 + 0.07 0.97 + 0.09

glycerol 0.20 + 0.02 0.28 + 0.01 0.27 + 0.00 0.24 + 0.02 0.16 + 0.00

trehalose 20.09 + 0.01 20.06 + 0.03 20.09 + 0.03 20.27 + 0.06 20.33 + 0.01

pyruvate 0.02 + 0.01 0.03 + 0.01 0.03 + 0.00 0.02 + 0.01 0.02 + 0.00

succinate 0.01 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00

acetate 0.02 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00

CO2 0.55 + 0.01 0.74 + 0.08 0.78 + 0.04 0.64 + 0.03 0.48 + 0.05

total consumed carbon 2.22 + 0.11 3.35 + 0.38 3.14 + 0.19 2.44 + 0.31 1.44 + 0.37

total produced carbon 1.90 + 0.02 2.54 + 0.25 2.64 + 0.11 2.17 + 0.12 1.63 + 0.13

D ¼ 0.35/h glucose 22.42 + 0.13 22.21 + 0.01 21.87 + 0.09 21.95 + 0.04 21.55 + 0.42

ethanol 1.28 + 0.07 1.11 + 0.02 1.11 + 0.06 1.22 + 0.05 1.04 + 0.01

glycerol 0.23 + 0.01 0.25 + 0.02 0.24 + 0.00 0.23 + 0.00 0.20 + 0.02

trehalose 0.04 + 0.01 20.06 + 0.04 20.09 + 0.01 20.31 + 0.00 20.35 + 0.20

pyruvate 0.02 + 0.01 0.02 + 0.01 0.01 + 0.01 0.02 + 0.00 0.02 + 0.01

succinate 0.01 + 0.00 0.01 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00

acetate 0.02 + 0.00 0.02 + 0.00 0.02 + 0.00 0.00 + 0.00 0.01 + 0.01

CO2 0.65 + 0.03 0.56 + 0.01 0.56 + 0.03 0.61 + 0.02 0.52 + 0.00

total consumed carbon 2.42 + 0.13 2.27 + 0.05 1.96 + 0.09 2.27 + 0.04 1.90 + 0.22

total produced carbon 2.25 + 0.10 1.97 + 0.04 1.94 + 0.08 2.08 + 0.06 1.79 + 0.03

Errors represent SEM of at least three independent experiments carried out on different chemostat cultures. Data for
D ¼ 0.35/h were reproduced from [10] for comparison
0 IET Syst. Biol., 2010, Vol. 4, Iss. 2, pp. 157–168
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respiratory and respirofermentative metabolism at the two
different growth rates (Table 1). Subsequently, the cells were
starved for nitrogen in the presence of an excess of glucose.
The addition of glucose served to prevent additional
starvation for the carbon source. In previous research a
control experiment was done in which the cells were shifted
to glucose excess, but in the continued presence of nitrogen
[10]. These experiments were carried out only for the cells
grown at a growth rate of 0.35/h. Results showed that
nitrogen starvation caused the decrease in fermentative
capacity. However, the effect of nitrogen starvation may be
counteracted by the addition of the extra glucose. The
fermentative capacity, that is the ethanol flux under
anaerobic conditions at glucose excess, was determined in an
off-line assay, in starved as well as non-starved cells. To this
end, cells were washed and transferred to an anaerobic vessel
with fresh and complete medium with an excess amount of
glucose (56 mM). This condition mimics the situation of
baker’s yeast in dough [11]. Apart from the ethanol flux also
the fluxes of glucose, glycerol, acetate, succinate, pyruvate
and trehalose were determined over a period of 30 min. The
production fluxes of acetate, pyruvate and succinate were
always below 1% of the rate of glucose consumption. The
carbon consumed in the off-line assay matched the

Figure 1 Stability of the fermentative capacity after 24 h of
nitrogen starvation

Error bars represent SEM of at least three experiments on
independent cultures. The data from the respirofermentative
cultures were obtained from [10]

Figure 2 Fluxes through the glycolytic and fermentative pathways under anaerobic glucose-excess conditions

Fluxes were determined in an off-line fermentative-capacity assay at various time points during nitrogen starvation in cells from respiratory
(closed circles, D ¼ 0.1/h) and respirofermentative (open circles, D ¼ 0.35/h) cultures. A simplified scheme of the glycolytic and
fermentative pathways is shown in which the enzymes with the same flux are boxed. Measured fluxes are depicted in boldface letters
and branching metabolites connect the boxes. Fluxes were calculated using the stoichiometry of the glycolytic and fermentative
pathways (described in Material and Methods). In the graphs fluxes through glycolytic and fermentative pathways are plotted in time.
Error bars represent SEM of at least three independent experiments carried out on different chemostat cultures. The data from the
respirofermentative cultures (D ¼ 0.35/h) were obtained from [10], except for the data at time point 8 h
T Syst. Biol., 2010, Vol. 4, Iss. 2, pp. 157–168 161
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Figure 3 Enzyme capacities (Vmax) during nitrogen starvation in cells from respiratory (closed circles, D ¼ 0.1/h) or
respirofermentative (open circles, D ¼ 0.35/h) cultures

a HXK
b GAPDH
c PDC
Error bars represent the SEM of three independent experiments carried out on different chemostat cultures. The data from the
respirofermentative cultures (D ¼ 0.35/h) were obtained from [10], except for the data at time point 8 h
produced carbon within the experimental error for all time
points, except for time point 2 h from the cells grown under
respiratory conditions (see Table 2). In this particular case
the carbon consumption was significantly higher than the
carbon production. It is unlikely that the difference might be
explained by the production of glycogen, since glycogen is
usually consumed during glucose-excess conditions instead
of produced. However, we have found substantial variation
in the glucose-flux measurements for this time point, which
we could not explain. Fig. 1 shows the fermentative capacity
before and after 24 h of nitrogen starvation. In agreement
with earlier results the fermentative capacity was lower in
cells from respiratory cultures than in the cells from
respirofermentative cultures [1]. However, after 24 h of
starvation the fermentative capacity was more stable in cells
from the respiratory cultures.

Fig. 2 shows how the fluxes measured in the fermentative-
capacity assay for both respiratory (D ¼ 0.1/h) and
respirofermentative (D ¼ 0.35/h) cultures developed in
time during nitrogen starvation. The trends of the fluxes
through upper and lower glycolysis were similar. In cells
grown under respirofermentative conditions a 20% decrease
in flux was observed during nitrogen starvation. In contrast,
in the cells from respiratory cultures the fermentative
capacity was increased by 45% during the first hours of
nitrogen starvation and then decreased to initial levels. The
increase and decrease of the fluxes compared to 0 h time
point in the two experiments were significant (Student’s t
test, P , 0.05) for all time points, except for the 2 and
24 h time point in the respiratory experiment and the 2 h
time point in the respirofermentative experiment.

3.2 Enzyme capacity

To investigate to what extent the changes in fluxes that
occurred during nitrogen starvation were regulated by
changes in the expression of the glycolytic and fermentative
enzymes, we monitored their maximum activities (Vmax) in
2
The Institution of Engineering and Technology 2010
time. Fig. 3 shows three examples of enzyme capacity
patterns observed in cells from respiratory and
respirofermentative cultures. HXK (Fig. 3a) showed a
gradual decrease of enzyme capacity in both experiments
and similar patterns were observed for PGI, PFK, ALD
and ADH. The capacity of GAPDH (Fig. 3b) did not
change significantly in both experiments. A similar pattern
was found for pyruvate kinase (PYK). However, the
capacity of PYK was decreased significantly in the 2 and
4 h time points in the cells from the respirofermentative
cultures (Student’s t test, P , 0.05). The pattern of
pyruvate decarboxylase (PDC) (Fig. 3c) mostly resembled
that of the flux. Its capacity decreased in cells grown under
respirofermentative conditions, whereas it first increased
and then decreased in the cells from the respiratory
cultures. A similar pattern was found for PGK, but the
Vmax of the latter recovered after an initial decrease in cells
from the respirofermentative culture.

3.3 Time-dependent Regulation Analysis

To understand how the distribution of regulation between
metabolism and gene expression differed between cells
obtained from respiratory and respirofermentative cultures,
time-dependent Regulation Analysis was applied to the
data. Hierarchical (gene expression) and metabolic
regulation coefficients were calculated relative to t0 ( just
after the transfer of the cells to the nitrogen-free medium)
by using the integrative form of time-dependent Regulation
Analysis (Equations 1–2). Fig. 4 shows the hierarchical
regulation coefficients of all the enzymes measured. Since
after 24 h of nitrogen starvation, the fluxes of cells from
respiratory cultures were back to their values at t0, the
denominator of (1) became very small and no regulation
coefficients could be computed reliably.

For nearly all enzymes the hierarchical regulation coefficients
were higher in the cells from respirofermentative cultures than
in the cells from respiratory cultures. This is even more
IET Syst. Biol., 2010, Vol. 4, Iss. 2, pp. 157–168
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Figure 4 Hierarchical regulation coefficients of cells from respiratory (closed circles, D ¼ 0.1/h) and respirofermentative
(open circles, D ¼ 0.35/h) cultures during nitrogen starvation

Error bars represent SEM of three independent experiments carried out on different chemostat cultures and were calculated as follows:
averages and standard deviations (SD) were calculated separately for the numerator and the denominator of (3). Based on the SDs of the
numerator and the denominator the SEM of rh was computed. The dashed lines indicate a rh of 1.0 and the dotted lines indicate a rh of
0. The data from the respirofermentative cultures (D ¼ 0.35/h) were obtained from [10], except for the data at time point 8 h
obvious in Fig. 5, in which we plotted the distribution of the
regulation coefficients in two ways. In panel A the metabolic
regulation coefficient is plotted against the hierarchical
regulation coefficient. In this scatter plot we see a range,
largely coinciding with cooperative regulation, in which the
regulation coefficients of both experiments are overlapping.
However, for the respirofermentative experiment we see that
the regulation spreads out into the direction in which
hierarchical regulation is more dominant, whereas in the
respiratory experiment the regulation spreads out into the
direction in which metabolic regulation is dominant. The
same can be observed in panel B of Fig. 5, but then one can
also distinguish in which direction the flux changes. In the
cells from respirofermentative cultures the flux decreased and
thus all the dots ended up left to the Y-axis. The opposite
holds for the cells from respiratory cultures, where the flux
Syst. Biol., 2010, Vol. 4, Iss. 2, pp. 157–168
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increased and thus nearly all dots ended up right to the Y-axis.
One exception is the flux through hexokinase after 24 h of
nitrogen starvation in cells from respiratory cultures. In this
specific point the flux decreased compared to t0. Again both
experiments had dots in the area of cooperative regulation
whereas most other dots of the respirofermentative experiment
were in the area where hierarchical regulation is dominant,
whereas the remaining dots of the respiratory experiment were
in the area where metabolic regulation is dominant.

3.4 Intracellular metabolite
concentrations

Because in the cells grown under respiratory conditions the
flux through glycolysis was predominantly regulated by
metabolism, the next step was to study the changes in the
163
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Figure 5 Distribution of the regulation coefficients

Left panel: scatter plot of the metabolic regulation coefficients against the hierarchical regulation coefficients. Right panel: scatter plot of the
Dln J against the Dln Vmax. The different categories are as follows, rh ¼ 1: purely hierarchical regulation, rh ¼ 0 purely metabolic
regulation, 0 , rh , 1: cooperative regulation by changed Vmax and metabolism, rh . 1: antagonistic regulation in the direction of
Vmax, rh , 0: antagonistic regulation in the direction of metabolism. The data from the respirofermentative cultures (D ¼ 0.35/h) were
obtained from [10], except for the data obtained at time point 8 h
intracellular concentrations of the metabolites. We have
focused on the time points 0 and 4 h after the start of
nitrogen starvation, since the difference in flux between
both growth conditions was largest at these time points.
Samples were taken at 15 min after addition of glucose
in the fermentative-capacity assay. Fig. 6 shows the
intracellular metabolite concentrations relative to total
protein, of the glycolytic metabolites G6P, fructose-6-
phosphate (F6P), fructose-1,6-bisphosphate (F1,6bP),
2-phosphoglycerate (2PGA)þ 3-phosphoglycerate (3PGA),
phosphoenolpyruvate (PEP) and pyruvate. The levels of
these intermediates did not vary appreciably between the
four different conditions. In all cases, the relatively high
levels of F1,6bP and pyruvate and low levels of PEP and
2PGAþ 3PGA are consistent with the characteristic pattern
for conditions of high glycolytic flux [13, 20]. Furthermore,
the levels of G6P, F1,6bP and pyruvate were significantly
higher (Student’s t test, P , 0.05) in the non-starved cells
from the respirofermentative culture. Previous literature
suggested that the intracellular concentrations of G6P and
F1,6bP correlate positively with the flux [21]. This is not in
agreement with our experiments, since the highest flux was
measured in the 4 h nitrogen-starved cells from the
respiratory culture.

In addition, the most important known allosteric
regulators of glycolytic enzymes, trehalose-6-phosphate
(T6P), citrate and fructose-2,6-bisphosphate (F2,6bP),
were measured (Fig. 6). The changes in the regulators were
much larger than those of the glycolytic intermediates,
most noticeably between the non-starved and the 4 h
nitrogen-starved cells. We investigated whether the pattern
of the regulators by itself could explain the observed
metabolic regulation. In the cells from the respiratory
cultures the flux through HXK and PFK increased. Both
4
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enzymes were then regulated negatively by gene expression
so metabolic regulation should explain the drastic increase
in the flux through these enzymes. A relief of inhibition of
HXK by a strongly decreased level of the inhibitor T6P
[22, 23] indeed works in this direction. However, the
increase of the PFK inhibitor citrate [24] and the decrease
of its activator F2,6bP [25, 26] work in the opposite
direction. In the case of cells grown under
respirofermentative conditions the metabolic regulation was
much weaker. The decrease of the flux through HXK was
then regulated cooperatively by metabolism and gene
expression. The decreased level of T6P, however, would
stimulate the enzyme and can therefore not explain the
metabolic part of the regulation by itself. The flux through
PFK decreased only slightly, whereas the Vmax showed a
stronger decrease. Therefore stimulatory metabolic effects
are expected. The increase of the activator F2,6bP fits in
this picture, but the increase of the inhibitor citrate does not.

The levels of ATP, ADP and AMP were also measured in
the same set of samples (Fig. 6). The total pool of adenine
nucleotides is not constant. The largest absolute changes
are observed for ATP, which correlates negatively with the
flux through the pathway (cf. Fig. 2, time points 0 and
4 h). Such negative correlation between the ATP level and
the flux was also found by Larsson et al. [27, 28]. The
correlation could be a reflection of product inhibition of
glycolysis, either directly at the level of the ATP producing
enzymes PGK and PYK or via allosteric inhibition of
glycolytic enzymes by ATP [29, 30].

4 Discussion
We investigated how the flux through glycolysis was
regulated in time upon nitrogen starvation in cells with
IET Syst. Biol., 2010, Vol. 4, Iss. 2, pp. 157–168
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Figure 6 Intracellular metabolite levels

Error bars represent SDs of two independent experiments carried out on different chemostat cultures (each comprising duplicate samples,
each analysed at least in duplicate)
different growth histories. In this study, cells from respiratory
and respirofermentative cultures were subjected to nitrogen
starvation. In accordance with earlier studies [1, 11] we
observed that the fermentative capacity of cells grown under
respiratory conditions was lower than that of cells from
respirofermentative cultures. The former was, however,
more stable upon prolonged exposure to the nitrogen
starvation. The detailed time profiles revealed that the
fermentative capacity even increased transiently in cells
from respiratory cultures during the first 4 h of nitrogen
starvation. In cells grown under respirofermentative
conditions the fermentative capacity decreased from the
onset of nitrogen starvation.

In both experiments diverse categories of regulation were
found. However, in the cells grown under respiratory
conditions regulation was dominated by metabolism,
whereas in the cells grown under respirofermentative
conditions hierarchical regulation was dominant. During
Syst. Biol., 2010, Vol. 4, Iss. 2, pp. 157–168
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the transient increase of the fermentative capacity in the
respiratory cells rm was larger than rh for all enzymes
except for PDC. During the decrease of the fermentative
capacity in the respirofermentative cells the rh was rather
larger than rm for all enzymes except GAPDH and PYK.
In the respirofermentative cells some (but not all) of the
decrease of fermentative capacity can be attributed to
breakdown of the glycolytic proteins during nitrogen
starvation [31, 32]. Unlike Rossell et al. [5] we also
observed a significant breakdown of the glycolytic proteins
when the respiratory cells were subjected to nitrogen
starvation. The transient increase of the fermentative
capacity must therefore be attributed to a counteracting and
dominant metabolic regulation.

The role of pyruvate decarboxylase is intriguing. Of all
enzymes it was the only enzyme that showed a Vmax pattern
similar to that of the fermentative capacity in both
experiments. Accordingly, this enzyme was hierarchically
165
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regulated under both conditions. Similar observations were
made when the changes of fermentative capacity at different
dilution rates in chemostats were studied [1]. It is tempting
therefore to suggest that changes of the Vmax of pyruvate
decarboxylase are the primary cause of changes in fermentative
capacity. Flikweert et al. [33] showed that a reduction of
PDC activity resulted in a reduced production of fermentation
products. However, PDC overexpression did not result in a
higher fermentative capacity [34], suggesting that other
enzymes also need to be overexpressed to achieve a higher
fermentative capacity. If also in our experiments the changes
of the Vmax of pyruvate decarboxylase are not the sole cause of
the changes of fermentative capacity, then the metabolic
regulation of the other enzymes not only can be caused by
changes inside glycolysis, but also must come from outside.

Since allosteric regulators, that is F2,6bP, T6P and citrate,
may play an important role in the regulation of the flux [35],
we hypothesised that a substantial part of the metabolic
regulation would be due to changes in their intracellular
levels. Therefore intracellular levels of the allosteric
regulators, as well as of the glycolytic intermediates were
determined under the conditions of the fermentative-
capacity assay. The most substantial differences were indeed
found in the levels of the allosteric regulators of the
glycolytic enzymes, that is T6P, citrate and F2,6bP, whereas
the levels of the glycolytic intermediates themselves did not
change much. However, apart from the relief of inhibition of
HXK by T6P in the cells grown under respiratory
conditions, the changes in the allosteric regulators by
themselves could not explain the metabolic regulation that
was observed. This failure raises the possibilities that
metabolite–enzyme interactions described in vitro may not
give a complete picture of the in vivo situation and that
additional regulators may exist which have yet to be
identified. Also changes in the adenine nucleotides, notably
ATP, were observed. ATP has both activating and inhibitory
effects on different steps in glycolysis and therefore a
quantitative kinetic model is required to predict the net
effect of changes in ATP. In addition, the rate of each
enzyme is determined by a number of concentrations of
substrates, products and effectors simultaneously. An
important step in explaining the changes in flux upon
nitrogen starvation in cells from either respiratory or
respirofermentative cultures will therefore be the
implementation of the obtained data into a kinetic model of
the pathway. As a starting point we use the glycolysis model
of Teusink et al. [36]. It will be necessary to extend the
model, to include all the known allosteric regulators.

In conclusion, the results obtained with time-dependent
Regulation Analysis showed us how the regulation of the
fermentative capacity during nitrogen starvation depends on
the cell history. Our current work focuses (i) on the
importance of protein degradation by explicit distinction of
protein synthesis and degradation and (ii) on explaining the
observed changes in flux by applying the model of Teusink
et al. [36] to the case of nitrogen starvation.
6
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