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Joost van den Brink, André B. Canelas, Walter M. van Gulik, Jack T. Pronk, Joseph J. Heijnen,
Johannes H. de Winde, and Pascale Daran-Lapujade*

Kluyver Centre for Genomics of Industrial Fermentation and Department of Biotechnology, Delft University of Technology,
Julianalaan 67, 2628 BC Delft, The Netherlands

Received 19 May 2008/Accepted 14 July 2008

The ability of baker’s yeast (Saccharomyces cerevisiae) to rapidly increase its glycolytic flux upon a switch from
respiratory to fermentative sugar metabolism is an important characteristic for many of its multiple industrial
applications. An increased glycolytic flux can be achieved by an increase in the glycolytic enzyme capacities (Vmax)
and/or by changes in the concentrations of low-molecular-weight substrates, products, and effectors. The goal of the
present study was to understand the time-dependent, multilevel regulation of glycolytic enzymes during a switch
from fully respiratory conditions to fully fermentative conditions. The switch from glucose-limited aerobic chemo-
stat growth to full anaerobiosis and glucose excess resulted in rapid acceleration of fermentative metabolism.
Although the capacities (Vmax) of the glycolytic enzymes did not change until 45 min after the switch, the intracel-
lular levels of several substrates, products, and effectors involved in the regulation of glycolysis did change
substantially during the initial 45 min (e.g., there was a buildup of the phosphofructokinase activator fructose-2,6-
bisphosphate). This study revealed two distinct phases in the upregulation of glycolysis upon a switch to fermen-
tative conditions: (i) an initial phase, in which regulation occurs completely through changes in metabolite levels;
and (ii) a second phase, in which regulation is achieved through a combination of changes in Vmax and metabolite
concentrations. This multilevel regulation study qualitatively explains the increase in flux through the glycolytic
enzymes upon a switch of S. cerevisiae to fermentative conditions and provides a better understanding of the roles
of different regulatory mechanisms that influence the dynamics of yeast glycolysis.

Baker’s yeast (Saccharomyces cerevisiae) can rapidly switch be-
tween respiratory and fermentative sugar metabolism in response
to changes in the availability of oxygen and fermentable sugars.
This metabolic flexibility is likely to have arisen during evolution
in environments where there are strong temporal and/or spatial
fluctuations in sugar and oxygen levels. Upon transfer from res-
piratory to fermentative conditions, S. cerevisiae can, within a
short time, tremendously increase its catabolic rates and start
accumulating ethanol, as well as smaller amounts of acetate, suc-
cinate, and glycerol (50). In the natural, evolutionary context, this
may have helped this organism rapidly monopolize sugars and
create a hostile environment for competing microorganisms. This
metabolic flexibility of S. cerevisiae is also an important charac-
teristic for its multiple industrial applications. For instance, yeast
biomass starved for glucose during storage has to rapidly adapt to
a very high sugar concentration when it is added to bread dough
or wort. Ideally, S. cerevisiae cells should be able to increase their
CO2 and ethanol production rates within minutes following their
introduction into a fresh production medium. Upon such a trans-
fer, the pathways responsible for ethanol and CO2 production,
i.e., glycolysis and the fermentative enzymes (which, for conve-
nience, are referred to here as the glycolytic pathway [Fig. 1]),
have to suddenly catalyze sugar conversion at much higher rates.

Two different strategies can contribute to increasing the flux
through an enzyme: (i) increasing the capacity of enzymes of the
pathway (Vmax) and (ii) increasing the in vivo activity of the
enzymes via metabolic regulation (i.e., regulation of activities by
interaction with low-molecular-weight substrates, products, and
effectors) (40). For many years S. cerevisiae has been a paradigm
for studies of glycolysis and its regulation, and several mecha-
nisms contributing to the regulation of Vmax and the in vivo
activity of individual enzymes have been determined. For exam-
ple, it has been shown that high glucose concentrations result in
modification of Vmax by transcriptional repression of HXK1 and
ADH2 (12) and also by covalent modification of enzymes (e.g., via
the phosphorylation of Pyk1, Pyk2, and Hxk2 [28]). A sudden
glucose excess also results in major changes in metabolite con-
centrations that, in turn, affect the in vivo activity of key enzymes,
such as HXK (inhibited by trehalose-6-phosphate [4]), PFK (ac-
tivated by fructose-2,6-bisphosphate [3]), and PYK (activated by
fructose-1,6-bisphosphate [25]).

The contributions of these various levels of regulation to the
glycolytic flux have been intensively investigated using steady-
state chemostat cultures of S. cerevisiae grown under different
conditions that resulted in a wide range of in vivo glycolytic
fluxes (7, 8, 33, 36, 39, 48, 49). These studies demonstrated
that, in the fully adapted, steady-state cultures, regulation of
the glycolytic flux occurred predominantly via metabolite reg-
ulation and/or via processes outside the glycolytic pathway,
such as sugar transport. Regulation of the synthesis or degra-
dation of glycolytic enzymes appeared to play a relatively small
(although sometimes significant) role.

The strategies employed by S. cerevisiae to adjust its glyco-
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lytic flux during dynamic responses to environmental pertur-
bations have not been systematically investigated previously.
Studies of the initial (�5-min) response to sudden relief of
glucose limitation revealed widespread large changes in intra-
cellular concentrations of metabolites (adenine nucleotides,
glycolytic intermediates, and effectors), suggesting that metab-
olite regulation has a key role during the initial adaptation of
glycolytic flux to fermentative conditions (42, 55). However,
the multiple mechanisms regulating the glycolytic flux at dif-
ferent cellular levels have different time constants. While
changes in metabolite concentrations and posttranslational
modifications of proteins (e.g., phosphorylation) may occur
within seconds, changes in transcript and protein levels occur
much more slowly (37). In fact, the 5-min time span employed
in many yeast stimulus-response studies was deliberately cho-
sen to avoid changes in enzyme capacities that might compli-

cate elucidation of in vivo kinetic properties (19). The regula-
tory events occurring after this brief first phase, which are
highly relevant for understanding glycolytic regulation in nat-
ural and industrial contexts, have not been studied in detail.

Despite the large amount of knowledge gathered through-
out the years about the regulation of glycolysis in yeast, we still
lack a global, quantitative understanding of the contributions
of the multilevel regulatory events to the regulation of the
glycolytic enzymes. The only strategy that can be used to tackle
this issue is to use a systems biology approach for the “glyco-
lytic system,” taking into account the regulation at multiple
levels.

The goal of the present study was to understand the time-
dependent regulation of glycolytic enzymes during a switch
from fully respiratory conditions to fully fermentative condi-
tions. To this end, S. cerevisiae cells grown in a glucose-limited
aerobic chemostat with a low glycolytic flux were shifted to full
anaerobiosis and glucose-excess conditions. The regulatory
mechanisms were dissected by measuring the changes in me-
tabolites, fluxes, and enzyme capacities involved in glycolysis in
the 2 h following the perturbation.

MATERIALS AND METHODS

Abbreviations. HXK, hexokinase; PGI, phosphoglucose isomerase; PFK,
phosphofructokinase; FBA, fructose-biphosphate aldolase; TPI, triosephosphate
isomerase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGK, 3-phos-
phoglycerate kinase; GPM, phosphoglycerate mutase; ENO, enolase; PYK,
pyruvate kinase; PDC, pyruvate decarboxylase; ADH, alcohol dehydrogenase;
ESI-LC, electrospray ionization-liquid chromatography; MS, mass spectrometry;
�, mass-action ratio; Keq, equilibrium constant; qATP, specific ATP production
rate; qgluc, specific glucose consumption rate; qO2, specific oxygen consumption
rate.

Strain and media. The S. cerevisiae strain used in this study was the prototro-
phic haploid reference strain CEN.PK113-7D (MATa) (46). Stock cultures were
grown at 30°C in shake flasks containing 100 ml of synthetic medium with 20 g
of glucose per liter. The synthetic medium contained (per liter of demineralized
water) 5 g of (NH4)2SO4, 3 g of KH2PO4, 0.5 g of MgSO4 � 7H2O, 0.15 ml of
silicon antifoam (BDH), and trace elements at concentrations described by
Verduyn et al. (53). After heat sterilization of the medium for 20 min at 120°C,
a filter-sterilized vitamin solution (53) was added. The concentration of glucose
in the reservoir medium was 7.5 g � liter�1. Glucose was added to the synthetic
medium after separate heat sterilization at 110°C.

Chemostat cultivation. S. cerevisiae CEN.PK113-7D (MATa) was grown at
30°C in 2-liter bioreactors (Applikon) with a working volume of 1.5 liters that was
controlled via an electrical level sensor. Removal of effluent from the center of
the culture ensured that the biomass concentrations in the effluent line differed
by less than 1% from those in the culture (44). The dilution rate was set at 0.10
h�1. The pH was measured online and was kept constant at 5.0 by automatic
addition of 2 M KOH using an Applikon ADI 1030 biocontroller. A stirrer speed
of 800 rpm and an airflow rate of 0.75 liter � min�1 were used to keep the
dissolved oxygen concentration, as measured with an oxygen electrode, above
60% of air saturation in all chemostat cultivations performed. Steady-state sam-
ples were taken after �10 volume changes to avoid strain adaptation due to
long-term cultivation (9, 16, 24). The biomass dry weight, extracellular metabo-
lite, dissolved oxygen, and gas profiles were constant over at least three volume
changes.

Perturbation experiments. Anaerobic glucose pulse experiments were started
by sparging the medium reservoir of a steady-state glucose-limited aerobic che-
mostat (airflow rate, 0.75 liter � min�1) with pure nitrogen gas (�5 ppm O2;
Hoek-Loos, Schiedam,). Norprene tubing and butyl septa were used to minimize
oxygen diffusion into the anaerobic cultures (56). Two minutes after nitrogen
sparging and just before the glucose was added, the medium pump was switched
off. The pulse consisted of 54 g of glucose in 60 ml demineralized water and was
injected aseptically through a butyl septum. The glucose concentration immedi-
ately after the pulse was approximately 190 mM. Samples were taken 5, 10, 30,
60, and 120 min following glucose addition.

FIG. 1. Glycolytic pathway in S. cerevisiae. The dotted lines indicate
activating (�) and inhibiting (�) actions of metabolites on enzymes. In
this study, all of the glycolytic enzymes were analyzed to determine the
changes in flux and capacity. Bold type indicates the metabolites mea-
sured in this study, whereas light type indicate the metabolites that
could not be measured intracellularly. There is a complete metabolite
data set for the glycolytic enzymes in boxes. DHAP, dihydroxyacetone
phosphate.
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Analytical methods. The exhaust gas was cooled with a condenser connected
to a cryostat set at 2°C and was dried with a Permapure dryer (Inacom Instru-
ments) before analysis of the O2 and CO2 concentrations with a Rosemount
NGA 2000 analyzer. The gas flow rate was determined with an Ion Science Saga
digital flow meter. Acetate, ethanol, glycerol, and glucose concentrations in
supernatants were determined by high-performance liquid chromatography anal-
ysis with a Bio-Rad Aminex HPX-87H column at 60°C. The column was eluted
with 5 mM sulfuric acid at a flow rate of 0.6 ml � min�1. Acetate was detected
with a Waters 2487 dual-wavelength absorbance detector at 214 nm. Glucose,
ethanol, and glycerol were detected with a Waters 2410 refractive index detector.
Biomass dry weight was determined as described by Postma et al. (29), while the
whole-cell protein content was determined as described by Verduyn et al. (52).
Cell numbers were determined with a Coulter Counter (Multisizer II; Beckman
Coulter) by using a 50-�m aperture. Specific rates of production and consump-
tion of metabolites, expressed in mmol � g (dry weight)�1 � h�1, were calculated
from measured dry weights and extracellular metabolite concentrations at 15-
min intervals.

Trehalose and glycogen. Trehalose and glycogen concentrations were mea-
sured as described previously (27) using duplicate measurements for two inde-
pendent replicate cultures. Glucose concentrations were determined using the
UV method based on Roche kit no. 0716251.

Metabolic flux distribution. Intracellular metabolic fluxes were calculated by
metabolic flux balancing using a compartmented stoichiometric model for S.
cerevisiae grown on glucose under aerobic conditions, as described by Daran-
Lapujade et al. (7). The stoichiometric models were set up and the flux balancing
was performed using dedicated software (SPAD it, Nijmegen, The Netherlands).
The calculated specific conversion rates and their variances for at least two
independent cultures were used as input for the metabolic flux balancing proce-
dure. The specific rates and their variances for four independent cultures (7)
were used for flux balancing of the aerobic glucose-limited steady state. The qATP

was calculated using qATP � 2 � qgluc � 2 � P/O � qO2 for P/O ratios between 0.95
(54) and 1.2 (38). The ATP produced after the shift to fermentative conditions
was calculated from the fluxes through the ATP-consuming and -producing
glycolytic enzymes obtained from the flux balancing.

In vitro enzyme activity assays. Cell extracts were prepared by a FastPrep
method (6). Enzyme activities were assayed with freshly prepared cell extracts
using spectrophotometric enzyme-linked assays and a TECAN GENios Pro
microtiter plate reader. All determinations were performed at 30°C and 340 nm
(εNAD(P)H at 340 nm � 6.33 mM�1). Samples were prepared manually in mi-
crotiter plates (transparent flat-bottom Costar plates; 96 wells) in a 12-assay run
using a total volume of 300 �l per well. To ensure reproducibility, all assays were
performed with two concentrations of cell extracts. Each enzyme assay for the
glycolytic pathway was performed as previously described (17), and data were
expressed in U � mg protein�1 (1 U � 1 �mol � min�1) Protein concentrations in
cell extracts were determined by the method of Lowry et al. (23), using dried
bovine serum albumin (fatty acid free; Sigma) as a standard.

Intracellular metabolites. Culture samples (1 ml) for intracellular metabolite
analysis were transferred from the bioreactor with a specialized rapid sampling
apparatus (22) into 5 ml of 60% (vol/vol) methanol/water at �40°C to immediately
quench any metabolic activity. Samples were then processed by using the intracel-
lular sampling processing method described previously (57) to obtain about 500 �l
of intracellular metabolite solution suitable for further analysis. Glycolytic interme-
diates and related metabolites (glucose-6-phosphate, fructose-6-phosphate, fructose-
1,6-bisphosphate, fructose-2,6-bisphosphate, 2-phosphoglycerate, 3-phosphoglycer-
ate, phosphoenolpyruvate, glycerol-3-phosphate, and trehalose-6-phosphate) were
analyzed by using ESI-LC-MS/MS as described by van Dam et al. (43), and quan-
tification was performed by using the isotope dilution method (57). ATP, ADP, and
AMP concentrations were analyzed by an ion pairing ESI-LC-MS/MS method as
described by Wu et al. (57) and were also determined by the isotope dilution method
(57). The energy charge (EC) (2) was calculated using equation 1:

EC �
�[ATP] � 0.5[ADP]	

�[ATP] � [ADP] � [AMP]	 (1)

Kinetic rate equations. Kinetic equations describing the effects of enzyme
capacity and intracellular metabolite concentrations on the activity of individual
glycolytic enzymes are shown in the Appendix. The parameters used in these
kinetic equations are shown in Tables 1 and 2. To obtain the sets of parameter
values that best described the in vivo behavior of the enzymes, the kinetic
parameters in the equations for PGI, PFK, PYK, and PDC (Michaelis-Menten
constants, inhibition/activation constants, and equilibrium constants) were fitted
to the in vivo metabolite and flux data. This was done using the Microsoft Excel
2003 Solver tool, with minimization of the sum of square residuals between the
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observed in vivo flux (from the stoichiometric model) and the estimated flux
(from the kinetic equation) as the objective function. The accuracy of determi-
nation of the parameter values was estimated using asymmetric 95% confidence
intervals (18) (see File S1 in the supplemental material).

RESULTS

Experimental design and general physiology. S. cerevisiae
was grown in aerobic, glucose-limited chemostat cultures at a
relatively low specific growth rate (0.10 h�1). These starting
conditions ensured that there was full respiratory metabolism
with a relatively low glucose uptake rate (ca. 1.1 g � g [dry
weight]�1 � h�1) (Table 3). To allow the yeast cells to express
their full fermentative potential, a concentrated glucose solu-
tion was injected into the chemostat to obtain a final concen-
tration of 200 mM while the cultures were rapidly switched to
anaerobic conditions by replacement of the incoming air by
nitrogen gas. As expected, this double perturbation resulted in
a rapid acceleration of fermentative metabolism (as shown by
the rapid accumulation of ethanol and increasing rates of car-
bon dioxide production) and a large increase in the specific
glucose uptake rate (Fig. 2). The specific glucose uptake rate,
a key indicator of the glycolytic flux, increased for 90 min
before leveling off at a value that was 13-fold higher than the
glycolytic flux in the aerobic, glucose-limited chemostat culture
(Fig. 2C and Table 3). The specific production rates for etha-
nol and CO2, accounting for approximately 90% of the con-
sumed carbon, exhibited the same profile as the glucose con-
sumption rates during the 2 h after the perturbation (Fig. 2C
and Table 3). The concentrations of minor metabolic products,
such as acetate, lactate, pyruvate, succinate, and acetaldehyde,
increased steadily but moderately, as did the glycerol concen-
tration (Fig. 2E and F). Under anaerobic conditions, glycerol
formation is generally considered to serve as a redox sink for
the NADH formed during biomass formation. However, in the
2 h after the perturbation, the biomass concentration, mea-
sured as both dry weight and cell counts, increased only mar-

ginally compared to the extracellular fluxes of glucose, ethanol,
and glycerol. Therefore, the biomass formation could not ac-
count for the glycerol formed (Fig. 2A). Finally, consistent with
previous studies (11, 45), the sudden glucose excess triggered a
swift mobilization of the reserve carbohydrates glycogen and
trehalose, whose intracellular concentrations decreased to
close to zero ca. 75 min after the perturbation (Fig. 2D).

All net conversion rates (i.e., the rates for glucose, O2, CO2,
biomass, and products) calculated from the measurements ob-
tained during the perturbation experiment were used to esti-
mate the in vivo fluxes through the metabolic network by
metabolic flux analysis, using a stoichiometric model of S.
cerevisiae for aerobic growth on glucose (see Materials and
Methods) (7). During the 2 h after the switch from aerobic to
anaerobic conditions, changes may have occurred in the avail-
ability or absence of certain enzymes and thus in the stoichi-
ometry of the metabolic network. In particular, under anaer-
obic conditions, the tricarboxylic acid pathway does not
operate as a cycle and succinate is reductively produced via
fumarate reductase (5, 13) instead of oxidatively, as it is under
aerobic conditions. However, the impact of these two alterna-
tive configurations of the tricarboxylic acid pathway on glyco-
lytic fluxes was calculated to be insignificant. The calculated
fluxes through the individual glycolytic enzymes (Fig. 3) after
the perturbation closely followed the glucose uptake rate (Fig.
2C). Only small fractions of the consumed glucose were chan-
neled toward the pentose phosphate pathway and the tricar-
boxylic acid cycle (4 and 2% of the glucose influx, respectively)
(data not shown).

The double perturbation drastically changed ATP produc-
tion. When grown in aerobic glucose-limited chemostat cul-
tures, S. cerevisiae displays fully respiratory glucose dissimila-
tion, in which ATP is generated by both substrate-level and
oxidative phosphorylation. This mode of dissimilation allows
relatively high ATP yields, 7.2 � 0.9 mol of ATP per mol of
dissimilated glucose (assuming a P/O ratio between 0.95 [54]
and 1.2 [38]). Conversely, when glucose is dissimilated by fully
fermentative metabolism, such as the metabolism in the 2 h
following the double perturbation, only substrate-level phos-
phorylation occurs, which yields at most 2 mol of ATP per mol
of glucose fermented to ethanol (51). To compensate for this
lower ATP yield, fermenting cells typically have higher glyco-
lytic rates (8). However, during the first 15 min after the double
perturbation, the increased glycolytic flux appeared not to be
sufficient to compensate for the lower anaerobic ATP yield, as
shown by the decrease in qATP compared to the preperturba-

TABLE 2. Parameters for the PFK equationa

Compound Kr (mM) C K (mM) Ci

Fructose-6-phosphate 0.1 0
ATP 0.71 3 0.65 100
Fructose-1,6-bisphosphate 0.111 0.397
Fructose-2,6-bisphosphate 6.82 � 10�4 0.0174
AMP 0.0995 0.0845

a The data were obtained from the study of Teusink et al. (41).

TABLE 3. Physiological parameters for an aerobic glucose-limited chemostat culture and for 2 h after the change to anaerobic
glucose-excess conditionsa

Culture � Ysx qgluc qO2 qCO2 qeth qglyc qac
Carbon

recovery (%)

Chemostat 0.10 � 0.01 0.50 � 0.01 1.09 � 0.03 2.7 � 0.1 2.8 � 0.1 NAb NA NA 102 � 1
2 h after change 0.14 � 0.00 0.07 � 0.04 13.4 � 1.0 NA 21.6 � 0.9 19.6 � 1.4 3.28 � 0.14 0.19 � 0.02 93 � 7

a The data are the averages and standard deviations for at least three independent cultivations. Abbreviations: �, specific growth rate determined by measurement
of the dry weight; Ysx, biomass yield on glucose (grams of biomass per gram of glucose consumed); qgluc, millimoles of glucose consumed per gram of biomass per hour;
qO2, millimoles of oxygen consumed per gram of biomass per hour; qCO2, millimoles of carbon dioxide produced per gram of biomass per hour; qeth, millimoles of
ethanol produced per gram of biomass per hour; qglyc, millimoles of glycerol produced per gram of biomass per hour; qac, millimoles of acetate produced per gram of
biomass per hour.

b NA, not applicable.
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tion value (Fig. 4). This initial decrease in ATP production was
corroborated by a rapid twofold decrease in the intracellular
ATP concentration (Fig. 4). In agreement with this observa-
tion, the intracellular AMP concentration increased in the

initial 15 min from 0.57 to 0.94 �mol � g (dry weight)�1, al-
though the ADP concentration did not change significantly
over time. The sum of the nucleotide concentrations and the
calculated energy charge (2) did not change significantly dur-
ing the perturbation experiment, although a transient decrease
was observed in the initial phase of the experiment (Fig. 4).

After the initial decrease in ATP production and hence in
the cellular energy level, the specific ATP production rate
increased and reached values that were approximately twice
the steady-state production values, while the pool of free ATP
remained stable. ATP is used primarily to supply energy for
biomass formation. In the absence of growth, only a relatively
small part of the ATP production is necessary to sustain main-
tenance processes (21). Assuming a yield of 16 g (dry weight)
of biomass per mol of ATP (51) and assuming that all ATP
formed is used for biomass formation, the estimated growth
rate should have reached 0.3 h�1 at 2 h after the perturbation.
However, the measured growth rate after 2 h was one-half this
value (ca. 0.14 h�1, as determined from the dry weight mea-

FIG. 2. General physiological response of S. cerevisiae after the change to fermentative conditions. (A) Symbols: f, biomass (g � liter�1); �, whole-cell
protein (g � g biomass�1); Œ, cell number (cells � ml�1). (B and C) Symbols: f, �, Œ, and F, concentrations (mM) and specific consumption rates
(mmol � g�1 � h�1) of glucose, CO2 from the off-gas, ethanol (EtOH), and glycerol respectively. The data are data from six independent cultivations.
(D) Symbols: f and �, intracellular concentrations of trehalose and glycogen, respectively. The results are expressed in mg glucose equivalents � g biomass�1.
(E) Symbols: f and �, concentrations (mM) of acetate and lactate, respectively. (F) Symbols: f, �, and Œ, concentrations of extracellular pyruvate, succinate,
and acetaldehyde respectively. Unless indicated otherwise, the data are the averages and standard deviations from two independent cultivations. dw, dry weight.

FIG. 3. Estimated in vivo fluxes through glycolysis (in mmol � g [dry
weight]�1 � h�1), as determined using a stoichiometric model (7). Sym-
bols: f, average flux of the upper part of glycolysis; Œ, flux of TPI; �,
average flux of the lower part of glycolysis. The error bars indicate stan-
dard deviations for at least six independent culture samples.
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surements), revealing that a substantial fraction of ATP gen-
erated after the shift to fermentative conditions was apparently
used for processes other than biomass formation.

Changes in enzyme capacity only marginally contribute to
the regulation of the carbon flux through the glycolytic steps.
The shift from aerobic glucose limitation to anaerobic glucose
excess triggered a strong increase in the in vivo fluxes through
the glycolytic steps, resulting in fluxes that were approximately
13-fold higher at 2 h after the shift. The contribution of
changes in enzyme capacity to the changes in flux can be
estimated relatively easily by measuring the Vmax of the glyco-
lytic enzymes in in vitro assays. While such measurements do
not necessarily provide an indication of the absolute in vivo
capacity of the enzymes, comparison of different cultivation
conditions or, as in this study, time points does allow a com-
parison of relative Vmax values.

Using measurements of the Vmax of all glycolytic enzymes
(Fig. 5), it was observed that the values all remained stable
during the first 45 min following the shift to fermentative
conditions. After this, the enzymes HXK, PFK, TPI, PGK, and
ADH maintained a constant capacity, while the capacities of
PGI, FBA, GAPDH, GPM, ENO, PYK, and PDC increased
significantly (Fig. 5). The time necessary for the cells to in-
crease their enzyme capacity was not the same for all enzymes.
While changes in the PDC capacity were detected after 30 min,
changes in the PGI, FBA, GPM, and ENO capacities did not
occur until 45 min after the shift and changes in the GAPDH
and PYK capacities did not occur until 60 min after the shift.
Compared to the steady-state cultures, the enzyme with the
greatest change in Vmax was PDC, whose capacity increased up
to 2.5-fold. These observations indicate that increases in the
glycolytic enzyme capacities could have contributed only mar-
ginally to the 13-fold increase in glycolytic fluxes and therefore

indicate that the role of metabolic regulation (i.e., regulation
of activities by interaction with substrates, products, and effec-
tors) is dominant. Although, as mentioned above, in vitro en-
zyme activities cannot be directly translated into absolute in
vivo enzyme capacities, this conclusion was consistent with the
observation that the maximum capacities of all glycolytic reac-
tions (estimated from in vitro assays), except those of PFK and
PDC, were substantially higher than the actual in vivo flux
channeled by these reactions (data not shown). The discrep-
ancy between in vitro Vmax activities and in vivo fluxes for PFK
can be explained by the notorious sensitivity of this enzyme to
many effectors, especially to the activator fructose-2,6-bisphos-
phate and the inhibitor ATP (3). The discrepancy observed for
PDC was more unexpected, since this enzyme is known to be
regulated by its substrate pyruvate and the phosphate concen-
tration in the cell, but no other allosteric effectors have been
reported.

Intracellular metabolites strongly influence regulation of
the glycolytic flux. Since the relatively small changes in the Vmax

of the glycolytic enzymes suggested that metabolic regulation
makes a major contribution to the postperturbation increase in
the glycolytic flux, intracellular concentrations of glycolytic inter-
mediates and effectors were measured (Fig. 1). Unfortunately, the
intracellular concentrations of some relevant intermediates (e.g.,
intracellular glucose and acetaldehyde, dihydroxyacetone phos-
phate, glyceraldehyde-3-phosphate, glycerate 1,3-bisphosphate)
could not be adequately determined. However, a complete me-
tabolite data set was obtained for 4 of the 12 glycolytic enzymes
(Fig. 6).

The first step in glycolysis, the phosphorylation of glucose, is
catalyzed by three isoenzymes, glucokinase (Glk1), hexokinase
1 (Hxk1), and hexokinase 2 (Hxk2). These three isoenzymes
have different characteristics; for example, they differ with re-

FIG. 4. Intracellular levels of adenine nucleotides (ATP, ADP, and AMP), sum of nucleotide concentrations (AXP), energy charge, and ATP
production rate after the shift to anaerobic glucose-excess conditions. The error bars for the adenine concentrations indicate standard deviations
for duplicate analyses of at least two independent cultures. The error bar for the steady-state value (zero time) in the qATP graph indicates the ATP
production of the P/O ratio range between 0.95 and 1.2 as described in Materials and Methods. dw, dry weight.
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spect to the regulation of expression by the glucose concentra-
tion and the modulation of enzyme activity by different effec-
tors. More precisely, while HXK1 and GLK1 are repressed by
high glucose concentrations, HXK2 is highly expressed in S.
cerevisiae under these conditions (Fig. 7) (45). The activity of
the HXKs, mainly Hxk2, is inhibited by trehalose-6-phosphate
(4). The trehalose-6-phosphate concentration drastically
changed during the perturbation experiment (Fig. 8), and al-
though we did not observe changes in the Vmax of HXK in the
double-perturbation experiment, it can be reasonably assumed,
taking into account the observed changes in expression levels
of the isoenzymes, that the levels of Hxk1 and Hxk2 also

changed following glucose addition. For this reason and be-
cause the intracellular glucose concentration was not mea-
sured, accurate prediction of the regulation of the flux through
HXK was not possible.

The second step in glycolysis, catalyzed by PGI, is not known
to be sensitive to allosteric effectors or cofactors and is there-
fore regulated mainly by changes in substrate and product
concentrations. In the glucose-limited steady-state cultures,
the mass-action ratio was similar to the equilibrium constant
(Table 1), indicating a near-equilibrium situation. However, in
the 45 min following the shift to fermentative conditions, the
mass-action ratio decreased (from 0.2 to 0.1) (Fig. 6) and

FIG. 5. Glycolytic enzyme activities after the change to anaerobic glucose-excess conditions, as determined by in vitro assays with cell extracts.
Open squares indicate nonsignificant changes in in vitro enzyme activities, whereas closed squares indicate significantly changed activities (P �
0.05, standard Student t test compared to time zero). In vitro enzyme activities were expressed in micromoles per milligram of protein per minute.
The data are data from at least four measurements for two independent cultures.
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stabilized at a twofold-lower value. This decrease in the mass-
action ratio indicated that there was substantial displacement
from near-equilibrium conditions (calculated from �/Keq) from
0.67 to 0.35, which had a great effect on in vivo PGI activity
(see below).

The in vivo activity of the enzyme PFK, which catalyzes an
irreversible reaction, is notoriously sensitive to various metab-
olites, and the effects of the activators ADP, AMP, and fruc-
tose-2,6-bisphosphate and the inhibitor ATP have been de-
scribed best. The concentrations of the activators AMP and

FIG. 6. Intracellular levels of substrates and products, regulatory effectors (mass-action ratio and concentrations of allosteric effectors) and flux
predictions from kinetic models for four glycolytic enzymes (PGI, PFK, PYK, and PDC) after the change to anaerobic glucose-excess conditions.
In the substrate/product graphs, data for glucose-6-phosphate (G6P) (�) and fructose-6-phosphate (F6P) (f) are shown for PGI, data for
fructose-6-phosphate (�) and fructose-1,6-bisphosphate (F1,6bP) (f) are shown for PFK, data for phosphoenolpyruvate (PEP) (�) and pyruvate
(Pyr) (f) are shown for PYK, and the bottom graph shows the data for pyruvate for PDC. The error bars indicate the mean errors for at least
two independent culture samples. For the regulatory effector graphs, the mass-action ratio ([F6P]/[G6P]) is shown for PGI, the concentration of
the activator fructose-2,6-bisphosphate (F2,6bP) is shown for PFK, and the concentration of the activator fructose-1,6-bisphosphate is shown for
PYK. The error bars indicate the mean errors for at least two independent culture samples. For the kinetic modeling graphs, the line indicates the
flux determined by stoichiometric estimation, and the filled squares indicate the predicted flux determined by kinetic modeling (41), using the
best-fit parameters (Tables 1 and 2). The open squares show the predicted flux for the models with a constant enzyme capacity, while the shaded
area shows the difference between the predicted fluxes with and without changing enzyme capacity. dw, dry weight.
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fructose-2,6-bisphosphate increased after the double perturba-
tion (Fig. 4 and 6). While the AMP concentration became
stable after 15 min, the fructose-2,6-bisphosphate concentra-
tion kept increasing until 45 min after the perturbation and
then decreased. Conversely, the concentration of the inhibitor
ATP decreased after the perturbation, but, similar to the re-
sults for AMP, stabilized after 15 min (Fig. 4). These modifi-
cations in metabolite concentrations are in agreement with the
acceleration of the flux channeled through PFK after the per-
turbation.

Several intermediates involved in the reactions between
fructose-1,6-bisphosphate and phosphoenolpyruvate could not
be quantified (Fig. 1). Therefore, the six consecutive reactions
(the reactions catalyzed by FBA, TPI, GAPDH, PGK, GPM,
and ENO) could not be fully analyzed in terms of their meta-
bolic regulation. For two of these enzymes, GAPDH and PGK,
cofactors are responsible for regulation of the in vivo activity
(namely, ADP/ATP for PGK and NADH/NAD for GAPDH).
The great difference in the observed responses to the double
perturbation of fructose-1,6-bisphosphate (building up until 45
min and reaching a new steady state [Fig. 6]) and phospho-
glycerate (strongly decreasing during the first 5 min [Fig. 8])
suggests that the cytosolic redox status has an important role in
the regulation of the flux in these six glycolytic steps. Indeed,
according to previous observations during a glucose pulse ex-
periment (6), the NADH/NAD ratio was expected to increase
after the double perturbation. This assumption was supported
by the sudden increase in the glycerol-3-phosphate level (Fig.
8), which is known to be responsive to redox stress (26). The
glycerol-3-phosphate concentration slowly decreased during

the following 2 h, suggesting that the NADH/NAD balance was
restored.

The next step in glycolysis is catalyzed by PYK. The concen-
tration of the PYK substrate, phosphoenolpyruvate, decreased
within the first 5 min after the shift, and the product, pyruvate,
accumulated during the first 45 min (Fig. 6). However, the
main allosteric regulator for the flux through PYK is a metab-
olite from the upper part of glycolysis, fructose-1,6-bisphos-
phate. The concentration of fructose-1,6-bisphosphate in-
creased greatly in the first 5 min after the shift, strongly
stimulating the PYK flux (see below).

After pyruvate, the carbon flux may be diverted into differ-
ent directions. During aerobic glucose-limited growth, pyru-
vate is converted mainly via the mitochondrial pyruvate dehy-
drogenase complex, and only a small, assimilatory flux through
PDC is required for synthesis of cytosolic acetyl coenzyme A
(10). The flux through PDC immediately increased after the
shift to anaerobic glucose-excess conditions, as reflected by
ethanol production within 5 min. The most probable cause of
this sudden increase in the PDC flux was a buildup of intra-
cellular pyruvate. However, the pyruvate concentration started
to increase only after 10 min, and there was up to a 3.5-fold
increase after 45 min (Fig. 6). This indicates that regulation of
PDC cannot be solely due to an increased pyruvate concentra-
tion and hence that other regulatory mechanisms must affect
the flux through PDC.

The concentrations of the metabolites known to be involved
in the in vivo regulation of ethanol production through ADH,
acetaldehyde and ethanol, could not be measured intracellu-
larly. A variety of ADH isoenzymes occur in S. cerevisiae, and

FIG. 7. Transcriptional responses of HXK, PDC, and ADH after the change to anaerobic glucose-excess conditions (45). The error bars
indicate the mean errors for at least two independent culture samples.

FIG. 8. Intracellular concentrations of trehalose-6-phosphate (T6P), glycerol-3-phosphate (G3P), and 3-phosphoglycerate plus 2-phosphoglyc-
erate (3PG�2PG) after the change to anaerobic glucose-excess conditions. The error bars indicate the mean errors for at least two independent
culture samples. dw, dry weight.
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alcohol dehydrogenase 1 (Adh1) and alcohol dehydrogenase 2
(Adh2) are the main isoenzymes. Transcription of ADH1 and
transcription of ADH2 respond differently to changes in the
glucose concentration (Fig. 7). Although the in vitro Vmax of
ADH appeared to be stable throughout the double-perturba-
tion experiment (Fig. 5), transcript analyses showed that ADH1
was highly expressed after a shift to anaerobic, glucose-excess
conditions, while ADH2 was repressed (Fig. 7) (45).

Kinetic models for glycolytic enzymes only partially explain
the observed flux changes. To investigate whether current ki-
netic models for glycolytic enzymes allow prediction of the in
vivo activity of the four enzymes (PGI, PFK, PYK, and PDC)
for which a complete metabolite data set was obtained, me-
tabolite and Vmax data were used as input for previously pub-
lished kinetic equations. The main source of equations was an
advanced kinetic model for yeast glycolysis (41) (see Materials
and Methods). Key kinetic parameters (e.g., equilibrium con-
stants and Michaelis-Menten constants for substrate and prod-
ucts) were derived from previous studies (Tables 1 and 2).

One-substrate, one-product reversible Michaelis-Menten ki-
netics (31) for PGI successfully predicted an increase in the
metabolic flux through PGI during the double perturbation.
However, the intensity of the response was stronger than the
experimental observations, and the predicted flux exceeded the
observed flux by about twofold (data not shown). The predic-
tion for the flux could be improved by fitting the kinetic pa-
rameters to the experimental data, indicating that the equation
format used was appropriate but that the values for in vitro-
determined parameters were not appropriate. Sensitivity anal-
ysis indicated that the experimental data did not allow precise
determination of the in vivo kinetic parameters (Table 1). A
wide range of values for both Kms (fructose-6-phosphate and
glucose-6-phosphate) can explain the data within the 95% con-
fidence interval, and any Keq value between 0.19 and 0.30 can
fit the data sufficiently well. Still, the predicted fluxes through
PGI could match the calculated flux best when the equilibrium
constant was decreased (Table 1). The equilibrium constant
was even closer to the mass-action ratio under steady-state
conditions (�/Keq ratio, 0.8), confirming the important role of
displacement from near-equilibrium for the regulation of re-
versible enzymes in glycolysis. In the first 45 min after the
fermentative shift, the enzyme activity remained constant, in-
dicating that the changes in flux through PGI were regulated
solely by changes in the metabolite concentration (i.e., mass-
action ratio). This scenario changed later, as enzyme activities
increased (�1.5-fold) and substantially contributed to the flux
regulation. This contribution is shown in Fig. 6, which shows
the gap between flux predictions including and excluding
changes in enzyme capacity. When a constant Vmax for PGI
during the 2 h following the double perturbation was consid-
ered, the predicted flux stabilized after 45 min. Flux regulation
through PGI could, therefore, be divided into two phases: an
initial phase (until ca. 45 min), during which changes in glyco-
lytic fluxes were regulated mainly by changes in the mass-
action ratio, and a second phase, during which fluxes through
PGI were regulated by changes in Vmax.

The Vmax capacity of PFK remained constant after the per-
turbation, indicating that the flux through this enzyme was
regulated solely by modulation of its in vivo activity by metab-
olites. The major activators ADP, AMP, and fructose-2,6-

bisphosphate and the inhibitor ATP were included in a previ-
ously published kinetic equation (41) and measured in the
present study (Fig. 4 and 6). The observed initial changes in
metabolite concentrations were in agreement with the accel-
eration of the flux channeled through PFK. However, after 45
min, the concentration of the important activator fructose-2,6-
bisphosphate decreased, and, using the experimentally esti-
mated Vmax and metabolite concentrations as input in the
kinetic equation for PFK (41), we could not explain the further
increase in the flux through PFK (Fig. 6). No improvement of
the prediction was obtained when we attempted to fit the
parameters to the measured metabolite concentrations. The
current model for PFK, therefore, does not accurately reflect
the kinetic mechanisms involved in the in vivo metabolic reg-
ulation of this enzyme and suggests a regulation of PFK by
other, as-yet-unknown effectors.

The flux through PYK, which is known to be allosterically
activated by fructose-1,6-bisphosphate, could be satisfactorily
predicted only when this metabolite was added to the model
(32, 41). Teusink et al. (41) did not consider the effect of this
activator since under their experimental conditions, its concen-
tration was far greater than the reported saturation concentra-
tion (0.5 mM). In our study, therefore, the kinetic equation of
these authors for PYK failed to predict the in vivo activity at
steady state since the fructose-1,6-bisphosphate concentration
was less than 0.5 mM. Including the activation by fructose-1,6-
bisphosphate in the model resulted in a reasonably good pre-
diction of the flux profile through PYK, although lower Kms for
fructose-1,6-bisphosphate and ATP were required for a good
fit (Table 1). Again, a sensitivity analysis showed that our data
did not enable precise estimation of these in vivo kinetic pa-
rameters (Table 1). Approximately 60 min after the perturba-
tion, changes in PYK capacity contributed to the increase in its
in vivo activity (Fig. 6).

PDC exhibits cooperative kinetics with respect to its sub-
strate, pyruvate (15). A previously proposed kinetic equation
(41) and our metabolite and enzyme data could not predict the
flux increase through PDC after the perturbation. Only by
drastically decreasing the Km of PDC for pyruvate could the
flux be predicted satisfactorily (0.13 mM � Km � 0.30 mM)
(Table 1), and the value is an order of magnitude lower than
previously described values. Such a low Km for pyruvate seems
unlikely, as it would contradict current knowledge concerning
the regulation of carbon fluxes at the pyruvate branch point
(30). Furthermore, the measured Vmax values could not explain
the in vivo flux through PDC. At least part of these unexplain-
able findings may be due to differential expression of the three
PDC isoenzymes (Pdc1, Pdc5, and Pdc6) during the double
perturbation. Although enzyme assays cannot discriminate be-
tween these isoenzymes, the transcript level of PDC5 was ini-
tially highly upregulated (70-fold), while PDC1 expression in-
creased only 2.5-fold and PDC6 was barely expressed (Fig. 7).

DISCUSSION

Increased synthesis of glycolytic enzymes has a minor role
in the fermentative response of S. cerevisiae. Sugar metabolism
in S. cerevisiae can rapidly switch from respiration to fermen-
tation. This switch is accompanied by a large increase in the in
vivo glycolytic flux. In the present study, a shift from fully
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respiratory metabolism to fully fermentative metabolism
caused the glycolytic flux to increase eightfold within 45 min.
As the capacities of the glycolytic enzymes (Vmax), estimated
using in vitro enzyme activity assays, did not increase during
this initial period, the increase in the glycolytic flux must have
been caused by changes in the in vivo activity of the glycolytic
enzymes via metabolic regulation (i.e., regulation of activities
by interaction with low-molecular-weight substrates, products,
and effectors).

During prolonged incubation (up to 2 h) under anaerobic,
glucose-excess conditions, effects at the level of enzyme induc-
tion were also observed. The contributions of enzyme induc-
tion differed among the glycolytic enzymes. Some enzyme ca-
pacities remained stable (HXK, PFK, PGK, and ADH), while
others changed at ca. 45 min after the fermentative shift (PGI,
FBA, GAPDH, GPM, ENO, PYK, and PDC). In contrast to
the kinases of the upper part of glycolysis, the enzymes of the
lower part of glycolysis showed increased enzyme capacity in
the second phase after the shift to fermentative conditions. A
difference in the glycolytic capacities was also found in a com-
parison of aerobic (“low” flux) and anaerobic (“high” flux)
steady-state glucose-limited cultures (8). Apparently, a new
balance of the glycolytic enzyme capacities is established, en-
abling a higher glycolytic flux and/or homeostasis of glycolytic
metabolite levels under fermentative conditions.

The well-documented ability of S. cerevisiae to rapidly in-
crease its glycolytic flux (47, 50) without a need for enzyme
synthesis (48) allows fast adaptation to environmental condi-
tions that affect central carbon metabolism, such as weak acid
stress (20) and temperature changes (39). In the latter case, it
has recently been proposed that the apparent “overcapacity” of
glycolysis that is often observed when S. cerevisiae is grown at
standard laboratory growth temperatures may reflect an evo-
lutionary adaptation to diurnal temperature cycling in the nat-
ural environments of this yeast (39).

The energy level influences the induction of enzymatic ca-
pacity in glycolysis. The specific glucose consumption rate
increased more than 12-fold during the 2 h after the switch to
fermentative conditions. However, the rate of ATP production
decreased during the first 15 min, as a result of the reduced
ATP yield under fully fermentative conditions. This initial “en-
ergy crisis” may have contributed to the long delay that was
observed before induction of glycolytic enzyme synthesis be-
came evident. In S. cerevisiae, enzyme synthesis (transcription
and translation) can take place on a time scale of a few minutes
(1). In the present study, increased levels of glycolytic enzymes
were observed only after ca. 45 min, although the majority of
the relevant transcripts were fully induced after 10 min (45).
This implies that translation of the newly formed mRNAs took
at least 35 min. Translation is a particularly energy-demanding
cellular process (51). Therefore, translation of the highly abun-
dant glycolytic proteins may be strongly affected by the cellular
energy status. The experimental system used in this study is
well suited for studying the relationship between ATP status
and induction of glycolytic proteins, e.g., by additional studies
under aerobic conditions or by increasing the ATP demand by
adding a weak acid, such as benzoate (8, 20, 53).

After the initial decrease in the rate of ATP production, the
energy charge of the cells was gradually restored as a result of
the increasing glycolytic flux. After 2 h, the qATP was twofold

higher than that under the steady-state conditions that pre-
ceded the perturbation. YATP calculations suggested that not
all the additionally formed ATP was used for biomass forma-
tion. This apparent partial uncoupling of sugar dissimilation
and assimilation suggests that there is activity of as-yet-uniden-
tified free energy-requiring processes, such as protein turnover
or heat production (35). The relatively inefficient sugar metab-
olism during glucose-excess conditions is consistent with an
evolutionary strategy that is aimed at rapidly monopolizing
sugars and creating an unfavorable environment for competi-
tive microorganisms by rapid excretion of fermentation prod-
ucts.

The initial induction of fermentative capacity is regulated by
metabolites. Qualitatively, the changes in intracellular metab-
olite levels that were measured during the initial phase of the
switch to fermentative conditions were consistent with the no-
tion that these changes contributed to the observed increase in
the glycolytic flux. For example, the observed decrease in the
intracellular trehalose-6-phosphate concentration was consis-
tent with a gradual release of the inhibition of HXK by this
metabolite (4). Similarly, the metabolite profiles for fructose-
2,6-bisphosphate and fructose-1,6-bisphosphate are likely to
have contributed to the activation of PFK and PYK, respec-
tively (3, 25).

Attempts to quantitatively correlate the observed changes in
metabolite levels with the measured glycolytic fluxes, with the
aid of detailed kinetic equations for the individual glycolytic
enzymes, were only partially successful. For four enzymes for
which the known relevant metabolites were measured (PGI,
PFK, PYK, and PDC), available published kinetic equations
could not precisely fit the in vivo fluxes. In particular, the flux
through PFK could not be described by a highly detailed ki-
netic model including activation by ADP, AMP, and fructose-
2,6-bisphosphate and inhibition by ATP (39). Even fitting the
in vitro-determined parameters did not improve the fit of the
PFK kinetic equation, which strongly suggests that additional,
as-yet-unknown effectors are involved in the in vivo regulation
of PFK. The kinetic equations for PGI, PYK, and PDC could
accurately describe the increase in flux after the perturbation
when the corresponding kinetic parameters were fitted to the
data. However, parameter sensitivity analysis revealed that
the current data set did not allow precise determination of the
individual kinetic parameters of these enzymes. The inability to
identify parameters is a known, largely unresolved problem in
in vivo pathway kinetics studies. Besides technical difficulties
related to obtaining high-quality in vivo data, the information
content of data obtained from in vivo experiments is con-
strained by the fact that metabolite concentrations change only
within restricted physiological ranges and are often linked to
concentrations of other metabolites. These restrictions do not
arise in in vitro experiments, where a metabolite concentration
can be changed at will. Improved experimental design and
reduction of model complexity by approximative kinetics and
model reduction (14) therefore remain key elements for in vivo
pathway kinetics studies.

Quantitative regulation analysis confirmed two distinct
phases in the fermentative response of S. cerevisiae. Regulation
analysis (8, 34, 40) is a mathematical approach that enables
quantification of the contribution of different levels of cellular
regulation. It discriminates between hierarchical regulation
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(regulation of enzyme capacity, primarily via protein synthesis
and/or degradation) and metabolic regulation (modulation of
enzyme activity, primarily via low-molecular-weight metabo-
lites). Calculation of hierarchical and metabolic coefficients
(see File S2 in the supplemental material) confirmed that in
the first 45 min after the switch to fermentative conditions,
regulation could be completely assigned to metabolic regula-
tion. In the second phase (45 to 120 min), almost completely
hierarchical regulation (which covers transcription, translation,
and posttranslational modification) was observed for the en-
zymes PGI, FBA, TPI, GAPDH, GPM, ENO, PYK, and PDC.
The remaining four enzymes, HXK, PFK, PGK, and ADH,
were completely governed by metabolic regulation during the
entire experiment. Recent studies of steady-state cultures have
pioneered the use of regulation analysis for dissecting hierar-
chical regulation into transcriptional, translational, and post-
translational regulation (8). Application of such a high-infor-
mation-density, multilevel, systems biology approach to the
dynamic situation described in the present study should con-
tribute to a deeper understanding of the mechanisms of gly-
colytic regulation in S. cerevisiae.

APPENDIX

Kinetic equations. The reversible reaction catalyzed by PGI
was described by one-substrate, one-product reversible Michaelis-
Menten kinetics (41):

v � Vmax

[G6P]
KG6P

�1 �
�

Keq
�

1 �
[G6P]
KG6P

�
[F6P]
KF6P

(2)

where v is the flux, Vmax is the maximal rate, [G6P] is the
concentration of glucose-6-phosphate, [F6P] is the concentra-
tion of fructose-6-phosphate, � is the mass-action ratio ([F6P]/
[G6P]), Keq is the equilibrium constant, and KG6P and KF6P are
the Michaelis-Menten constants for glucose-6-phosphate and
fructose-6-phosphate, respectively.

The kinetic model used for PFK was a function of the con-
centrations of fructose-6-phosphate, ATP ([ATP]), AMP
([AMP]), fructose-2,6-bisphosphate ([F26bP]), and fructose-
1,6-bisphosphate ([F16bP]). All the effects were captured in
one rate equation, as described by Teusink et al. (41):

v � Vmax

gR�1�2R
R2 � LT2 (3)

with

�1 � [F6P]/KR,F6P, �1 � [ATP]/KR,ATP (4a,b)

R � 1 � �1�2 � gR�1�2, T � 1 � cATP�2 (5a,b)

L � L0�1 � Ci,ATP[ATP]/KATP

1 � [ATP]/KATP
�2

� �1 � Ci,AMP[AMP]/KAMP

1 � [AMP]/KAMP
�2

�

�1 � Ci,F26bP[F26bP]/KF26bP � Ci,F16bP[F16bP]/KF16bP

1 � [F26bP]/KF26bP � [F16bP]/KF16bP
�

(6)

where LO is the allosteric constant, KATP, KAMP, KF26bP, and

KF16bP are the constants for ATP, AMP, fructose-2,6-bisphos-
phate, and fructose-1,6-bisphosphate, respectively, and Ci,ATP

Ci,AMP, Ci,F26bP, and Ci,F16bP are the inhibition concentrations
of ATP, AMP, fructose-2,6-bisphosphate, and fructose-1,6-
bisphosphate, respectively.

For the enzyme PYK two different kinetic equations were
used, with and without activation by fructose-1,6-bisphosphate.
The kinetics without an activator were described by Michaelis-
Menten kinetics for two noncompeting substrate-product cou-
ples (41):

v � Vmax

[PEP][ADP]
KPEPKADP

�1 �
�

Keq
�

�1 �
[PEP]
KPEP

�
[Pyr]
KPyr

��1 �
[ADP]
KADP

�
[ATP]
KATP

�
(7)

where [PEP] and [ADP] are the concentrations of phos-
phoenolpyruvate (PEP) and ADP, respectively, [Pyr] and
[ATP] are the concentrations of the products pyruvate and
ATP, respectively, � is the mass-action ratio, and KPEP, KADP,
KPyr, and KATP are the constants for phosphoenolpyruvate,
ADP, pyruvate, and ATP. The equation of Rizzi et al. (32)
included the activation by fructose-1,6-bisphosphate:

v � Vmax

[PEP]
KPEP

�[PEP]
KPEP

� 1�n�1

L0�[ATP]
KATP

� 1�[FbP]
KFbP

� � 1�n�1 �
[PEP]
KPEP

�n �

[ADP]
[ADP] � KADP

(8)

where [FbP] is the concentration of fructose-1,6-bisphosphate,
KFbP is the Michaelis-Menten constant for fructose-1,6-
bisphosphate, LO is the allosteric constant, and n is the inter-
action factor for subunits.

The reaction catalyzed by PDC was described by irreversible
Hill kinetics, as described by Teusink et al. (41):.

v � Vmax

�[Pyr]
KPyr

�nH

1 � �[Pyr]
KPyr

�nH (9)

where [Pyr] is the pyruvate concentration, KPyr is the constant
for pyruvate, and nH is the Hill coefficient. The parameters
used in all kinetic equations are shown in Tables 1 and 2.
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