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In Saccharomyces cerevisiae, oxidation of pyruvate to acetyl coenzyme A can occur via two routes. In pyruvate
decarboxylase-negative (Pdc2) mutants, the pyruvate dehydrogenase complex is the sole functional link be-
tween glycolysis and the tricarboxylic acid (TCA) cycle. Such mutants therefore provide a useful experimental
system with which to study regulation of the pyruvate dehydrogenase complex. In this study, a possible in vivo
inactivation of the pyruvate dehydrogenase complex was investigated. When respiring, carbon-limited chemo-
stat cultures of wild-type S. cerevisiae were pulsed with excess glucose, an immediate onset of respiro-fermen-
tative metabolism occurred, accompanied by a strong increase of the glycolytic flux. When the same experiment
was performed with an isogenic Pdc2 mutant, only a small increase of the glycolytic flux was observed and
pyruvate was the only major metabolite excreted. This finding supports the hypothesis that reoxidation of
cytosolic NADH via pyruvate decarboxylase and alcohol dehydrogenase is a prerequisite for high glycolytic
fluxes in S. cerevisiae. In Pdc2 cultures, the specific rate of oxygen consumption increased by ca. 40% after a
glucose pulse. Calculations showed that pyruvate excretion by the mutant was not due to a decrease of the
pyruvate flux into the TCA cycle. We therefore conclude that rapid inactivation of the pyruvate dehydrogenase
complex (e.g., by phosphorylation of its E1a subunit, a mechanism demonstrated in many higher organisms)
is not a relevant mechanism in the response of respiring S. cerevisiae cells to excess glucose. Consistently,
pyruvate dehydrogenase activities in cell extracts did not exhibit a strong decrease after a glucose pulse.

In comparison with many other yeasts, Saccharomyces cer-
evisiae (baker’s yeast) has a strong tendency towards alcoholic
fermentation. Even under fully aerobic conditions, a mixed
respiro-fermentative metabolism is observed when the sugar
concentration in the growth medium exceeds a threshold value
(typically ca. 1 mM [25]) or when the growth rate is higher than
the so-called critical growth rate (usually ca. two-thirds of the
maximum specific growth rate on glucose [13, 14]). In view of
the low ATP yield from alcoholic fermentation and the detri-
mental effects of fermentation products on biomass formation,
alcoholic fermentation should be prevented during industrial
production of S. cerevisiae biomass or (heterologous) proteins
(5, 24). In industrial practice, a low sugar concentration is
maintained by sugar-limited fed-batch cultivation at growth
rates below the critical growth rate. Nevertheless, local sugar
concentrations above the respiro-fermentative threshold are
difficult to avoid due to imperfect mixing in large reactors,
augmented by the use of high sugar concentrations in the feeds
(20). Therefore, studies of the mechanisms involved in the
switch to respiro-fermentative metabolism in S. cerevisiae are
of industrial relevance. In this study, the regulation of pyruvate
metabolism after transition of S. cerevisiae from sugar limita-
tion to sugar excess was examined.

Pyruvate, the product of glycolysis, is located at an important
branching point in the metabolism of carbohydrates by S. cer-
evisiae (for a review, see reference 16). During fermentative
sugar metabolism, pyruvate is decarboxylated to acetaldehyde
by pyruvate decarboxylase and subsequently reduced to etha-
nol. Respiratory dissimilation of pyruvate requires its conver-

sion to acetyl coenzyme A (acetyl-CoA), the fuel of the tricar-
boxylic acid (TCA) cycle. In S. cerevisiae, this conversion can
occur in two ways. A direct oxidative decarboxylation of pyru-
vate to acetyl-CoA is catalyzed by the mitochondrial pyruvate
dehydrogenase complex. Alternatively, this conversion can be
accomplished by the concerted action of pyruvate decarboxyl-
ase, acetaldehyde dehydrogenase, and acetyl-CoA synthetase
(6, 15). This indirect pathway is frequently referred to as the
pyruvate dehydrogenase bypass.

During glucose-limited respiratory growth, the pyruvate de-
hydrogenase complex is primarily responsible for the conver-
sion of pyruvate into acetyl-CoA (15). However, a small flux
through the pyruvate dehydrogenase bypass is essential during
growth on sugars, probably to provide cytosolic acetyl-CoA for
lipid synthesis (3). In pyruvate decarboxylase-negative (Pdc2)
mutants (in which the bypass cannot operate), this require-
ment can be met by adding an exogenous source of acetyl-CoA
(e.g., acetate or ethanol) to the feed of sugar-limited chemostat
cultures. Sugar-limited cultivation is required for prolonged
sugar consumption by Pdc2 mutants of S. cerevisiae (albeit only
in the presence of ethanol or acetate [3]). In the presence of
excess sugar, synthesis of respiratory enzymes is repressed,
whereas alcoholic fermentation cannot provide ATP.

In mammalian cells, activity of the pyruvate dehydrogenase
complex is regulated by phosphorylation of three serine resi-
dues on its E1a subunit, leading to a rapid and complete
inactivation of the complex. Phosphorylation and dephosphor-
ylation of the complex are catalyzed by a specific kinase and
phosphorylase, respectively (17, 29). Sequencing of the PDA1
gene, encoding the E1a subunit of the S. cerevisiae pyruvate
dehydrogenase complex, has revealed a single putative phos-
phorylation site (19), which can be phosphorylated in vitro by
kinases isolated from mammalian cells (11, 21). Recently, it
has been reported that phosphorylation of the E1a subunit
occurs in S. cerevisiae mitochondria and leads to inactivation of
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the complex (7). However, the physiological significance of this
mechanism is unclear at present.

A rapid inactivation of the pyruvate dehydrogenase complex
could, at least in theory, be an important mechanism in the
switch to respiro-fermentative metabolism observed after ex-
posure of respiring sugar-limited S. cerevisiae cultures to excess
glucose. The ensuing redirection of pyruvate metabolism via
pyruvate decarboxylase would be consistent with the accumu-
lation of ethanol and acetate observed under such conditions.
At the same time, respiratory metabolism could continue via
the pyruvate dehydrogenase bypass.

The aim of the present study was to investigate whether
inactivation of the pyruvate dehydrogenase complex occurs in
vivo during exposure of respiring S. cerevisiae cells to excess
glucose. To this end, the metabolic response of wild-type S.
cerevisiae after exposure of respiring cells to glucose excess was
compared with that of an isogenic, pyruvate decarboxylase-
negative strain. The latter was used since it can use only the
pyruvate dehydrogenase complex to link glycolysis and the
TCA cycle.

MATERIALS AND METHODS

Strains and maintenance. S. cerevisiae T2-3D (HO/HO) is a homozygous
diploid strain derived from the heterozygous strain S. cerevisiae CBS 8066 (27).
S. cerevisiae GG570 (HO/HO pdc1::Tn5ble/pdc1::Tn5ble pdc5::Tn5ble/pdc5::
Tn5ble pdc6::APT1/pdc6::APT1) is an isogenic mutant in which all three struc-
tural genes encoding pyruvate decarboxylase have been inactivated by using
dominant antibiotic resistance marker genes (3). Both strains were grown to
stationary phase in shake flask cultures on YPE medium (yeast extract [Difco],
10 g z liter21; peptone from casein (Merck), 20 g z liter21; and ethanol, 2% [vol/
vol]). After addition of glycerol (15% [vol/vol]), 2-ml aliquots were transferred to
sterile vials and stored at 270°C. YPE plates streaked with samples from these
frozen stock cultures were used to inoculate precultures for growth experiments.

Chemostat cultivation. Aerobic chemostat cultivation was performed at 30°C
in laboratory fermentors (Applikon, Schiedam, The Netherlands), at a stirrer
speed of 800 rpm and a dilution rate of 0.10 h21. The working volume of the
cultures was kept at 1.0 liter by a peristaltic effluent pump coupled to an electrical
level sensor. This setup ensured that under all growth conditions, the biomass
concentrations in samples taken directly from the cultures differed by ,1% from
those in samples taken from the effluent line. The culture pH was kept at 5.0 by
automatic addition of 2 mol of KOH liter21. The fermentor was flushed with air
at a flow rate of 0.5 liter z min21 by using a Brooks 5876 mass flow controller. The
dissolved-oxygen concentration was monitored with an oxygen electrode (model
34 100 3002; Ingold) and remained above 50% of air saturation. Steady-state
data refer to cultures without detectable metabolic oscillations. Chemostat cul-
tures were checked for purity by using phase-contrast microscopy and plating on
complex media. Mineral medium, supplemented with vitamins and trace ele-
ments, was prepared as described previously (3). Glucose and vitamins were
added to the autoclaved mineral medium after separate sterilization. Growth of
Pdc2 S. cerevisiae in glucose-limited chemostat cultures requires the addition of
ethanol or acetate to reservoir media (3). Steady-state, carbon-limited cultures in
which all substrate carbon was consumed could readily be obtained on mixtures
of 6.75 g of glucose liter21 and 0.75 g of acetate liter21 (10% acetate on a carbon
basis). For the sake of comparison, cultures of the isogenic wild-type strain
T2-3D were grown on the same medium. The biomass yields and protein con-
tents of wild-type and Pdc2 strains pregrown under these conditions were not
significantly different (Table 1).

Glucose pulse experiments. At zero time, glucose was added to steady-state
chemostat cultures to give an initial concentration of 50 mM. To prevent the C2
requirement of the Pdc2 mutant from interfering with the pulse experiments, the
influent and effluent pumps were run continuously. At appropriate intervals,
samples were taken from the effluent line and analyzed for biomass and metab-
olite concentrations.

Determination of culture dry weight. The dry weight of washed culture sam-
ples was determined by using 0.45-mm-pore-size membrane filters and a micro-
wave oven (14). Parallel samples varied by ,1%. During glucose pulse experi-
ments, only small samples could be taken. Therefore, culture dry weights were
calculated from the optical density at 660 nm (OD660) of culture samples,
measured in a VitaLab 20 spectrophotometer (Vita Scientific, Dieren, The Neth-
erlands). To obtain a linear relationship between OD660 and culture dry weight,
samples were diluted with demineralized water to give an OD660 between 0.1 and
0.3. Control experiments confirmed that the biomass-dry weight relationship did
not change significantly during the pulse experiments.

Metabolite analysis. Organic acids, glycerol, and ethanol in culture superna-
tants were determined by high-pressure liquid chromatography analysis using a
Phenomenex column (Rezex ROA organic acid 00H-0138-KO) at 60°C. The
column was eluted with 0.5 g of sulfuric acid liter21 at a flow rate of 0.5 ml z
min21. Organic acids were detected by use of a Waters 441 UV meter at 214 nm
coupled to a Waters 741 data module. Ethanol and glycerol were detected with
an Erma ERC 7515 refractive-index detector coupled to a Hewlett-Packard
3390A RI integrator. Twenty-microliter samples were injected with a Hamilton
syringe. Glucose in reservoir media and supernatants was determined enzymi-
cally by the glucose oxidase (GOD-PAP) method (Merck Systems kit 14144;
detection limit, ca. 5 mM). Ethanol was also assayed enzymically, using alcohol
oxidase from Hansenula polymorpha (Bird Engineering, Schiedam, The Nether-
lands).

Preparation of cell extracts. Culture samples were harvested by centrifugation,
washed twice with 10 mM potassium phosphate buffer (pH 7.5) containing 2 mM
EDTA, concentrated fourfold, and stored at 220°C. Before disruption, the
samples were thawed on ice, washed, and resuspended in 100 mM potassium
phosphate buffer (pH 7.5) containing 2 mM MgCl2 and 1 mM dithiothreitol. Cell
disruption was performed either by sonication or by use of a French press.
Sonication was carried out at 0°C for 2 min at 0.5-min intervals with a Measuring
& Scientific Equipment Ltd. (MSE) sonicator (150-W output, 7-mm peak-to-
peak amplitude). French press disruption was performed by two passages at 4°C
and 1,000 lb/in2 through an American Instrument Company FA-073 French
pressure cell. After cell disruption, unbroken cells and debris were removed by
centrifugation at 4°C (20 min at 36,000 3 g).

Enzyme assays. Pyruvate decarboxylase activity was routinely determined in
extracts from cultures of the pyruvate decarboxylase-negative strain to confirm
culture purity and stability. These assays were performed as described previously
(3), using cell extracts prepared by sonication. Activity of the pyruvate dehydro-
genase complex was assayed in cell extracts prepared with the French pressure
cell. Enzyme activity was assayed immediately after preparation of the extracts,
at 30°C with a Hitachi 100-60 spectrophotometer set at 340 nm. The assay
mixture, a modified version of that used by Kresze and Ronft (10), contained the
following: potassium phosphate buffer (pH 8.0), 100 mM; MgCl2, 1 mM; thia-
mine pyrophosphate, 0.2 mM; NAD1, 2.5 mM; cysteine-HCl, 2 mM; pyruvate,
5 mM; Triton X-100, 0.05%; and cell extract. The reaction was started by the
addition of 0.15 mM coenzyme A. Reaction rates were linearly proportional to
the amount of cell extract added.

Protein determination. Protein concentrations in cell extracts were estimated
by the Lowry method. Bovine serum albumin (fatty acid free; Sigma Chemical
Co.) was used as a standard. The protein content of whole cells was determined
by a modified biuret method (26).

Calculation of metabolic fluxes. Specific rates of metabolite conversions (q)
were estimated from plots of metabolite concentration (Cs) and biomass con-
centration (Cx) versus time, according to equation 1:

qs 5

dCs

dt
1 D~Cs 2 Cs,i !

Cx
(1)

In equation 1, D is the dilution rate and Cs,i is the metabolite concentration in the
reservoir medium. dCs/dt was estimated by differentiating spline functions fitted
to plots of Cs versus time, fitted with the software package Fig.P (Fig.P Software
Corporation). We stress that this approach is sensitive to small experimental
variation in the determination of Cs. Therefore, the calculated fluxes give only an
indication of the true metabolic activity. According to equation 1, metabolite
production is indicated by a positive value of qs, whereas consumption of a
metabolite is indicated by a negative value.

Gas analysis. The exhaust gas of the fermentor was cooled in a condenser
(2°C) and dried with a Perma Pure dryer (PD-625-12P). O2 and CO2 concen-
trations were determined with a Servomex 1100A analyzer and a Beckman model
864 infrared detector, respectively. The exhaust gas flow rate was measured as
described previously (28). Specific rates of CO2 production and O2 consumption
were calculated as described by van Urk et al. (23). In cultures of wild-type S.
cerevisiae, it was not possible to accurately monitor the rapid changes in O2
consumption and CO2 production after a glucose pulse due to delays in the

TABLE 1. Properties of wild-type S. cerevisiae T2-3D and the
isogenic, pyruvate decarboxylase-negative strain GG570 in

aerobic, steady-state chemostat cultures (D 5 0.10 h21)
grown on a mixture of glucose and acetatea

Strain
Pyruvate decarbox-

ylase (U z mg of
protein21)

Biomass yield
(g z mol of

C21)

Protein content
(g z g [dry

wt]21)

qO2
b (mmol of

O2 z g [dry
wt]21 z h21)

T2-3D 0.9 6 0.1 14.8 6 0.5 0.41 6 0.02 2.3 6 0.1
GG570 ,0.001 15.1 6 0.4 0.42 6 0.02 2.3 6 0.1

a Mixture of 90% glucose and 10% acetate on a carbon basis. Data are the
averages 6 standard deviations of two independent cultures.

b qO2
, specific rate of O2 consumption.
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experimental setup (caused by gas transfer, headspace mixing in the fermentor,
and length of the tubing from fermentor to analyzers).

RESULTS

Metabolic responses of wild-type S. cerevisiae to glucose ex-
cess. To provide a reference with which to compare the Pdc2

strain S. cerevisiae GG570, glucose pulse experiments were
carried out with the isogenic wild-type strain T2-3D, pregrown
on a mixture of glucose and acetate. After injection of glucose
to an initial concentration of 50 mmol z liter21, the cultures
exhibited the typical response of respiring S. cerevisiae cells to
glucose excess, i.e., the glucose was rapidly consumed, and
ethanol and acetate accumulated in the culture (Fig. 1A). In
addition, small amounts of glycerol and pyruvate were pro-
duced (Fig. 1B). The observed pattern of metabolite formation
was essentially the same as that observed with cultures pre-
grown on glucose as the sole carbon source (1).

The specific rate of glucose consumption, which was 1

mmol z g21 z h21 during the carbon-limited steady state, in-
creased after the glucose pulse, reaching a maximum of ca. 10
mmol z g21 z h21 (Fig. 2A). This increase was not instantaneous
but occurred over ca. 1.5 h (Fig. 2A). This suggests that the
increased rate of glucose metabolism involved de novo synthe-
sis of key enzymes.

Peculiarly, the specific rate of glucose consumption hardly
changed during the first 30 min after the glucose pulse (note
the constant concentration of glucose in Fig. 1A). Neverthe-
less, ethanol and acetate production accelerated during this
period (Fig. 1A and 2A). This phenomenon was also observed
with chemostat cultures of S. cerevisiae T2-3D grown on glu-
cose as the sole carbon source (1) and may indicate the mobi-
lization of storage carbohydrates after exposure to glucose
excess. Indeed, it has been reported that the glycogen content
of S. cerevisiae CBS 8066 decreased from 6%, of the culture dry
weight to 2% during the first 30 min after a glucose pulse (23).

When, after just over 2 h, residual glucose was no longer

FIG. 1. Concentrations of biomass and metabolites after addition of a glucose pulse (50 mmol) to steady-state chemostat cultures (D 5 0.10 h21, 1-liter working
volume) of wild-type S. cerevisiae T2-3D (A and B) and the pyruvate decarboxylase-negative strain GG570 (C and D). Metabolite concentrations in independent
duplicate experiments differed by less than 10% from those shown.
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detectable in the feed, the ethanol that had been accumulated
was consumed, leading to a further accumulation of acetate in
the culture. Finally, the acetate was also consumed (Fig. 1A
and 2A).

Metabolic responses of Pdc2 S. cerevisiae to glucose excess.
After addition of 50 mmol of glucose to a steady-state, respir-
ing culture of the Pdc2 strain S. cerevisiae GG570, the pattern
of metabolite formation was completely different from that
observed with wild-type cells (Fig. 1, compare panels A and B
with C and D). The most notable difference was the complete
absence of ethanol, the major metabolite produced by wild-
type S. cerevisiae under these conditions. Some acetate accu-
mulated after the glucose pulse (Fig. 1D), but this could be
explained by the incomplete utilization of the acetate present
in the medium feed. In fact, although in the first hours after
glucose addition the rate of acetate consumption was lower
than in the preceding carbon-limited steady state, a net con-
sumption of acetate continued throughout the pulse experi-
ment (Fig. 2B).

In the Pdc2 strain, the rate of glucose consumption after a
pulse was much lower than in wild-type cultures (compare Fig.
2A and B). The maximum rate of glucose consumption in Pdc2

cultures (ca. 2 mmol z g21 z h21) was ca. fivefold lower than the
maximum rate of glucose consumption observed in the wild-
type cultures. Consequently, it took 11 h before all glucose was
consumed, compared to 2.5 h in the wild-type cultures. As
observed in the wild-type cultures, the specific rate of glucose
consumption gradually increased during the initial phase after
the pulse, suggesting that synthesis of glucose-metabolizing
enzymes occurred.

In vitro determination of pyruvate dehydrogenase activity. It
is difficult to assay activity of the pyruvate dehydrogenase com-
plex in crude cell extracts of wild-type S. cerevisiae due to
interference by pyruvate decarboxylase. No such interference
was expected in extracts of a Pdc2 strain. Indeed, it was pos-
sible to measure pyruvate dehydrogenase activity in crude ex-
tracts as pyruvate- and coenzyme A-dependent reduction of
NAD1. The measured activity was linearly proportional to the
amount of cell extract added to the reaction mixture. The

activity of the pyruvate dehydrogenase complex measured in
cell extracts of chemostat cultures of the Pdc2 strain (grown at
a dilution rate of 0.10 h21) was 25 nmol of pyruvate z min21 z
mg of protein21.

In aerobic, glucose-limited chemostat cultures of wild-type
S. cerevisiae, the acetyl-CoA requirement for biosynthesis has
been estimated at 3.4 mmol z g of biomass21 (15). Further-
more, for each g of biomass synthesized, 3.0 mmol of glucose
(6.0 mmol of pyruvate) is completely catabolized to carbon
dioxide and water (15). At a dilution rate of 0.10 h21, this
results in a total flux from pyruvate to acetyl-CoA of 0.94
mmol z g21 z h21. A rough estimate of the in vivo flux through
pyruvate dehydrogenase in the carbon-limited chemostat cul-
tures of the Pdc2 strain can be made by assuming that the
acetate present in the reservoir medium stoichiometrically re-
places the acetyl-CoA that in wild-type cultures is produced via
pyruvate dehydrogenase. In the steady-state cultures, the spe-
cific rate of acetate consumption was 0.33 mmol z g21 z h21.
This leaves a net flux through the pyruvate dehydrogenase
complex of 0.94 2 0.33 5 0.61 mmol z g21 z h21. With an
estimated soluble-protein content of the biomass of 30% (14),
this corresponds to a pyruvate dehydrogenase activity of 30
nmol z min21 z mg of protein21, which is close to the activity
measured in cell extracts.

Does inactivation of the pyruvate dehydrogenase complex
occur after a glucose pulse? As calculated above, the dissimi-
latory flux from pyruvate into the TCA cycle in aerobic, glu-
cose-limited chemostat cultures of the Pdc2 mutant equals ca.
0.6 mmol of pyruvate z g of biomass21 z h21. Complete oxida-
tion to CO2 requires a specific oxygen uptake rate of 2.5 3
0.6 5 1.5 mmol of O2 z g21 z h21, which is 65% of the total
oxygen uptake rate in the steady-state cultures (2.3 mmol z
g21 z h21 [Table 1]). The remaining oxygen consumption (i.e.,
35%) must be ascribed to oxidation of the cytosolic NADH
formed in glycolysis and in biosynthetic reactions.

If after a glucose pulse the pyruvate dehydrogenase complex
were completely inactivated, this would be expected to cause a
60% decrease in the rate of oxygen consumption; such a de-
crease was not observed (Fig. 3). Instead, immediately after a

FIG. 2. Specific rates of glucose consumption and metabolite production (q) after addition of a glucose pulse (50 mmol) to steady-state chemostat cultures (D 5
0.10 h21, 1-liter working volume) of wild-type S. cerevisiae T2-3D (A) and the pyruvate decarboxylase-negative strain GG570 (B).
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glucose pulse, the specific rate of oxygen uptake increased
from 2.3 to 3.5 mmol of O2 z g21 z h21. About half of this
increase can be attributed to the incomplete oxidation of glu-
cose to pyruvate (the maximum observed rate of pyruvate
production was ca. 1 mmol z g21 z h21 [Fig. 2B]). This suggests
that in the steady-state chemostat cultures, respiratory pyru-
vate metabolism operates close to saturation.

After the initial increase of the oxygen uptake rate after a
pulse, the respiration rate remained constant for about 4 h
(Fig. 3). Apparently, a rapid inactivation of the pyruvate de-
hydrogenase complex did not occur. After 4 h, a slow decrease
of the oxygen uptake rate was observed. This may be indicative
of glucose repression of the synthesis of respiratory enzymes, a
well-known phenomenon in S. cerevisiae (4). During the pulse,
the specific rate of carbon dioxide production, which is caused
primarily by the pyruvate dehydrogenase reaction and the
TCA cycle, followed the rate of oxygen consumption (data not
shown). When the residual-glucose concentration in the cul-
ture decreased below 5 mM, pyruvate consumption started
(Fig. 1C and 2B). This was accompanied by a steady increase of
the respiration rate (Fig. 3), probably reflecting a relief of
glucose repression of respiratory enzymes.

DISCUSSION

The switch to respiro-fermentative metabolism observed af-
ter exposure of respiring S. cerevisiae cultures to excess glucose
(13, 23) is relevant for industrial applications that require a
high biomass yield (5, 24). In the literature, this phenomenon
has been explained from a limited capacity of respiratory sugar
metabolism (8, 13). Theoretically, such a limited respiratory
capacity can reside in three metabolic processes: (i) the reoxi-
dation of NADH that is generated in the cytosol during gly-
colysis and biosynthetic processes, (ii) any of the reactions
leading from pyruvate to carbon dioxide and reduced cofactors
(transport of pyruvate from cytosol to mitochondrial matrix,
pyruvate dehydrogenase complex, pyruvate dehydrogenase by-
pass, and TCA cycle), and (iii) the reoxidation of the reduced
cofactors generated inside the mitochondrion during respira-
tory dissimilation of pyruvate. In S. cerevisiae, respiratory oxi-

dation of NADH in the cytosol and in the mitochondrial matrix
is catalyzed by two separate NADH-dehydrogenase activities.
These are both associated with the mitochondrial inner mem-
brane and coupled to the mitochondrial respiratory chain but
face different subcellular compartments (2).

If in a Pdc2 mutant the capacity for respiratory oxidation of
cytosolic NADH were not limiting, glycolysis could proceed at
the same rate as in a wild-type strain. Depending on the ca-
pacity for dissimilatory pyruvate metabolism, pyruvate might
then either be excreted or oxidized to CO2 in the TCA cycle.
Instead, the glycolytic flux observed in glucose pulse experi-
ments with a Pdc2 strain was much lower than the flux ob-
served in experiments with the isogenic wild type (Fig. 2). A
similar reduction of the specific rate of glucose consumption in
strains with a reduced level of pyruvate decarboxylase has been
found in shake flask cultures (18). Our observations strongly
suggest that also in S. cerevisiae pregrown under aerobic, glu-
cose-limited conditions, the capacity for reoxidizing cytosolic
NADH by respiration is limited to such an extent that alcoholic
fermentation is required to sustain high glycolytic fluxes. This
hypothesis can be verified by the simultaneous addition of
excess glucose and an electron acceptor to chemostat cultures
of Pdc2 S. cerevisiae. If the presence of an external NADH
acceptor enhances the glycolytic flux, this would confirm that
the cytosolic NADH/NAD1 ratio plays a pivotal role in regu-
lation of the glycolytic flux.

The normal physiological response of S. cerevisiae to NADH
excess is the production of glycerol (22). Indeed, it has been
reported that glycerol production is enhanced in strains with a
low pyruvate decarboxylase activity (12). However, increased
production of glycerol was not observed either in aerobic batch
cultures of the Pdc2 strain used in this study (3) or during
glucose pulse experiments with chemostat cultures (Fig. 1B
and D). The main difference from the work of Nevoigt and
Stahl (12) is that those authors measured glycerol production
under anaerobic conditions. It is quite possible that oxygen
limitation is needed for full induction of the key enzymes of
glycerol formation and excretion: under aerobic conditions,
wild-type cells can probably rely on respiration to reoxidize any
excess NADH formed in biosynthesis and thus do not require
glycerol formation (in such cultures, NADH formed in glyco-
lysis can be reoxidized either by fermentation or by respira-
tion). Due to their apparent inability to efficiently reoxidize the
NADH formed in glycolysis, Pdc2 strains may offer an inter-
esting system for cofactor regeneration in NADH-coupled bi-
ological reductions. Experiments to investigate the viability of
such a system are in progress in our laboratory.

Only a relatively small increase in the specific rate of glucose
consumption was observed after glucose pulses to the Pdc2

strain (Fig. 2B). Nevertheless, some accumulation of pyruvate
occurred (Fig. 1C). This indicates that in the aerobic, glucose-
limited steady-state situation preceding the pulse, respiratory
pyruvate metabolism in the Pdc2 mutant was operating fairly
close to saturation. This is consistent with activities of the
pyruvate dehydrogenase complex in cell extracts, which were
close to the calculated in vivo flux through the complex.

Immediately after the glucose pulse to the Pdc2 cultures, the
rate of acetate consumption by the cultures decreased (Fig.
2B). This is indicative of a decrease of the in vivo activity of
acetyl-CoA synthetase, a key enzyme in the pyruvate dehydro-
genase bypass (16). If the same phenomenon occurs in wild-
type cells, this may be an important factor in the formation of
acetate, a metabolite that is invariably formed during exposure
of respiring S. cerevisiae cells to excess glucose (23). Several
mechanisms might explain the reduction of in vivo acetyl-CoA
synthetase activity after a glucose pulse, including short-term

FIG. 3. Regulation of the pyruvate dehydrogenase complex after addition of
a glucose pulse to a steady-state chemostat culture (D 5 0.10 h21) of the Pdc2

S. cerevisiae strain GG570. Symbols: F, glucose concentration in the culture; ■,
specific rate of oxygen consumption by the culture; E, specific activity of the
pyruvate dehydrogenase complex in cell extracts.
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regulation of acetyl-CoA synthetase activity by covalent mod-
ification or allosteric regulation. An alternative explanation is
that this enzyme (which in S. cerevisiae is at least partially
located in the cytosol [1, 9]) has to compete with the hexose
kinases for ATP.

It has recently been reported that, in contrast to earlier
findings (10), S. cerevisiae is able to phosphorylate the E1a
subunit of its pyruvate dehydrogenase complex, leading to loss
of enzyme activity (7). Remarkably, phosphorylation could be
demonstrated in exponentially growing batch cultures only
when they were grown on galactose. The presence in the S.
cerevisiae genome of an open reading frame that exhibits ho-
mology with mammalian pyruvate dehydrogenase kinases (B.
Barrel and M. A. Rajandream, gene YIL042C; GenBank ac-
cession no. Z46861) provides a further indication that phos-
phorylation of the pyruvate dehydrogenase complex may be a
relevant regulatory mechanism in this yeast under some growth
conditions. However, the lack of inhibition of respiration by a
Pdc2 mutant after a glucose pulse to a carbon-limited chemo-
stat culture (Fig. 3) suggests that this mechanism is not rele-
vant during the transient exposure of S. cerevisiae cells to
excess glucose in large-scale industrial bioreactors.
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