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NDI1 is the unique gene encoding the internal mitochondrial NADH dehydrogenase of Saccharomyces
cerevisiae. The enzyme catalyzes the transfer of electrons from intramitochondrial NADH to ubiquinone.
Surprisingly, NDI1 is not essential for respiratory growth. Here we demonstrate that this is due to in vivo
activity of an ethanol-acetaldehyde redox shuttle, which transfers the redox equivalents from the mitochondria
to the cytosol. Cytosolic NADH can be oxidized by the external NADH dehydrogenases. Deletion of ADH3,
encoding mitochondrial alcohol dehydrogenase, did not affect respiratory growth in aerobic, glucose-limited
chemostat cultures. Also, an ndi1D mutant was capable of respiratory growth under these conditions. However,
when both ADH3 and NDI1 were deleted, metabolism became respirofermentative, indicating that the ethanol-
acetaldehyde shuttle is essential for respiratory growth of the ndi1D mutant. In anaerobic batch cultures, the
maximum specific growth rate of the adh3D mutant (0.22 h21) was substantially reduced compared to that of
the wild-type strain (0.33 h21). This is consistent with the hypothesis that the ethanol-acetaldehyde shuttle is
also involved in maintenance of the mitochondrial redox balance under anaerobic conditions. Finally, it is
shown that another mitochondrial alcohol dehydrogenase is active in the adh3D ndi1D mutant, contributing to
residual redox-shuttle activity in this strain.

Unlike many other eukaryotes, the yeast Saccharomyces cer-
evisiae lacks respiratory complex I, which oxidizes mitochon-
drial NADH and couples this reaction to the generation of a
proton motive force. Instead, it has a rotenone-insensitive,
non-proton-pumping NADH dehydrogenase. This NADH:u-
biquinone oxidoreductase (“internal” NADH dehydrogenase)
is encoded by a single gene, NDI1 (6, 17). Ndi1p is localized in
the mitochondrial inner membrane, and its active site faces the
mitochondrial matrix (17). Mammalian complex I deficiency
causes severe cellular disorders, due to impairment of oxida-
tion of NADH by the respiratory chain and to production of
superoxide radicals (47). These disorders could be cured suc-
cessfully by expression of S. cerevisiae NDI1 in complex I-de-
ficient Chinese hamster cells (34). Surprisingly, NDI1 is not
essential for respiratory growth of S. cerevisiae on ethanol in
shake-flask cultures, even though no residual internal NADH-
dehydrogenase activity could be detected in ndi1D mutants
(17). This observation may be related to the fact that in S.
cerevisiae, cytosolic NADH is also a substrate of the respiratory
chain. S. cerevisiae harbors two “external” NADH:ubiquinone
oxidoreductases, encoded by NDE1 and NDE2 (16, 25, 36). At
the protein level, Nde1p and Nde2p reveal 48 and 46% identity
to Ndi1p, respectively. Nde1p and Nde2p are also localized in
the inner mitochondrial membrane, but their active sites face
the cytosol (Fig. 1). Alternatively, oxidation of cytosolic
NADH can be coupled to the respiratory chain via the glycer-
ol-3-phosphate shuttle (Fig. 1) (12). In order for the external
NADH dehydrogenases and/or the glycerol-3-phosphate shut-

tle to take over the role of Ndi1p, the redox equivalents of
NADH must be shuttled from the mitochondrial matrix to the
cytosol, since NADH itself does not readily cross the mem-
brane (45).

Mammalian cells have redox shuttles, such as the malate-
aspartate shuttle (1, 5), that shuttle glycolytic NADH from the
cytosol to the mitochondrial matrix, where it can be oxidized by
complex I. In S. cerevisiae, in vivo activity of the malate-aspar-
tate shuttle has not been demonstrated unambiguously, but the
required enzymes are present (19, 20, 37, 42). Even if a malate-
aspartate shuttle is active in S. cerevisiae, it could not explain
the growth of the ndi1D mutant on ethanol, since it shuttles
redox equivalents from the cytosol to the mitochondrial matrix
but not in the reverse direction. This is due to the fact that the
aspartate-glutamate transporter, one of the components of the
shuttle, is driven by the proton motive force (5).

An alternative, reversible redox shuttle, proposed in the
literature, is the ethanol-acetaldehyde shuttle (23, 45), consist-
ing of mitochondrial and cytosolic isoenzymes of alcohol de-
hydrogenase (Fig. 1). Since ethanol and acetaldehyde can dif-
fuse freely across biological membranes, the net result of the
ethanol-acetaldehyde shuttle would be the exchange of NADH
and H1 for NAD1. S. cerevisiae has at least two cytosolic
isoenzymes of alcohol dehydrogenase, encoded by ADH1 and
ADH2 (14), and one mitochondrial isoenzyme, encoded by
ADH3 (48). In vivo activity of an ethanol-acetaldehyde shuttle,
however, has not been demonstrated. Adh1p and Adh2p have
other roles as well. Adh1p is primarily involved in alcoholic
fermentation (4, 15), while Adh2p has a much higher affinity
for ethanol (9) and is mainly involved in consumption of eth-
anol (4). The physiological function of ADH3 has not been
investigated until now. Therefore, the most specific way of
investigating the putative ethanol-acetaldehyde shuttle is by
deleting ADH3.

If the ethanol-acetaldehyde shuttle is indeed active in S.
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cerevisiae mitochondria, it is unlikely to be physiologically im-
portant in wild-type cells under aerobic conditions, since S.
cerevisiae contains an internal as well as two external NADH
dehydrogenases. Under anaerobic conditions, however, a mi-
tochondrial redox shuttle may be essential, as shown by met-
abolic flux analysis (23). Anaerobically growing S. cerevisiae
cells contain only a few large, branched mitochondria (44).
Under these conditions the mitochondria do not play a major
role in free-energy metabolism. They are essential, however,
since important assimilatory reactions are localized in the mi-
tochondria (10, 43). Mitochondrial NADH is generated not
only in the tricarboxylic acid (TCA) cycle but also in some of
these assimilatory reactions. A major source of mitochondrial
NADH is the synthesis of glutamate (Fig. 2) (23). To restore
the mitochondrial redox balance under anaerobic conditions,
this NADH must be transported to the cytosol, where it can be

oxidized by formation of glycerol (38). So far, no experimental
evidence is available to confirm a role of the ethanol-acetal-
dehyde shuttle in anaerobic growth.

The aims of the present study were to investigate the phys-
iology of an S. cerevisiae mutant lacking the internal NADH
dehydrogenase Ndi1p, the in vivo functioning of the ethanol-
acetaldehyde redox shuttle, and its physiological importance
during anaerobic growth.

MATERIALS AND METHODS

Yeast strains and maintenance. The S. cerevisiae strains used in this study are
listed in Table 1. Strains were grown to stationary phase in shake-flask cultures
on yeast extract-peptone-dextrose medium, containing 10 g of Bacto yeast
extract z liter21, 20 g of peptone (from casein) z liter21, and 20 g of glucose
z liter21. After addition of sterile glycerol to a final concentration of 20%
(vol/vol), 2-ml aliquots were stored in sterile vials at 280°C. These frozen
stocks were used to inoculate precultures.

FIG. 1. A scheme of the respiratory chain of Saccharomyces cerevisiae. Adh, alcohol dehydrogenase; bc1, bc1 complex; cox, cytochrome c oxidase; Gpd, soluble
glycerol-3-phosphate dehydrogenase; Gut2, membrane-bound glycerol-3-phosphate dehydrogenase; Nde, external NADH dehydrogenase; Ndi1, internal NADH
dehydrogenase; Q, ubiquinone; G3P, glycerol-3-phosphate; DHAP, dihydroxy acetone phosphate.

FIG. 2. Proposed physiological role of the ethanol-acetaldehyde redox shuttle under anaerobic conditions (23). In the biosynthesis of amino acids, mitochondrial
NADH is generated. Under anaerobic conditions, this NADH may be reoxidized after being shuttled to the cytosol, via formation of glycerol. Pdh, pyruvate-
dehydrogenase complex; CS, citrate synthase; Idh, isocitrate dehydrogenase; Gdh, glutamate dehydrogenase.
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Construction of null mutants. Haploid S. cerevisiae null mutants were con-
structed by replacing the gene(s) of interest with a kanamycin resistance gene
(the kanMX module) according to the PCR-based method of Wach et al. (46) as
described previously (16). Mating type and replacement of genes by the kanMX
module were verified by PCR as described previously. The primers that were
used for deletion (S1 and S2) and verification (A1, A4, K1, and K2) are listed in
Table 2.

Cultivation of S. cerevisiae. Aerobic, glucose-limited chemostat cultivation was
performed as described previously (16) at 30°C and pH 5.0. The glucose con-
centration in the medium reservoir was 7.5 g z liter21. The cultures were sparged
with air at a rate of 0.5 liter z min21. Cultures were assumed to be at steady state
if after at least five volume changes, the biomass density, the CO2 production
rate, the O2 consumption rate, and the rate of production of the most important
metabolites differed by less than 2% on two consecutive days and if no oscilla-
tions of the dissolved oxygen concentration were detectable.

Precultures for batch cultivation were grown to the end of the exponential
phase in 500-ml shake flasks containing 100 ml of mineral medium with vitamins
(41) and 1% (wt/vol) glucose. The pH was set at 6.0. These cultures were used
to inoculate precultures containing 1% glucose at an optical density at 660 nm of
0.1. At exponential phase, these cultures were used to inoculate the final batch
cultures.

Aerobic and anaerobic batch cultivations were performed at 30°C in 7-liter
laboratory fermentors (Applikon, Schiedam, The Netherlands) at a stirrer speed
of 800 rpm. The working volume was 4 liters. The pH was kept at 5.0 by an
Applikon ADI 1030 biocontroller via the automatic addition of 2 M KOH or 2
M H2SO4. Aerobic cultures were sparged with air at a flow rate of 4 liters z
min21, controlled by a Brooks 5850S mass-flow controller. Anaerobic cultures
were flushed with nitrogen gas (99.999% pure; ,5 ppm of O2) at a flow rate of
0.5 liter z min21. To minimize oxygen diffusion into the cultures, the anaerobic
fermentors were fitted with Norprene tubing. The concentration of dissolved
oxygen was measured with a Mettler Toledo polarographic electrode and re-
mained above 50% of air saturation in aerobic cultures and below the detection
limit in anaerobic cultures. Mineral medium with vitamins and 20 g of glucose
z liter21 was prepared as described by Verduyn et al. (41) but with 0.1 ml of
silicone antifoam agent per liter of aerobic medium and 0.15 ml of silicone
antifoam agent per liter of anaerobic medium. Anaerobic cultures were supple-
mented with Tween 80 and ergosterol (40).

Measurement of metabolic fluxes. CO2 production, O2 consumption, and
culture dry weight were measured as described previously (16), except that the
sample size for dry-weight determination was adjusted (10 to 50 ml) so as to have
always 10 to 30 mg (dry weight) per sample. In chemostat cultures, no significant
differences were found between dry-weight samples taken directly from the
culture and those taken from the effluent line. The glucose concentration in
batch cultures was measured enzymatically with a hexokinase/glucose-6-phos-

phate dehydrogenase kit (Boehringer Mannheim). Acetate was also determined
enzymatically (Boehringer Mannheim). Other metabolites, including glucose in
the reservoir medium of chemostat cultures, were determined by high-pressure
liquid chromatography on a Waters 2690 separation module with an Aminex
HPX-87A column from Bio-Rad at 60°C. The column was eluted with 0.5 g of
sulfuric acid z liter21 at a flow rate of 0.6 ml z min21. Organic acids were detected
by a Waters 2487 dual l absorbance detector at 214 nm. Ethanol, glycerol, and
glucose were detected by a Waters 2410 refractive index detector. Enzymatic
analysis of ethanol (40) and glycerol (Boehringer Mannheim) was performed to
confirm high-pressure liquid chromatography analysis.

Isolation of mitochondria and measurement of oxygen consumption. The
isolation of mitochondria has been described in detail (16) and proceeded es-
sentially as follows. Cell walls were degraded by treatment with Zymolyase.
Spheroplasts were disrupted by subjecting them to 10 strokes in a cooled Potter-
Elvehjem homogenizer in hypotonic medium. Cytosolic and mitochondrial frac-
tions were separated by differential centrifugation. When mitochondria were
used for oxygen consumption measurements, they were spun down gently for 10
min at 7,800 3 g; if they were used for enzyme localization studies, they were
spun down at 31,000 3 g.

Oxygen consumption by isolated mitochondria was measured as described
previously (16) at 30°C with a Clark-type oxygen electrode. Reactions were
started with ethanol (5 mM), succinate (5 mM), L-glycerol 3-phosphate (5 mM),
or L-malate plus pyruvate (5 mM concentrations of each). NADH was generated
in situ by addition of 5 mM glucose, 0.2 mM NAD1, and 1.5 U of Bacillus
megaterium glucose dehydrogenase (Sigma) z ml21, because commercial NADH
preparations are contaminated with ethanol (16, 28). Oxygen uptake rates were
calculated based on a dissolved oxygen concentration of 236 mM in air-saturated
buffer at 30°C. Respiratory control values were determined by addition of 0.25
mM ADP (3). Protein concentrations of mitochondrial preparations were mea-
sured according to the Lowry method and corrected for bovine serum albumin
that was added to the buffer.

Measurement of enzyme activities. Glucose-6-phosphate dehydrogenase ac-
tivity was measured according to the method of Postma et al. (29).

NAD1-linked isocitrate dehydrogenase activity was measured according to the
method of Bruinenberg et al. (2).

Alcohol dehydrogenase activity in mitochondrial preparations was measured
spectrophotometrically with an assay modified from that of Postma et al. (29).
The assay mixture contained 0.1 M potassium phosphate, pH 7.0, and 1 mM
NAD1. The reaction was started by addition of 100 mM ethanol or 25 mM
pentanol. A distinction was made between the activity inside the mitochondria
and that outside or adhering to the mitochondria. To measure the activity
outside the mitochondria, isolated mitochondria were osmotically stabilized by
addition of 0.65 M sorbitol. NADH oxidation by intact mitochondrial mem-
branes, which would interfere with the alcohol dehydrogenase assay, was inhib-

TABLE 1. S. cerevisiae strains used in this studya

Strain Relevant genotype

CEN.PK113-7D .............................................................................MATa URA3 HIS3 LEU2 TRP1 MAL2-8c SUC2
CEN.PK209-1B (ndi1D) ...............................................................MATa URA3 HIS3 LEU2 TRP1 MAL2-8c SUC2 ndi1(81,1420)::loxP-kanMX4-loxP
CEN.PK226-1D (adh3D)..............................................................MATa URA3 HIS3 LEU2 TRP1 MAL2-8c SUC2 adh3(41,1100)::loxP-kanMX4-loxP
CEN.PK289-2B (adh3D ndi1D)...................................................MATa URA3 HIS3 LEU2 TRP1 MAL2-8c SUC2 adh3(41,1100)::loxP-kanMX4-loxP

ndi1(81,1420)::loxP-kanMX4-loxP

a The numbers in parentheses indicate the deleted nucleotides (ATG 5 1) of the corresponding genes. All strains listed can be obtained from EUROSCARF
(European S. cerevisiae Archive for Functional Analysis) at http://www.rz.uni-frankfurt.de/FB/fb16/mikro/euroscarf/index.html.

TABLE 2. Oligonucleotides used for construction of disruption cassettes (S1 and S2) and as primers for analytical PCR of deletion mutants
(A1/K1 and A4/K2)a

Open reading
frame

Disruption
cassette Oligonucleotide

YMR083w/ADH3 S1 59-ATGTTGAGAACGTCAACATTGTTCACCAGGCGTGTCCAACCAGCTGAAGCTTCGTACGC-39
YMR083w/ADH3 S2 59-CGTAACACGCTATTATTTACTAGTATCGACGACGTATCTAGCATAGGCCACTAGTGGATCTG-39
YMR083w/ADH3 A1 59-TGCATACTGCCTATTGTCGG-39
YMR083w/ADH3 A4 59-CAGCTCATCACCTTGGATCG-39
YML120c/NDI1 S1 59-CCTCGACGAATACGCTAGTCAGATTCGCTTCCACCAGATCCAGCTGAAGCTTCGTACGC-39
YML120c/NDI1 S2 59-AGAATCATGGACAAGTACAAAATTCTCCATAAGTAGAAGGGCATAGGCCACTAGTGGATCTG-39
YML120c/NDI1 A1 59-TGCGTAGGAGGCAGGACC-39
YML120c/NDI1 A4 59-CGTCAGCGAGTTATCGTCC-39
kanMX K1 59-GGATGTATGGGCTAAATGTACG-39
kanMX K2 59-GTTTCATTTGATGCTCGATGAG-39

a Construction of disruption cassettes and deletion of genes and analytical PCR were carried out as described previously (16). The sequences complementary to the
multiple cloning site of pUG6 are underlined. The application of the different primers is explained in reference 16.
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ited by addition of 1 mM KCN. The activity of alcohol dehydrogenase towards
ethanol oxidation is much higher at pH 9, which was used in the original assay
(29), but at this pH the mitochondria are damaged and internal and external
activities cannot be distinguished. Therefore, a suboptimal pH of 7.0 was used.
To measure the internal alcohol dehydrogenase activity, mitochondria were
disrupted subsequently by addition of 0.1% Triton X-100. It was verified that
both ethanol and NAD1 were required to measure any alcohol dehydrogenase
activity. No background activity of NADH oxidase was detectable with either
intact or disrupted mitochondria.

RESULTS

Ndi1p is the only internal NADH dehydrogenase. In S. cer-
evisiae grown in shake-flask cultures on ethanol as the sole
carbon source, Ndi1p is the only functional internal NADH
dehydrogenase (17). Since ethanol is a nonfermentable sub-
strate, S. cerevisiae exhibits necessarily respiratory growth un-
der these conditions. This is not the case in shake-flask cultures
on glucose, due to oxygen limitation and repression of re-
spiratory enzymes by excess glucose, which lead to alcoholic
fermentation (8, 11). In aerobic, glucose-limited cultures at
low dilution rates, however, S. cerevisiae exhibits respiratory
growth. Since the residual glucose concentration is low under
these conditions, repression of respiratory enzymes is relieved.
Whether Ndi1p is also the only internal NADH dehydrogenase
in the strain used in this study, CEN.PK113-7D, when grown
aerobically under glucose-limited conditions, was investigated.

Mitochondria were isolated from aerobic, glucose-limited
chemostat cultures grown at a dilution rate of 0.10 h21. Under
these conditions wild-type cells did not exhibit alcoholic fer-
mentation and the ndi1D mutant produced only little ethanol
(0.09 mmol z g [dry weight]21 z h21). The physiological char-
acteristics of these cultures are discussed in more detail in the
following paragraph. Mitochondria isolated from ndi1D cul-
tures oxidized external NADH and L-glycerol 3-phosphate at a
rate similar to that of mitochondria isolated from wild-type

cultures (Table 3). Succinate oxidation by ndi1D mitochondria
even appeared to be elevated relative to that by wild-type
mitochondria (Table 3). Mitochondria isolated from ndi1D
cultures, however, oxidized neither malate plus pyruvate nor
ethanol at a detectable rate (Table 3). When the latter substrates
are metabolized by mitochondria, NADH is generated in the
mitochondrial matrix and oxidized by the internal NADH dehy-
drogenase. Therefore, this result confirmed that the ndi1D strain
also lacked significant internal-NADH-dehydrogenase activity
when grown in aerobic, glucose-limited cultures.

In vivo redox shuttle activity in ndi1D cultures. Wild-type
and ndi1D strains were grown in aerobic, glucose-limited che-
mostat cultures at a dilution rate of 0.10 h21. In steady-state
chemostat cultures the dilution rate equals the specific growth
rate, m. Wild-type S. cerevisiae did not exhibit alcoholic fer-
mentation at low dilution rates, as can be concluded from the
absence of ethanol in culture supernatants, the high biomass
yield on glucose (0.49 g z g21), and a respiratory quotient (i.e.,
the ratio of the specific rates of CO2 production and oxygen
consumption) close to 1 (Fig. 3 and Table 4). At a dilution rate
of 0.10 h21, the biomass yield of the ndi1D strain (0.43 g z g21)
was slightly lower than that of the wild type, but only 0.089
mmol of ethanol was produced per g (dry weight) per h, and
the respiratory quotient was close to 1 (Fig. 3 and Table 4),
indicating that growth of the ndi1D mutant was almost com-
pletely respiratory. For comparison, anaerobic cultures, which
grow fully fermentatively, have a biomass yield on glucose of
0.10 g z g21 and produce between 8 and 8.5 mmol of ethanol
per g (dry weight) per h at the same dilution rate (39, 40).

Completely respiratory growth of S. cerevisiae on glucose
requires the activity of the TCA cycle. Usually the TCA cycle
is thought to take place inside the mitochondria and, in that
case, all NADH would be produced in the mitochondrial ma-
trix. However, cytosolic isoenzymes of isocitrate dehydroge-

TABLE 3. Oxygen consumption rates of mitochondria isolated from S. cerevisiae CEN.PK113-7D (wild type) and the ndi1D mutanta

Substrate

CEN.PK113-7D (NDI1) CEN.PK209-1B (ndi1D)

O2 consumption rate
(mmol z mg of protein21 z min21) RC O2 consumption rate

(mmol z mg of protein21 z min21) RC

NADH (pure) 0.22 6 0.06 3.0 6 0.3 0.27 6 0.06 2.5 6 0.2
Malate 1 pyruvate 0.11 6 0.01 1.7 6 0.1 ,0.01
Ethanol 0.10 6 0.02 1.4 6 0.1 ,0.01
L-Glycerol 3-phosphate 0.18 6 0.04 2.3 6 0.1 0.22 6 0.04 1.9 6 0.2
Succinate 0.10 6 0.02 1.6 6 0.1 0.26 1.7

a Mitochondria were isolated from steady-state, aerobic, glucose-limited chemostat cultures at a dilution rate of 0.10 h21 at 30°C and at pH 5.0. The glucose
concentration in the reservoir medium was 7.5 g z liter21. Values are averages obtained from two independent mitochondrial isolations plus or minus standard deviations
(sn-1), except for the rate of succinate oxidation by ndi1D mitochondria, which was measured once. Data for the wild-type strain are from reference 16 and were
obtained according to the same procedures. Oxygen consumption rates were measured in the presence of ADP. The respiratory control (RC) is the oxygen consumption
rate in the presence of ADP divided by that in the absence of ADP.

TABLE 4. Growth and product formation of S. cerevisiae CEN.PK113-7D (wild type) and the isogenic adh3D, ndi1D, and adh3D ndi1D
mutants in aerobic, glucose-limited chemostat cultures at a dilution rate of 0.10 h21a

Parameter CEN.PK113-7D
(ADH3 NDI1)

CEN.PK209-1B
(ADH3 ndi1D)

CEN.PK226-1D
(adh3D NDI1)

CEN.PK289-2B
(adh3D ndi1D)

Biomass yield (g of biomass z g of glucose21) 0.49 6 0.01 0.43 6 0.00 0.48 6 0.01 0.29 6 0.01
qO2 (mmol z g [DW]21 z h21) 2.7 6 0.0 2.9 6 0.1 2.9 6 0.1 2.7 6 0.1
qCO2 (mmol z g [DW]21 z h21) 2.8 6 0.1 3.1 6 0.1 2.9 6 0.0 3.9 6 0.1
Respiratory quotient (qCO2/qO2) 1.01 6 0.03 1.07 6 0.01 1.02 6 0.03 1.46 6 0.13
qethanol (mmol z g [DW]21 z h21) ND 0.089 6 0.007 ND 1.1 6 0.2
qacetate (mmol z g [DW]21 z h21) ND 0.007 6 0.001 ND 0.039 6 0.00

a Values are averages obtained from two independent, steady-state cultures, plus or minus standard deviations (sn-1). ND, not detectable. q indicates a specific rate
of production (for CO2, ethanol, and acetate) or consumption (O2). DW, dry weight.
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nase (13) and malate dehydrogenase (19) have been identified
in S. cerevisiae. Furthermore, although the pyruvate-dehydro-
genase complex is confined to the mitochondria, there is a
cytosolic bypass via pyruvate decarboxylase, acetaldehyde de-
hydrogenase, and acetyl-coenzyme A synthetase (30). 2-Oxo-
glutarate dehydrogenase, however, is an exclusively mitochon-
drial enzyme in S. cerevisiae (32), implying that at least in this
reaction, intramitochondrial NADH is produced. For respira-
tory growth of the ndi1D mutant, it is required that this NADH
be shuttled to the cytosol, where it can be oxidized by the
external NADH dehydrogenases or by the glycerol-3-phos-
phate shuttle.

Adh3p is involved in the reoxidation of mitochondrial
NADH in the ndi1D mutant. Our hypothesis was that the
respiratory growth of the ndi1D mutant is due to the activity of
the putative ethanol-acetaldehyde shuttle (45), which transfers
redox equivalents from the mitochondria to the cytosol. To test
this hypothesis, adh3D and adh3D ndi1D deletion mutants were
constructed and grown in aerobic, glucose-limited chemostat
cultures. The growth characteristics of the adh3D mutant were
almost identical to those of the wild-type strain (Table 4). In
contrast, the adh3D ndi1D strain exhibited a reduced biomass
yield on glucose, an increased ethanol production, and an
increased respiratory quotient compared to both the adh3D
and the ndi1D mutants (Table 4), indicative of respirofermen-
tative growth. Apparently the mitochondrial isoenzyme of al-
cohol dehydrogenase Adh3p is involved in a pathway that can
take over the role of Ndi1p. This demonstrates that Adh3p is
involved in the shuttling of mitochondrial NADH to the cy-
tosol, where it can be reoxidized by the external NADH dehy-
drogenases, Nde1p and Nde2p (Fig. 1). Although the adh3D
ndi1D double mutant converted a large part of the glucose to
ethanol, its biomass yield on glucose (0.29 g z g21) was still
much higher than that of a purely fermentative culture (0.10 g z
g21). Therefore, enzymes other than Adh3p may also be ca-
pable of shuttling NADH to the cytosol.

Redox shuttles cannot fully replace Ndi1p at high growth
rates. In chemostat cultures, the dilution rate, which at steady
state equals the specific growth rate, can be varied. Above, it
was shown that NDI1 was not essential for respiratory growth
at low dilution rates. The question arises of whether the eth-

anol-acetaldehyde shuttle can also sustain high rates of respi-
ratory glucose dissimilation. To investigate this, the ndi1D mu-
tant was cultivated at increasing growth rates and,
consequently, at increasing rates of glucose dissimilation.

When the wild-type strain was cultivated in aerobic, glucose-
limited cultures, growth was completely respiratory at dilution
rates below 0.30 h21. At a dilution rate of 0.30 h21, metabolism
became respirofermentative, as indicated by the onset of eth-
anol production and the decreasing biomass yield (Fig. 3).
When the ndi1D mutant was grown under the same conditions,
a gradual shift from respiratory to fermentative growth was
observed above a dilution rate of 0.10 h21 (Fig. 3), showing
that NDI1 is required to maintain a completely respiratory
growth up to a dilution rate of 0.30 h21. Apparently, at high
specific growth rates, redox shuttles do not have a sufficient
capacity to shuttle all mitochondrial NADH that would be
formed during completely respiratory growth into the respira-
tory chain.

Mitochondrial alcohol dehydrogenase Adh3p is important
for anaerobic growth on glucose. Intramitochondrial NADH is
formed not only during respiratory pyruvate dissimilation but
also during the biosynthesis of amino acids (Fig. 2). Under
anaerobic conditions, this biosynthetic NADH cannot be reoxi-
dized by the respiratory chain. Nissen et al. (23) proposed that
under anaerobic conditions an ethanol-acetaldehyde shuttle
transfers excess mitochondrial NADH to the cytosol, where
the redox balance can be restored by production of glycerol
(38). To test this hypothesis, wild-type and adh3D cells were
cultivated in aerobic and anaerobic batch fermentors on glu-
cose.

Under aerobic conditions, deletion of ADH3 affected nei-
ther the maximum specific growth rate nor the biomass yield
(Table 5). The specific rate of ethanol production also was not
strongly affected by the deletion. Other by-products were pro-
duced at low rates, which were only slightly influenced by
deletion of ADH3. Apparently, the respiratory chain was suf-
ficiently active to oxidize any excess mitochondrial NADH.

Under anaerobic conditions, the maximum specific growth
rate of the adh3D mutant was substantially lower than that of
the wild-type strain (Table 5). The biomass yield on glucose
was not affected by the mutation. The formation rates of the

FIG. 3. Physiology of S. cerevisiae CEN.PK209-1B (ndi1D) and CEN.PK113-7D (wild type) in aerobic, glucose-limited chemostat cultures. The steady-state biomass
yield on glucose (YXS) and the specific rates of ethanol (qethanol), glycerol (qglycerol), CO2 (qCO2), and O2 (qO2) production were measured for the ndi1D mutant (solid
lines, closed symbols) and for the wild-type CEN.PK113-7D (dashed lines, open symbols) at various dilution rates. At dilution rates of 0.35 h21 or higher, the ndi1D
strain washed out of the cultures and no steady state was reached. DW, dry weight.
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major fermentation products, ethanol and glycerol, decreased
proportionally to the maximum specific growth rate. Conse-
quently, the amounts of these metabolites produced per
amount of biomass formed were identical in the two strains,
and the distribution of the main fluxes was not changed by the
mutation.

These results support the hypothesis that the ethanol-acet-
aldehyde shuttle is important for the reoxidation of mitochon-
drial NADH under anaerobic conditions but not under aerobic
conditions.

Residual mitochondrial alcohol dehydrogenase activity in
the adh3D ndi1D strain. Above, the importance of the ethanol-
acetaldehyde redox shuttle under anaerobic conditions and in
a mutant lacking the NDI1 gene was demonstrated. It re-
mained elusive, however, why the biomass yield of the adh3D
ndi1D strain growing aerobically at a dilution rate of 0.10 h21

was higher than that of a completely fermentative culture (i.e.,
why growth of this strain was still partially respiratory) and why
the adh3D strain was growing at all under anaerobic condi-
tions. These results strongly suggest that an additional redox
shuttle across the mitochondrial membrane is active. This may
be a completely different shuttle or another mitochondrial
alcohol dehydrogenase. The latter possibility was tested. Mi-
tochondria were isolated from a steady-state, aerobic, glucose-
limited adh3D ndi1D culture. The cytosolic marker enzyme,
glucose-6-phosphate dehydrogenase, was found exclusively in
the cytosolic (supernatant) fraction. Of the mitochondrial
marker, NAD1-linked isocitrate dehydrogenase, 82% was re-
covered in the mitochondrial (pellet) fraction and 22% was
recovered in the cytosolic fraction, giving an overall recovery of

104%. The mitochondrial fraction contained only 1% of the
total cellular activity of ethanol dehydrogenase, while 104%
was found in the cytosolic fraction, giving an overall recovery
of 105%. From this result it cannot be concluded that there
is intramitochondrial alcohol dehydrogenase activity in the
adh3D ndi1D strain, since the mitochondrial fraction may be
contaminated with cytosolic alcohol dehydrogenases. There-
fore, a distinction was made between the intramitochondrial
and extramitochondrial activity in the mitochondrial fraction.
First, the mitochondria were subjected to an additional wash-
ing step. Subsequently, alcohol dehydrogenase activity was
measured in the presence of sorbitol to stabilize the mitochon-
dria. This represents the activity outside of the mitochondria
and possibly some activity released by broken mitochondria.
Finally, Triton X-100 was added to release the truly intrami-
tochondrial activity. Mitochondria isolated from an aerobic,
glucose-limited culture of the ndi1D strain released 1.09 mmol
of ethanol dehydrogenase z min21 z mg of protein21 after
addition of Triton X-100 (Table 6). Mitochondria from the
adh3D ndi1D strain released 0.31 mmol z min21 z mg of pro-
tein21 (Table 6), still 28% of the activity released from the
ndi1D mitochondria. It was verified that this result was not due
to an activation of the enzyme by Triton X-100. In fact, when
alcohol dehydrogenase activity was released via disruption of
the mitochondria by sonication in the absence of sorbitol, the
enzyme activity was somewhat inhibited by Triton X-100 (data
not shown). With pentanol as the substrate, the ndi1D mito-
chondria released a small but clearly detectable alcohol de-
hydrogenase activity (Table 6), consistent with the fact that
Adh3p has a high affinity for pentanol (9). The adh3D ndi1D

TABLE 5. Growth and product formation of S. cerevisiae CEN.PK113-7D (wild type) and the isogenic adh3D mutant in exponentially
growing aerobic and anaerobic batch cultures on glucosea

Parameter

Results in aerobic culture for: Results in anaerobic culture for:

CEN.PK113-7D
(ADH3)

CEN.PK226-1D
(adh3D)

CEN.PK113-7D
(ADH3)

CEN.PK226-1D
(adh3D)

Maximum specific growth rate (h21) 0.38 6 0.01 0.37 6 0.01 0.33 6 0.02 0.22 6 0.02
Biomass yield (g of biomass z g of glucose21) 0.14 6 0.00 0.15 6 0.00 0.10 6 0.00 0.10 6 0.01
Rate of consumption (mmol z g [DW]21 z h) of glucose
Rate of production (mmol z g [DW]21 z h) of: 15.7 6 0.7 13.8 6 0.5 19.1 6 1.1 12.6 6 0.5

Ethanol 22.3 6 0.9 19.4 6 0.9 28.8 6 0.6 19.2 6 0.5
Glycerol 0.97 6 0.21 0.56 6 0.03 3.50 6 0.60 2.34 6 0.25
Acetate 0.52 6 0.08 0.74 6 0.11 0.32 6 0.04 0.27 6 0.01
Lactate 0.12 6 0.01 0.10 6 0.00 0.32 6 0.01 0.14 6 0.04
Pyruvate 0.12 6 0.01 0.13 6 0.03 0.11 6 0.01 0.12 6 0.02
Succinate ,0.1 ,0.1 0.12 6 0.03 0.14 6 0.07

a Strains were grown at 30°C, pH 5.0, and the initial glucose concentration in the medium was 20 g z liter21. The concentration of dissolved oxygen remained above
50% of air saturation in aerobic cultures and below the detection limit in anaerobic cultures. The cultures experienced a lag phase of at most 2 h and then grew
exponentially for 8 to 11 h (depending on the growth rate) almost until depletion of glucose. Values are averages obtained from two independent cultures, plus or minus
standard deviations (sn-1). DW, dry weight.

TABLE 6. Intramitochondrial alcohol dehydrogenase activity in the ndi1D and adh3D ndi1D strainsa

Time of measurement

Alcohol dehydrogenase activity (mmol z min21 z mg of mitochondrial protein21)

ndi1D with: adh3D ndi1D with:

Ethanol Pentanol Ethanol Pentanol

Before addition of Triton X-100 0.08 6 0.03 ,0.01 0.09 6 0.02 ,0.01
After addition of Triton X-100 1.17 6 0.04 0.06 6 0.01 0.40 6 0.01 ,0.01
Latency 1.09 6 0.03 0.06 6 0.01 0.31 6 0.01 ,0.01

a Mitochondria were isolated from a steady-state, aerobic chemostat culture at a dilution rate of 0.10 h21 and washed once by resuspending and centrifuging. The
alcohol dehydrogenase activity outside of or adhering to the mitochondria was measured in the presence of sorbitol and KCN, with either ethanol or pentanol as the
substrate. Subsequently, in the same assay, intramitochondrial activity was released by addition of Triton X-100. Results in this table were obtained with one preparation
of mitochondria from each strain. Essentially the same results were obtained with an independent preparation of mitochondria from another culture.
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mitochondria had lost all pentanol-dependent activity (Table
6), indicating that the unknown mitochondrial alcohol dehy-
drogenase is specific for ethanol.

DISCUSSION

Respiratory growth of the ndi1D mutant. This paper consti-
tutes the first experimental evidence for in vivo functioning of
an ethanol-acetaldehyde redox shuttle across the mitochon-
drial membrane, as first proposed by Von Jagow and Klingen-
berg (45). This shuttle is responsible for the hitherto unex-
plained ability of an ndi1D mutant of S. cerevisiae to exhibit
respiratory growth (17). The ndi1D mutant lacked the internal
NADH dehydrogenase, which couples the oxidation of mito-
chondrial NADH to the respiratory chain.

Even though at a low dilution rate growth of the ndi1D
mutant was essentially respiratory, its biomass yield on glucose
(0.43 g z g21) was somewhat lower than that of the wild-type
strain (0.49 g z g21). This may be due to redirection of pyruvate
metabolism via the pyruvate-dehydrogenase bypass. In con-
trast to pyruvate dehydrogenase, which produces mitochon-
drial NADH, the bypass converts pyruvate to acetyl-coenzyme
A via cytosolic pyruvate decarboxylase, acetaldehyde dehydro-
genase, and acetyl-coenzyme A synthetase (30). Cytosolic
NADPH is then produced instead of mitochondrial NADH.
The reaction catalyzed by acetyl-coenzyme A synthetase re-
quires ATP, which should lead to a slight decrease of the
biomass yield. In agreement with this, the biomass yield on
glucose of an S. cerevisiae mutant lacking pyruvate dehydroge-
nase activity altogether was 0.44 g z g21 (31).

Physiological relevance of the ethanol-acetaldehyde shuttle
under anaerobic conditions. Under anaerobic conditions,
growth of the adh3D mutant was slower than that of the wild-
type strain. This is consistent with a role for the ethanol-
acetaldehyde shuttle in the transport of mitochondrial NADH
formed in biosynthetic reactions to the cytosol. The question
arises whether there are other explanations for the slower
anaerobic growth of the adh3D mutant. It is possible that
Adh3p is required to remove toxic acetaldehyde from the mi-
tochondria. This is not very likely, however, since acetaldehyde
diffuses across biological membranes and the cytosolic alcohol
dehydrogenase Adh1p can remove it. The more likely expla-
nation is that Adh3p is required to reoxidize mitochondrial
NADH. Under anaerobic conditions, S. cerevisiae grows com-
pletely fermentatively. The cytosolic alcohol dehydrogenase
Adh1p then works in the direction of ethanol production. This
precludes the functioning of a full shuttle (Fig. 1). Therefore,
the mitochondrial ethanol produced by Adh3p must be se-
creted. The acetaldehyde that is used by the mitochondrial
alcohol dehydrogenase has to be generated in the cytosol by
pyruvate decarboxylase. To maintain a closed cytosolic redox
balance, one glycerol molecule must be formed for each mol-
ecule of acetaldehyde entering the mitochondria. In this way,
the use of mitochondrial alcohol dehydrogenase couples the
reoxidation of intramitochondrial NADH to glycerol forma-
tion, which is the primary redox sink in anaerobic S. cerevisiae
cultures (38).

Other mitochondrial redox shuttles in S. cerevisiae. If Ndi1p
and Adh3p were the only enzymes that oxidize mitochondrial
NADH, it might be expected that the adh3D ndi1D mutant
should grow completely fermentatively under aerobic condi-
tions, or not at all, and that the adh3D mutant should not grow
under anaerobic conditions. Yet the adh3D ndi1D mutant ex-
hibited respirofermentative growth in glucose-limited chemo-
stat cultures, and the adh3D mutant could still grow under

anaerobic conditions, albeit more slowly than the wild type.
There are several possible explanations for these observations.

First, we have shown a residual mitochondrial alcohol dehy-
drogenase activity in the adh3D ndi1D mutant. The yeast ge-
nome contains several alcohol dehydrogenase homologues of
which neither the function nor the localization is known (18,
24). According to the program PSORT II (21, 22), four of
these, Yal060w, Yal061w, Adh4, and Ydl114w, have a substan-
tial probability (30 to 45%) of being mitochondrial.

Apart from other mitochondrial alcohol dehydrogenases,
there may be other types of redox shuttles. Most of the well-
studied redox shuttles work in the reverse direction, shuttling
NADH from the cytosol to the mitochondrial matrix (5). Re-
cently it was suggested that the malate-oxaloacetate shuttle
could export NADH from the mitochondrial matrix to the
cytosol (26). All components of this shuttle are present in S.
cerevisiae: a mitochondrial and a cytosolic malate dehydroge-
nase (19, 37) and an oxaloacetate transporter across the mito-
chondrial inner membrane, Oac1p, which can catalyze the
electroneutral exchange of oxaloacetate for malate (27). Dur-
ing respirofermentative growth of the adh3D ndi1D mutant,
however, the malate-oxaloacetate shuttle can work only in the
direction of import of NADH into the mitochondria. This is
due to the fact that mitochondrial malate dehydrogenase is
part of the TCA cycle and operates in the direction of produc-
tion of oxaloacetate and NADH under these conditions. In
anaerobically growing S. cerevisiae, mitochondrial malate de-
hydrogenase has been proposed to work in the reverse direc-
tion (23) and, under these conditions, it might contribute to the
export of NADH from the mitochondria.

Finally, a possible explanation for the anaerobic growth of
the adh3D mutant is the existence of an alternative route of
glutamate production which is not coupled to formation of
intramitochondrial NADH. The cytosolic pyruvate dehydroge-
nase bypass has been mentioned. Another source of mitochon-
drial NADH is NAD1-linked isocitrate dehydrogenase. This
may be circumvented by the use of the NADP1-linked isoen-
zyme, Idp1p, which is sufficient for growth of S. cerevisiae
without glutamate (49). Yet even if glutamate synthesis could
proceed completely in the cytosol, it is only one of several
processes contributing to the mitochondrial NADH synthesis
(23), and it remains to be seen whether mitochondrial NADH
production can be avoided altogether.

Relevance of the ethanol-acetaldehyde shuttle for higher
eukaryotes. The ethanol-acetaldehyde shuttle is special, be-
cause it is reversible and only driven by a gradient of the
[NADH]/[NAD1] ratio across the mitochondrial membrane.
Most mitochondrial redox shuttles described in the literature
transport NADH into the mitochondria and are not readily
reversible, since active transport steps are involved (5). Since
export of NADH from the mitochondria is important for an-
aerobic growth, it may be speculated that the ethanol-acetal-
dehyde shuttle is of more general importance for eukaryotes
that can survive long-term hypoxia. A prerequisite is the pres-
ence of mitochondrial and cytosolic alcohol dehydrogenase
and the ability to synthesize acetaldehyde via pyruvate decar-
boxylase. Examples of organisms that survive under hypoxic
conditions by alcoholic fermentation are goldfish (Carassius
auratus) (35) and rice (Oryza sativa) (7, 33). It remains to be
investigated whether they depend on a functional ethanol-
acetaldehyde shuttle for anaerobic survival.
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