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The cyanide-resistant respiration of higher plants,
algae, fungi, yeasts, and protozoa is due to the function-
ing of a cyanide-resistant oxidase in mitochondria, also
known as alternative oxidase or alternative electron
transfer pathway [1]. Alternative oxidase is located in
the inner mitochondrial membrane and shunts electrons
from reduced ubiquinone to molecular oxygen, bypass-
ing the main respiratory chain. Alternative oxidase is
insensitive to cyanide, azide, antimycin A, and CO, but
is specifically inhibited by hydroxamic acid deriva-
tives, such as benzohydroxamic acid (BHA) and sali-
cylhydroxamic acid (SHA) [1]. 

The alternative oxidase-mediated oxidation of the
substrates whose dehydrogenases are located at the
level of ubiquinone (

 

α

 

-glycerophosphate, succinate,
and exogenous NADH) does not yield ATP [2],
although the oxidation of NAD

 

+

 

-dependent substrates
through alternative oxidase is associated with ATP syn-
thesis at the first site of oxidative phosphorylation (on
the ubiquinone side of complex I) [2].

Alternative oxidase reduces molecular oxygen with
the formation of water but not hydrogen peroxide or
superoxide radicals [1]. The affinity of alternative oxi-
dase for oxygen (

 

K

 

m

 

 > 1.0 

 

µ

 

M) is considerably lower
than that of cytochrome oxidase (

 

K

 

m

 

 < 0.1 

 

µ

 

M) [1]. 

The alternative oxidase of higher plants and fungi is
a 36- to 37-kDa protein encoded by chromosomal
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genes [1]. This alternative oxidase is induced by respi-
ratory inhibitors, such as cyanide and antimycin A, and
during growth on ethanol, acetate, and citrate [1, 3]. In
plants, alternative oxidase is induced by salicylic acid
[4], hydrogen peroxide, citrate, acetate, cysteine, and
monofluoroacetate [5]. In yeasts, alternative oxidase is
induced by oxidative and heat stress [6–8].

The origin of the intracellular signal responsible for
the expression of the alternative oxidase gene has not
yet been established, although the alternative oxidase
gene of 

 

Neurospora crassa

 

 was found to contain a
region sensitive to cAMP (the so-called cAMP-respon-
sive element, CRE), which presumably controls the
expression of the alternative oxidase gene [7].

The aim of the present work was to study the cAMP
content of 

 

Y. lipolytica

 

 cells under conditions promot-
ing the induction of alternative oxidase.

MATERIALS AND METHODS

The 

 

Yarrowia lipolytica

 

 VKM Y-155 strain, aux-
otrophic for thiamine, was obtained from the All-Rus-
sia Collection of Microorganisms (VKM).

The strain was grown in mineral Reader medium
supplemented with 0.2% yeast autolysate, Burkholder
trace element solution, and 1% glucose as the source of
carbon and energy. The strain was cultivated at 

 

29°C

 

 on
a shaker (200 rpm) in 750-ml flasks with 100 ml of the
growth medium. Growth was monitored by measuring
culture turbidity at 540 nm. To reduce experimental errors,
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culture samples with turbidities higher than 0.5 were
diluted with water.

The oxygen consumption rate of cells was measured
in 10 mM phosphate buffer (pH 5.5) on an LP-7
polarograph (Czech Republic) equipped with a Clark-
type oxygen electrode kept at 

 

20–22°C

 

. The final vol-
ume of the respiration medium was 2 ml. Cells were
added in amounts of 0.5 to 1 mg dry wt. The concentra-
tion of dissolved oxygen in the respiration medium was
taken to be 250 

 

µ

 

M.
Experiments with the washed cells were carried out

as follows. Logarithmic-phase cells, whose respiration
was 95% sensitive to 1 mM cyanide, were washed
twice with distilled water and suspended in a 10 mM
phosphate buffer (pH 5.0) to a cell density of 3–3.5 mg
dry wt/ml. The cell suspension prepared in this manner
was incubated in a 750-ml flask on the shaker under
conditions typical for growth experiments (200 rpm;

 

29°C

 

).
cAMP was extracted from the yeast cells with 5%

perchloric acid. To accomplish this, 4.5 ml of the cell
suspension taken from the flask was introduced into a
test tube containing 0.5 ml of 50% perchloric acid,
thoroughly mixed, and incubated in an ice bath. The
cAMP-containing acid extract was neutralized with 5 N
KOH by vigorously stirring the mixture. The precipi-
tate was removed by centrifugation or filtration through
a paper filter. The filtrate was stored at 

 

–15°C

 

 until
needed. cAMP was assayed by the conventional
method using the kit purchased from Amersham [9].

RESULTS

It is known that the respiration of glucose-grown
yeast cells becomes resistant to cyanide during their
transition from the exponential to the stationary growth
phase. When grown on ethanol, pyruvate, citrate, or
acetate, the yeast cells exhibit cyanide-resistant respira-
tion already in the early exponential phase [1].

In our experiments, the cyanide-resistant respiration
of glucose-grown exponential phase yeast cells was
induced by incubating them in a medium containing
cyanide or antimycin A with or without a nonferment-
able substrate (ethanol or acetate). As can be seen from
Fig. 1, the respiration of the exponential-phase cells
grown on glucose was 95% sensitive to 1 mM cyanide.
The aerobic incubation of cells in the presence of cya-
nide (Fig. 1a, curve 

 

1

 

) or antimycin A (Fig. 1a, curve 

 

2

 

)
without any substrate added led to the development of
cyanide-resistant respiration sensitive to 5 mM BHA
(Fig. 1a, curve 

 

3

 

), thus indicating the induction of alter-
native oxidase. Cyanide-resistant respiration began to
develop 30 min after the addition of the inhibitors and
was maximum 3 h later.

In the presence of 0.5 M ethanol, the respiration of
cells measured in the absence of cyanide first decreased
(Fig. 1b, curve 

 

1

 

) and then increased to the initial value
after 60 min. Cyanide-resistant respiration began to

develop after the 30-min incubation period, and was max-
imum 3 h later (Fig. 1b, curve 

 

2

 

). These data can be inter-
preted to indicate the transition from glucose metabolism
to the oxidation of ethanol. Similar results were obtained
for the yeast cells that were incubated in the presence of
acetate (Fig. 1c) or citrate (data not shown).
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Fig. 1.

 

 Effect of cyanide, antimycin A, BHA, ethanol, and
acetate on the cyanide-resistant respiration of 

 

Y. lipolytica

 

cells. Panel a: cells incubated aerobically without any sub-
strate added in the presence of 1 mM cyanide (curve 

 

1

 

),
10 

 

µ

 

M antimycin A (curve 

 

2

 

), and a mixture of 1 mM cya-
nide and 5 mM BHA (curve 

 

3

 

). Panel b: cells incubated aer-
obically in the presence of 0.5 M ethanol without any respi-
ratory inhibitor added (curve 

 

1

 

) or in the presence of 1 mM
cyanide (curve 

 

2

 

) and a mixture of 1 mM cyanide and 5 mM
BHA (curve 

 

3

 

). Panel c: cells incubated aerobically in the
presence of acetate without any respiratory inhibitor added
(curve 

 

1

 

) or in the presence of 1 mM cyanide (curve 

 

2

 

) and
a mixture of 1 mM cyanide and 5 mM BHA (curve 

 

3

 

).
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Measurements of the cAMP content of cells incu-
bated in the presence of cyanide, ethanol, or acetate
showed that in all cases the cAMP content attained its
maximum after 2 min of incubation (Fig. 2a, curve 

 

1

 

)
and then (within 5–6 min of incubation) decreased to
the initial value. In the next 3 h of incubation, the
cAMP content of cells did not change (data not shown).

Similar results were obtained for the cells incubated
in the presence of acetate (Fig. 2b) or ethanol (Fig. 2c).
In the latter case, the dynamics of the intracellular
cAMP pool depended on the concentration of the etha-
nol added. For instance, when the cells were incubated
in the presence of 0.5 and 1 M ethanol, their cAMP
contents attained maxima after three and two minutes
of incubation, respectively (Fig. 2c, curves 

 

2

 

 and 

 

3

 

).

DISCUSSION

The alternative oxidase of fungi, yeasts, and plants
can be induced by oxidative stress [6], heat shock [7],
respiratory inhibitors [1, 8], nonfermentable substrates
(organic acids and ethanol), the exhaustion of glucose
in the growth medium, and so on [1, 4, 5]. This sug-
gests that the induction of alternative oxidase is a com-
ponent of the complex adaptive response of cells to
stress factors. 

The diversity of factors leading to the induction of
alternative oxidase poses the problem of the inducing
signal. The knowledge that antimycin A induces alter-
native oxidase and enhances the production of superox-
ide radicals in the respiratory chain of yeast allowed
Minagava 

 

et al.

 

 to infer that alternative oxidase may be
induced by active oxygen species [6]. In our opinion,
however, this suggestion cannot explain the diversity of
factors capable of inducing alternative oxidase.

The results presented in this paper show that cya-
nide, antimycin A, ethanol, and acetate induce the syn-
thesis of alternative oxidase (Fig. 1) and raise the
cAMP content of yeast cells (Fig. 2). These data,
together with the finding that the alternative oxidase
gene of 

 

N. crassa

 

 contains a CRE [3], suggest that it is
cAMP that controls the expression of the alternative
oxidase gene in yeasts. 

It should be noted that a diversity of stress factors, such
as heat shock, ethanol [9], organic acids [11], and mem-
brane-depolarizing agents (cyanide and antimycin A)
[10–15], can enhance the intracellular cAMP pool and
induce alternative oxidase synthesis. The increased cAMP
pool acts to decrease the cytoplasmic pH [11, 12, 16] and
transmembrane potential [10, 14, 15]. In turn, low cyto-
plasmic pH values activate adenylate cyclase and sup-
press phosphodiesterase [12].

The mechanism of induction of alternative oxidase
remains unknown. The experimental studies of the
transcription of the stress protein genes of 

 

Saccharomy-
ces cerevisiae

 

 showed the existence of a common stress
response element (STRE) that controls the adaptive
response of yeast cells to various stresses [17]. For
instance, the transcription of the cytoplasmic catalase T
gene (

 

CTT1

 

) is activated by various stresses, such as
oxidative, osmotic, heat shock, and transition to the sta-
tionary growth phase [18], and is regulated by cAMP-
dependent or -independent mechanisms [19, 20]. Tak-
ing into account that the conditions that induce the syn-
thesis of catalase T and alternative oxidase are similar,
it can be suggested that the transcription of the alterna-
tive oxidase gene is activated by similar mechanisms.
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