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(Background: Mitochondrial biogenesis is a complex process, and its regulation is not well known.
Results: cAMP-induced mitochondrial biogenesis through a decrease in the cellular phosphate potential is due to an increase in

Conclusion: Mitochondrial biogenesis is tightly linked to glutathione redox status.
Significance: This is the first evidence for a glutathione redox control of a transcription factor involved in mitochondrial
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Cell fate and proliferation are tightly linked to the regulation
of the mitochondrial energy metabolism. Hence, mitochondrial
biogenesis regulation, a complex process that requires a tight
coordination in the expression of the nuclear and mitochondrial
genomes, has a major impact on cell fate and is of high impor-
tance. Here, we studied the molecular mechanisms involved in
the regulation of mitochondrial biogenesis through a nutrient-
sensing pathway, the Ras-cAMP pathway. Activation of this
pathway induces a decrease in the cellular phosphate potential
that alleviates the redox pressure on the mitochondrial respira-
tory chain. One of the cellular consequences of this modulation
of cellular phosphate potential is an increase in the cellular glu-
tathione redox state. The redox state of the glutathione disul-
fide-glutathione couple is a well known important indicator of
the cellular redox environment, which is itself tightly linked to
mitochondrial activity, mitochondria being the main cellular
producer of reactive oxygen species. The master regulator of
mitochondrial biogenesis in yeast (i.e. the transcriptional co-ac-
tivator Hap4p) is positively regulated by the cellular glutathione
redox state. Using a strain that is unable to modulate its gluta-
thione redox state (Aglrl), we pinpoint a positive feedback loop
between this redox state and the control of mitochondrial bio-
genesis. This is the first time that control of mitochondrial bio-
genesis through glutathione redox state has been shown.

In aerobic living systems, oxidative phosphorylation activity
can vary widely to adequately match ATP synthesis to the
energy demand according to physiological or pathological con-
ditions. There are two means, which are not exclusive, for the
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eukaryotic cell to match ATP synthesis to ATP demand. Short
term adaptation relies on a flux modulation through every func-
tional unit of the mitochondrial oxidative phosphorylation,
whereas long term adaptation to various rates of ATP utiliza-
tion can be achieved by modifying the number of these func-
tional units (mitochondrial biogenesis). Indeed, in the light of
the large physiological variations in ATP turnover observed in
living systems, it is highly likely that the amount of enzymes
involved in the oxidative phosphorylation pathway plays a sig-
nificant role in this process (1-3). Moreover, the trade-off
between rate and yield of ATP synthesis in heterotrophic
organisms has been highlighted as a possible major mechanism
of cooperation and competition involved in the evolutionary
aspects of energy metabolism (4). Consequently, the molecular
mechanisms involved in the adjustment of energy production
to energy demand are of particular interest.

Previous work from our laboratory has shown that an
increase in mitochondrial reactive oxygen species production is
involved in mitochondria-to-nucleus signaling and induces a
decrease in the activity of the transcription factor complex
HAP2/3/4/5 (HAP complex), which is involved in mitochon-
drial biogenesis (5-9). In these conditions, although the cells
sense the oxidative stress and respond to it by increasing the
amount of antioxidant enzymes (i.e. superoxide dismutase and
catalase), this increase is not sufficient to suppress the overflow
of reactive oxygen species. Such an increase can be deleterious
to the cell and is often associated with a mitochondrial malfunc-
tion. Through this signaling pathway, the cell protects itself
by decreasing mitochondrial biogenesis and thus the amount of
dysfunctional mitochondria (10). Hence, oxidative stress
down-regulates mitochondrial biogenesis. However, the mech-
anisms involved in this redox-sensitive process are not known.

In both mammalian cells and yeast, the regulation of mito-
chondrial biogenesis clearly involves the cAMP signaling path-
way, but the molecular mechanisms of this process are not well
defined. Indeed, it has been shown that treatment of human
preadipocytes with forskolin, which leads to an overactivation
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of the cAMP pathway, increased mitochondrial DNA copy
number (11). However, whereas in mammalian cells adenylate
cyclase activation is tissue- and isoform-specific (12), in yeast
the Ras proteins have been shown to activate this enzyme (13).
In yeast, growing evidence shows that overactivation of the Ras/
cAMP pathway affects the cell mitochondrial content (14, 15).
Here, using a cAMP-responsive yeast strain (16), we further
investigated the molecular mechanisms involved in the regula-
tion of mitochondrial biogenesis. We show that cAMP induces
an increase in the overall biogenesis of the mitochondrial com-
partment. We unveil the origin of the induction of this mito-
chondrial biogenesis and show that this process is positively
controlled by the cellular glutathione redox state. The master
regulator of mitochondrial biogenesis in yeast, the transcrip-
tional co-activator Hap4p, is shown to be quantitatively regu-
lated by the glutathione redox state (i.e. the more oxidized this
redox state, the less Hap4p expressed).

EXPERIMENTAL PROCEDURES

Yeast Strains, Culture Medium, and Growth Conditions—
The following yeast strains were used in this study: diploid
strain Saccharomyces cerevisiae OL556 (a/a, cdc25-5/cdc25-5,
his3/his3, leu2/leu2, rcal(pde2)/rcal, TRP1/trpl, ura3/ura3)
supplied by M. Jacquet (Orsay, France); BY4742 (Mat a; his3A1;
leu2A0; lys2A0; ura3A0); Aglrl (glrl:kanMX4). Cells were
grown aerobically at 28 °C in the following medium: 0.175%
yeast nitrogen base without sulfate (Difco), 0.2% casein hydrol-
ysate (Merck), 0.5% (NH,),SO,, 0.1% KH,PO,, 2% lactate (w/v)
(Prolabo), pH 5.5, 20 mg/liter L-tryptophan (Sigma), 40 mg/liter
adenine hydrochloride (Sigma), and 20 mg/liter uracil (Sigma).
When cells carried a plasmid, the relevant amino acid was taken
out from the medium. Growth was measured at 600 nm in a
Safas spectrophotometer (Monaco). Dry weight determina-
tions were performed on samples of cells harvested throughout
the growth period and washed twice in distilled water. When
applicable, cells were treated with cAMP (exogenously added to
the culture medium) at the indicated concentration for 6 h. In
order to modulate the intracellular glutathione redox state, the
Agirl null mutant was grown in the following medium: 0.2%
lactate, 0.175% vyeast nitrogen base without sulfate, 0.2%
KH,PO,, 0.5% NH,CI, 300 um (NH,),SO,, and the relevant
amino acids according to Ref. 17.

Oxygen Consumption Assays—The oxygen consumption was
measured polarographically at 28 °C using a Clark oxygen elec-
trode in a 1-ml thermostatically controlled chamber. Respira-
tory rates (JO,) were determined from the slope of a plot of O,
concentration versus time. Respiration assays of growing cells
were performed in the growth medium except in the case of
uncoupled respiration, which was performed after cells were
harvested, in the following buffer: 2 mM magnesium sulfate, 1.7
mM sodium chloride, 10 mMm potassium sulfate, 10 mm glucose,
and 100 mMm ethanol, pH 6.8 (18).

Cytochrome Content Determination—The cellular content of
mitochondrial cytochromes ¢ + ¢;, b, and a + a; was calcu-
lated as described by Dejean et al. (19), taking into account the
respective molar extinction coefficient values and the reduced
minus oxidized spectra recorded using a dual beam spectro-
photometer (Cary 4000, Varian).
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B-Galactosidase Activity—A standard permeabilization pro-
cedure was used as described (20). After the preincubation
period, 0.4 mg/ml o-nitrophenyl-3-p-galactopyranoside (Sigma)
was added, and the tube was briefly vortexed. The reaction was
stopped by the addition of 0.5 M Na,COj (Sigma). The samples
were centrifuged for 30 s at 14,000 X g, and the absorbance of
the supernatant read at 420 nm. Activity is given in arbitrary
units.

Glutathione Redox Determination—6 X 107 cells were har-
vested, and the pellet was resuspended in 350 ul of 3.4% met-
aphosphoric acid (Sigma). Glass beads (0.4-mm diameter) were
added, and cells were vortexed (4 X 30 s) and then centrifuged
for 2 min at 10,000 X g. Supernatants were used to measure
reduced glutathione (GSH) and glutathione disulfide (GSSG)
on the same run by reverse phase high pressure liquid chroma-
tography with electrochemical detection (21).

Adenine Nucleotide Measurement—Cellular extracts were
prepared by an ethanol extraction method adapted from the
one described previously (22). Briefly, cells were harvested by
rapid filtration on a nitrocellulose filter (1 wm). The filter was
immediately dropped into a glass tube containing 5 ml of etha-
nol/Hepes (10 mm), pH 7.2 (4:1), and the tube was then incu-
bated at 80 °C for 3 min. The mixture was cooled down on ice
for at least 3 min, and the ethanol/Hepes solution was elimi-
nated by evaporation using a rotary evaporator apparatus. The
residue was resuspended in 500 ul of water. Insoluble particles
were eliminated by centrifugation (12,000 X g, 10 min, 4 °C),
and adenine nucleotide content was determined on the super-
natant. ATP and ADP were measured by HPLC using a reverse
phase (Spherisorb, ODS 11, 5u) column (0.46 X 25 cm) at 30 °C.
Elution was performed with a 25 mm sodium pyrophosphate/
pyrophosphoric acid (pH 5.75) buffer at a flow rate of 1.2
ml/min. Adenine nucleotide detection was performed at 254
nm; the determination was linear in a range of 3—3000 pmol.

Inorganic Phosphate Determination—Inorganic phosphate
was determined according to the method of Sumner (23).

Protein Extraction, Electrophoresis, and Blotting—Cells were
suspended in 50 ul of a mixture of 3.5% B-mercaptoethanol in
2 M NaOH. After a 15-min incubation on ice, proteins were
precipitated with 50 ul of 3 M trichloroacetic acid for 15 min on
ice. After a rapid centrifugation, the pellet was resuspended in a
1:1 (v/v) mixture of 10% SDS and sample buffer (0.1 m Tris, 2%
SDS, 2% B-mercaptoethanol, 25% glycerol, 0.002% bromphenol
blue). After quantification with a Bio-Rad kit, proteins were
analyzed by 12% SDS-PAGE according to the method of Laem-
mli. After electrotransfer onto polyvinylidene difluoride mem-
branes (Amersham Biosciences), blots were probed with the
appropriate antibodies. The proteins were visualized by ECL
(Amersham Biosciences), according to the manufacturer’s
instructions.

Antibody Production—Polyclonal anti-HAP4 antibody was
generated by Eurogentec using the HAP4 fragment 330 -554 as
an antigen.

Enzymatic Activity Determination—Cells were washed and
then broken by vigorous shaking with an equal volume of glass
beads in a buffer containing 50 mm potassium phosphate and a
mixture of protease inhibitors (Complete EDTA-free™™, Roche
Applied Science). Centrifugations (700 X g, 2 min) allowed the
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elimination of pelleted unbroken cells and glass beads. Cellular
proteins were quantified by the biuret method. Citrate synthase
(2.3.3.1) activity was determined by monitoring at 412 nm the
oxidation of coenzyme A (produced by citrate synthase activity)
by 5,5'-dithiobis-2-nitrobenzoic acid as a function of time in a
Safas spectrophotometer. The enzyme activity was calculated
using an extinction coefficient of 13,600 M '«cm ' at 412 nm.
One citrate synthase unit was equal to 1 umol of 5,5’ -dithiobis-
2-nitrobenzoic acid reduced/min/mg dry weight. Cytochrome
¢ oxidase activity was determined by measuring oxygen con-
sumption in the presence of 5 mMm ascorbate, 1 mm N,N,N',N'-
tetramethyl-1,4-phenylendiammoniumdichloride, and 0.5 ug/
mg protein antimycin A (all from Sigma). Glucose-6-phosphate
dehydrogenase activity was determined in the following buffer:
30 mm MgCl,, 0.2 M triethanolamine, 15 mm EGTA, and 5 mm
glucose 6-phosphate. NADPH apparition was followed at 340
nm. The enzyme activity was calculated using an extinction
coefficient of 6,200 M~ "«cm ™" at 340 nm.

Electronic Microscopy—The yeast pellets were placed on the
surface of a copper EM grid (400 mesh) that had been coated
with Formvar. Each loop was very quickly submersed in liquid
propane precooled and held at —180 °C by liquid nitrogen. The
loops were then transferred in a precooled solution of 4%
osmium tetroxide in dry acetone in a 1.8-ml polypropylene vial
at —82 °C for 72 h (substitution) and warmed gradually to room
temperature, followed by three washes in dry acetone. Speci-
mens were stained for 1 h in 1% uranyl acetate in acetone at 4 °C
in a black room. After another rinse in dry acetone, the loops
were infiltrated progressively with araldite (epoxy resin, Fluka).
Ultrathin sections were contrasted with lead citrate and
observed with a Hitachi 7650 electron microscope (Bordeaux
Imaging Center-Electronic Microscopy Pole of the University
of Bordeaux Segalen).

Northern Blot—Northern blot analyses were performed as
described previously (24). The HAP4 fragment was amplified by
PCR using S288C genomic DNA and oligonucleotides
5'-CCCGGATCCATCATGACCGCAAAGACT-3" plus 5'-
CGCCTGCAGCTATTTCAAAATACTTGTACC-3" and was
radiolabeled by random priming with Ready-To-Go DNA
Labeling Beads (GE Healthcare). The ACTI probe was pre-
pared as described previously (25).

cAMP Concentration Determination—Yeast cells grown in
the above mentioned medium were harvested after 6 h of incu-
bation in the presence or absence of exogenous cAMP. Cells
were then suction-filtered on glass filters, rapidly washed with
cold medium + 0.1 M NaCl, and suspended in 3 ml of 0.5 M
perchloric acid. The cells were disrupted by vortexing in the
presence of glass beads, followed by centrifugation to remove
insoluble material. After the addition of 7% perchloric acid and
glass beads, the cells were broken by mixing the test tube vig-
orously for 90 s on a vortex mixer. The yeast extract was trans-
ferred to a microcentrifuge tube, and the pH was adjusted to 6.8
with KOMO (0.3 m KOH, 2 M 3-(N-morpholino)propanesulfo-
nic acid (MOPS)). Determination of cAMP in cell extracts was
performed as described previously (27) using a cAMP assay kit,
including a standard (Amersham Biosciences). Cell volume
measurements used to calculate cAMP intracellular concentra-
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TABLE 1
Intracellular cAMP amount and concentration

cAMP was quantitated as described under “Experimental Procedures.” Cellular vol-
ume measurements used to calculate cAMP intracellular concentrations were per-
formed using a Multisizer™" 4 Coulter Counter (Beckman Coulter). Values are
means * S.D. of at least three measurements performed on three independent cell
cultures.

Extracellular cAMP Intracellular cAMP Intracellular cAMP
mm pmol/mg dry weight M

0 2+0.2 4+ 04

1 35 %06 7+12

2 10.6 = 2.1 21 4.1

3 25+ 4 50+ 8

tions were performed using a Multisizer ™ 4 Coulter Counter
(Beckman Coulter).

RESULTS

The Ras/cAMP pathway is a nutrient signaling pathway, and
cellular cAMP content is under tight control, in particular
through its degradation by the type 2 phosphodiesterase gene
(PDE2) product. The OL556 strain is an engineered S. cerevi-
siae strain that allows manipulation of intracellular cAMP
through its addition in the extracellular medium (16). In this
strain, the gene encoding Pde2p is deleted, and Cdc25p activity
is attenuated by a point mutation. We made use of this strain in
order to manipulate intracellular cAMP concentration to vari-
ous extents and study the energy metabolism response to vari-
ations in the activity of the Ras/cAMP pathway. Extracellular
cAMP concentrations of 1-3 mm were used that led to physio-
logical variations of the intracellular cAMP concentration from
4 to 50 um (Table 1) (16, 26, 27). Under these conditions, no
significant modification in cell proliferation was assessed (data
not shown).

Activation of Ras/cAMP Pathway Does Not Modify Cellular
Respiratory State and Decreases Cellular Phosphate Potential—
When yeast cells are grown on a non-fermentable substrate
(such as lactate), growth is respiratory-obligatory, and energy
transduction occurs within the mitochondria. In other words,
the mitochondrial compartment is the main ATP production
site. In order to determine whether the activation of the Ras/
cAMP pathway alters in any way the functioning of the mito-
chondrial compartment, we assessed the cellular respiratory
state. Briefly, the assay used determines the contribution of
ATP synthesis to the oxygen consumption rate. In other words,
it quantifies the degree of coupling between electron flux
through the mitochondrial respiratory chain and ATP genera-
tion. This is assayed by sequentially quantifying the effect of
triethyltin bromide (TET),* a lipophilic inhibitor of the mito-
chondrial ATPase (28), and carbonyl cyanide m-chlorophenyl-
hydrazone (CCCP), a well known uncoupling agent, on the oxy-
gen consumption rate. The CCCP treatment activates oxygen
consumption by dissipating the mitochondrial membrane
potential. An in vivo respiratory state value (RSV) (see scheme
1) can then be calculated using the formula,

d[0,] — d[O,](TET)
d[0,](CCCP) — d[O,](TET)

RSV = X100  (Eq.1)

“The abbreviations used are: TET, triethyltin bromide; CCCP, carbonyl cya-
nide m-chlorophenylhydrazone; RSV, respiratory state value.
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SCHEME 1. Evolution of respiratory state values when the mitochondrial phosphorylating steady state changes (A) or does not change (B). If the in situ
steady state gets closer to a non-phosphorylating state (state 4), the RSV decreases, whereas if the in situ steady state gets closer to a phosphorylating steady
state, the RSV increases (A; amount of mitochondria constant). The “no changes” condition in the in situ mitochondrial steady state is associated with no

changes in RSV (B; increase in the amount of mitochondria).

TABLE 2

Respiratory rates during growth in a CAMP-responsive strain

Cells were grown aerobically in medium containing 2% lactate. Respiratory rate was
determined as described under “Experimental Procedures.” When applicable, TET
was added at 0.2 mm and CCCP at 10 M. Values are means *+ S.D. of at least three
measurements performed on three independent cell cultures. Respiratory state is
defined in Equation 1.

Respiratory rates

cAMP Spontaneous TET cccrp RSV
mm natO/min/mg dry weight

0 120 =9 56 =3 255 £ 20 32

1 151 =13 70 =5 319+ 18 33

2 199 = 14 98 *+9 428 £ 21 31

3 269 + 18 143 £7 529 = 30 33

When cells were treated with increasing concentrations of
cAMP, a concomitant increase in the cellular spontaneous res-
piratory rate occurred (Table 2). The non-phosphorylating res-
piratory rate is also increased concomitantly with increasing
cAMP concentration. Furthermore, the CCCP (uncoupled)
respiration is increased in a comparable extent. These increases
in any (spontaneous, non-phosphorylating, uncoupled) respi-
ratory rate led to a cellular respiratory state that is maintained
whatever the cAMP concentration. These results show that the
activation of the Ras/cAMP pathway does not affect the RSV.
Consequently, the increase in cellular spontaneous respiratory
rate is not due to a mitochondrial uncoupling.

We investigated the influence of these various cAMP con-
centrations on the cellular phosphate potential (AG = AG, +
RTIn(ATP/ADP-P,)), which is a quantitative measurement of
the free energy available in ATP hydrolysis. This potential is a
critical parameter for cell growth and energy metabolism. The
addition of cAMP (from 1 to 3 mm) to yeast cells induced a
decrease in cellular ATP concentration associated with an
increase in ADP concentration (Fig. 14), showing a net hydrol-
ysis of ATP. This induced a decrease in the cellular ATP/ADP
ratio (Fig. 1B). We also assessed intracellular P; concentration
and determined the variations in ATP/ADP-P; ratio in our
experimental conditions. This ratio that reflects the phosphate
potential was decreased, and this decrease was comparable with
the ATP/ADP ratio decrease upon cAMP stimulation (Fig. 1B).
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FIGURE 1. A, adenine nucleotide variations induced by cAMP. Adenine nucle-
otides were measured as described under “Experimental Procedures.” Results
are means of at least three separate experiments = S.D. (error bars). B, ATP/
ADP and ATP/ADP-P; ratio variations induced by cAMP. P; was measured as
described under “Experimental Procedures.” Results are means of at least
three separate experiments = S.D.

Altogether, these data show that cAMP induces a decrease in
phosphate potential that is dependent on cAMP concentration.

As stated above (see Introduction), a modification in the cel-
lular respiratory rate can be due either to a kinetic regulation of
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FIGURE 2. A, cellular cytochrome content variations induced by cAMP. Cytochrome content was determined as described under “Experimental Procedures.”
Results are mean = S.D. (error bars) of at least three measurements performed on three independent cell cultures. ®, cytochrome cc;; ¢, cytochrome b; X,
cytochrome aas. B, mitochondrial enzymatic activities variations induced by cAMP. Enzymatic activities (i.e. citrate synthase (CS), cytochrome oxidase (COX),
and glucose-6-phosphate dehydrogenase (G6PDH)) were measured as described under “Experimental Procedures.” Results are mean = S.D. of at least three
measurements performed on three independent cell cultures. B, citrate synthase; ¢, cytochrome oxidase; ®, glucose-6-phosphate dehydrogenase. C, cellular
cytochrome content, respiratory rates, and enzymatic activities in the presence of increasing concentrations of cAMP. Cytochromes, respiratory rates (JO2), and
enzymatic activities were measured on yeast cells as described under “Experimental Procedures.”

the respiratory chain activity or a modulation in the amount of
mitochondria within a cell. Consequently, we assessed the
mitochondrial amount in the cAMP-responsive cells that pres-
ent a decrease in the cellular phosphate potential.

Decreasing Cellular Phosphate Potential Led to Increase in
Mitochondria within Cell—The amount of mitochondria
within a cell can be assessed through the cellular content in
mitochondrial cytochromes (2). This parameter was shown to
be the most relevant one to determine the cellular content in
oxidative phosphorylation complexes (1, 10, 15, 29). Mitochon-
drial cytochromes were measured in cells upon cellular treat-
ment with increasing concentrations of cAMP that led to a
decrease in the cellular phosphate potential. When increasing
cAMP concentration, mitochondrial cytochromes concomi-
tantly increased (Fig. 24). Furthermore, all mitochondrial cyto-
chromes exhibited a proportional increase, pointing to a possi-
ble overall regulation of the mitochondrial compartment. This
was further confirmed by assessing two mitochondrial activi-
ties: mitochondrial citrate synthase, which is well recognized as
a marker of the mitochondrial amount within a cell, and cyto-
chrome c oxidase. Both enzymes exhibited an increase in their
activities that is comparable with the increase in the cellular
cytochrome amounts (Fig. 2B). Furthermore, the observed
increase in cellular mitochondrial content upon increasing
cAMP/decreasing the cellular phosphate potential was indeed
specific to the mitochondrial compartment as shown by the
activity of a cytosolic enzyme (glucose-6-phosphate dehydro-
genase (G6PDH)) whose activity is not affected at all (Fig. 2B).
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Last, when all of the mitochondrial activities/contents were
plotted as a percentage of the control cells (i.e. without cAMP),
they all exhibited a comparable increase (Fig. 2C). This strongly
suggests that an activation of the Ras/cAMP pathway and a
decrease in the cellular phosphate potential induce an increase
in the cellular amount of the mitochondrial compartment as a
whole. Moreover, electron micrographs of the cells that exhibit
an increase in cytochrome content upon increasing cAMP con-
centration in the medium were performed. These micrographs
show that the increase in cytochrome contents is associated
with an increase of the cellular mitochondrial population (high-
lighted in white; Fig. 3). These results show that an activation of
the Ras/cAMP pathway led to an increase in mitochondria
within the cell without any kinetic regulation of the respiratory
chain (see RSV in Table 2).

Decrease in Cellular Phosphate Potential Induced Mitochon-
drial Biogenesis—The amount of mitochondria within a cell is
controlled by its turnover (i.e. the respective rates of mitochon-
drial biogenesis and mitochondrial degradation). The HAP
complex has been shown to be involved in the specific induc-
tion of genes involved in gluconeogenesis, metabolism of alter-
nate carbon sources, respiration, and mitochondrial develop-
ment. Indeed, the disruption of any subunits of this complex
renders the cells unable to grow on non-fermentable carbon
sources (6, 8, 30, 31). Moreover, many genes involved in energy
metabolism have been shown to be regulated by this complex
(9, 32, 33). In order to determine whether the biogenesis of the
mitochondrial compartment was affected by a cAMP increase
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2 mM. Av : 9-10 mitochondria

3 mM. Av : 14-15 mitochondria

FIGURE 3. Electron micrographs of cells upon cAMP treatment. Ultrastructural studies were performed as described under “Experimental Procedures.” The
cells shown are representative of the average cell in the considered conditions. cAMP concentration (mwm) is shown. Mitochondria are highlighted in white. Av,
average number of mitochondria (assessed in about 20 cells/experimental condition).

and a concomitant decrease in cellular phosphate potential, we
assessed the activity of the HAP complex with a widely used
reporter gene, pCYCl-lacZ (pLG669Z) (34). We indeed
observed an increase in the activity of the transcription factor
HAP in our experimental conditions (Fig. 44). Furthermore,
the master regulator of the activity of this multicomplex is the
subunit Hap4p, whose expression was increased upon cAMP
addition (Fig. 44). Last, the increased activity of this transcrip-
tion factor complex was similar to the increase in mitochon-
drial amount, which pointed to an overall increase in mitochon-
drial biogenesis (see Figs. 2C and 4B). In order to determine the
origin of the increase in Hap4p in our experimental conditions,
both HAP4 mRNA and Hap4p turnover were assessed.
Whereas the transcript levels for Hap4p decreased upon cAMP
treatment, Hap4p stability significantly increased upon cAMP
exposure. Fig. 5 thus shows that the observed increase in Hap4p
levels is due to an increase in the protein stability (i.e. decrease
in its turnover).

Mitochondrial Biogenesis Was Controlled by Glutathione
Redox State—The question then arose as of the origin of this
increase in mitochondrial biogenesis upon decreasing the cel-
lular phosphate potential. We have previously shown that
Hap4p amount is sensitive to oxidative stress (10). Moreover, it
has been shown that a decrease in cellular phosphate potential
relieves the redox pressure on the respiratory chain (35). If such
a situation holds true in our experimental conditions, the cel-
lular redox state should be increased (i.e. more reduced).
Because one of the best indicators of this redox state is the
glutathione (36), we assessed the cellular glutathione redox
state in our experimental conditions. We observed an increase
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in glutathione redox state upon cAMP treatment of the cells
(Fig. 6A). Furthermore, there was a linear relationship between
the cellular ATP/ADP-P; ratio and the glutathione redox state,
which strengthens our hypothesis of a decrease in the redox
pressure on the respiratory chain when the cellular phosphate
potential decreases (Fig. 6B).

The glutathione redox state is mostly maintained within the
cell thanks to the glutathione reductase (GLRI), which reduces
back the oxidized form (GSSG). Consequently, the glutathione
redox state is decreased (i.e. more oxidized) in the null mutant
for this enzyme. Although this mutant is sensitive to oxidative
stress (37), it is perfectly viable, and the glutathione redox state
can be increased in the mutant by the addition of exogenous
reduced glutathione to the culture medium (38). We have pre-
viously shown that when cells are grown on non-fermentable
substrate, where growth is respiratory-obligatory, a linear rela-
tionship exists between cellular respiratory and growth rates,
both parameters being related to the amount of mitochondria
within the cell (2). Consequently, we assessed both the respira-
tory and growth rates in a wild type strain and in the Aglr1 strain
in the presence or absence of reduced glutathione and the anti-
oxidants ascorbate and lipoate. The cellular respiratory rate
was highly decreased in the Aglr1 strain compared with the wild
type strain (Fig. 7A), and this decrease was partly reversed by
the addition of reduced glutathione to the culture medium,
whereas the antioxidant ascorbate had very little effect and
lipoate had no effect at all. The growth rates of these strains in
the presence or absence of reduced glutathione varied accord-
ing to the respiratory rate (data not shown). Moreover, the
amount of transcription co-activator Hap4p was decreased in
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the Aglrl strain when compared with the wild type strain, and
its amount increased back when reduced glutathione was
added, whereas ascorbate and lipoate had no effect on Hap4p
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GSSG were measured as described under “Experimental Procedures.” Results
are means of at least three separate experiments = S.D. (error bars). B, rela-
tionship between the glutathione redox state and the cellular phosphate
potential. Values for the cellular phosphate potential are from Fig. 1B.

amount either in the wild type cells (not shown) or in the AglrI
cells (Fig. 7B). This further supports a specific role of the gluta-
thione redox state in the control of the biogenesis of the mito-
chondrial compartment through Hap4p.

Last, to determine whether the response of Hap4p amount to
the cellular redox state was downstream of the cellular phos-
phate potential variations, the kinetics of Hap4p amount rever-
sion in the Aglr1 strain was assessed. Upon the addition of GSH
to the Aglr1 cells, Hap4p amount increased in 10 min (Fig. 8),
whereas in that time scale, there was no significant variation of
the cellular phosphate potential (data not shown). This shows
that the control of mitochondrial biogenesis through the tran-
scriptional co-activator Hap4p is tightly linked to the glutathi-
one redox state, which acts downstream of the cellular phos-
phate potential.

DISCUSSION

In aerobic living systems, the oxidative phosphorylation
activity can vary widely to adequately match ATP synthesis to
energy demand according to physiological or pathological con-
ditions. Here, we studied cellular chronic adaptation to an
increase in ATP utilization induced by cAMP and evidenced by
a decrease in ATP/ADP-P; ratio. Altogether, our results show
that the cellular adaptation to a chronic decrease in ATP/
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FIGURE 8. Kinetics of Hap4p decrease reversion by reduced glutathione
in the Aglr1 strain. Western blot was performed as described under “Exper-
imental Procedures.” The blot is representative of three such experiments.
Cells were grown as described under “Experimental Procedures.” When
added, reduced glutathione was 5 mm. Input was assessed using a commer-
cial antibody directed against phosphoglycerate kinase (Pgk1p; Invitrogen).

ADP-P; ratio consists in an induction of mitochondrial biogen-
esis, as evidenced by the overall increase in mitochondrial mass
within the cell and an increased activity of the HAP complex
driven by a regulation in the amount of the master regulator of
this complex: Hap4p. We show that this increase in Hap4p
amount originates in an increase in the protein stability. Such a
process allows an increase in ATP synthesis flux within the cell
without any change in the cellular respiratory state (RSV). Fur-
ther investigation of the molecular mechanisms involved in this
process showed that a chronic decrease in ATP/ADP-P,; ratio
induced an increase in the intracellular glutathione redox state.
Cellular mechanisms that maintain redox homeostasis are cru-
cial, because they provide a buffer against conditions that may

14576 JOURNAL OF BIOLOGICAL CHEMISTRY

perturb the redox environment of cells and/or induce oxidative
stress (36, 39, 40). The abundance of glutathione (1-10 mm) in
cells and its low redox potential (—240 mV) make the glutathi-
one system a major intracellular redox buffer in most cells (36,
41, 42). Moreover, the post-translational consequences of cel-
lular redox perturbation (e.g. thiol residue status) are most
likely the main regulatory processes besides phosphorylation
(36). Evidence is now cumulating that cell fate and proliferation
depend on its redox status (43—46). Our study pinpoints a cru-
cial intermediate in the process of redox control of mitochon-
drial biogenesis and cell growth that is the glutathione redox
state. We show that the transcriptional complex in charge of
mitochondrial biogenesis, the HAP complex, is a key compo-
nent of this system. It is noteworthy that recent analysis of the
cellular consequences of glutathione depletion demonstrated a
down-regulation of genes that encode mitochondrial proteins
and are regulated by the HAP complex (47). Using the AglrI
strain, we determined that the glutathione redox state regulates
mitochondrial biogenesis. In this strain, which has a highly oxi-
dized redox status, mitochondrial biogenesis is highly impaired,
and this can be reversed by the addition of reduced glutathione
to the cells. Furthermore, short term kinetics assessment of the
amount of the master regulator Hap4p clearly shows that it is
rapidly up-regulated by the addition of reduced glutathione to
Aglr1 cells.

Altogether, our results show that the long term cellular
adjustment to an increase in energy demand (i.e. decrease in
cellular phosphate potential) is a proportional increase in mito-
chondrial biogenesis. A crucial intermediate in this process is
the glutathione redox state that controls the amount of Hap4p,
the master regulator of mitochondrial biogenesis.
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