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The present study shows that in isolatedmitochondria andmyoblast cultures depletion of cAMP, induced by sAC
inhibition, depresses both ATP synthesis and hydrolysis by the FOF1 ATP synthase (complex V) of the oxidative
phosphorylation system (OXPHOS). These effects are accompanied by the decrease of the respiratory membrane
potential, decreased level of FOF1 connecting subunits and depressed oligomerization of the complex. All these
effects of sAC inhibition are prevented by the addition of the membrane-permeant 8-Br-cAMP. These results
show, for the first time, that cAMP promotes ATP production by complex V and prevents, at the same time, its
detour to a mitochondrial membrane leak conductance, which is involved in cell death.
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1. Introduction

In mammalian cells cAMP can be produced by the transmembrane
adenylyl cyclase (tmAC) or by the soluble cyclase (sAC) and degraded
to 5′-AMP by phosphodiesterases [1,2]. cAMP released in the cytosol
by tmAC, acts as secondmessenger in response to the binding to specific
receptors of extracellular signal molecules, like hormones and neuro-
transmitters (cAMP cascade), and activates different processes
interacting with independent cAMP signaling microdomains [2,3]. sAC,
widely expressed in different subcellular compartments, including cyto-
sol, nuclei, mitochondria etc., activated by bicarbonate [4] and Ca2+. [5,
6], amplifies the regulatory effects of cAMP, it is to say that sAC provides
an additional dimension to the signaling activity of cAMP, which can be
degraded by specific phosphodiesterases in the same compartment
where it is produced by adenylyl cyclases [2,7]. In mitochondria cAMP
can interact with separate microdomains localized both on the outer
mitochondrial membrane [8] and in the mitochondrial matrix [9],
being the inner mitochondrial membrane impermeable to cytosolic
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cAMP [6]. Work from different laboratories has shown that both the
cAMP produced outside [10,11] and that produced inside mitochondria
[2,12,13] play a critical role in the regulation of functional activity of re-
spiratory chain complex I [10,11] and complex IV [2,13], mitochondrial
biogenesis [14], mitochondrial dynamics [15], mitochondrial free radi-
cal balance [16] and human diseases [14,17]. Contribution from our lab-
oratory has characterized the role of the cAMP/PKA (cAMP dependent
protein kinase) system in the regulation of functional activity [11] and
turnover [18] of complex I and the role of its dysfunction inneurodegen-
erative disorders [14]. In particular, it has been found that, cytosolic
cAMP produced by tmAC, in response to extracellular signal molecules
(cAMP cascade), has an impact on complex I [11,13].

We have now studied in isolated rat-liver mitochondria and rat-
heartmyoblasts the impact of cAMP on the functional activity and struc-
tural organization of the mitochondrial FOF1 ATP synthase (complex
V) of the oxidative phosphorylation system (OXPHOS).

In mammalian mitochondria complex V is composed of 18 different
subunits assembled in three sectors, the F1 extrinsic catalytic sector, the
FO membrane, proton translocating sector and the F1–FO connecting
stalk [19,20]. Eight different subunits 3 α, 3 β, 1 γ, 1 δ and 1 ε of F1
and 1 a, 1 b, 10–12 c subunits of FO are conserved from prokaryotes to
eukaryotes, all the others are supernumerary subunits of the eukaryotic
complex. Subunits c, γ, δ and ε constitute a rotor element, whose ΔμH+

driven motion, within a stator element composed of F1-α, F1-β, FO-a
and some of the supernumerary subunits, support ATP synthesis at
the catalytic α/β site [21]. ATP hydrolysis drives motion of the rotor,
in the opposite direction of ATP synthesis, with generation of ΔμH+

[21,22]. In yeast and mammalian mitochondria complex V exists in
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monomeric, dimeric and oligomeric states [20,23–25]. Complex V
oligomerization appears to determine the cristae organization of the
inner mitochondrial membrane [26] thus optimizing energy coupling
[27,28]. Impairment of the structural and functional organization of
the ATP synthase complex results in a membrane leak [27,29], appar-
ently involving subunit c [30,31]. There is evidence that this leak repre-
sents an essential component of the mitochondrial permeability
transition pore (mPTP) [30,31], which is involved in cell death [32].

The results of the present work on isolated rat-liver mitochondria
(RLM) and rat-heart myoblast cultures show that cAMP regulates the
ATP hydrolytic and synthase activities, coupling efficiency, oligomeriza-
tion and stability of some stalk subunits of the FOF1 ATP synthase.
2. Materials and methods

2.1. Isolation of mitochondria and treatments

Rat liver mitochondria (RLM) were isolated by differential centrifu-
gation as described in [33]. After isolation,mitochondriawere incubated
for 10 min at 30 °C in 10 mM Tris–HCl, pH 7.4; 25 mM sucrose; 75 mM
sorbitol; 100 mM KCl; 10 mM K2HPO4; 0.05 mM EDTA; 5 mM MgCl2;
1 mg/ml BSA. Further conditions are specified in the legends to figures.
2.2. Cell cultures and treatments

Rat heart myoblasts (H9c2, A.T.T.C. #CRL1446) were grown in the
exponential phase in high glucose Dulbecco's modified Eagle's medium
(DMEM, EuroClone) supplemented with 10% fetal bovine serum (FBS),
plus 2 mM glutamine (Euroclone), 100 IU/ml penicillin (Euroclone)
and 100 IU/ml streptomycin (Euroclone) at 37 °C. Further conditions
are specified in the legends to figures.
2.3. cAMP assay

cAMP level wasmeasured in RLM samples using a direct immunoas-
say kit (Assay Designs, Ann Arbor, Michigan, USA) as described by the
manufacturer. Briefly, after incubation RLMwere pelleted by centrifuga-
tion and resuspended in 0.1 N HCl, centrifuged 1000 ×g, for 10min and
the supernatant used for cAMP determination. Total protein concentra-
tion was determined by Bio-Rad protein assay. For cAMP assay in the
cultured cells, the medium was aspirated and 1 ml of 0.1 M HCl was
added to the cell layer followed by 10 min incubation at 37 °C. The
lysed cells were scraped into Eppendorf tubes. The sampleswere centri-
fuged at 1300 ×g for 10 min at 4 °C. The supernatants were used to de-
termine cAMP concentration using a direct immunoassay kit (Assay
Designs) as described by the manufacturer. Total protein concentration
was determined by Bio Rad protein assay. The cAMP levels in the sam-
ples were normalized to the protein concentration and expressed as
pmol/mg protein.
2.4. Measurement of activities of the respiratory chain complexes

RLMwere frozen and thawed three times to allow complete accessi-
bility of substrates to the enzymes.

Harvested myoblasts were exposed to ultrasound energy for 15 s at
0 °C. After exposure to ultrasounds, the cellular lysate was centrifuged
at 500 ×g for 5 min at 4 °C and the supernatant recovered and centri-
fuged at 20,000 ×g for 5 min at 4 °C. The pellet was used for the
determinations.

The NADH-UQ oxidoreductase (complex I), succinate-cytochrome c
oxidoreductase (complex II + III) and cytochrome c oxidase (complex
IV) activities were performed as described in [18].
2.5. Measurement of FOF1 ATPase activity

ATP hydrolase activity was measured by an ATP-regenerating
system. Frozen and thawed RLM or myoblasts cells were suspended
(at 0.1 mg protein/ml) in a buffer consisting of 375 mM sucrose,
75 mM KCl, 30 mM Tris–HCl pH 7.4, 3 mM MgCl2, 2 mM PEP, 55 U/ml
lactate dehydrogenase, 40 U/ml pyruvate kinase, 0.3mMNADH. The re-
action was started by the addition of 1 mM ATP and the oxidation of
NADH was followed at 340 nm.

2.6. Measurement of mitochondrial ATP production

RLMwere suspended at 0.2 mg protein/ml in 75mM sucrose, 50 mM
KCl, 30mMTRIS, 2mMKH2PO4, 10mMEGTA, pH7.4, supplementedwith
10 mM succinate, 0.3 mM ADP and 0.3 mM P1,P5-di(adenosine-5′)
pentaphosphate (Ap5A) in the presence or in the absence of 2 μg/mg pro-
tein of oligomycin. After five minute incubation at 30 °C, mito-
chondrial ATP was measured using a luciferin–luciferase reaction
system (PROMEGA, Madison, Wisconsin, USA).

2.7. Measurement of membrane potential

The mitochondrial membrane potential (Δψ) in RLMwas measured
following the safranin-O fluorescence quenching at 525 nm (excita-
tion), 575 nm (emission) with a Jasco FP 6200 spectrofluorimeter.
RLM (0.25 mg/ml) were suspended in 1 ml of 75 mM sucrose, 50 mM
KCl, 30 mM Tris–HCl, (pH 7.4), 2 mM KH2PO4, 2 mMMgCl2 and 10 μM
EGTA, supplemented with 5 μM safranin-O, at 25 °C. Δψwas generated
by the addition of 10 mM succinate (in the presence of 2 μg/ml rote-
none) or by the addition of 1.5 mM ATP. Other details are specified in
the legend to Fig. 3. The mitochondrial membrane potential in myo-
blasts was measured using a laser scanning confocal microscope analy-
sis (LSCM) (Leica TCS SP8 microscope; images were collected using a
60× objective) on cells seeded onto fibronectin-coated glass-bottom
dishes. The living cells were incubated for 15 min with 0.3 μM
MitoTracker probe (554 nm excitation and 576 nm emission wave-
length), washed with Krebs' buffered salt solution (20 mM Hepes,
pH 7.4, 135 mM NaCl, 5 mM KCl, 0.4 mM KH2PO4, 1 mM MgSO4, 0.1%
w/v glucose, 1mMCaCl2), and examined by LSCM. The red fluorescence
intensity of MitoTracker was analyzed by exciting the sample with a
solid state laser 552 nm. Acquisition, storage, and data analysis were
done using Leica software.

2.8. Measurement of oxygen consumption rate

The respiratory activity of liver mitochondria was measured polaro-
graphically with a Clark-type electrode, in an all-glass reaction chamber
magnetically stirred, at 30 °C. RLM, suspended at a final concentration of
0.25 mg/ml, or 106 myoblast cells were resuspended in 75 mM sucrose,
50 mM KCl, 30 mM Tris–HCl, (pH 7.4), 2 mM KH2PO4, 2 mMMgCl2 and
10 μM EGTA. State IV respiration was started by the addition of 10 mM
succinate in the presence of 2 μg/ml rotenone. State III and uncoupled
respiration were obtained by adding ADP (0.5 mM) and CCCP
(0.25 μM), respectively. Formeasurement of OXPHOS efficiency (P/O ra-
tios), succinate-dependent respiration was stimulated transiently by
the addition of 0.08 mM ADP. 0.3 mM P1,P5-di(adenosine-5′)
pentaphosphate (Ap5A) was added to prevent dissipation of ADP by
adenylate kinase. The P/O was calculated as the ratio between the
amount (nano-moles) of added ADP and the oxygen (natoms) con-
sumed during the ADP-induced state 3 respiration.

2.9. Electrophoretic procedures and Western blotting

RLM were isolated and treated as described before. Myoblasts were
harvested from Petri dishes with 0.05% trypsin, 0.02% EDTA, pelleted
by centrifugation at 500 ×g and then resuspended in phosphate-
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buffered saline, pH 7.4 (PBS). For SDS-PAGE, RLM and myoblasts sus-
pensions were resuspended in lysis buffer at final concentration of
2 mg/ml, loaded on 8% polyacrylamide gel, transferred to a nitrocellu-
lose membrane and immunoblotted with the antibodies described in
Fig. 5. Densitometric analysis was performed by VersaDoc imaging sys-
tem (BioRad,Milan, Italy) usingQuantityOne software (BioRad). The su-
pramolecular organization of the ATP synthase was evaluated by CN-
PAGE. For RLM, 500 mg of mitochondrial proteins was pelleted by cen-
trifugation for 10 min at 12,000 ×g at 4 °C. The pellet was solubilized at
10mg/ml in extraction buffer (150mMpotassium acetate, 12% glycerol
(w/v), 2 mM 6-aminocaproic acid, 1 mM disodic EDTA, 30 mM HEPES
pH 7.4) supplemented with digitonin (3.5 mg/mg mitochondrial pro-
tein). After 20 min on ice, mitochondrial extracts were centrifuged for
30 min at 20,000 ×g at 4 °C. Supernatants were supplemented with
36 mM 6-aminocaproic acid and loaded onto polyacrylamide gradient
(3–13%) gel. CN-PAGE as in [34]. For myoblasts, the harvested cells
were resuspended in PBS and treated with digitonin (2 mg/mg cellular
protein), for 10min on ice, and then centrifuged for 10min at 10,000×g
at 4 °C. The recovered pellet, enriched in mitochondria, was resuspend-
ed in extraction buffer supplemented with digitonin (9mg/mg protein)
for 15 min on ice, and then centrifuged for 20 min at 20,000 ×g at 4 °C.
Supernatants were loaded onto polyacrylamide gradient (3–13%) gel.

2.10. In-gel ATPase activity

After electrophoresis the gels were incubated at room temperature
in 35 mM Tris–HCl pH 7.4, 270 mM glycine, 14 mM MgSO4, 0.2% (w/v)
Pb(NO3)2 and 8.0 mMATP. ATPase activity was revealed by a white pre-
cipitate on the gel of lead phosphate [35]. Densitometric analysis was
performed by VersaDoc imaging system.

2.11. Animal care

All experiments were performed in accordance with national and
institutional guidelines for animal welfare, adhering to protocols
Fig. 1.KH7 and CAI lower the cAMP level in RLM andmyoblast cultures. Panel A, RLMwere trea
50 μMor 100 μM). Panel B,myoblast cultureswere treated for 30min in the absence (CTRL) or i
duplicate determinations of cAMP level in three separate RLM preparations (panel A) or myob
deviations.****p b 0.001: KH7 vs CTRL; ####p b 0.001, ###p b 0.005: 1 μM CAI vs CTRL; ⁰⁰⁰⁰p
Student's t test. For other experimental details see under Materials and methods.
approved by the institutional committee on research animal care. A
written confirmation of authorizationwas obtained from local authority
(n. 60895-X10, Comitato Etico per la Sperimentazione Animale, Area
Sicurezza sul Lavoro, Dipartimento Amministrativo per la Sanità, Uni-
versity of Bari).
3. Results

3.1. Effect of cAMP on the activity of OXPHOS complexes in RLM and myo-
blast cultures

Analysis of the mitochondrial cAMP level in RLM shows that, under
the experimental conditions used, RLM treatment with 50 μM KH7, an
inhibitor of sAC [12], reduced significantly the cAMP level (Fig. 1A)
(see also ref. [18]). RLM treatment with acetazolamide, a carbonic
anhydrase inhibitor (CAI) which indirectly inhibits sAC [12,36], also re-
duced themitochondrial cAMP level (see also [12 and 37]) (Fig. 1A). CAI
treatment of myoblast cultures reduced the cAMP content of the myo-
blast lysate (Fig. 1B). It can be noted that whilst in RLM, increase of
CAI concentration from1 to 100 μMdid not reduce further the cAMPmi-
tochondrial level, in myoblast cultures, the reduction of cAMP content
increased as the CAI concentration was raised up to 50 μM, but it was
not that extensive as that caused in RLM. Thus the additional experi-
ments on the effects of CAI were carried out at 1 μM for RLM and
50 μM for myoblast cultures.

KH7 or CAI treatment of RLM, which depressed the activity of com-
plex IV (see [12]) caused also inhibition of the ATP hydrolase activity
(Fig. 2). Both these effects were reversed by the addition of the
membrane-permeant cAMP analog, 8-Br-cAMP, but not by the addition
of membrane-impermeant cAMP (Fig. 2). It can be noted that specific
inhibitors of PKA, like the permeant inhibitory peptide PKI (protein ki-
nase inhibitor) and the competitive inhibitor H89, had no effect on the
ATP hydrolase activity of control RLM, neither did these inhibitors pre-
vent the rescue effect exerted by 8-Br-cAMP on the KH7 depressed
ATP hydrolase activity (see inset of Fig. 2). Treatment of myoblast
ted for 10min at 30 °C in the absence (CTRL) or in the presence of 50 μMKH7 or CAI (1 μM,
n the presence of CAI 1 μM, 50 μMor 100 μM. The histograms represent themean values of
last cultures (panel B), expressed as pmoles per mg protein. Error bars indicate standard
b 0.001, ⁰⁰⁰p b 0.005: 50 μM CAI vs CTRL; ‡‡‡p b 0.005, ‡p b 0.05: 100 μM CAI vs CTRL.



Fig. 2. Effects of KH7, CAI and cAMP on respiratory chain complexes and ATP hydrolase activities in RLM and myoblast cultures. Panels A–D, RLM were treated for 10 min at 30 °C in the
absence (CTRL) or in the presence where indicated of 50 μM KH7 (KH7), KH7 plus 100 μM 8-Br-cAMP (KH7 + 8-Br), KH7 plus 100 μM cAMP (KH7 + cAMP), 1 μM CAI (CAI) or CAI plus
100 μM 8-Br-cAMP (CAI + 8-Br). Panels E–F, myoblast cultures were treated for 30 min in the absence (CTRL) or in the presence of 50 μM CAI (CAI) or CAI plus 100 μM 8-Br-cAMP
(CAI + 8-Br). After incubation, the activities of NADH:ubiquinone oxidoreductase (panel A), complex II + III (panel B), cytochrome c oxidase (panels C and E) and ATP hydrolase
(panels D and F) were determined as described under Materials and methods. Inset, ATP hydrolase activity in RLM treated for 10 min at 30 °C in the absence (CTRL) or in the presence
1 μM permeant PKI (PKI), 5 μM H89 (H89), of KH7 (KH7), KH7 plus 8-Br-cAMP (KH7 + 8-Br), KH7 plus 8-Br-cAMP and PKI (KH7 + 8-Br + PKI) and KH7 plus 8-Br-cAMP and H89
(KH7 + 8-Br + H89). The histograms represent the mean values of duplicate determinations in three separate RLM preparations (panels A–D) or myoblast cultures (panels E–F).
Errors bars indicate standard deviations. ****p b 0.001,*p b 0.05: KH7 vs CTRL; ###p b 0.005, #p b 0.05: KH7 + 8-Br-cAMP vs KH7; ⁰⁰⁰p b 0.005, ⁰p b 0.05: CAI vs CTRL; ‡‡‡p b 0.005,
‡‡p b 0.01, ‡p b 0.05: CAI + 8-Br-cAMP vs CAI. Student's t test. For experimental details see under Materials and methods and legend to Fig. 1.
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cultures with CAI also depressed the activities of complex IV (see [12])
and ATP hydrolase (Fig. 2), both effects being reversed by the addition
of 8-Br-cAMP (Fig. 2). In isolated RLM no effect of KH7, CAI or 8-Br-
cAMP was, under the prevailing conditions used, observed on the spe-
cific activities of complex I and complex II + III (Fig. 2).

3.2. cAMP preserves the mitochondrial membrane potential

Fig. 3 shows the effects of KH7, CAI and 8-Br-cAMP on themitochon-
drial membrane potential monitored by quenching of safranin
fluorescence in RLM and the effects of CAI and 8-Br-cAMP on the mito-
chondrial membrane potential in myoblast cultures, monitored by con-
focal microscopy using the MitoTracker probe. KH7 or CAI treatment of
RLM caused a reduction in the extent of the mitochondrial membrane
potential, generated by succinate used as respiratory substrate (Fig. 3A
and B). The depressing effect of KH7 and CAI was prevented by the con-
comitant presence of 8-Br-cAMP. The ADP induced drop of the mito-
chondrial membrane potential, which was abolished by oligomycin,
the inhibitor of the ATP synthase (Fig. 3B), was depressed by RLM treat-
mentwith KH7or CAI and restored by8-Br-cAMP (Fig. 3A). The traces in



Fig. 3. KH7 and CAI impair and 8-Br-cAMP rescues themitochondrial membrane potential in RLM andmyoblast cultures. Panels A–C, RLMwere treated for 10min at 30 °C in the absence
(CTRL) or in the presence, where indicated, of KH7 (KH7), KH7 plus 8-Br-cAMP (KH7+8-Br), CAI (CAI) or CAI plus 8-Br-cAMP (CAI+ 8-Br). Themitochondrialmembrane potential (Δψ)
wasmonitored following the safranin-Ofluorescence quenching. Panels A and B,Δψwasgenerated by the addition of 10mMsuccinate to RLM.Where indicated 0.3mMADPwas added, in
the absence or presence of 2 μg/ml oligomycin. Δψ dissipation by 0.25 μM CCCP addition is shown in the inset. The histograms represent the mean values of duplicate determinations in
three separate RLM preparations of the extent of succinate-supported Δψ and the ADP-dependent drop of Δψ expressed as percentage of the proper extent of succinate-dependent Δψ.
Errors bars indicate standard deviations. Panel C, Δψ was generated in RLM by the addition of 1.5 mM ATP to RLM. Panel D, LSCM of mitochondrial membrane potential detected by
red fluorescence of MitoTracker probe in myoblast cultures treated for 30 min in the absence (CTRL) or in the presence of 50 μM CAI (CAI) or CAI plus 8-Br-cAMP (CAI + 8-Br). The
intensity of fluorescence is expressed in arbitrary densitometric units (ADU) as percentage changes with respect to control. The histograms represent the mean values of
determinations in three separate myoblast cultures preparations. Errors bars indicate standard deviations. ****p b 0.001: KH7 vs CTRL; ####p b 0.001, #p b 0.05: KH7 + 8-Br-cAMP vs
KH7; ⁰⁰p b 0.01: CAI vs CTRL; ‡‡‡p b 0.005, ‡p b 0.05: CAI + 8-Br-cAMP vs CAI. Student's t test. For experimental details see under Materials and methods and legend to Figs. 1 and 2.
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Fig. 3C show that KH7 caused a decrease in the extent of themembrane
potential generated by ATP hydrolysis, an effect which was also
prevented by 8-Br-cAMP. Laser scanning confocal microscopy showed
that treatment of myoblast cultures with 50 μM CAI resulted in a de-
crease of the mitochondrial membrane potential, which was reversed
by the addition of 8-Br-cAMP (Fig. 3D).

In RLM, KH7 treatment exerted a stimulatory effect on succinate
supported respiration both in state IV and ADP induced state III.
CAI treatment exerted a stimulatory effect only in state IV (Fig. 4A and
B). These effects of KH7 and CAI were prevented by 8-Br-cAMP.
No change was observed in CCCP-stimulated succinate respiration
(Fig. 4C). KH7 treatment of RLM resulted in a drop of the P/O ratio
(Fig. 4D) and in the oligomycin sensitive ATP production (Fig. 4E),
both effects being counteracted by the addition of 8-Br-cAMP.
The stimulatory effect of CAI on succinate supported respiration in
state IV, as well as the CAI induced drop of the P/O ratio, was also
observed inmyoblast cultures (Fig. 4F and I), both effects being reversed
by the addition of 8-Br-cAMP (Fig. 4F and I). Also in myoblast cultures
no change was caused by CAI on succinate supported respiration
in the ADP induced state III and CCCP-stimulated respiration (Fig. 4G
and H).
3.3. cAMP preserves the level of ATP synthase subunits and its supramolec-
ular organization

The effect of KH7 and CAI on the amount of the ATP synthase
subunits in RLM was analyzed by SDS-PAGE of the mitochondrial pro-
teins and immunoblotting with specific antibodies. The contents of α,
β and IF1 subunits were unaffected by KH7 or CAI treatment of RLM
(Fig. 5A). The contents of OSCP, d and ATP6 subunits of the stator of
the complex were, instead, reduced in KH7 and CAI treated RLM and
rescued by the concomitant presence of 8-Br-cAMP (Fig. 5A). In CAI
treated myoblast cultures reduced levels of OSCP, d and ATP6 subunits
of ATP synthase were observed, all rescued by 8-Br-cAMP. No change
was caused by CAI in the content of α, β and IF1 subunits (Fig. 5B).

Since a specific reduction of the stator element of ATP synthase has
been associated with alteration of its supramolecular organization
[28], the ATP synthase oligomerization statewas analyzed by separation
of protein complexes in clear-native polyacrylamide gel electrophoresis
(CN-PAGE). The in-gel ATPase activity of untreated RLM, revealedmore
bands (Fig. 6A and B). These bands can be attributed to themonomeric,
dimeric and oligomeric forms of ATP synthase. The treatment of RLM
with KH7 resulted in a decrease of the oligomeric form of the complex



Fig. 4. KH7 and CAI affect the respiratory rate, P/O and ATP production in RLM and myoblast cultures. Panels A–E, RLM were treated for 10 min at 30 °C in the absence (CTRL) or in the
presence, where indicated, of KH7 (KH7), KH7 plus 8-Br-cAMP (KH7 + 8-Br), CAI (CAI) or CAI plus 8-Br-cAMP (CAI + 8-Br) as described in the figure. Panels F–I, myoblast cultures
treated for 30 min in the absence (CTRL) or in the presence of CAI (CAI) or CAI plus 8-Br-cAMP (CAI + 8-Br). Panels A and F, oxygen consumption in RLM and myoblasts, respectively,
supplemented with 10 mM succinate plus rotenone (state IV). Panels B and G, oxygen consumption in RLM and myoblasts supplemented with succinate and 0.5 mM ADP (state III).
Panels C and H, oxygen consumption in RLM and myoblasts supplemented with 0.25 μM CCCP. Panels D and I, measurement of OXPHOS efficiency (P/O ratios) in succinate-dependent
respiration stimulated transiently by the addition of 0.08 mM ADP. Panel E, succinate-dependent mitochondrial ATP production measured using a luciferin–luciferase reaction system
in RLM. The histograms represent the mean values of duplicate determinations of the respiratory activity in three separate RLM preparations (panels A–E) or myoblast cultures (panels
F–I). In panels A–D (RLM) and F–I (myoblasts) the activities, measured in the presence of the various effectors, are expressed as % changes with respect to control. Errors bars indicate
standard deviations. ****p b 0.001, **p b 0.01, *p b 0.05: KH7 vs CTRL; ##p b 0.01, #p b 0.05: KH7 + 8-Br-cAMP vs KH7; ⁰⁰⁰⁰p b 0.001, ⁰⁰⁰p b 0.005: CAI vs CTRL; ‡‡p b 0.01: CAI + 8-Br-
cAMP vs CAI. Student's t test. Panels L and M, traces of oxygen consumption in RLM and myoblast cultures, respectively, respiring with succinate. Numbers on the traces refer to the
rate of oxygen consumption as nmol O2 min−1 mg protein−1 or 106 cells. The succinate-dependent respiration was followed by the addition of 0.08 mM ADP to induce transient
stimulation of oxygen consumption. The table presents the means plus standard deviations of P/O values. For other experimental details see under Materials and methods and the
legend to Figs. 1 and 2.
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that was prevented by the concomitant addition of 8-Br-cAMP (Fig. 6A).
In myoblast cultures CAI caused a reduction of the oligomeric
band of ATP synthase which was prevented by 8-Br-cAMP (Fig. 6B).
It has been shown that MG132 inhibits the activity of intramito-
chondrial protease(s) like Lon [18]. Treatment of RLM with MG132
prevented the decrease in the level of the ATP6, d and OSCP
subunits, caused by KH7 (Fig. 7A), which was shown above to be
counteracted by 8-Br-cAMP (Fig. 5A). The levels of KH7 insensitive β
and α subunits of ATP synthase and IF1 were unaffected by MG132
(Fig. 7A). MG132 prevented, also, the KH7-induced depression of the
ATP synthase oligomerization (Fig. 7B) and of the ATP hydrolase activity
(Fig. 7C).

4. Discussion

The present study shows, for the first time, that cAMP regulates
the catalytic activity, coupling efficiency and structural organization of
the FOF1 ATP synthase in mammalian mitochondria. This represents a
new regulatory attribute of the oxidative phosphorylation system
(OXPHOS), that can have important implications in cellular physiology
and human pathology.

cAMP production by sAC is promoted by bicarbonate and Ca2+ [2,4–
6]. sAC activation by bicarbonate, with the consequent stimulation
exerted by cAMP on the ATP synthase activity, can represent a positive
response of theOXPHOS system to enhanced channeling tomitochondria
of glycolytic pyruvate and its oxidative degradation to CO2 in the citric-
acid cycle [2,38]. In this way the utilization for ATP production of the
free energy made available by pyruvate degradation can be optimized.
sAC stimulation by Ca2+ [6], resulting in cAMP-mediated activation of
the ATP synthase, can, on the other hand, represent a defense/compensa-
tory mechanism against the depressing effect exerted by mitochondrial
accumulation of Ca2+ onmitochondrial energy transduction and cell life.

The ATP synthase complex is a critical element of the overall
OXPHOS system; the complex undergoes oligomerization in the
inner mitochondrial membrane [23–25]. Oligomerization of the ATP
synthase complex is involved in the formation of cristae of the inner



Fig. 5. Effects of KH7, CAI and 8-Br-cAMP on the level of subunits of the ATP synthase complex in RLM andmyoblast cultures. Panel A, RLMwere treated for 10min at 30 °C in the absence
(CTRL) or in the presence, where indicated, of KH7 (KH7), KH7 plus 8-Br-cAMP (KH7+ 8-Br), CAI (CAI) or CAI plus 8-Br-cAMP (CAI+ 8-Br) as described in the figure. Panel B, myoblast
cultures treated for 30min in the absence (CTRL) or in the presence of CAI (CAI) or CAI plus 8-Br-cAMP (CAI+8-Br). After incubation, RLMproteins (panel A) ormyoblast cellular proteins
(panel B)were loaded on 8% SDS-PAGE, transferred to nitrocellulose membranes and immunoblottedwith the antibodies against the subunits specified in the figure. Protein loading was
assessed by reprobing the blotswith the porin antibody (panel A) or actin (panel B). The histograms represent the percentage of ADU changeswith respect to theADU of control untreated
RLM (panel A) or myoblast cultures (panel B). The values aremeans± standard deviation of determinations in three separate RLM preparations (panel A) or myoblast cultures (panel B).
**p b 0.01, *p b 0.05: KH7 vs CTRL; #p b 0.05: KH7+ 8-Br-cAMP vs KH7; ⁰⁰⁰p b 0.005, ⁰⁰p b 0.01: CAI vs CTRL; ‡‡p b 0.01, ‡p b 0.05: CAI+ 8-Br-cAMP vs CAI. Student's t test. For experimental
details see under Materials and methods and legend to Figs. 1 and 2.
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mitochondrial membrane [26], which constitute a localized microenvi-
ronment with high capacity to maintain and utilize for ATP synthesis
the respiratory membrane potential [27,28].

Our results show that depletion of cAMP in RLM or in myoblast cul-
tures, caused by sAC inhibition by KH7 or CAI, depressed both ATP syn-
thesis, driven by the membrane potential, with a decrease of the P/O
ratio, and the membrane potential generating ATP hydrolysis.

Interesting enough the regulatory effect of cAMP on the enzymatic
activity of the ATP synthase, was accompanied, both in RLM and myo-
blast cultures, by positive cAMP impact on the oligomerization of the
complex and conservation of the respiratory mitochondrial membrane
potential. Also these activities were depressed by KH7 or CAI, and
rescued by the addition of 8-Br-cAMP. KH7 or CAI treatment of
RLM or myoblast cultures resulted in a decreased level of OSCP, ATP6
and d subunits of the stator of the ATP synthase, that was prevented
by added 8-Br-cAMP. A secondary uncoupling action of KH7 could
contribute to the effect of KH7. This isn't, however, the case of CAI.
Furthermore it can be noted that all the inhibitory effects of KH7 and
CAI were both equally reversed by 8-Br-cAMP. The present results,
taken together, indicate that depletion of cAMP causes destabilization
of the stator of the complex and functional F1–FO connection, thus
resulting in a membrane leak. A leak in the ATP synthase is proposed
to represent a component of the mitochondrial permeability transition
pore (mPTP) [29–31].

The prevention of the KH7 depressing effect on ATP synthase
subunits byMG132 (Fig. 7),which is known to inhibit themitochondrial
Lon protease [18], suggests that this enzyme could be involved in
the degradation of the ATP synthase subunits. As shown in the inset of
Fig. 2, specific inhibitors of PKA, like PKI and H89, had no effect
on the ATP hydrolase activity of control RLM neither did these
inhibitors prevent the rescue effect exerted by 8-Br-cAMP on the KH7
depressed ATP hydrolase activity. This would exclude a direct role of
intramitochondrial PKA [9] in the cAMP effects described in the present
work. The possibility that other cAMP dependent downstream effectors



Fig. 6. Effects of KH7, CAI and 8-Br-cAMP on the supramolecular organization of the ATP synthase complex in RLM andmyoblast cultures. Panel A, RLMwere treated for 10min at 30 °C in
the absence (CTRL) or in the presence, where indicated, of KH7 (KH7) or KH7 plus 8-Br-cAMP (KH7+ 8-Br). Panel B, myoblast cultures treated for 30min in the absence (CTRL) or in the
presence of CAI (CAI) or CAI plus 8-Br-cAMP (CAI + 8-Br). Rat liver mitochondrial proteins or proteins of the mitochondrial enriched fraction of myoblasts cells were solubilized with
digitonin (3.5 mg/mg mitochondrial protein and 9 mg/mg cellular protein, respectively). Mitochondrial complexes were separated by CN-PAGE and the gels incubated with ATP and
lead nitrate to reveal the ATPase activity as described under Materials and methods. (M: monomer; D: dimer; O: oligomer). The figures, in inverted colors, are representative of three
independent experiments. The histograms represent the ADU percentage changes with respect to the ADU of control untreated RLM (panel A) or myoblast cultures (panel B). The values
are means ± standard deviation of determinations in three separate RLM preparations (panel A) or myoblast cultures (panel B). ***p b 0.005: KH7 vs CTRL; #p b 0.05: KH7 + 8-Br-cAMP
vs KH7; ⁰⁰⁰p b 0.005: CAI vs CTRL; ‡p b 0.05: CAI + 8-Br-cAMP vs CAI. Student's t test. For experimental details see under Materials and methods and legend to Figs. 1 and 2.
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like, for example mitochondrial EPAC (cAMP activated guanine nucleo-
tide exchange factors for RAS-like GTPases) [39], are involved in the ef-
fects described here. The relationship of the ATP synthase changes with
mitochondrial dynamics [40] and apoptosis [29,41] should be the sub-
ject of further investigations.
Fig. 7. Effects of KH7 andMG132 on the level of subunits, supramolecular organization and hydr
the absence (CTRL), in the presence of KH7 (KH7) or of 50 μM KH7 plus 10 μM MG132 (KH7
separated by CN-PAGE and gel incubation with ATP and lead nitrate to reveal the ATPase act
control untreated RLM. Panel C, ATP hydrolase activity in control and treated RLM. The values
**p b 0.01, *p b 0.05: KH7 vs CTRL; ##p b 0.01, #p b 0.05: KH7 + MG132 vs KH7. Student's t tes
5. Conclusions

In conclusions our study shows that cAMP promotes life essential
ATP production by complex V and prevents, at the same time, detour
of this complex to a membrane leak conductance involved in cell death.
olase activity of the ATP synthase complex in RLM. RLMwere treated for 10min at 30 °C in
+ MG). Panel A, immuno-detection of subunit levels. Panel B, mitochondrial complexes
ivity. The histograms represent the ADU percentage changes with respect to the ADU of
are means ± standard deviation of determinations in three separate RLM preparations.
t.
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