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Introduction 

Mitochondria are the primary source of ATP generated during oxidative phosphorylation. 

Respiration-linked pumping of protons out of the mitochondrial matrix conserves the free 

energy of spontaneous electron transfers as potential energy of an electrochemical proton 

gradient. This store of energy is utilized by allowing protons to flow down this gradient, 

through the F0F1ATPase. The enzyme consumes this energy to generate ATP in a 

phosphorylation reaction. ATP synthesis through oxidative phosphorylation in mitochondria 

also requires ADP and H2PO4
- (Pi) that are provided by adenine-nucleotide translocase (ANT) 

and a phosphate carrier, respectively.  

 The low permeability of the mitochondrial inner membrane is a prerequisite of the 

chemiosmosis and a set of channels and transporters regulate mitochondrial ion fluxes and 

volume homeostasis. However, in certain conditions mitochondria can undergo a permeability 

increase – a process called permeability transition – to solutes with a molecular mass of up to 

1,500 Da.  

 

Objectives 

In the present work, a novel method is presented for assessing the rate of ADP/ATP 

translocation by the ANT in intact isolated mitochondria by exploiting the differential affinity 

of ADP and ATP to Mg2+.  

 Both ANT and the F0F1ATPase are reversible enzymes. This fact has exceptional importance 

during conditions when mitochondrial respiration gets compromised and mitochondria switch 

to ATP consumers by the reversal ATP synthase antagonizing a collapse in membrane 

potential at the expense of ATP hydrolysis. The consensus is that under these conditions, 

extramitochondrial ATP producing pathways are strained to provide ATP to the mitochondrial 

matrix chiefly through the reversal of the ANT.  

 In this work it is shown that inhibition of the respiratory chain may shift the membrane 

potential to a range bracketed by the reversal potential of the F0F1ATPase and of the ANT, the 

latter being more negative than the former. Mitochondria have enormous capacity to retain 

and accumulate Ca2+ by forming calcium- and phosphorus-rich precipitates in the matrix. 

Upon the collapse of mitochondrial membrane potential (∆Ψm) these precipitates become 

soluble and Ca2+-release occurs. A long-standing concept explained the phenomenon by the 

acidification of the mitochondrial matrix. In the present work it is shown that matrix 

acidification cannot be the only explanation of mitochondrial Ca2+-release. 
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Methods 

 Isolation of mitochondria – Rat brain, non-synaptic mitochondria: Non-synaptic 

mitochondria from adult rat brain were isolated on a Percoll gradient as described previously 

(Sims, 1990) with minor modifications. 

Rat brain, synaptic mitochondria: Synaptic mitochondria from adult rat brain were isolated as 

described previously (Brown et al., 2004) but with major modifications. Forebrains of four 

rats were pooled and synaptosomes were obtained as described previously (Adam-Vizi and 

Ligeti, 1984); briefly, cortices obtained from forebrains were chopped and homogenized using 

a Teflon-glass homogenizer in ice-cold isolation buffer containing 0.32 M sucrose plus 5 mM 

Tris with the pH adjusted to 7.4 (HCl). The cortex homogenate was centrifuged at 1,900 x g 

for 10 min, the pellet was discarded, and the supernatant was centrifuged at 13,300 x g for 20 

min. The pellet was resuspended in 0.8 M sucrose plus 5 mM Tris (pH 7.4 adjusted with HCl) 

and centrifuged at 10,000 x g for 30 min. The upper fluffy layer was removed and the 

supernatant (synaptosomes) was diluted slowly with ice-cold distilled water to a concentration 

of 0.32 M (the pellet was discarded). Subsequently, the synaptosomes were pelleted by 

centrifugation at 31,000 x g for 20 min. The obtained pellet was suspended in a medium 

containing 225 mM mannitol, 75 mM sucrose, 5 mM Hepes, 1 mg/ml bovine serum albumin 

(fatty acid-free) and 1 mM EDTA with the pH adjusted to 7.4 using Tris. Mitochondria were 

released from the synaptosomes (~1.5 ml of ~20 mg/ml) in a nitrogen cell disruption bomb 

(model 4639, Parr Instrument Company, Moline, IL, USA). Subsequently, the procedure was 

identical as described above for Percoll-purified mitochondria. 

Rat liver and heart mitochondria: Mitochondria from rat heart and liver were isolated as 

detailed previously (Tyler et al., 1966), with minor modifications. 

Isolation of the ANT protein from mitochondria: Purification and reconstitution of the ANT 

from liver mitochondria (applicable also to mitochondria isolated from other tissues) can be 

achieved according to published procedures (Kramer and Klingenberg, 1980). 

Determination of Mg2+ fluorescence: Mitochondria (1 mg) were added to 2 ml of an 

incubation medium containing (in mM): KCl 8, K-gluconate 110, NaCl 10, Hepes 10, 

KH2PO4 10, EGTA 0.005, Mannitol 10, MgCl2 1, plus 0.5 mg/ml bovine serum albumin 

(fatty acid-free), pH 7.25, and 2 μM Magnesium Green 5K+ salt. Magnesium Green (MgG) 

fluorescence was recorded in a PTI Deltascan fluorescence spectrophotometer. Experiments 

were performed at 37 oC. 2 mM ADP was added, and the fluorescence (F) was recorded for 

25 sec, followed by addition of 4 μM cATR. At the end of each experiment, minimum 

fluorescence (Fmin) was measured after addition of 4 mM EDTA, followed by the recording of 
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maximum fluorescence (Fmax) elicited by addition of 20 mM MgCl2. Free Mg2+ concentration 

([Mg2+]f) was calculated from the equation  

[Mg2+]f =(Kd(F-Fmin)/(Fmax-F))-0.055 mM,                           (Eq.1) 

 

assuming a Kd of 0.9 mM for the MgG-Mg2+ complex (Leyssens et al., 1996).  

Mitochondrial membrane potential (ΔΨm) determination in isolated mitochondria: ΔΨm was 

estimated using fluorescence quenching of the cationic dye safranine O due to its 

accumulation inside energized mitochondria (Akerman and Wikstrom, 1976). All of the 

experiments were carried out in the presence of cyclosporin A. Fluorescence was recorded in 

a Hitachi F-4500 spectrofluorimeter (Hitachi High Technologies, Berkshire, UK). 

Experiments were performed at 37 oC. To convert safranine O fluorescence into millivolts, a 

voltage-fluorescence calibration curve was constructed. To this end, Safranine O fluorescence 

was recorded in the presence of 2 nM valinomycin and stepwise increasing [K+] (in the 0.2-

120 mM range) which allowed calculation of ΔΨm by the Nernst equation assuming a matrix 

[K+]=120 mM (Akerman and Wikstrom, 1976).  

 [Ca2+]o determination by Calcium Green 5N fluorescence: Mitochondria (1 mg) were added 

to 2 ml of an incubation medium containing (in mM): KCl 120, Hepes (acid) 20, K+-Pi 10, 

MgCl2 1, EGTA 0.005, K+-glutamate 5, K+-malate 5, cyclosporin A 0.001, AP5A 0.05, BSA 

0.5mg/ml, pH=6.8 or 7.8, and 1 µM Calcium Green-5N hexapotassium salt (CaGr-5N). 

Fluorescence was recorded in a Hitachi F-4500 spectrofluorimeter. Experiments were 

performed at 37 oC.  For converting CaGr-5N fluorescence to free [Ca2+] we constructed a 

calibration curve as described in Vajda et al (2009).  

Mitochondrial matrix pH (pHi) determination: pHi of liver mitochondria was estimated as 

described previously (Zolkiewska et al., 1993), with minor modifications. Briefly, 

mitochondria (20 mg) suspended in a 2 ml medium containing (in mM): 225 mannitol, 75 

sucrose, 5 Hepes, and 0.1 EGTA (pH=7.4 using Trizma) were incubated with 50 µM BCECF-

AM at 30 oC. After 20 min, mitochondria were centrifuged at 10,600 g for 3 min (at 4 oC), 

washed once and recentrifuged. The final pellet was suspended in 0.2 ml of the same medium 

devoid of EGTA and kept on ice until further manipulation. Fluorescence of hydrolyzed 

BCECF trapped in the matrix was measured in a Hitachi F-4500 spectrofluorimeter. BCECF 

signal was calibrated using a range of buffers of known pH in the 6.6-8.7 range, and by 

equilibrating matrix pH to that of the experimental volume by 250 nM SF 6847 plus 10 µM 

nigericin. For converting BCECF fluorescence ratio to pH we fitted the function: 
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f=a*exp(b/(x+c)) to BCECF fluorescence ratio values. ‘x’ is for BCECF fluorescence ratio, 

‘a’, ‘b’ and ‘c’ are constants and ‘f’ represents calculated pH.  

 

Results and Discussion  

 #1 A new method is introduced to measure the activity of the ANT by calculation of total 

released [ATP] from measured free [Mg2+]   

The assumption that ANT might be a part of the PTP has emerged from the facts that both 

ADP and ATP are potent inhibitors of the PTP plus that the specific inhibitors of the ANT 

also modulate the pore. The importance of the ANT is also appreciated by the phenotype 

caused by defects of this carrier. In humans, an ANT-1 defect causes secondary accumulation 

of mitochondrial DNA mutations in postmitotic cells (in which the ANT-1 is predominantly 

expressed), resulting in autosomal dominant progressive external ophthalmoplegia. ANT 

deficiency is also associated with myopathies and lactic acidosis. Nevertheless, ANT-1 was 

found to be a diagnostic marker for dilated cardiomyopathy, an apoptosis associated disease.  

For the reasons enlisted above, there are many circumstances wherein determination of ANT 

activity would be desirable. The method developed in our laboratory by Chinopoulos et al. is 

a continuous-time testing that is reliable and easy to be carried out.  

Isolated mitochondria are incubated in ionic media including 1 mM MgCl2, the adenylate 

kinase inhibitor diadenosine pentaphosphate and the membrane-impermeable 5K+ salt of the 

Mg2+-sensitive fluorescent indicator, Magnesium Green. In the presence of substrates, upon 

addition of ADP oxidative phosphorylation is initiated, resulting in the exchange of ADP in 

the extramitochondrial compartment with ATP. Due to the higher affinity for Mg2+ of ATP 

relative to ADP, a steady decrease in free [Mg2+] occurs which is sensitive to 

carboxyatractyloside, a specific ANT inhibitor. ANT activity, defined as the rate at which 

ATP appears in the medium, is calculated from the rate of change in free [Mg2+] using 

standard binding equations.  The assay is designed such that the ANT is the sole mediator of 

changes in [Mg2+] in the extramitochondrial volume, as a result of ADP-ATP exchange.  

Because the protocol includes only a single addition of a substance (ADP), this method has 

the potential to be applied for high-throughput drug screening serving medical as well as 

scientific purposes. Screening could be particularly useful for finding ANT activators or 

inhibitors. Such a screening method would have two particularly advantageous purposes: i) 

since ANT may participate in the formation of the permeability transition pore which is 

implicated in a number of untreatable diseases, the method could be used to identify drugs 
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that inhibit the ANT; ii) our method could be used to test existing or newly developed drugs 

exhibiting ANT inhibitory properties as a possible undesirable side effect.  

 

#2a Determination of reversal potential  

 The electrogenic ATP/ADP transport normally is maintained by the ΔΨm generated by the 

respiratory chain but ADP/ATP exchange through ANT is reversible; therefore, in cells in 

which mitochondrial respiration is compromised, ATP could enter mitochondria to be 

hydrolyzed by the –also reversible- F0F1ATPase. This process can maintain an appreciable 

pmf in the absence of a functional respiratory chain.  

Both the ANT and the F0F1ATPase catalyze reversible processes; their directionality is 

governed by the prevailing mitochondrial membrane potential, and their respective “reversal 

potential”, which is set by the absolute values of the reactants participating in the reaction. 

Reversal potential for any kind of enzyme that carries out transport through a membrane can 

be defined as the membrane potential, where no net flux of substrates can be detected. 

Deviating from this potential in either direction (having larger or smaller membrane potential) 

causes net flux of the substrate, just in opposing directions.  For ANT, we will call this 

potential value Erev_ANT, and for the ATP synthase, Erev_ATPase.   

The Erev values (in mV) are given by the following equations: 

 

Erev_ANT=60·log {([ADP3-]out·[ATPP

4-] )/([ADPin
3-] ·[ATP4-

in P ]out)}                             (Eq.1.) 

Erev_ATPase= − (316/n)−(61/n)·log {[ATP4-]in/˙([ADP3-]in·[P]in)}−61·(pHo−pHi)      (Eq.2.), 

 

where “out” signifies out of the matrix, “in” inside the matrix, “n” is the H+/ATP coupling 

ratio, and P is phosphate concentration in molar.  

When the mitochondrial membrane potential is more negative than the reversal potential of 

the ATPase and of the ANT, this will result in matrical ATP synthesis, and the ANT will 

work in the “forward” mode, bringing ADP into- and ATP out of the matrix. When the 

mitochondrial membrane potential is less negative than the reversal potential of the ATPase 

and of the ANT, this will result in matrical ATP hydrolysis, and the ANT will work in the 

“reverse” mode, bringing ATP into- and ADP out of the matrix. As seen above, Eq.1 and 2 

share two terms, [ATP4-]in and [ADP3-]in. Due to their locations in these equations, alterations 

in their numerical values will shift Erev_ATPase and Erev_ANT inversely from each other. For 

example, an increase in [ATP4-]in/[ADP3-]in ratio will shift Erev_ATPase towards more negative 

and Erev_ANT towards more positive values, and vice versa. However, the ideal situation of 
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ATPase and ANT operating completely independently from each other does not exist in 

organello. Again, this is because they share the same substrates, [ATP4-]in and [ADP3-]in. 

Erev_ATPase and Erev_ANT are far from being static values, primarily due to variations of the 

adenine nucleotide values, let alone that during the lifetime of a mitochondrion other 

parameters may also exhibit wide fluctuations, such as phosphate and the coupling ratio “n”. 

Finally, the membrane potential of almost all mitochondria in a cell exhibit significant 

fluctuations, some greater than 100 mV. This phenomenon, termed “ΔΨm flickering” is 

observed in mitochondria probed in isolation or in situ.  

#2b Contribution of matrix ATP formation  
In the mitochondrial matrix there are two reactions capable of substrate-level 

phosphorylation, the mitochondrial phosphoenolpyruvate carboxykinase (PEPCK), and the 

succinate-CoA ligase (SUCL or succinate thiokinase or succinyl-CoA synthetase). SUCL 

catalyses the reversible conversion of succinyl-CoA and ADP or GDP to CoASH, succinate 

and ATP or GTP. The enzyme is a heterodimer, being composed of an invariant α subunit 

encoded by SUCLG1, and a substrate-specific β subunit, encoded by either SUCLA2 or 

SUCLG2. The β subunit thus determines the substrate specificity of the enzyme. For over 50 

years, it was a textbook assertion that GTP produced by substrate-level phosphorylation in the 

citric acid cycle undergoes a transphosphorylation with ADP catalyzed by nucleoside 

diphosphate kinase. Given that both A- and G-SUCLs are very specific for their respective 

nucleotide reactant, this textbook presumption is now unattractive because A-SUCL is 

available to form ATP directly.  

To check for the availability of ATP-forming SUCL, we performed Western blots of rat liver, 

brain (synaptic and non-synaptic) and heart mitochondria and observed comparable SUCLA2 

immunoreactivity using VDAC isoform 1 immunoreactivity as a point of reference. Liver 

mitochondria were supplemented with glutamate plus malate, and these substrates supported 

operation of the ATP-forming succinate-CoA ligase towards the formation of succinate plus 

ATP. Our experiments implied that the ANT was only minimally functional, or it didn’t 

reverse.  In contrast, mitochondria that respire in the presence of alternatives substrates that 

favor the formation of succinyl-CoA and ADP, should not exhibit the same response to 

respiratory chain inhibitors. Indeed mitochondria respiring with any of the following 

combinations: succinate plus rotenone , β-hydroxybutyrate with or without succinate plus 

malonate (the latter to inhibit the consumption of succinate) or glutamate plus malate plus 

succinate plus malonate (the latter combination to unfavor formation of succinate plus ATP), 
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or in the presence of glutamate plus malate plus propionate), the latter is an inhibitor of 

succinyl-CoA synthetase, all showed depolarization by addition of catr, implying that there 

was ANT reversal.  

 

The study addressed the ability of mitochondria to utilize extramitochondrial ATP during a 

bioenergetic failure. This ability greatly depends on the ANT, and its ties to the remaining 

phosphorylation system, comprised by the oxidative phosphorylation part (the phosphate 

carrier and the ATPase) and the substrate-level phosphorylation (SUCLA2). Due to the fact 

that the Erev_ANT may change independently from Erev_ATPase, the paradox emerges of 

matrical ATP consumption, but not of ANT reversal, maintained for as long as SUCL-

mediated substrate-level phosphorylation provides ATP to the consuming ATPase. Under 

these conditions, the ΔΨm generated by the consuming ATPase is maintained in a more 

negative range of values than the Erev_ANT, thereby preventing the ANT from reversing. It 

is a novel concept emerging from our study that matrix substrate-level phosphorylation could 

be an endogenous rescue mechanism supporting the reverse operation of F0F1ATPase, with 

the benefit of maintaining ΔΨm at a suboptimal level, where mitochondria are depolarized, 

but not sufficiently for the ANT to reverse. This would assist in preserving of the ATP pool 

produced by glycolysis, which is evidently crucial for the survival chances of cells due to 

maintaining the function of the vital ATPdependent transporters, such as Na+/K+-ATPase and 

Ca2+-ATPases. Cells could be saved as long as matrix substrate-level phosphorylation is able 

to provide ATP for the F0F1-ATPase in impaired mitochondria. In line with our 

interpretations, if the extent of depolarization is severe enough to overcome the reversal 

potential of the ANT (such as by using sufficient amounts of an uncoupler), mitochondria are 

afforded the capacity to consume extramitochondrial ATP.   

 

#3 The role of Pi in the reversal of the ATPase  

Pi is a component of Eq. 3. but not of Eq. 2. therefore, according to our model, changes in its 

intracellular concentration affect the reversal potential of the ATPase but not of the ANT. In 

fact, the catalyzed reaction itself (that ATPase generates ATP from ADP in a phosphorylation 

reaction) also supports the prediction. An increase in [Pi] would shift Erev_ATPase towards more 

positive values, as in an ATP-productive environment the enzyme is not forced to reverse. On 

the contrary, a decrease in [Pi] would push Erev_ATPase towards more negative values, thereby 

increasing the likelihood of the reversal. Mitochondrial Pi uptake occurs as an electroneutral 
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symport with H+ by two Pi carrier isoforms with Km values for Pi (on the external membrane 

surface) of 2.2 and 0.78 mM, respectively. Intramitochondrial inorganic phosphate 

participates in the complexation of calcium in the matrix. Sequestration of Ca2+-phosphate 

salts enables mitochondria to retain Ca2+ in a concentration up to 1 M, while [Ca2+]free remains 

in the low micromolar range. The composition of these salts is a matter of intense 

investigation, but recent studies have revealed the likely stoichiometric compounds, in the 

same time excluding Ca2+-phosphate stoichiometries which are improbable to form. The 

solubilization of the Ca2+-phosphate salts and the release of mitochondrial Ca2+ upon the 

breakdown of ΔΨm were explained by Nicholls as a consequence of matrix acidification. This 

was further supported by the fact that protonophores induced rapid Ca2+efflux, since it was 

associated with matrix acidification. His theory rested on the principle that the concentration 

of the PO4
3- species (which is required for the complexation of Ca2+ to phosphate) was 

dependent on the third power of the ΔpH at constant external phosphate. Thus, a decrease of 

the pH by 1 would decrease the concentration of PO4
3- by 1000 fold, destabilizing the complex 

and increasing [Ca2+]free.  However, in the presence of abundant Pi, there is only a small ΔpH 

present across the inner mitochondrial membrane and we have also shown that the ΔpH 

remains relatively constant within a range of extramitochondrial pH (pHo) values.   

Moreover, we reasoned that, if matrix acidification does indeed underlie the dissociation of 

the Ca2+–phosphate complex and Ca2+ release by uncouplers, then at acidic pH (pHo 6.8), 

complete depolarization by combined inhibition of the respiratory chain and of the reversal of 

the F0F1ATPase would produce the same effect. By the same token, at alkaline pH (pHo 7.8), 

complete depolarization by uncoupling would hinder the dissociation of this complex, and 

impair the release of sequestered Ca2+. Furthermore, at alkaline pH (pHo 7.8), complete 

depolarization by combined inhibition of the respiratory chain and of the reversal of the F0F1-

ATPase should not induce release of sequestered Ca2+. The experimental findings presented 

below do not support the above expectations, because: (a) the release of sequestered Ca2+ with 

or without oligomycin by uncoupler at pHo 7.8; and (b) the lack of release of sequestered Ca2+ 

by stigmatellin plus oligomycin at pHo 6.8. In all of our experiments, we measured < 0.15 for 

ΔpH. As the observed ΔpH (also found in (Klingenberg and Rottenberg, 1977)) would result 

in negligible dissociation of Ca3(PO4)2 and therefore an insignificant increase in releasable 

[Ca2+], we believe that matrix pH change is not a major cause of Ca2+ release upon 

mitochondrial uncoupling. Although, in our study, we have not provided any further clues 

regarding the nature of the release mechanisms besides those given by Nicholls and Chalmers, 

we believe that additional mechanisms are present that merit investigation. 
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