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Abbreviations 

∆Ψm: membrane potential 

2-BO: 2-bromooctanoate 

ADP: adenosine diphosphate  

ANT: adenine nucleotide translocase  

AP5A: diadenosine pentaphosphate  

ATP: adenosine triphosphate  

BCECF: 2’,7’-bis(carboxyethyl)-5,6-carboxyfluorescein 

BKA: bongkrekic acid 

CaGreen-5N: Calcium Green 5N 

cATR: carboxyatractyloside  

CypD: cyclophilin D 

cyt c: cytochrome c 

CsA: Cyclosporin A 

DMSO: dimethyl sulfoxide 

ETC: electron transport chain 

EDTA: Ethylenediaminetetraacetic acid  

EGTA: Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid  

Erev_ANT: Reversal potential of the ANT  

Erev_ATPase: Reversal potential of the F0F1ATPase  

FCCP: Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

MgG: magnesium green  

nBM: n-butyl-malonate 

PBR: peripheral benzodiazepine receptor 

PEPCK: PhosphoEnolPyruvate CarboxyKinase  

pHin: mitochondrial matrix pH 

pHo: extramitochondrial pH 

Pi: inorganic phosphate  

PiC: phosphate carrier 

pmf: protonmotive force  

PN: pyridine nucleotides 

PPIase: peptidyl-prolyl-cis-trans isomerase 
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PTP: permeability transition pore  

SCN-: thiocyanate 

SF 6847 (Tyrphostin 9, RG-50872, Malonaben, 3,5-di-tert-butyl-4-

hydroxybenzylidenemalononitrile, 2,6-di-t-butyl-4-(2',2'-dicyanovinyl)phenol  

SfA: Sanglifehrin A 

SUCL: Succinate-CoA Ligase  

TMPD: N,N,N′,N′-tetramethyl-p-phenylenediamine 

TRAM-34: triarylmethane-34.  

VDAC: voltage-dependent anion channel 
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Summary 

Mitochondria are the primary source of ATP generated during oxidative 

phosphorylation. ATP synthesis through oxidative phosphorylation in mitochondria 

requires ADP and H2PO4
- (Pi)

 that are provided by adenine-nucleotide translocase 

(ANT) and a phosphate carrier, respectively.  

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. During conditions when 

mitochondrial respiration gets compromised, mitochondria switch to ATP consumers by 

the reversal ATP synthase antagonizing a collapse in membrane potential at the expense 

of ATP hydrolysis. 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. Moreover, 

we show that the matrix substrate-level phosphorylation provides ATP for the 

F0F1ATPase to maintain the membrane potential during respiratory chain inhibition.   

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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1. Introduction 

Mitochondria possess multifunctional role in cell metabolism, Ca2+ homeostasis, 

intracellular signaling and cell death (Szabadkai and Duchen, 2008;Gautheron, 

1984;Chinopoulos and Adam-Vizi, 2006). Foremost among these tasks is the 

continuous ATP production through oxidative phosphorylation. According to Mitchell’s 

chemiosmotic theory electron transport along the respiratory chain complexes is 

accompanied by outward pumping of protons across the mitochondrial inner membrane 

(MITCHELL, 1961). This results in a large electrochemical driving force for protons 

accross the mitochondrial inner membrane, termed the protonmotive force (pmf):   

pmf (mV) = ∆Ψm – (2.3RT/F)∆pH 

where ∆Ψm is the mitochondrial membrane potential, ∆pH is the pH gradient across the 

inner membrane, and R, T and F refer to the gas constant, the absolute temperature, and 

the Faraday constant, respectively. Under most conditions, ∆Ψm is the dominant 

component of the pmf, accounting for 150-180 mV of the total of 200-220 mV 

(Nicholls and Budd, 2000).  

The pmf is subsequently used to drive the synthesis of ATP catalyzed by the 

F0F1ATPase (MITCHELL, 1961). The ATP synthase is originally an ATP-hydrolyzing 

proton pump which is forced to turn reverse and synthesize ATP as long as a definite 

value of pmf is maintained (Abrahams et al., 1994;Boyer, 1997).   

 

2. Mitochondrial cycling of Ca2+ 

A major role of mitochondria in the cellular signal transduction process is the 

sequestration of Ca2+ and its controlled release to the cytosol.  
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Figure 1. Pathways for Ca2+ transport in mitochondria.  Uni: Ca2+ uniporter; RaM: 
rapid uptake mode; NCE: Na+/ Ca2+ exchanger; NHE: Na+/H+ exchanger; NICE: Na+-
independent Ca2+ efflux 
 

 

Mitochondria take up Ca2+ mainly through the Ca2+-uniporter however, a rapid uptake 

mode also exists that may become active during physiological [Ca2+]c -peaks (Fig.1.). 

Ca2+-uptake is affected by a number of modulators (inhibitors and activators). Inhibition 

by ruthenium compounds (typically ruthenium red, RR) is non-competitive, while 

inhibition by divalent cations - that are themselves transported by the uniporter (e.g. 

Sr2+, Mn2+, Ba2+ and lanthanides) - is generally competitive (Bernardi et al., 

1984;Matlib et al., 1998). Both pathways are stimulated by ATP and spermine 

(Bernardi, 1999). Ca2+ exits mitochondria through the Na+/ Ca2+ exchanger that works 

in concert with the Na+/H+ exchanger. The Vmax of the exchanger ranges between 2.6 

(liver) and 18 nmol Ca2+ (mg protein)−1 min−1 (heart) (Rizzuto et al., 2000). A Na+ 

independent Ca2+-efflux pathway is also known, possibly a H+/ Ca2+ antiporter that 

saturates at very low Ca2+ concentrations and is extremely slow (Vmax ~ 1.2 nmol Ca2+ 

(mg protein)−1 min−1, (Rizzuto et al., 2000). These transport systems together establish a 

transport cycle that mediates normaly a slow, continous cycling of Ca2+ across the inner 

mitochondrial membrane.  

As soon as the extramitochondrial [Ca2+] has exceeded a so-called set-point value 

(Nicholls, 1978), mitochondrial Ca2+-uptake is easy to comprehend, given the large 

electrical potential difference (∆Ψm= [-150-220 mV]) across the inner mitochondrial 

membrane. During ischemia and oxidative stress the basal cytosolic free Ca2+ 
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concentration increases. When cytosolic Ca2+ is sufficiently high, the activity of the 

uniporter approaches the Vmax of the efflux process. The efflux process becomes 

saturated with matrix Ca2+ and operates with a constant activity irrespective of the Ca2+ 

distribution (Crompton, 1999;Putney, Jr. and Thomas, 2006). Each further increment in 

cytosolic Ca2+ leads to proportionally greater increase in matrix Ca2+. When the inner 

concentration reaches a critical point a non-selective, multicomponent pore - the 

permeability transition pore (PTP) - forms in the inner membrane permeabilizing it to 

molecules exhibiting a molecular weight of up to 1500Da (Baines, 2009;Bernardi et al., 

2006).  

3. Brief history of the PTP 

The term ‘permeability transition’ has been introduced by Haworth and Hunter in 1979 

and in their early work they gave a detailed description of the most important 

intracellular effectors (Hunter and Haworth, 1979). However, in the ‘80s the idea about 

the existence of a megachannel in the inner mitochondrial membrane did not meet 

unconditional acceptance especially by the activists of Mitchell, whose chemiosmotic 

theory (awarded by Nobel Prize in 1978) explicitly excluded any kind of cation 

channels in the inner mitochondrial membrane.  

The pore theory has been established by the discovery that permeability transition could 

be inhibited by Cyclosporin A (CsA) in the nanomolar concentration range (Fournier et 

al., 1987;Crompton et al., 1988) and that CsA inhibits PT after binding to Cyclophilin D 

(CypD) in the same concentration range (Nicolli et al., 1996). The very low CsA titer 

was the indication that the permeability transition is a consequence of the activation of a 

specific, regulated transport process opposed to a generalized breakdown of membrane 

permeability barriers. Ironically, Fournier himself has not recognized the importance of 

his findings. His description of the effect of Cys A on mitochondrial Ca2+ accumulation 

was correct, still missed the conclusion that an actual PTP inhibitor had just been found 

(Fournier et al., 1987).    

In the electrophysiology era, permeability transition has been detected to be mediated 

by a high-conductance channel – the ‘mitochondrial megachannel’ with a diameter ≈3 

nm (Kinnally et al., 1989;Petronilli et al., 1989) - and the effective inhibitory action of 

CsA (Szabo and Zoratti, 1991) and all the basic regulatory features of the pore have 
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been also proven (Szabo et al., 1992). The regulators of the PTP are discussed in 

Section 5. 

4. Consequences of the opening of the PTP 

The opening of the megachannel allows free proton passage through the mitochondrial 

inner membrane leading to the dissipation of the proton-motive force and preventing 

mitochondria to produce ATP. Moreover, the cytosolic ATP produced by the glycolysis 

starts being consumed by mitochondria as ATPase reverses. The reversal of the ATPase 

will be further examined and discussed later.  

Another consequence of PTP opening is the swelling of mitochondrial matrix. Once the 

pore opens and permeabilizes the inner membrane, the non-protein components of the 

matrix rapidly equilibrate. However, the proteins of the matrix can not get across the 

membrane and exert colloid osmotic pressure. The inflowing water causes matrix 

swelling. The folds of mitochondrial cristae allow the inner membrane to expand but the 

outer membrane cannot dilate, thus it ruptures. The contents of the intermembrane space 

become released including pro-apoptotic proteins like cytochrome c (cyt c), 

Smac/DIABLO and apoptosis-inducing factor (AIF) (Halestrap, 2006;Bernardi et al., 

2006). 

Only 15% of the total cyt c content of mitochondria is located in the intermembrane 

space. 85% is settled in the intracristal compartment and can be released after a striking 

remodeling of intramitochondrial cristae upon pro-apoptotic stimuli (Scorrano et al., 

2002). This remodeling includes the fusion of individual cristae and opening of 

junctions between cristae and the inner membrane allowing the release of internal stores 

of cyt c.    
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Figure 2. The proposed components and the most important intracellular 
modulators of the PTP. (OM: outer mitochondrial membrane; IM: inner mitochondrial 
membrane) 
  

5. Modulation of the PTP 

Factors that affect PTP can be classified into matrix and membrane effectors (Figure 2.). 

5.1 Matrix effectors: 
Increased [Ca2+]m is the most important inducing factor of the pore. Mg2+ and other 

divalent cations (Mn2+, Sr2+) prevent pore opening by competitively inhibiting Ca2+-

binding (Hunter and Haworth, 1979). 

The oxidation state of pyridine nucleotides (PN) strongly affect the pore: NADH is 

protective and substrates that increase the reduction of NAD+ like pyruvate, alpha-

ketoglutarate and glutamate are also protective while others that decrease the reduction 

like oxaloacetate or malonate are stimulators of pore opening (Costantini et al., 1996).  

Oxidative agents like peroxides also promote the opening of the pore, probably by 

oxidating critical dithiol residues at discrete sites, yet to be discovered. The dithiol-

disulfide interconversions are in correlation with the redox state of gluthatione 

(Chernyak and Bernardi, 1996;Costantini et al., 1996). 

PTP induction is directly related to matrix pH and mitochondrial matrix acidification 

below pH 7.0 favors pore closure in deenergized mitochondria possibly through 

reversible protonation of histidyl residues at the matrix side of the membrane (Nicolli et 

al., 1993). 
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The rate of the permeability transition dramatically increases as the amount of internal 

ATP and ADP decreases. ADP and CsA have been shown to act synergistically in 

respiring heart mitochondria, as they reverse the pore together in concentrations that are 

not effective alone (Novgorodov et al., 1992). CsA might increase the affinity of ADP 

for sites that close the pore when occupied (Novgorodov et al., 1992;Kristian et al., 

2002). 

The inhibition of the pore can be observed with bongkrekic acid (BKA) while 

atractylate opens the pore. These are selective inhibitors of the adenine nucleotide 

translocator (ANT) and this led to the proposal that ANT might be a pore forming 

component. The action of the inhibitors and the role of ANT in pore formation are 

discussed in Section 11. 

Inorganic phosphate has been generally considered as a powerful pore inducer. 

However, the relationship between Pi and PTP is quite complex. In the matrix the 

negatively charged Pi binds to cations such as Ca2+, Mg2+ as well as H+. Binding to Ca2+ 

prevents pore opening as decreases free [Ca2+]. On the other hand it decreases the 

preventive effect of Mg2+ by binding it and lowering its free concentration in the matrix 

(Bernardi et al., 1992). Moreover, the beneficial effect of acidosis may be counteracted 

by buffering free [H+], and maintaining a matrix pH ~ 7.3, which is the optimum for 

PTP opening as its probability decreases at both lower and higher matrix pH values 

(Nicolli et al., 1993).  

More recent evidence suggests that Pi has a potent inhibitory effect on the pore but its 

site of action is covered by CypD. CsA binding to CypD triggers its conformational 

change allowing Pi to actually develop its preventive effect (Basso et al., 2008). Pi 

carrier itself has been proposed as the primary pore forming component in association 

with CypD and the ANT (Leung et al., 2008). In this model CypD would facilitate a 

conformational change of the PiC leading to pore forming and ANT in “c” or “m” 

conformation (see below in Section 11.) would enhance or decrease, respectively the 

sensitivity of the PiC to this conformational change. There are however, experimental 

findings that make this model arguable. First, besides Pi, Asi and Vi are also inducers of 

the PTP, still only Pi behaves as a PTP inhibitor (Basso et al., 2008). Second, in the 

presence of CsA SCN- also inhibits the pore but it does not need a carrier to cross the 

mitochondrial membrane (Nicolli et al., 1993).    
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5.2 Membrane effectors:  
∆Ψm, if in the highly negative range prevents PTP opening by stabilizing it in the closed 

conformation (Bernardi, 1992). Bernardi presumed a voltage sensor that could translate 

the transmembrane voltage and the surface potential into changes of PTP open 

probability. Later, certain arginine residues of the pore located on the matrix side of the 

inner membrane have been discovered to play a role in voltage dependence of the PTP 

(Eriksson et al., 1998).  

Several factors affect the PTP by acting on the mitochondrial membrane: amphipathic 

anions, such as free fatty acids produced by PLA2 promote pore opening (Scorrano et 

al., 2001) while amphipathic cations, such as sphingozine or trifluoperazine and 

polycations, such as spermine favor pore closure (Bernardi et al., 1993). 

6. Molecular composition of the PTP 

The precise composition of the PTP is still unknown. Among the relatively broad 

spectrum of modulatory factors affecting the permeability transition there are several 

ones acting on specific target molecules, such as CsA on CypD or ADP, ATP, 

bongkrekate and atractylate on the adenine-nucleotide translocator (ANT). Their 

specificity greatly contributed to the theory of the PTP as an occasional and transitional 

assembly of molecules with independent mitochondrial function.  

The primary hypothesis was that Cyclophilin D of the matrix, ANT of the inner 

mitochondrial membrane and the voltage-dependent anion channel (VDAC) and the 

peripheral benzodiazepine receptor (PBR) of the outer membrane might form the pore at 

inner and outer membrane contact sites (Figure 2.).  

The assumption that VDAC might be a structural part of the PTP was originally based 

on electrophysiological experiments where properties of the VDAC channel and the 

PTP were shown to overlap (Szabo et al., 1993). However, VDAC as a PTP candidate 

protein did not withstand genetic testing: the lack of all three known isoforms of VDAC 

left the pore open-closed transitions unaffected (Baines et al., 2007).   

The role of PBR in PTP was suggested after its isolation, since this protein was in close 

association with the ANT and the VDAC (McEnery et al., 1992). Patch clamp analysis 

of mitoplasts also proved that MMC activity was affected by treatment with PBR 

ligands, however, its effect was dependent on the concentration tested and on the cell 
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type it was observed on (Kinnally et al., 1993;Bernardi et al., 2006). Unfortunately, 

experiments aiming to generate PBR KO animals -that could clarify the role of PBR in 

PTP function- were unsuccessful due to embryonic lethality (Bernardi et al., 2006). 

7. Cyclophilins 

Cyclophilins were first identified in 1984 as the cellular receptors for the newly 

identified effective immunosuppressive drug Cyclosporin A (Handschumacher et al., 

1984). In the same year Fischer et al described a protein with a new type of enzymatic 

activity classified as a peptidyl-prolyl-cis-trans isomerase (Fischer et al., 1984). Since 

then a large number of proteins with this enzymatic activity have been identified and 

classified into three major groups: cyclophilins, FK-binding porteins (which are 

receptors for the immunosuppressive drug FK506) and parvulins (Galat and Metcalfe, 

1995).  

Due to the cis-trans isomerase activity of cyclophilins their role in protein folding has 

been well established. In protein peptidyl-prolyl bonds the cis-trans transition is 

extremely slow giving that the trans state is favoured at least 100 times over cis. 

Therefore it is considered that cyclophilins catalyze the rate limiting step in the 

assembly of proteins having cis bonds in their functional conformation (Herzberg and 

Moult, 1991). However, it has recently been shown that besides their cis-trans 

isomerase activity, cyclophilins exhibit other highly specific sites especially important 

in certain protein-protein interactions (see examples below). 

The most abundant cyclophilin is cyclophilin A (CypA) (Galat and Metcalfe, 1995). 

CypA has been described to interact with the major virion-associated HIV accessory 

protein, viral protein R (Zander et al., 2003) but also to modulate the catalytic activity 

of interleukin-2 tyrosine kinase (Brazin et al., 2002). 

CypB exerts its function in the nucleus, interacting with prolactin and potentiating 

prolactin-induced proliferation, cell growth and the nuclear retro-transport of prolactin 

(Rycyzyn and Clevenger, 2002). Moreover, CypB has been demonstrated to enhance 

the integrin-mediated adhesion of T-lymphocytes to the extracellular matrix (Allain et 

al., 2002). 

CypC has an endoplasmic reticulum targeting N-terminal sequence (Bergsma et al., 

1991). Nuclear cyclophilin CypH assembles into spliceosomal complexes where it 

assists with mRNA splicing (Reidt et al., 2003) (Ingelfinger et al., 2003). 
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CypD is the mitochondrion-localized cyclophilin, having the N-terminal sequence to 

target it to the matrix (Connern and Halestrap, 1992). The physiological role of CypD is 

still debated but its role as a component and a major regulatory element of the PTP is 

strongly proven (Bernardi et al., 2006;Leung and Halestrap, 2008;Baines, 2009).  

8. The role of the PPIase activity of CypD in PTP opening – measurement of the 

peptidylprolyl cis-trans isomerase activity 

CypD as a component of the PTP has been considered after CsA had been shown to 

inhibit the pore very effectively (Kd=5-8 nM) in mitochondria originated form liver and 

heart tissue. The immunosuppressant effect of CsA is caused by the inhibiton of the 

Ca2+/calmodulin dependent Ser/Thr phosphatase calcineurin by the complex of the drug 

with cytosolic CypA. This ternary complex (CypA-CsA-calcineurin) then prevents the 

dephosphorylation of nuclear factor of activated T cells. However, the PTP inhibitory 

action of CsA has been proven to be independent from calcineurin inhibition as CsA 

derivatives (N-Me-Ala-6-CsA and N-Me-4-Ile-CsA) or the structurally different 

immunosuppressant Sanglifehrin A (SfA) that do not inhibit calcineurin, still antagonize 

PTP opening through the blockade of the PPIase activity of CypD (Clarke et al., 2002). 

On the contrary, tacrolimus (FK506) which inhibits calcineurin but has no effect on 

PPIase activity shows no inhibitory action on the permeability transition pore. These 

evidences have established the proposal that the PPIase activity of CypD was essential 

for its role playing in the opening of the PTP. However, arguments have also risen 

against this idea since diethylpyrocarbonate (DPC) that also inhibits PPIase activity has 

been shown to induce pore opening conferring that CypD affects the PTP open-closed 

transitions independently of its enzymatic activity (Scorrano et al., 1997).  

Despite that cyclosporin A is an effective inhibitor of PTP in liver and heart 

mitochondria, its effect on brain mitochondria is limited (Brustovetsky and Dubinsky, 

2000). Specifically, CsA protects brain mitochondria from PTP-inducing conditions 

only in the absence of adenine nucleotides (Hansson et al., 2003;Chinopoulos et al., 

2003). Energized brain mitochondria –as opposed to those from liver or heart- do not 

exhibit sensitivity to cyclosporin A (Chinopoulos et al., 2003). 

Here we show a method for measuring peptidylprolyl cis-trans isomerase activity as 

originally described by Fischer et al. (Fischer et al., 1984). The method enabled us to 

investigate whether the difference in CsA-sensitivity of the PTP among mitochondria 
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from various tissues could be due to differences in their PPIase activity. Differences in 

the CypD protein content could also explain the phenomenon. This proposal was also 

tested. 

 
8.1. Methods: 
8.1.1. 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. Male 300–350 gr Sprague-Dawley 

rats were used. All animal procedures were carried out according to the local animal 

care and use committee guidelines. Rats were sacrificed, and forebrains were rapidly 

removed, chopped, and homogenized using a Teflon-glass homogenizer in ice-cold 

isolation buffer containing 225 mM mannitol, 75 mM sucrose, 5 mM Hepes, and 1 mM 

EGTA with the pH adjusted to 7.4 using Tris. The brain homogenate was centrifuged at 

1,250 x g for 3 min; the pellet was discarded, and the supernatant was centrifuged at 

20,000 x g for 10 min. The pellet was resuspended in 15% Percoll (Sigma) and layered 

on a preformed Percoll gradient (40 and 23%). After centrifugation at 30,000 x g for 6 

min, the mitochondrial fraction located at the interface of the lower two layers was 

removed, diluted with isolation buffer, and centrifuged at 16,600 x g for 10 min. The 

supernatant was discarded, and the loose pellet was resuspended in isolation buffer and 

centrifuged at 6700 x g for 10 min. The resulting pellet was suspended in 100 µl of 

isolation medium containing 1 mg/ml bovine serum albumin (fatty acid-free), but 

devoid of EGTA. 

8.1.2. 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 
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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. Chelating residual free Mg2+ with EDTA renders non-mitochondrial 

membranes exquisitely sensitive to disintegration by nitrogen cavitation. The 

synaptosomes (~1.5 ml of ~20 mg/ml) were placed inside a nitrogen cell disruption 

bomb (model 4639, Parr Instrument Company, Moline, IL, USA) precooled to 4 °C, and 

subjected to an initial pressure of 1,100 psi by delivering nitrogen to the bomb interior, 

under constant stirring. As nitrogen is dissolved within membranes, bomb pressure 

drops by about 50-100 psi and further nitrogen was allowed to enter the bomb in order 

to reestablish a final value of 1,100 psi, which was maintained for 10 min. Following 

this time period, bomb pressure was decreased by opening the lower valve and ~0.8 ml 

of the sample was recovered and mixed with an equal volume of 30% Percoll 

containing 225 mM mannitol, 75 mM sucrose, 5 mM Hepes, and 1 mM EGTA (pH=7.4 

using Tris) and layered on a preformed Percoll gradient (40 and 23%). Subsequently, 

the procedure was identical as described above for Percoll-purified mitochondria. 

8.1.3. Rat liver and heart mitochondria: Mitochondria from rat heart and liver were 

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

rats were sacrificed, and liver and heart were rapidly removed, chopped, washed 

extensively and homogenized using a Teflon-glass homogenizer in ice-cold isolation 

buffer containing 225 mM mannitol, 75 mM sucrose, 5 mM Hepes, 1 mM EGTA and 1 

mg/ml bovine serum albumin (fatty acid-free) with the pH adjusted to 7.4 using Tris. 

The homogenates were centrifuged at 1,250 x g for 6 min; the pellet was discarded, and 

the supernatant was centrifuged at 12,000 x g for 10 min; this step was repeated once. 

At the end of the second centrifugation, the supernatant was discarded and the pellet 

was suspended in 500 µl (for liver mitochondria) or 100 µl (for heart mitochondria) of 

the same buffer without EGTA. For all types of mitochondria protein concentration was 

determined using the Biuret assay.   
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8.1.4. Measurement of PPIase activity 

The assay is based on measuring the interconversion of cis to trans isomerization of the 

Ala-Pro peptide bond in the substrate peptide cis-Nsuccinyl-Ala-Ala-Pro-Phe-p-

nitroanilide. Under equilibrium conditions, 88% of the peptide is present in the trans 

form and the remaining 12% in the cis form. In the presence of PPIase, the Ala-Pro 

bond takes the trans configuration, which then allows chymotrypsin to cleave the test 

peptide. The resultant 4-nitroaniline (yellow color in alkaline conditions) is quantified 

spectrophotometrically at 390 nm, the wavelength of its absorbtion maximum.  

 
Chemicals used for the measurement: 0.1 M Tris-HCl (pH=7.8) buffer (kept on ice), 72 

mM peptide substrate (dissolved in DMSO, protected from light and kept at room 

temperature), 1 mM chymotrypsin (kept at room temperature), 0.015% (w/v) Triton-X 

100. Mitochondria was used in the concentration of 0.1 mg/ml.  

Test cuvettes were prepared according to Table 1. A “blank” reaction was used to 

measure the uncatalyzed isomerization reaction. The control (“blank”) cuvette contained 

Tris-HCl buffer (pH=7.8), Triton-X 100 and the chymotrypsin. The reaction was 

initiated by the addition of the peptide substrate and 10 min for this uncatalized reaction 

was allowed. The sample cuvette contained Tris-HCl buffer, Triton-X 100, 

chymotrypsin and the mitochondria. The content of the sample cuvette was stirred at 10 

ºC for 10 min. Efficient stirring is imperative, due to the explosive nature of the initial 

conversion of the trans peptide by chymotrypsin, that can contaminate the latent 

conversion of the cis to trans configuration by the isomerase. After the 10 min 

preincubation, the reaction was started by addition of the peptide. The liberation of 4-

nitroanilide as the change in absorbance at 390 nm was monitored until the curve 

plateaud. The initial rapid increase (Figure 3.A) in absorbance represents the hydrolysis 

of the trans peptide by chymotrypsin. The subsequent slow increase in absorbance 

represents the conversion of the cis peptide to the trans peptide, that is cleaved by 

chymotrypsin, releasing 4-nitroaniline. 

Extinction coefficient for 4-nitroaniline at pH 7.5, at 410 nm: 8,800 M-1cm-1. However, 

in the buffer conditions we used (390 nm, pH=7.8) a value of 14,800 M-1cm-1 can be 

estimated. 
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Temp:10 oC. 

 

Buffer  Mitos Triton X-

100 

Chymo-

trypsin 

Peptide CsA 

 

Blank (µl) 1985 - 3 12 2 - 

Sample (µl)  

without CsA 

1975 0.2 

mg 

3 12 2 - 

Sample (µl) with CsA  1970 0.2 

mg 

3 12 2 3 

Table 1. Composition of media for the measurement of PPIase activity. 

 

8.1.4.1. The effect of CsA on the PPIase activity of CypD 

PPIase activity is extremely sensitive to inhibition by cyclosporin A. Therefore, addition 

of 2.5 µM cyclosporin A to a next sample gives the non-PPIase mediated 4-nitroaniline 

release that should be therefore subtracted from the previous sample. 

 

 

Figure 3. Kinetics of mitochondrial PPIase activity with cis-Nsuccinyl-Ala-Ala-Pro-
Phe-p-nitroanilide as substrate. A: After the izomerization of the substrate 
chymotripsin was allowed to cleave the test peptide. The experiments were performed 
in the absence and presence of 2.5 µM CsA. B: green lines are the results of adjustment 
of the curves to the same ‘y’ start value.  
 

8.1.4.2. Calculation of thePPIase activity 

The PPIase-chymotrypsin coupled reaction obeys first-order kinetics therefore an 

exponential fit should be applied. Using Sigmaplot (the current description will be for 

version 9.01), a curve should be fitted using “exponential rise to max” category, and the 

“Single, 3 parameter” option.   
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The equation is: y(x)= y(0)+ a(1-ebx). y(0) is the first value of the exponential right after 

the explosive conversion of the trans peptide by chymotrypsin and it is therefore the 

first value of the cis/trans conversion by PPIase. 

For the above diagram, y(0) is 0.199 The samples without and with must be adjusted to 

start from the same y value (providing that there are no differences in the timings of 

additions in the cuvette) After fitting curve for both samples (i.e. without and with 

CsA), the curve seen on Fig.3.B can be obtained. 

On Fig. 3.B green lines are the fitted curves. r2 > 0.95. That verifies that the fitting 

method is appropriate. From the report, one obtains the “a” and “b” values, which are 

needed to calculate the PPIase activity as the following: one needs to know the initial 

slope of 4-nitroaniline formation at time 0. At time 0, the rate of change of the optical 

density (∆OD/∆t) is equal to the product of a*b. This was derived by the derivatization 

of the y(x)= y(0)+ a(1-ebx) equation. By doing that, Y(deriv)=a*b*e-bx  can be obtained. 

When time is zero, that means x=0, then e-bx=1 (because any number raised to the power 

of 0 is 1), and therefore Y(deriv)=a*b. The Y(deriv) is in fact the ∆Y/∆t, and Y is the optical 

density (OD).  

OD can be counted from the following equation: OD= εo*C*l, where εo is the molar 

extinction coefficient (in our case 14,800 M-1cm-1), C is the concentration of the product 

(in our case 4-nitroaniline), and l is the length of the cuvette, in cm. Therefore: ∆OD/∆t 

= a*b. Enzyme activity can be expressed as moles of substrate transformed/mg of 

enzyme*time unit, calling that ∆n/∆t, and readjusting how much mg of enzyme (in our 

case mg of mitochondria) we added to the cuvette later. Therefore, we have ∆n/∆t = 

∆OD/∆t *volume of the cuvette/εo*l,, and since ∆OD/∆t = a*b, we have ∆n/∆t = 

a*b*volume of the cuvette/εo*l,. The a*b value is in sec-1, and the volume of the cuvette 

is 2 ml, therefore 2*10-3 liters. Therefore, the ∆n/∆t yields in moles/sec. 

 

8.1.5. Western blotting: Isolated mitochondria were solubilized in a concentration of 10 

mg/ml in a buffer containing 50 mM Tris-HCl (pH=8.0), 150 mM NaCl, 1.0% Igepal 

CA-630, 0.5% sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulfate, plus a cocktail 

of protease inhibitors (Calbiochem, Protease Inhibitor Cocktail Set I). Solubilized 

mitochondria were rapidly frozen and stored at -70 oC until further manipulation. Upon 

thawing, the protein concentration of the samples was estimated by the Bradford assay. 
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Subsequently, samples were mixed with 50 mM dithiothreitol and NuPage loading 

buffer (Invitrogen, Carlsbad, CA, USA) and heated to 70° for 10 min. The samples were 

then loaded (25 µg per lane) on a 4-12% Bis-Tris gel, and separated by sodium dodecyl 

sulfate – polyacrylamide gel electrophoresis (SDS–PAGE) in the presence of N,N-

dimethylformamide and sodium bisulfite (10% w/v). Seperated proteins were 

transferred to a methanol-activated polyvinylidene difluoride membrane. 

Immunoblotting was performed as recommended by the manufacturers of the 

antibodies. Rabbit polyclonal anti-ANT-2 (MorphoSys, Kingston, NH, USA) and 

monoclonal anti-ANT-1 (Mitosciences, Eugene OR, USA) primary antibodies were 

used at concentrations of 2.5 µg/ml and 1 µg/ml, respectively. Immunoreactivity was 

detected using the appropriate peroxidase-linked secondary antibodies (1:10,000, 

Jackson Immunochemicals Europe Ltd, Cambridgeshire, UK) and enhanced 

chemiluminescence detection reagent (ECL system, Amersham Biosciences GE 

Healthcare Europe GmbH, Vienna, Austria). Upon completion of Western blotting the 

blots were stained with Ponceau S (0.1% Ponceau S (w/v) in 5% acetic acid). Stained 

blots were subsequently scanned and evaluated with Scion Image (version alpha 4.0.3.2, 

Scion corp., Frederick, MD, USA) for densitometric analysis for the purpose of 

individual lane loading assessment.  

 

8.2 Results and discussion: 

8.2.1. Comparison of the PPIase activity of brain and liver mitochondria  

As mentioned above, brain mitochondria in the presence of adenine nucleotides do not 

exhibit sensitivity to CsA, as opposed to those from liver or heart. Therefore, we tested 

the hypothesis that this could be due to differences in the PPIase activity or the CypD 

content in brain versus liver mitochondria. As seen on Figure 4. there were no 

statistically significant differences in PPI activity among synaptic, non-synaptic and 

liver mitochondria. In line with that, immunoreactivity detected by Western-blotting did 

not show statistically significant differences in the CypD protein level either (Fig.5).  

According to our findings, the differences in CsA-sensitivity described above cannot be 

explained by the variant amount or enzymatic activity of CypD of various organs.  
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Figure 4. Comparison of the PPIase activity in brain versus liver mitochondria.  
PPI activity does not show statistically significant differences among synaptic, 
nonsynaptic and liver mitochondria. Bars are representatives of at least three 
independent experiments.    

 
Figure 5. Comparison of CypD protein content of mitochondria from various 
tissues. Western-blot does not show statistically significant differences of cypD 
immunoreactivity among synaptic (S), non-synaptic (NS), liver (L) and heart (H) 
mitochondria. (M: MW marker). Densitometric analysis is not shown. Lower panel is a 
Ponceau S stain for  verifying gel lane loading. 
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9. Molecular interactions of CypD 

The original hypothesis about the molecular assembly of the PTP was further supported 

by simultaneous findings that CypD is tightly bound to ANT (Crompton et al., 

1998;Woodfield et al., 1998) and to VDAC (Crompton et al., 1998) and the 

reconstruction of these complexes in liposomes yielded a Ca-dependent, CsA-sensitive 

PTP-like pore.  

More recent evidence from Halestrap’s laboratory suggested a complexation of CypD 

and the phosphate carrier (PiC) (Leung et al., 2008). Now in their new model PiC would 

be the actual pore forming component after a Ca-dependent conformational change that 

was facilitated by CypD. An interaction with the ANT in “c” conformation would 

enhance the sensitivity of the PiC to this conformational change while in “m” 

conformation it would inhibit the process (Leung et al., 2008).  

10. Genetic testing of the role of CypD in PTP formation  

The most important data regarding the role of CypD in the PTP regulation were gained 

from mice that lacked the gene encoding the CypD protein. Results from different 

studies (Basso et al., 2005;Schinzel et al., 2005;Nakagawa et al., 2005;Baines et al., 

2005) all proved that lack of CypD approximately doubles the Ca2+-retention capacity 

of mitochondria (the amount of accumulated Ca2+ in mitochondria without opening of 

the PTP). CsA as expected did not have an effect on Ppif-/- mitochondria. This result 

was identical to CsA-treated, stain-matched wild-type mitochondria proving that 

inhibition of the PTP by CsA is conducted via CypD (Basso et al., 2005;Schinzel et al., 

2005;Baines et al., 2005).  

These experiments have revealed that CypD is a key regulatory but not an essential 

component of the PTP because the pore can form and open in the presence and absence 

of CypD but it strongly modulates the sensitivity of the PTP to Ca2+ (Basso et al., 2005). 
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11. ANT and its specific inhibitors 

The continuous supply of ADP for the oxidative phosphorylation and transport of the 

newly synthesized ATP into the cytosol is executed by the adenine nucleotide 

translocator (ANT). ANT performs the electrogenic 1:1 exchange of ADP and ATP. 

The transport excludes AMP and the Mg2+-complexes of adenine nucleotides. In 

humans, there are 4 known isoforms (Palmieri, 2004;Dolce et al., 2005), all encoded by 

nuclear DNA (hout-Gonzalez et al., 2006). The ANT molecule itself has 6 

transmembrane domains joined by hydrophilic regions but the transporter functions as a 

homodimer composing a pore embedded in the inner mitochondrial membrane. The 

ANT has 6 cardiolipin (CL) molecules per dimer tightly bound at the matrix side 

stabilizing its native conformation and they wouldn’t detouch unless ANT becomes 

denaturated (Beyer and Klingenberg, 1985). ANT from bovine heart mitochondria was 

the first membrane transporter to get isolated in a non-denaturated form (Riccio et al., 

1975). The success was based on the high abundance of this protein and the highly 

specific inhibitors tightly bound to the transporter. Their binding properties have 

revealed that the dimer ANT exhibits two conformations during the translocation cycle: 

the “c” (cytoplasm) conformation when ADP is binding and the opposite “m” (matrix) 

conformation.  Inhibitors of the ANT fall into two major groups according to the site of 

their action: the atractylogenines and bongkrekic acid. Atractylate (ATR) and carboxy-

atractylate (cATR) are poisonous products of the Mediterranean thistle Atractylis 

gummifera and bind ANT from the cytoplasm side (the same side that ADP binds to) 

and stabilize it in the “c” (cytoplasm) conformation. The inhibition of the transport by 

ATR is quasi competitive (increasing the ADP concentration by 10 fold increases the 

apparent Ki for ATR only 2 fold) and fully uncompetitive by cATR (Vignais et al., 

1966). Bongkrekic acid (BKA), a toxin of bacteria Pseudomonas cocovenenans binds 

ANT from the inner side stabilizing it in the “m” conformation in a quasi non-

competitive manner (Lauquin et al., 1976). There are no other known transport systems 

to be modulated by these inhibitors.  

12. ANT as part of the PTP 

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 



 28 

the ANT also modulate the pore. It was the discovery of Hunter and Haworth that cATR 

promoted pore opening by increasing the sensitivity of the Ca2+ trigger site while BKA 

promoted pore closing by decreasing Ca2+-sensitivity (Hunter and Haworth, 1979). 

However, mitochondria from mice lacking both ANT1 and ANT2 still exhibited 

permeability transition although with a decreased Ca2+-sensitivity and ANT ligands 

could no longer affect the pore (Kokoszka et al., 2004). This data suggest that ANT is 

rather a regulator than an essential component of the PTP. 

13. Disorders caused by the deficiency of ANT 

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 (Kaukonen et al., 2000). This is likely due to an increased error rate of 

the mitochondrial γ-polymerase caused by disturbed intramitochondrial 

deoxynucleoside triphosphate pools that are regulated by mitochondrial ADP. ANT 

deficiency is also associated with myopathies and lactic acidosis (Bakker et al., 1993) 

(Graham et al., 1997). Nevertheless, ANT-1 was found to be a diagnostic marker for 

dilated cardiomyopathy, an apoptosis associated disease (Grimm et al., WO 01/19384, 

published in (Bauer et al., 1999)). 
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14. A new method is introduced to measure the activity of the ANT 

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. (Chinopoulos et al., 2009) is a continuous-time testing that is reliable 

and easy to be carried out.  

In this method the rate of ATP appearing in the medium following addition of ADP to 

energized mitochondria is calculated from the measured rate of change in free 

extramitochondrial [Mg2+] reported by the membrane-impermeable 5K+
 salt of the 

Mg2+-sensitive fluorescent indicator, Magnesium Green, 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. 

14.1. An overview of the previously described methods for measuring ANT activity  

Several methods for ANT activity determination have been described in the past. Some 

of these directly measure ADP and/or ATP by 1) thin-layer chromatography (Pedersen 

and Catterall, 1979), 2) high-performance liquid chromatography (Hartwick and Brown, 

1975), or 3) using radioactive nucleotides (Duee and Vignais, 1969). Others employ 

coupled reactions which yield an end-product that can be detected either 

fluorimetrically by 4) monitoring the reduction of NADP+ which occurs in the presence 

of glucose, hexokinase, glucose-6-phosphate dehydrogenase and effluxed ATP 

(Williamson and Corkey, 1979) (Passarella et al., 1988)) or 5) luminometrically, 

detecting chemiluminescence upon ATP-dependent oxidation of luciferin, catalyzed by 

firefly luciferase (Lemasters and Hackenbrock, 1979)). Furthermore, there are 

techniques which employ fluorescent derivatives of nucleotides (method 6) to evaluate 

the rate of release of the fluorescent molecule upon ANT-mediated exchange for ADP 

(Block and Vignais, 1986). 

To complement these functional assays, the amount of ANT protein can be estimated 

using (method 7) a fluorescent derivative of atractyloside or, exploiting the 1:1 

stoichiometry of binding of the inhibitor to the translocase, by (method 8) stepwise 

titration of State 3-mitochondria with carboxyatractyloside (cATR) until respiration is 

completely inhibited (Schonfeld, 1990). 
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Among these, only methods 4), 5) and perhaps 6) provide continuous-time information, 

while the rest are end-point assays wherein a satisfactory time resolution can be 

obtained only using a large number of samples  as detailed by (Brandolin et al., 1990)). 

Methods 1) and 2), i.e. chromatographic methods, require expertise in specialized 

equipment, while method 3) requires handling of radioactive material, conditions which 

may render all these methods cumbersome to use, even if these are usually very 

sensitive assays which require rather small amounts of mitochondrial protein. 

Methods 6) and 7) rely on special materials which are not commercially available, and 

are therefore not appealing to the broader scientific community.  

Method 5), if used as a continuous-time method, suffers from several drawbacks. First, 

the lack of constant proportionality between ATP concentration and luminescence, 

caused by product inhibition of the luciferase reaction by oxyluciferin, renders this 

method at best semi-quantitative. Second, for reliable estimation of the kinetics of ATP 

formation, one needs to determine the endogenous ATP concentration prior to 

application of the method. Third, the required use of a low ionic strength medium and 

room temperature restricts experiments to conditions which are nowhere near 

physiological. Fourth, the necessity to maintain [O2] below 50 µM, needed to avoid 

significant drifts in luminescence, adds extra effort to any application of this method.  

Method 4) has two disadvantages. First, there are two mediating coupled reactions 

which may affect stoichiometry through product (glucose-6-phosphate) inhibition of 

hexokinase. Second, the measured signal -NADP(H) autofluorescence- precludes the 

simultaneous measurement of this mitochondrial parameter, plus the stimulation of 

mitochondrial respiration by addition of ADP affects the NAD(P)H steady state.  For a 

comprehensive appraisal of methods to measure ATP-ADP exchange rates in 

mitochondria and reconstituted systems, the reader is referred to a recent review by 

Martin Klingenberg (Klingenberg, 2008). 

14.2. Methods 

14.2.1. Isolation of mitochondria – Rat brain, non-synaptic mitochondria: see above in 

section 8.1.1. 

14.2.2. Rat brain, synaptic mitochondria: see above in section 8.1.2. 

14.2.3. Rat liver and heart mitochondria: see above in section 8.1.3. 
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14.2.4. Assessment of inner mitochondrial membrane integrity by measuring citrate 

synthase activity in non-solubilized mitochondria: Citrate synthase activity was 

measured as described by Srere (Srere and Brooks, 1969). 0.1 mg of mitochondria were 

added to a 2 ml medium containing 100 mM Tris-HCl, 0.36 mM acetyl-CoA, 0.1 mM 

dithionitrobenzoic acid (pH 8.0). The reaction was started by adding 0.5 mM 

oxaloacetate. Changes in the absorbance at 412 nm due to 5-thio-2-nitrobenzoic acid 

formation were monitored in a GBC UV/VIS 920 spectrophotometer at 25 oC, under 

constant stirring. Activity was measured in the absence and in the presence of 0.1% 

Triton X-100 (w/v, dissolved in 100 mM Tris-HCl, pH 8.0), and calculated as 

µmol/min/mg protein assuming an extinction coefficient for 5-thio-2-nitrobenzoic acid,  

of εM= 14.15 mM-1*cm-1. Since the inner mitochondrial membrane is impermeable to 

both oxaloacetate and acetyl-CoA, the fraction of broken mitochondria was estimated 

from the amount of measured citrate synthase activity in the absence of Triton X-100, 

divided by the activity measured from mitochondria solubilized by this detergent.  

14.2.5. Isolation if 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). Briefly, mitochondria (50-60 mg/ml) are preloaded with 5 nmol 

cATR/mg protein for 5 min. The pellet is then dissolved in 2.5% Triton X-100, 100 mM 

Na2SO4, 10 mM Tricine-KOH, pH 7.4, and 2.0 mM EDTA at a concentration of 7 

mg/ml, and the suspension is incubated at 0 oC for 20 min and centrifuged at 20,000 g 

for 10 min. A 1-ml aliquot of the supernatant is placed on a hydroxylapatite column (6 x 

0.7 cm) that had been equilibrated with an elution buffer containing 0.5% Triton X-100, 

100 mM Na2SO4, 10 mM Tricine-KOH, pH 7.4, and 0.1 mM EDTA. The carrier 

protein that elutes in the pass-through fraction within 15 min can be monitored by 

standard protein determination methods.  

14.2.6. Preparation of liposomes comprising ANT protein: The purified ADP/ATP 

carrier can be incorporated into liposomes composed of phosphatidylethanolamine (PE), 

phosphatidylcholine (PC), and diphosphatidylglycerol (DPG) in a ratio of 70:22:8. A 

chloroform solution of a mixture of the phospholipids and cholesterol (in a molar ratio 

of 2:l or 6:l) is dried under nitrogen at room temperature and then Vortex-suspended in 

a medium containing 20 mM ATP, 100 mM NaC1, 0.5 mM MgC12, and 10 mM 
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Tricine-KOH, pH 7.5, at a concentration of 40 mg/ml. The phospholipid suspension is 

sonicated at 40 watts using a Branson Sonifier with a microtip for 15 min under 

nitrogen in an ice bath, and the lipid dispersion is centrifuged at a low speed for 10 min. 

Approximately 200-300 pg of carrier protein in 0.2-0.4 ml of Triton X-100 solution is 

added to the sonicated liposome suspension and incubated at 0 oC for 20 min. The 

mixture is then subjected to a second sonication of 15-20 s in an ice bath. External ATP 

is removed by passage of the reconstituted carrier through an anion exchange column 

(25 x 0.7 cm, AG 1-X8, 100-200 mesh, formate form) that have been equilibrated with 

136 mM glycerol solution. The fractions containing the proteoliposomes which were 

eluted with the glycerol buffer are pooled and used for the ATP/ADP transport studies 

as detailed further. 

14.2.7. Oxygen consumption: Mitochondrial respiration was recorded at 37 °C with a 

Clark-type oxygen electrode (Hansatech, UK). 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, N,N,N′,N′-Tetramethyl-p-

phenylenediamine (TMPD) 1, K-ascorbate 5, plus 0.5 mg/ml bovine serum albumin 

(fatty acid-free), pH 7.25. State 3 respiration was initiated by the addition of 2 mM K-

ADP (stock titrated to pH=6.9 with KOH) to the incubation medium. State 4 respiration 

was initiated by the addition of 4 µM carboxyatractyloside (cATR).  

14.2.8. 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. The following three substrate 

combinations were used: i) 1 mM or 0.08 mM TMPD (as indicated) plus 5 mM K-

ascorbate; or ii) 5 mM K-glutamate plus 5 mM K-malate; or iii) 5 mM K-succinate plus 

1 µM rotenone. Magnesium Green (MgG) fluorescence was recorded in a PTI Deltascan 

fluorescence spectrophotometer at a 5 Hz acquisition rate, using 506 and 530 nm 

excitation and emission wavelengths, respectively. MgG exhibits an extremely high 

quantum yield (EM[MgG]=75,000 M-1*cm-1), therefore, slits were opened of no more 

than 1 nm. 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 
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mM EDTA, followed by the recording of 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). The 

correction term -0.055 mM is empirical, and possibly reflects chelation of other ions by 

EDTA that have an affinity for MgG, altering its fluorescence. This term was needed to 

obtain a reliable [Mg2+] estimate, as determined from calibration experiments using 

solutions with known, stepwise increasing, Mg2+ concentrations.  

18.2.9. Western blotting: see above in section 8.1.5. 

18.2.10. Statistics: Data are presented as mean ± SEM; significant differences between 

groups of data were evaluated by one way ANOVA followed by Tukey’s posthoc 

analysis, with p < 0.05 considered significant. Wherever single graphs are presented, 

they are representative of at least 4 independent experiments.   

14.3. Results and Discussion 

14.3.1. Assay conditions: Rationale for using particular buffer and substrate 

compositions 

The ATP-ADP exchange rate was determined in intact mitochondria and the incubation 

medium was designed to enhance the specificity and reproducibility of our method. The 

main modifications, as compared to ‘standard’ compositions employed elsewhere in 

studies with isolated mitochondria (including us; (Chinopoulos et al., 2003)), were (i) 

the replacement of a large fraction of [Cl-] with gluconate, (ii) the use of 10 mM 

KH2PO4, and (iii), where indicated, the high concentration (1 mM) of TMPD. 

Concerning the estimation of the initial ANT activity rates and the steady-state ATP-

ADP exchange rates and their differences, the reader is referred to a recent 

comprehensive review by Martin Klingenberg (Klingenberg, 2008). Total [Cl-] in our 

buffer was ~20 mM, being within the physiological range of intracellular [Cl-] for all 

tissues used as a source of mitochondria in our study. ANT is inhibited at high [Cl-]; 

140 mM Cl- inhibits ANT activity by ~35%, while with 140 mM gluconate this is only 
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~7% (Gropp et al., 1999). The combination of [Cl-] and [gluconate] used in our buffer is 

unlikely to cause substantial inhibition of ANT activity (Gropp et al., 1999), while 

maintaining isoosmolarity. Furthermore, we found that mitochondria kept in 20 mM 

[Cl-] exhibit similar respiration rates and membrane potential, but significantly lower 

steady-state rates of ROS formation, when compared to mitochondria exposed to 140 

mM [Cl-] (data not shown). 

The phosphate (Pi) concentration in our assay medium was 10 mM for the following 

reasons: There are two Pi carrier isoforms in mitochondria with Km values for Pi (on the 

external membrane surface) of 2.2 and 0.78 mM, respectively (Palmieri, 2004). The 

high concentration of phosphate achieves 81.97 % and 92.76 % saturation of the low 

and high-affinity Pi carrier, respectively. At lower concentrations extramitochondrial Pi 

becomes rate-limiting for oxidative phosphorylation (Tager et al., 1983), while at 

saturating [Pi] the rate of Pi transport greatly exceeds the net rate of ATP synthesis 

(Ligeti et al., 1985). At [Pi] ≤ 3 mM ATP formation is largely dependent on the F0F1-

ATPase. Finally, Pi has been shown by mathematical modeling to play a significant role 

in stimulating both oxidative phosphorylation and tricarboxylic acid cycle (Wu et al., 

2007), as originally proposed by Bose (Bose et al., 2003). 10 mM KH2PO4 did not affect 

free [Mg2+] measured by MgG (not shown). This is partly because at pH=7.25, KH2PO4 

dissociates to H2PO4-
 and HPO2-

 (pK2=7.21) and neither of these ions form a 

precipitation with Mg2+
 (PO4

3- is the only component that forms Mg3(PO4)2 precipitate, 

but this ion is essentially not present at this pH (pK3=12)). On the other hand, Mg2+
 also 

forms soluble coordination compounds with phosphate anions (preferably with HPO4
2-). 

However, chelation of Mg2+
 by HPO4

2-
 in the low millimolar range is negligible, since 

the dissociation constant for the [Mg2+-HPO4
2-] complex is 210 mM (Dawson et al., 

1986), although a much lower value has been reported elsewhere (Wu et al., 2007). 

The substrates TMPD (in most cases 1 mM) plus ascorbate were chosen for the 

following reasons: at concentrations >0.4 mM TMPD supports direct transfer of 

electrons to cytochrome oxidase (Sagi-Eisenberg and Gutman, 1979;Crinson and 

Nicholls, 1992), thus, the availability of cytochrome c (or of any upstream component 

of the respiratory chain) as an electron donor is no longer rate limiting. This is 

advantageous, because due to harsh isolation conditions, the outer membrane of isolated 

mitochondria is frequently damaged, leading to a partial loss of cytochrome c (Wojtczak 
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et al., 1972). In addition, ATP-ADP steady-state exchange rates mediated by the ANT 

of various types of mitochondria can be normalized to their respective cytochrome 

oxidase activities. 

The use of TMPD plus ascorbate also eliminates a possible confounding factor, due to 

the binding of either ADP or ATP to the matrix-facing domain of subunit IV of 

cytochrome oxidase regulating its’ activity in a pmf-independent manner (Kadenbach 

and Arnold, 1999). This mechanism of respiratory control does not operate when 

mitochondria are fuelled by TMPD plus ascorbate (Arnold and Kadenbach, 1997). This 

is important for our assay using intact mitochondria, because ATP-mediated inhibition 

of cytochrome oxidase would decrease pmf, the ultimate driving force for ANT-

mediated ADP/ATP exchange. 

Finally, it has been shown that the fraction of ANT molecules which form functional 

dimers, and hence contribute to the flux control coefficient of ANT, is maximum if 

TMPD plus ascorbate is used to support mitochondrial respiration, as compared to other 

substrate combinations (Faustin et al., 2004). 

The importance of including bovine serum albumin in the assay medium is two-fold: 

firstly, albumin binds both fatty acids and their coenzyme A esters, that can inhibit ANT 

activity (Wojtczak and Zaluska, 1967;Morel et al., 1974); secondly, fatty acids exhibit 

uncoupling properties plus inhibitory effects on respiratory chain components 

(Wojtczak and Schonfeld, 1993) that decrease pmf –particularly with succinate as a 

substrate (Tretter et al., 2007). Finally, the use of 1 mM total [Mg2+] yields 0.32-0.6 

mM free [Mg2+] (depending on the type and amount of adenine nucleotide present in the 

extramitochondrial medium, see below), which is within the physiological range of 

cytosolic free [Mg2+] (Rodriguez-Zavala and Moreno-Sanchez, 1998;Rutter et al., 

1990;Jung et al., 1997). 

14.3.2. Establishment of [Mg2+] measurement by MgG fluorescence and determination 

of Kd for Mg2+ bound to ADP or ATP under our experimental conditions 

The ‘core’ of the method for estimating ANT activity lies in the reliable estimation of 

free [Mg2+] in the appropriate range (0.1-1 mM). Our calibration of MgG fluorescence 

(performed as detailed under “Methods”) using Eq. 1 gave reasonable estimates of free 

[Mg2+] ([Mg2+] f); in figure 6A, curve (a) shows the calibrated signal of MgG 

fluorescence upon adding 0.1 mM MgCl2 boluses (arrows) to a solution initially devoid 



 36 

of Mg2+. Because all Mg2+-sensitive dyes also bind Ca2+ (MgG has a Kd=4.7 µM for 

Ca2+), we tested the response of MgG fluorescence to consecutive boluses of 1 µM 

CaCl2 (figure 6A, curve (b)). In the presence of 1 mM MgCl2 MgG fluorescence, and 

hence the calculated free [Mg2+] (curve (b)), was only marginally affected by boluses of 

CaCl2. Note, that our buffer contains less than 1 µM of contaminating free Ca2+, as 

measured by fura-6F (Kd=2.47 µM (Chinopoulos et al., 2003), not shown).  

 

Figure 6. Dependence of 
MgG fluorescence on 
[Mg2+]f and [Ca2+]f and 
determination of Kd for 
Mg-AdNucl complexes.  
A: Reconstructed time 
courses of free [Mg2+], 
calculated from MgG 
fluorescence using Eq.2. In 
curve ‘a’, 0.1 mM MgCl2 
boluses were added, where 
indicated (arrows), to a 2ml 
medium (see materials and 
methods for composition) 
initially devoid of Mg2+, 
containing 2 µM MgG 5K+ 
salt. In curve ‘b’, 1 mM 
MgCl2 was already present 

in the medium at the onset, and 1 µM CaCl2 boluses were added where indicated 
(arrows). B: Determination of Kd of ADP for Mg2+ by sequential addition of 18 boluses 
of ADP (0.25 mM each) while recording MgG fluorescence. Dots illustrate calculated 
free [Mg2+] after each bolus. The solid line is a fit to Eq.2, yielding the Kd value shown. 
C: Determination of Kd of ATP for Mg2+ by sequential addition of 10 ATP boluses 
(0.2 mM each). Details are as in B. All panels (A, B, C) share the same y-axis, i.e. 
[Mg2+] f (mM). D: Plot of calculated [ATP]t values as a function of true [ATP]t. 
 
 
 
In order to calculate [ATP] from free [Mg2+] (see Eq. 5, below), the Kd values of Mg2+ 

for ADP and ATP are required. These values have been estimated previously by others 

(see (Bers et al., 1994) and references therein and (Kramer, 1980)). However, differing 

values have been reported for these constants in different studies, while our calculation 

of [ATP] from free [Mg2+] (Eq. 5) is non-linear in nature, even small errors in Kd could 

result in large errors in [ATP] estimates. Therefore, we directly determined the Kd of 



 37 

Mg2+ for ADP (KADP) and for ATP (KATP) under our conditions by stepwise titration of 

Mg2+ with the respective nucleotide (figure 6B,C). ADP and ATP were added in 0.25 

mM and 0.2 mM boluses, respectively, to a medium containing a total concentration of 

1 mM Mg2+ while free Mg2+ was measured using MgG. To obtain Kd values, free 

[Mg2+] versus total [nucleotide] plots (Fig. 6B,C; dots) were fitted by least squares (Fig. 

6B,C; solid lines) to the binding equation 

 

 

 

 where [Mg2+]t is the total [Mg2+] (1 mM), [L]t is the total concentration of added ADP 

or ATP, and Kd is the fitted value of KADP or KATP, respectively. From our fits we 

obtained estimates of KADP=0.906 ± 0.023 mM (Fig. 6B), and KATP=0.114 ± 0.005 mM 

(Fig. 6C).  

14.3.3. Evaluation of ANT activity by calculation of total released [ATP] from 

measured free [Mg2+] 

Addition of 2 mM ADP to a medium containing mitochondria, AP5A, substrates, 1 mM 

MgCl2, and 2 µM MgG causes an immediate drop in free [Mg2+], from 1 mM to ~0.39 

mM (figure 7A), which is in agreement with the calculated value (0.3939 mM) 

assuming the KADP value estimated above (figure 6B and Eq. 2). Under these conditions 

mitochondria initiate, and for the next 25 sec maintain, oxidative phosphorylation while 

replacing ADP in the medium with ATP. Because ATP binds Mg2+ with a higher 

affinity than ADP, this process is betrayed by a further gradual decline in the free 

[Mg2+] (figure 7A).  

Addition of 4 µM cATR, a specific inhibitor of the ANT, immediately stops this 

progressive decrease in free [Mg2+] (figure 7A), consistent with the fact that under these 

conditions the ANT is the sole mediator of ADP/ATP exchange. cATR binds to the 

ANT with a very high affinity (Kd=10-8 M); because this binding is non-competitive 

(unlike for atractyloside), even a high concentration of ADP cannot overcome the 

inhibition (Vignais et al., 1971). Since one molecule of cATR binds to one ANT dimer, 

and mitochondrial preparations contain 0.24-1.8 nmol of ANT per mg protein 

(depending on the tissue; (Forman and Wilson, 1983)  (Rossignol et al., 2000)), 4 µM 

      (Eq.2) 
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cATR is sufficient to inhibit all molecules of ANT in our mitochondrial suspension (1 

mg of mitochondrial protein per 2 ml). Free [Mg2+] also ceased to decline upon addition 

of 10 µM oligomycin (not shown). Including the adenylate kinase inhibitor AP5A in the 

medium is essential; Mg2+, which is present in the assay medium, activates adenylate 

kinase (http://www.brenda-enzymes.info/php/results_flat.php4?ecno=2.7.4.3) that 

exhibits an appreciable activity in some tissues. Significant production of ATP by this 

enzyme, upon addition of 2 mM ADP, would result in overestimation of ANT activity. 

When AP5A was omitted from the medium, we indeed observed a faster decrease in free 

[Mg2+] upon ADP addition and free [Mg2+] continued to fall (although at a lower rate) 

even after addition of cATR (not shown).  

To convert measured [Mg2+] f into total [ATP] in the medium ([ATP]t), we assumed that 

in our medium (after addition of ADP to mitochondria) the system is at equilibrium at  

 

 

 

            

any moment, until the conversion of the total amount of ADP to ATP. This is a fair 

assumption, as the rate of Mg2+ binding to, and unbinding from, nucleotides is faster 

than the rate of ATP/ADP exchange across mitochondrial membranes (diffusion of ions 

in solution is faster by several orders of magnitude than any conformational transitions 

of proteins). Thus, at any moment, [Mg2+] t in the medium is distributed between three 

equilibrium pools, free, ADP-bound, and ATP-bound: 
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where [ADP]t and [ATP]t are the total concentrations of ADP and ATP, respectively, in 

the medium. Because the ANT exchanges ADP for ATP at a 1:1 stoichiometry, 

[ADP]t+[ATP]t remains constant in the extramitochondrial compartment throughout the 

experiment. In particular, at any time point:  

[ADP] = [ADP] (t = 0) [ATP]t t t− ,                                                           (Eq.4) 
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where [ADP]t(t=0) is [ADP]t in the medium at time zero (2 mM and 0 mM, 

respectively, our ADP stock solution exhibited negligible contamination with ATP). 

Substituting [ADP]t from the latter equation into Eq. 3, and rearranging Eq. 3 to express 

[ATP]t we get 

 

 

 

 

 

To verify the reliability of the [ATP]t estimates obtained using Eq. 5 and measured 

values of [Mg2+] f, we applied the above algorithm to a series of solutions with known 

[ATP]t (Fig. 6D). To this end, 0.1 mM ATP boluses were added in a stepwise fashion to 

a 2ml aliquot of our bath solution containing 2 mM ADP and MgG. After each ATP 

bolus [Mg2+]f was determined from MgG fluorescence using Eq. 2; and [ATP]t was 

estimated using Eq. 5 in which [ADP]t(t=0)+[ATP]t(t=0) was set to 2 mM+i*0.1 mM 

(i=1, 2, ...7) for the trial following the ith ATP bolus. A plot of calculated [ATP]t values 

as a function of true [ATP]t for this series of experiments (Fig. 6D) convinced us that 

we could predict [ATP]t in the medium with reasonable accuracy. 

With the knowledge of [Mg2+] t (1 mM), [ADP]t(t=0) (2 mM), KADP (0.906 mM), and 

KATP (0.114 mM) Eq. 5 allows us to directly convert the recorded time course of [Mg2+] f 

into the time course of [ATP]t in the medium (Fig. 7B). The fitted slope of this time 

course (Fig. 7B, S1) during conversion of ADP into ATP by mitochondria reflects ANT 

activity; S2 is the slope fitted after blocking ANT activity with cATR. For all 

subsequent estimations of ANT activity, S2 has been substracted from S1. For some of 

the experiments, the calculated initial [ATP]t values were not exactly zero, but in the 

range of ~0.01-0.04 mM). In these cases, we arbitrarily readjusted all calculated [ATP]t 

values to start from zero. 

 

 

  (Eq.5) 
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Figure 7. Estimation of ATP release. (A) Reconstructed time course of free [Mg2+], 
calculated from MgG fluorescence, using Eq. 2. Less than 50 s before the start of the 
trace, 1 mg of nonsynaptic mitochondria was added to a 2-ml medium containing 50 
mM AP5A, 1 mM TMPD, 5 mM ascorbate, 1 mM MgCl2, and 2 mM Magnesium Green 
5K+ salt. 2 mM ADP and 4 mM carboxy-atractyloside (cATR) were added where 
indicated (arrows). (B) Time course of [ATP]t appearing in the medium, calculated 
from the data in panel A, using Eq. 5. S1 and S2 are slopes obtained by linear regression 
(r2=0.918 for S1, SE of the fit=0.01). Panels A and B are aligned on the x axis (time, 
seconds).  
 

14.3.4. Verification of maintained mitochondrial respiration for the experimental time 

frame 

Even though the experiments are performed in an open chamber, 1 mg of mitochondria 

in a 2 ml volume would consume dissolved O2 within a few minutes, especially when 1 

mM TMPD plus 5 mM ascorbate is used, a combination that gives very high rates of 

respiration (Figure 7D). In order to ensure that our recordings of free [Mg2+] are 

performed under conditions in which mitochondria are not depleted of oxygen, 

respiration measurements were also performed under the same conditions. As evident 

from Figure 7C, which shows the time course of oxygen consumption by heart 

mitochondria, there remained sufficient oxygen in the medium to saturate cytochrome 
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oxidase within our experimental time frame of <40 s, and importantly prior to the 

addition of cATR (Fig. 7C). The black arrowhead in Figure 7C indicates the time point 

at which [O2] has reached the lower sensitivity limit of the Clark electrode, which is 

near the Km for O2 of cytochrome oxidase. Among all types of mitochondria used, those 

isolated from heart exhibited the highest respiratory rates (Figure 7D). As cATR was 

given 25 sec after the addition of ADP, we conclude that for all types of mitochondria 

our experiments were not limited by oxygen depletion which would have impeded ANT 

activity.    

14.3.5. ‘Normalization’ of ANT activity to the degree of inner mitochondrial membrane 

integrity 

In the method described so far, assessment of ANT activity depends on the 

compartmentalization of the dye, i.e. MgG must remain in the extramitochondrial 

medium (the 5K+ salt of MgG does not penetrate intact bilayers). Furthermore, the 

intactness of the inner mitochondrial membrane is also crucial for nucleotide 

translocation, as in its absence there is no pmf to drive i) ATP/ADP exchange and ii) 

formation of ATP by the F0F1ATPase. ANT activity, expressed as the concentration of 

ATP which appears in the extramitochondrial medium per unit time per mg of 

mitochondrial protein, is therefore underestimated by the fraction of damaged 

mitochondria (possessing a leaky inner membrane), since the latter contributes to the 

amount of protein but not to nucleotide translocation. We estimated this fraction of 

leaky mitochondria in our preparation by measuring the fractional activity of citrate 

synthase (a matrix enzyme) detectable in the medium. To this end, the two membrane-

impermeable substrates oxaloacetate and Acetyl-CoA were added to the medium, and 

citrate synthase activity was measured as described in “Methods”. This activity was 

then divided by total citrate synthase activity (Figure 8A, top panel), determined by 

repeating the measurement in the presence of detergent (0.1% Triton X-100) to disrupt 

mitochondrial membranes. The resulting fraction is an index of the fraction of broken 

mitochondria (Figure 8A, bottom panel, grey shaded bars), while the complementary 

fraction indicates the fraction of intact mitochondria (Figure 8A, bottom panel, white 

bars) to which ANT activity could be normalized.  

As one example for applying our method, Figure 8B shows the activity of the ANT 

normalized to the amount of intact mitochondrial protein, for each type of mitochondria 
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fuelled by 1 mM TMPD plus 5 mM ascorbate. Significantly lower activities were found 

in liver, and even more so in heart, as compared to brain mitochondria. 

 

 
Figure 8.: Normalization of ATP-ADP steady-state exchange rate mediated by the 
ANT to inner mitochondrial intactness. A: Citrate synthase activity in the medium 
was measured for each type of mitochondrial preparation in the absence and in the 
presence of 0.1% Triton X-100. The top panel shows the absolute values (µmol/min/mg 
protein) of total citrate synthase activity, measured in the presence of 0.1% Triton X-
100. In the bottom panel gray bars indicate the fractional activity in the absence of 
detergent (normalized to the total activity shown in the top panel); white bars plot the 
complementary ("TX-100 dependent") fraction. B: ATP-ADP exchange rate mediated 
by the ANT in different types of mitochondria, normalized to the amount of intact 
mitochondrial protein estimated from data shown in A. (S): synaptic, (NS): nonsynaptic, 
(L): liver, (H): heart mitochondria. Mitochondria were fuelled by 1 mM TMPD plus 5 
mM ascorbate. a,b: significantly different from synaptic and non-synaptic mitochondria 
(p<0.001); c: significantly different from liver mitochondria (p=0.003). C: Normalized 
ATPADP steady-state exchange rate mediated by the ANT in non-synaptic 
mitochondria fuelled by a variety of mitochondrial substrates. tmpd(h) designates 1 mM 
TMPD; tmpd(l) designates 0.08 mM TMPD. a, significantly different from all other 
conditions (p<0.03). 
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Because ANT activity is driven by the pmf, which in turn depends on the P/O ratio of 

the substrate used for supplying one of the respiratory chain complexes with reducing 

equivalents (Lee et al., 1996), ANT activity is expected to depend on the particular 

substrate combination used. As a second application of our method, we measured ANT 

activities for non-synaptic mitochondria while fuelled by different substrate 

combinations. We indeed obtained slight differences (Figure 8C); however, these did 

not reach statistical significance (at least for non-synaptic mitochondria), except when 

compared to mitochondria assayed in the complete absence of substrates. 

14.3.6. Correlation of ANT activity and isoform immunoreactivity 

As mentioned above, rat tissues exhibit only two ANT isoforms, ANT-1 (T1) and ANT-

2 (T3). For the types of mitochondria used in this example, ANT expression pattern is 

shown in Figure 9 (top panel) using isoform-specific antibodies.  

 

Figure 9: ANT isoform -1 and -2 immunoreactivity for each type of mitochondrial 
preparation. Top: Immunoblots show ANT expression in different types of 
mitochondria detected using antibodies for either the ANT-1 (left) or 2 (right) isoform; 
in the center blot, the primary antibody was omitted and only the appropriate secondary 
anti-mouse antibody (designed to recognize the ANT-1 antibody) was added to the blot. 
Similarly, addition of only the secondary anti-rabbit antibody (recognizing the ANT-2 
antibody) resulted in a blot exhibiting only the unspecific band at ~29 kDa (not shown). 
Equal amounts of each type of mitochondrial preparation (25 µg) were loaded on each 
lane.  “M” stands for molecular weight marker; the two white bands in the marker lanes 
correspond to 25 (lower) and 30 (upper) kDa  peptides. The expected molecular weight 
of the ANT is 33 kDa. Bottom: After blotting and visualization of immunoreactivity, 
blots were stained with Ponceau S to confirm equal loading of all lanes.  
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Since there are multiple isoforms for many of the enzymes of the oxidative 

phosphorylation pathway, and for mitochondrial proteins in general (Stepien et al., 

1992), equal loading of the various gel lanes with mitochondria of different origin 

cannot be verified using a “housekeeping” protein. Therefore, immediately after films 

had been developed for ECL immunoreactivity, blots were bathed in Ponceau S, a non-

specific dye which stains all protein bands (Figure 9, bottom panel). Densitometric 

analysis of individual lanes using the scanned Ponceau S blots verified that loading of 

the gel lanes varied between 3.1(min)-9.2(max)% from each other. Therefore the differences 

in the ANT isoform immunoreactivity are chiefly due to differential tissue distribution, 

consistent with earlier reports (Dorner et al., 1999;Hulbert et al., 2006). We confirm that 

brain and heart mitochondria contain mostly ANT-1, while liver mitochondria display 

much smaller quantities of both isoforms – as has been reported in previous studies 

(Vyssokikh et al., 2001). Beyond elucidating the quantitative contribution of each ANT 

isoform to total ANT content in each tissue, the parallel determination of activity 

(Figure 8B) and protein content (Schonfeld, 1990) in a given mitochondrial preparation 

allow determination of the molecular turnover number for this carrier.   

 

14.3.7. Estimation of the molecular turnover number of the ANT 

Using previously published as well as hereby estimated values of the total amount of 

ANT protein found in mitochondria of various origins [0.2-0.24 nmole ANT per mg of 

total mitochondrial protein in liver (Winkler and Lehninger, 1968) (Forman and Wilson, 

1983), 1.2 nmole in heart (Halestrap and Brennerb, 2003), 1.44 nmole in brain non-

synaptic mitochondria (estimated herein) and 1.37 nmole in synaptic mitochondria 

(estimated herein)], we can calculate the rates of ADP/ATP exchange per ANT 

molecule. The calculated values of the ATP/ADP turnover rates for the ANT are 

between 82 s-1 and 99 s-1 in liver, 23 s-1 in brain (synaptic mitochondria), 22 s-1 in brain 

(non-synaptic) but only 5 s-1 in heart. These values correspond to the ‘forward’ mode of 

transport of the ANT and are valid at 37 oC, pHo 7.25, with TMPD (1 mM) plus 

ascorbate (5 mM) as substrates at a ∆Ψm of  -163 ± 3 mV (liver mitochondria), -165 ± 2 
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mV (heart mitochondria), -168 ± 3 mV (synaptic mitochondria), and -167 ± 3 mV (non-

synaptic mitochondria) in the presence of 1 mM total extramitochondrial Mg2+.  

 

14.4. The method is suitable for high-throughput drug screening 

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 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.  

For example, purified ANT protein reconstituted in liposomes is a system which is 

particularly suitable for screening of modulators, e.g. inhibitors or activators, and also 

for high throughput screening. 

Besides easy control of the reaction the only signal to be measured is related to the free 

[Mg2+] which allows easy detection. For example, if the reporter compound, e.g. 

Magnesium Green (MgG) emits a fluorescent signal, the screening can be carried out in 

a usual device suitable for high throughput screening, and capable of fluorescent 

detection. The assay itself may be carried out in microtiter plates, series of cuvettes etc. 

As explained above, the method consists of measuring the rate of cATR-sensitive 

decline in free [Mg2+] in the extramitochondrial compartment upon exchange of ADP 

with ATP. Total [ATP] in the medium is then calculated from free [Mg2+] using Eq. 5; 

and ANT activity is expressed as total [ATP] appearing in the medium per unit time per 

amount of protein. This technique is viable due to fact that the ANT does not transport 

Mg-ADP or Mg-ATP (Kramer and Klingenberg, 1980) (Kramer and Klingenberg, 

1980) unlike the ATP-Mg2+/Pi carrier (Aprille, 1993), and is specific for this exchanger 

because all other known nucleotide transporters are insensitive to inhibition by cATR 

(Vozza et al., 2004) (Fiermonte et al., 2004) (Shin et al., 2000). Furthermore, the 

magnitude of the kinetics of the ATP-Mg2+/Pi carrier (that can also exchange ADP 
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unbound to Mg2+ for HPO4
2- (Nosek and Aprille, 1992)) is many-fold lower than that of 

the ANT (Aprille, 1993).  

Calculation of total [ATP] can be carried out by a computer, which is connected to the 

device detecting the signal emitted by the reporter compound. For example, the program 

allows setting the number and timing of data obtained from the detector. If a fluorescent 

signal is provided by the reporter compound, the computer is capable of controlling 

both illuminating and emitted intensities. 

The detector should be capable of detecting the signal emitted by the reporter compound 

upon binding the Mg2+ ions.  

The computer program should be capable of calculating total ATP concentration in the 

extracompartmental medium from  

- the total Mg2+ ion concentration;  

- the free Mg2+ ion concentration  

- the total ADP or ATP concentration and 

- the dissociation constants of the Mg2+ ions for ADP and ATP.  
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15. The reversal of the ANT 

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

the respiratory chain but ADP/ATP exchange through ANT is reversible (Metelkin et 

al., 2006); therefore, in cells in which mitochondrial respiration is compromised, ATP 

could enter mitochondria to be hydrolyzed by the –also reversible- F0F1ATPase 

(Vinogradov, 2000). This process can maintain an appreciable pmf in the absence of a 

functional respiratory chain (Scott and Nicholls, 1980).  

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·[ATP4-] in)/([ADP3-] in·[ATP4-]out)}                             (Eq.6.) 

Erev_ATPase= − (316/n)−(61/n)·log {[ATP4-] in/˙([ADP3-] in·[P]in)}−61·(pHo−pHi)      (Eq.7.), 

 

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.6 and 7 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 
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ratio will shift Erev_ATPase towards more negative and Erev_ANT towards more positive 

values, and vice versa. However, the ideal situation of 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 (Wu et al., 2008) and 

the coupling ratio “n” (Tomashek and Brusilow, 2000) (Cross and Muller, 2004). 

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

fluctuations, some greater than 100 mV (Duchen et al., 1998) (O'Reilly et al., 2003) 

(Gerencser and Adam-Vizi, 2005). This phenomenon, termed “∆Ψm flickering” is 

observed in mitochondria probed in isolation or in situ (O'Reilly et al., 2003).  

To find out how actual ∆Ψm affects the actual state of ATP synthesis we performed 

experiments on isolated mitochondria in order to check whether we can demonstrate 

dissociation between Erev_ATPase and Erev_ANT.  We also performed measurements of in 

situ bioenergetic parameters during partial mitochondrial depolarization by targeted 

inhibition of the respiratory chain or titration with an uncoupler, in order to demonstrate 

a possible dissociation of directionality of function of ATPase from ANT. 

15.1. Methods 

15.1.1. Isolation of mitochondria from rat and rabbit livers and hearts: Mitochondria 

from rat and rabbit livers and hearts were isolated in an identical manner as detailed 

above in 8.1.3.  

 

15.1.2. [Mg2+]f determination from Magnesium Green fluorescence in the 

extramitochondrial volume of isolated mitochondria, Conversion of [Mg2+]f to ADP-

ATP exchange rate mediated by the ANT: were described above 14.2.8. 

15.1.3. Mitochondrial membrane potential (∆Ψm) determination in isolated 

mitochondria: ∆Ψm was estimated using fluorescence quenching of the cationic dye 

safranine O due to its accumulation inside energized mitochondria (Akerman and 

Wikstrom, 1976). 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), 
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pH 7.25, and 5 µM safranine O. Substrate combinations used were as mentioned above. 

All of the experiments were carried out in the presence of cyclosporin A. Parallel 

experiments in the absence of this compound verified that it did not interfere with the 

outcome of the results. Fluorescence was recorded in a Hitachi F-4500 

spectrofluorimeter (Hitachi High Technologies, Berkshire, UK) at a 2 Hz acquisition 

rate, using 495 and 585 nm excitation and emission wavelengths, respectively. 

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 ∆Ψm 

by the Nernst equation assuming a matrix [K+]=120 mM (Akerman and Wikstrom, 

1976).  

15.1.4. Preparation of cortical neurons: Primary cultures of cortical neurons were 

prepared from Sprague-Dawley rats (17th day in utero). All animal procedures were 

carried out according to the local animal care and use committee (Egyetemi 

Allatkiserleti Bizottsag) guidelines. Neurons were grown on 25 mm coverslips for 10–

16 days in vitro, at a density of approximately 50 000 cells/coverslip, supplemented 

with glutamine, neurobasal medium and B27 supplement. Glial proliferation was 

prevented by adding cytosine-arabinofuranoside (5 µM) 24 h after plating. 

Immunocytochemical measurements of glial fibrillary acid protein confirmed that 

cultures contained < 1% glia (not shown). 

 

15.1.5. Cell-attached electrophysiological recordings: Patch pipettes were pulled from 

borosilicate glass to resistances of 6-8 MOhms. Pipette solution contained: KCl 120 

mM, Hepes acid 20 mM, MgCl2 4 mM, CaCl2 1.3 mM, EGTA 5 mM, pH 7.38 

tetrodotoxin 1 µM, MK801 12 µM, CNQX 10 µM, nimodipine 1 µM, charybdotoxin 

100 nM, iberiotoxin 100 nM, apamin 0.5 µM, TRAM-34 1 µM, clotrimazole 100 nM., 

pH 7.4. Bath solutions contained: NaCl 120 mM, KCl 3.5 mM, Hepes-Na 20 mM, 

MgCl2 1 mM, CaCl2 1.3 mM, Glucose 15 mM, pH 7.38, tetrodotoxin 1 µM, MK801 12 

µM, CNQX 10 µM, nimodipine 1 µM, iodoacetamide 250 µM and pinnacidil 100 µM. 

Cultured neurons were placed into a chamber and visualized under DIC in a non-

perfused manner. Seal resistances of >10 GOhms were routinely obtained and patches 
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remained stable for tens of minutes. Recorded currents were acquired at 1 kHz, 

amplified using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA), 

digitized at a sampling rate of 10 kHz (Digidata 1322A, Axon Instruments), and 

recorded using pCLAMP 10 software (Axon Instruments). All recordings were done at 

ambient room temperature (~25°C). 

15.1.6. Statistics: Data are presented as mean ± SEM; significant differences between 

groups of data were evaluated by one way ANOVA followed by Tukey’s posthoc 

analysis, with p < 0.05 considered significant. Wherever single graphs are presented, 

they are representative of at least 4 independent experiments.   

 

15.2. Results 

15.2.1. Computational estimation of Erev_ANT and Erev_ATPase 

We computed Erev_ANT (white triangles) and Erev_ATPase (black triangles) for a range of 

[ATP] in and [ADP]in as an input to Eq. 6 and 7 (Fig.10). It follows from Figure 10 that 

during progressive depolarization of mitochondria, ∆Ψm could be in a range (“B” in 

Fig.10) where the F0F1ATPase is reversed, but ANT still functions in the forward mode. 

For the estimations other parameters were assumed to be static, specifically those of 

[ATP]out, [ADP]out, [Pin]in, n, pHi and pHo. 
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Figure 10. Computation of Erev_ANT and Erev_ATPase for a range of bioenergetic 
parameters. Black triangles represent the Erev_ATPase; white triangles of Erev_ANT. These 
values are computed for ATPout= 1.2 mM, ADPout= 10 µM, Pin= 0.02 M, n=3.9, pHi= 
7.38, pHo= 7.25. (Constructed from the E_rev equations 6 and 7, see above) 

15.2.2. Determination of reversal potential 

In order to estimate the Erev_ATPase and Erev_ANT for the various substrate combinations, 

we used the following approach: mitochondria were allowed to fully charge while 

recording ∆Ψm, then ADP was added, and then SF 6847 (uncoupler) was given in 

increasing concentrations. Subsequently, for Erev_ATPase estimation, oligomycin was 

added. If ∆Ψm exhibited repolarization that implied that the ATPase was working in 

forward mode (producing ATP). If ∆Ψm exhibited depolarization that implied that the 

ATPase was working in reverse mode (consuming ATP). The membrane potential value 

at which no changes in ∆Ψm were observed upon addition of oligomycin was the value 

of the Erev_ATPase. Likewise, by replacing oligomycin with catr, the Erev_ANT was 
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estimated. Carboxyatractyloside (cATR) and oligomycin (olgm), are specific ANT and 

ATP synthase inhibitors, respectively (Fig. 11.). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 11. Determination of Erev_ATPase and Erev_ANT 
Reconstructed time course of ∆Ψm, calculated from safranine O fluorescence. 1 mg of 
liver mitochondria was added to a 2ml medium and energized by 5 mM β-
hydroxybutyrate. 1 mM ADP was added where indicated. SF 6847 at the concentrations 
indicated was subsequently administered. 4 µM cATR or 10 µM oligomycin was added 
where indicated. Similar to these experiments, Erev_ATPase and Erev_ANT has been 
determined for other substrate combinations used. Erev_ANT is around the 100mV 
range, and Erev_ATPase is around the 80mV range. 
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15.2.3. Directionality of ATPase and ANT in isolated mitochondria during respiratory 

chain inhibition 

Next, we measured ∆Ψm in isolated rat liver mitochondria, and checked the effect of 

carboxyatractyloside (cATR) versus oligomycin (olgm), specific ANT and ATP 

synthase inhibitors, respectively, after targeted inhibition of the respiratory chain. 

 

 

 

 

 

 

 

 

As seen in Figure 12A-C, mitochondria were allowed to fully charge by glutamate plus 

malate, then entered state 3 respiration by addition of 1 mM ADP, that “cost” ~25 mV. 

Subsequently, complex I, III, or IV were inhibited by the specific inhibitors, rotenone, 

Figure 12. Effect of cATR vs oligomycin (c/o) on ∆Ψ∆Ψ∆Ψ∆Ψm of mitochondria with a 
compromised respiratory chain at complex I, III or IV with rotenone (A), 
stigmatellin (B), or KCN (C), respectively In D, the effect of oligomycin (olgm) is 
shown when added after cATR. In all panels, mitochondria are allowed to fully charge by 
glutamate plus malate and enter state 3 respiration with 1 mM ADP prior to addition of 
the respiratory chain inhibitors. At the end of all experiments, 200 nM SF 6847 is added to 
achieve complete depolarization.  



 54 

stigmatellin and KCN, respectively. That led to a clamp of ∆Ψm to ~-100 mV. 

Subsequent addition of cATR caused a repolarization if mitochondria were inhibited by 

rotenone at complex I (A), and a minor depolarization if inhibited at complex III by 

stigmatellin (B) or complex IV by KCN (C). This implied that the ANT was only 

minimally functional, or it didn’t reverse. Oligomycin also caused abrupt depolarization 

if added after cATR (not shown). That implies ATP synthase reverse operation even 

when the ANT is blocked. Obviously, in these conditions, matrical ATP is available 

other than that brought into the matrix through the ANT.  

15.2.4. 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). 

PEPCK is thought to participate in anaplerotic reactions in roles other than 

gluconeogenesis, including ones in which the reversal of the enzyme (forming GDP) is 

required, allowing the phosphorylation potential of phosphoenolpyruvate to be 

transferred from mitochondrial matrix to cytosol and vice versa (Lambeth et al., 2004) 

(Ottaway et al., 1981) (Lambeth, 2002) (Wilson et al., 1983). SUCL catalyses the 

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

or GTP (Johnson et al., 1998b). 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. This dimer combination results in either an ADP-forming 

SUCL (A-SUCL, EC 6.2.1.5) or a GDP-forming SUCL (G-SUCL, EC 6.2.1.4). The β 

subunit thus determines the substrate specificity of the enzyme. Both β subunits are 

widely expressed, with SUCLG2 predominantly expressed in anabolic tissues such as 

liver, and SUCLA2 in catabolic tissues such as brain and skeletal muscle (Johnson et al., 

1998a;Johnson et al., 1998b;Lambeth et al., 2004). SUCLG1 is ubiquitously expressed 

(Lambeth et al., 2004). The pattern of expression and activity of the β subunits may be 

explained by the high energy demand in catabolic tissues where the main source of 

energy is ATP. GTP, on the other hand, is important in anabolic tissues involved in 

various processes such as protein synthesis (Ostergaard, 2008).  

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 
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catalyzed by nucleoside diphosphate kinase (SANADI et al., 1954). Given that both A- 

and G-SUCLs are very specific for their respective nucleotide reactant (Johnson et al., 

1998b), this textbook presumption is now unattractive because A-SUCL is available to 

form ATP directly. This is further reflected in the large differences of the Km values of 

the two enzymes for their respective reactants (Johnson et al., 1998a). In addition, the 

concentrations  of ATP and GTP as well as the ATP/ADP and GTP/GDP ratios may be 

very different (Kleineke et al., 1979) (Ottaway et al., 1981), which has strong 

thermodynamic implications for which nucleotide is used in a given metabolic reaction, 

irrespective of the fact that ATP and GTP have identical standard free energies of 

hydrolysis. Nonetheless, there is evidence that both isoforms interact with nucleoside-

diphosphate kinases (Kadrmas et al., 1991;Kavanaugh-Black et al., 1994), while A-

SUCL may also interact with aminolevulinate synthase (Furuyama and Sassa, 2000) and 

G-SUCL with the α-ketoglutarate dehydrogenase complex (Porpaczy et al., 1983).  

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. In the experiments depicted in Figure 12. A-D, 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. 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. To test this hypothesis, we performed 

experiments similar to those just described, but using substrates that didn’t favor 

substrate-level phosphorylation by SUCL. Indeed, as seen in Figure 13., mitochondria 

respiring with any of the following combinations: succinate plus rotenone (Figure 13. 

D), β-hydroxybutyrate with or without succinate plus malonate (the latter to inhibit the 

consumption of succinate, Figures 13. E and F,) or glutamate plus malate plus succinate 

plus malonate (the latter combination to unfavor formation of succinate plus ATP, 

figure 13. C, curves b and d), or in the presence of glutamate plus malate plus 

propionate (Figure 13. C, curves e and f), the latter is an inhibitor of succinyl-CoA 

synthetase (Stumpf et al., 1980), all showed depolarization by addition of catr, implying 

that there was ANT reversal.  
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Figure 13. Effect of mitochondrial substrate-level phosphorylation on cATR versus 
oligomycin-mediated alterations of ∆Ψm of mitochondria with a compromised 
respiratory chain at complex I, III, or IV . A: In all curves of panel A, mitochondria 
were allowed to fully charge by glutamate plus malate, and 1 mM ADP was given 
where indicated, and subsequently, complex I, III, or IV was compromised by rotenone, 
stigmatellin, or KCN, respectively; cATR or oligomycin (c/o) was added where 
indicated. In (a) KCN was added, then cATR, then succinate (succ), then malonate, 
where indicated. In (b) rotenone (rot) was added, then oligomycin (olgm). In (c) 
rotenone (rot) was added, then cATR, then succinate (succ), then malonate, and then 
oligomycin, where indicated. In (d) stigmatellin (stigm) was added, then cATR, then 
succinate (succ), then malonate, where indicated. B: mitochondria were not given any 
substrates, then challenged with 2-bromooctanoate (a) versus mercaptoacetate (b). 
Glutamate (g) and malate (M) were subsequently added where indicated. C, D, E, and 
F: Mitochondria were allowed to fully charge by the following substrate combinations: 
glutamate plus malate +/- succinate plus malonate (C), succinate plus rotenone (D), β-
hydroxybutyrate (E), β-hydroxybutyrate plus succinate plus malonate (F) and 1 mM 
ADP was given where indicated, and subsequently, complex I, III, or IV was 
compromised by rotenone, stigmatellin, or KCN, respectively; cATR was added where 
indicated. In panel C, curves a, c mitochondria respired on glutamate plus malate. In b, 
d, mitochondria respired on succinate plus rotenone. In curves e, f mitochondria 
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respired on glutamate plus malate in the presence of 5 mM propionate. In curves a, b, f 
stigmatellin was given. In curves c, d, e KCN was given. At the end of all experiments, 
200 nM SF 6847 is added to achieve complete depolarization. 
 

15.2.5. The role of fatty acids 

In Figure 13B, the effect of 2-bromooctanoate (2-BO) and mercaptoacetate (merc) is 

depicted on mitochondria, given prior to addition of glutamate (G) and malate (M). 2-

BO and merc are inhibitors of β-oxidation, the former inhibiting terminally at the level 

of thiolase, and the latter at the level of acyl-CoA dehydrogenase (Numa, 1984). This 

experiment shows the extent of ∆Ψm development by endogenous fatty acid oxidation. 

Although initially mitochondria attain full membrane potential they quickly depolarize, 

and this loss of ∆Ψm is accelerated by 2-BO, but not merc, and in the case of 2-BO it is 

rescued by subsequent addition of glutamate and malate. This implied that oxidation of 

endogenous fatty acid is available but limited in isolated rat liver mitochondria. When 

mitochondria are treated with merc there can still be NADH production by 3-

hydroxyacyl-coA dehydrogenase, thus the lack of effect of merc on ∆Ψm on 

mitochondria that have not been given exogenous substrates. The effect of 2-BO and 

merc has been tested on mitochondria respiring on all substrate combinations as detailed 

above, and no additional effect has been recorded (not shown).   

15.2.6. K(ATP) channel activity in cell-attached mode as an ATP sensor assay during 

metabolic inhibition  in cultured cortical neurons 

So far, mitochondria have been probed in isolation and the conditions were 

experimenter chosen (type of substrates, amount of adenine nucleotides, and values of 

pHo and Pi). The results obtained have shown that Erev_ATPase can differ from Erev_ANT, 

and that in the presence of matrical substrate-level phosphorylation there can be ATPase 

reversal but no consumption of extramitochondrial ATP. In order to check whether this 

paradox operates in situ, we setup a K(ATP) channel activity in cell-attached mode as a 

cytosolic biosensor ATP assay (Nichols, 2006). K(ATP) channels open upon decrease 

in cytosolic ATP levels. We chose cortical neurons in culture, because they exhibit 

K(ATP) channels (Ohno-Shosaku and Yamamoto, 1992) (Karschin et al., 1997) (Tang 

and Tong, 1995) (Jiang and Haddad, 1997) (Allen and Brown, 2004). In this assay, 

plasmalemmal K(ATP) channels were rendered hypersensitive to changes of cytosolic 
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ATP levels by 0.1 mM pinnacidil, a sensitizing compound (Sasaki et al., 2001). 

Creatine kinase was inhibited by the membrane-permeable iodoacetamide (0.25 mM). 

In brain isolated mitochondria, 0.08-0.35 mM iodoacetamide completely inhibited 

creatine kinase activity, without affecting ∆Ψm or respiration rates (not shown). 

Inhibition of creatine kinase for the K(ATP) channel cytosolic ATP biosensor assay is 

critical, because this enzyme can buffer changes in cytosolic ATP and ADP levels. As 

shown in Figure 14A., application of either rotenone, stigmatellin or NaCN alone failed 

to result in K(ATP) channel activity (top traces). In Figure 14C, a current/voltage 

relationship for K(ATP) single channel conductance is shown, exhibiting inward 

rectification. The inward rectification, single-channel amplitude, burst-like openings, 

sensitivity to ATP and glybenclamide, provide enough assurance that the patches 

contained authentic K(ATP) channels, and therefore the reporting channel activity was a 

biosensor assay of cytosolic ATP levels. Collectively, the patch clamp experiments 

showed in the cell-attached mode that there was channel activity only in the presence of 

an uncoupler. Inhibition of the in situ mitochondrial respiratory chain alone failed to 

induce plasmalemmal K(ATP) channel activity. That implied that cytosolic ATP levels 

were altered below the detection level of the K(ATP) channels, which have been already 

sensitized to changes in ATP by 0.1 mM pinnacidil. Since buffering of cytosolic ATP-

ADP inter-conversions by creatine kinase were inhibited, there are only two alternative 

but non-mutually excluding explanations:  

1) cytosolic ATP was not significantly changed due to lack of consumption by the 

inhibited mitochondria, and  

2) mitochondria consumed cytosolic ATP but a rebound increase in glycolytic ATP 

output compensated fully, therefore cytosolic ATP levels remained unchanged. In order 

to check for a possible rebound increase in glycolytic ATP production, i.e. a Pasteur 

effect, in situ O2 consumption was investigated and medium acidification both being 

indirect indices of glycolytic flux, in cultured cortical neurons. And it was deduced that 

the ‘Pasteur effect’ is operating in the cultured neurons, but the in situ mitochondria do 

not utilize cytosolic ATP at a maximum rate (not discussed). 
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Figure 14. Single-channel recordings in the cell-attached or excised inside-out 
patch mode of cultured cortical neurons, challenged by ETC inhibitors . A: Single 
channel recordings in the presence of rotenone (rot), stigmatellin (stigm) or NaCN (CN) 
+/- SF 6847 (SF) in the presence of 0.25 mM iodoacetamide and 0.1 mM pinnacidil 
among other plasma membrane channel inhibitors as described in the text. Vp: pipette 
potential. CA: cell-attached. exc: excised. B: Single channel recordings in the -80 +80 
mV pipette potential range; glyben: glybenclamide. C: Current-voltage relationship of 
the unitary conductance of channels appearing after application of stigmatellin and SF 
6847 in the cell-attached mode. 
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15.3. Conclusions for ANT and ATPase 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 ∆Ψm generated by 

the consuming ATPase is maintained in a more negative range of values than the 

Erev_ANT, thereby preventing the ANT from reversing. For the cellular paradigms that 

we have chosen we found that in situ mitochondria may exhibit this paradox, albeit 

dependent on the site of inhibition of the respiratory chain. 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.  

In the case of an uncompromised inner mitochondrial membrane, the rate of ATP 

provision to the F0F1ATPase would be the sum of the rate of matrix substrate-level 

phosphorylation, and that by which ATP is supplied by the operation of the ANT. In  

turn, conditions dictating the rate and directionality of the reactions in the citric acid 

cycle would determine the rate of production of ATP, when favored by SUCL. 

Likewise, the rate of ATP influx into the matrix depends both on the rate of production 

in glycolysis as well as on the rate of transport by the ANT. Assuming that glycolytic 

ATP production is unhindered and upregulated due to Pasteur effect, ANT becomes the 

intermediary entity between cytosolic ATP provision and the consuming F0F1ATPase. 

Another possible mechanism for transporting ATP from the cytosol to the matrix is the 

ATP-Mg2+/Pi carrier, however, the activity of this carrier is many-fold lower than that of 

the ANT (Aprille, 1993). The maximum turnover number (defined as the maximum 

number of substrate molecules that an enzyme can convert to product per catalytic site 

per unit of time) of F0F1ATPase is approximately 50-100 s-1 (Gao et al., 2005). The 

maximum turnover number of ANT in the forward mode is in the range of 6- 99 s-1, 

depending on isoform distribution, among other conditions (Chinopoulos et al., 2009). 



 61 

Regarding the reverse mode of the ANT, there are few reports in the literature 

(Klingenberg, 2008), estimating turnover numbers in a relevant range, though 

mathematical modeling of the ANT in isolation predicts almost double rates (Metelkin 

et al., 2006). Assuming that the rate of ATP influx by the ANT may be equal or slower 

than the rate of ATP hydrolysis by the F0F1ATPase, the ANT may become limiting if 

the amount of ANTs present in mitochondria is equal or lower than that of the 

F0F1ATPase. Considering the above, we propose that in the absence of matrix substrate-

level phosphorylation, ANT gains a critical role in conveying ATP into the matrix at a 

sufficient rate for the F0F1ATPase to hydrolyze. 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 ∆Ψm 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. 

15.4. The role of PTP in mitochondrial ATP consumption 

Above, we have considered ATP consumption by dysfunctional mitochondria in which 

the permeability of the inner mitochondrial membrane is uncompromised. Next, we 

address the role of PTP as i) a bypass of ANT, allowing the delivery of cytosolic ATP 

directly to the consuming F0F1ATPase, and ii) an impediment to glycolytic ATP 

production. Pore opening in mitochondria would obviously lead to a collapse of ∆Ψm 

and ∆pH, and to full reversal of the F0F1ATPase, with a direct access to cytosolic ATP. 

This has the following two ramifications: i) ANT no longer controls ATP hydrolysis by 

the F0F1ATPase, and ii) ADP and Pi, the hydrolysis products of the F0F1ATPase, are 

diluted in the cytosol-matrix continuum; therefore, the impediment of the reversal of 

F0F1ATPase, which is otherwise exerted by ADP and Pi, is lost (Grover et al., 2008). A 

secondary consequence of chaotropic ADP and Pi production in the cytosol-matrix 

continuum, may be that ADP is not delivered to sites where it could stimulate 

glycolysis. Two additional phenomena further depress the activity of glycolysis, when 
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PTP opens in mitochondria: i) the spill of citrate from mitochondria to the cytosol, and 

ii) the depletion of mitochondrial and cytosolic NAD+ (Di et al., 2001). Inhibition of 

phosphofructkinase-1 (PFK-1) by citrate is well-known to play a major role in the 

regulation of glycolysis. As to the availability of NAD+ for glycolytic ATP provision, 

NAD+ is required for the glyceraldehyde-3-phosphate dehydrogenase reaction. Due to 

opening of PTP, NAD+ leaks from the matrix to the cytosol, where a mitochondria-

associated NAD+-glycohydrolase degrades it to as low as 92% of the original values (Di 

et al., 2001). The remaining 8% [NAD+] is likely to be insufficient for glyceraldehyde-

3-phosphate dehydrogenase reaction (Komary et al., 2008). Finally, it has also been 

proposed that a diminished provision of ATP for hexokinase may limit phosphorylation 

of glucose upon entry to the cytosol, thereby impeding glycolytic flux at its most 

proximal step (Erecinska et al., 1996). Therefore, in the presence of PTP a diminished 

glucose phosphorylation, a decreased glyceraldehyde-3-phosphate dehydrogenase flux 

and an impaired PFK-1 activation could collectively lead to a spiral towards decreased 

ATP production by the glycolysis.          
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16. The role of Pi in the reversal of the ATPase 

Pi is a component of Eq. 7. but not of Eq. 6. 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 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 (Palmieri, 2004). 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 

(Nicholls and Chalmers, 2004;Kristian et al., 2007;Wuthier et al., 1985;Larsen et al., 

1985;Eanes, 2001).  

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

upon the breakdown of ∆Ψm 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 (Nicholls and Chalmers, 

2004). 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 ∆pH 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 ∆pH present across the 

inner mitochondrial membrane (Klingenberg and Rottenberg, 1977) and we have also 

shown that the ∆pH remains relatively constant within a range of extramitochondrial pH 

(pHo) values (Chinopoulos et al., 2009).   
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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 F0F1ATPase should not induce release of 

sequestered Ca2+. The experimental findings presented below do not support the above 

expectations, implying that matrix acidification by uncouplers cannot be the only 

explanation for the release of sequestered Ca2+.       

 

16.1. Methods 

16.1.1. Isolation of mitochondria from rat liver: was described above in section 8.1.3. 

 
16.1.2. Mitochondrial membrane potential (∆Ψm) determination: was described in 

section 15.1.3.  

16.1.3. [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 at a 5 Hz acquisition rate, using 506 and 530 nm excitation and 

emission wavelengths, respectively. Experiments were performed at 37 oC. For 

converting CaGr-5N fluorescence to free [Ca2+] we fitted the function: f=y0+a*(1-b^x) 

to CaGr-5N fluorescence values obtained by stepwise additions of known amounts of 

Ca2+ to the same medium as described above containing mitochondria, 10 µM Ru360, 

0.5 mM ADP (allowed to be phosphorylated to ATP prior to CaCl2 additions) and 10 

µM oligomycin (added upon completion of ADP phosphorylation), for each type of 

medium (pHo=6.8 or 7.8). Adventitious Ca2+ contaminating the medium prior to Ca2+ 

addition was encompassed in the ‘y0’ constant of the above function. ‘x’ is for 

calculated free [Ca2+], ‘a’ and ‘b’ are constants and ‘f’ represents CaGr-5N fluorescence 
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values. Solving for x yields: x=(log(a-f+y0)-log(a))/log(b). The fitting of the above 

function to CaGr-5N fluorescence values obtained by stepwise additions of known 

CaCl2 amounts returned r2 >0.99 and the standard error of the estimates of all three 

constants were in the 0.001-0.00001 range.  

16.1.4. 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 in a ratiometric mode at a 2 Hz acquisition rate, 

using 450/490 nm excitation and 531 nm emission wavelengths, respectively. Buffer 

composition and temperature were identical to that used for both ∆Ψm and Ca2+ 

fluorescence determinations (see above). 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: 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. The fitting of the above function to BCECF 

fluorescence ratio values obtained by subjecting mitochondria to buffers of known pH 

returned r2 >0.99 and the standard error of the estimates of ‘a’ and ‘c’ constants were in 

the 0.07-0.01 range, and for ‘b’ < 0.17.  

20.1.5. Measurement of phosphate transport by passive swelling: Passive swelling of 

isolated rat liver mitochondria (1 mg in 2 ml medium) in iso-osmotic solutions of 

ammonium phosphate was used as a qualitative means of measuring phosphate 

transport, as described previously (Coty and Pedersen, 1975). The swelling medium 

contained 100 mM NH4Pi, 1 mM EGTA and 5 mM Hepes, pH 7.4 (titrated with 

NH4OH) and the absorbance of this mixture was recorded at 750 nm at 25 oC under 

constant stirring in a GBC UV/VIS 920 spectrophotometer (Thermo Fisher Scientific 

Inc, Waltham, MA, USA) at a 1 Hz acquisition rate. In control experiments to monitor 
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the specificity of inhibitors for phosphate transport, the swelling media contained 0.125 

M of either NH4Cl, NH4 acetate, or NH4HCO3 in lieu of NH4Pi. Whenever indicated, 

media were supplemented with 1 µM cyclosporin A.  

16.1.6. Statistics: Data are presented as mean ± SEM; significant differences between 

two sets of data were evaluated by t-test analysis, with p < 0.05 considered significant, 

and if there were more than two groups of data, a one way ANOVA followed by 

Tukey’s posthoc analysis was performed, with p < 0.05 considered significant. 

Wherever single graphs are presented, they are representative of at least 3 independent 

experiments.   

16.2. Results 

16.2.1. The effect of stepwise depolarization by uncoupling on Ca2+ release from Ca2+-

loaded mitochondria, at  pHo=6.8 and 7.8, and estimation of matrix pH 

In all experiments involving Ca2+-loading, isolated rat liver mitochondria (1 mg) were 

suspended in buffer (2 mL) containing 1 µM cyclosporin A and glutamate plus malate 

(5 mM each), and 0.5 mM ADP was added at 100 s. The presence of 50 µM diadenosine 

pentaphosphate (AP5A) ensured the conversion of ADP to ATP only by the 

mitochondrial phosphorylation system, and not by the adenylate kinase located in the 

intermembrane space (Chinopoulos et al., 2009). Depolarization in response to ADP 

lasted longer at pHo 7.8 (~ 200 s) than at pHo 6.8 (~ 110 s) (Fig. 15A,B). This has been 

recently investigated, and the ADP⁄ATP steady-state exchange rate of adenine 

nucleotide translocase (ANT) was shown to be a function of pHo (Chinopoulos et al., 

2009). Extramitochondrial Ca2+-traces started after 250 s, as the Calcium Green 5N 

(CaGr-5N) calibration is valid only in the presence of ATP (0.5 mM), and hence only 

upon completion of ADP phosphorylation. As shown in Figure 15A,B, 20 µM CaCl2 

was given at 300 s, and was sequestered by mitochondria. At pHo 6.8, Ca2+ caused a 

minor depolarization–repolarization ‘hump’, whereas at pHo 7.8, an additional 9 mV 

repolarization by Ca2+ was recorded. The reasons behind the latter phenomenon are 

currently under investigation; nonetheless, this observation has also been reported by 

others (Komary et al., 2008). Subsequent to the accumulation of Ca2+, 10 nM additions 

of SF 6847 [tyrphostin 9, RG-50872, malonaben, 3,5-di-tert-butyl-4- 

hydroxybenzylidenemalononitrile, 2,6-di-t-butyl-4-(2’,2’dicyanovinyl)phenol] were 
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made. At pHo 6.8, five to seven equivalent additions were required  for complete 

depolarization, whereas at pHo 7.8, eight to 10 equivalent additions of the uncoupler 

were required, reflecting the pH dependence of the effect of protonophoric uncouplers 

(‘U’; SF 6847 has a pKa of 6.5). With an increase in the pH, the amount of the  

dissociated, U- form of the uncoupler outside mitochondria is increased, so more 

uncoupler is needed to maintain the same level of uncoupling (proton flux), as the U- 

form does not accumulate in mitochondria. With a decrease in the pH, the opposite is 

observed; the amount of the UH form is increased, and less uncoupler is needed. 

Irreversible Ca2+ release started at approximately -25 mV when the pHo was 6.8 (Fig. 

15A), and at approximately -20 mV when the pHo was 7.8 (Fig. 15B). The rate of Ca2+ 

release at pHo 6.8 was greater than that observed at pHo 7.8; nevertheless, owing to the 

logarithmic nature of the release at both pHo values, most of the sequestered Ca2+ was 

released by the uncoupler within 100 s at pHo 6.8, and within 1500 s at pHo 7.8. The rate 

of Ca2+ release was similar in the presence of the Na+⁄ Ca2+ exchange blocker CGP 

37157 (Cox et al., 1993) (not shown).  
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Figure 15. Combined traces of ∆Ψm (black line) and Ca2+ uptake (thick gray line) 
during stepwise depolarization by the uncoupler SF 6847 (A, B) and effect of 
depolarization on matrix pH (C). (A, B) Reconstructed time courses of ∆Ψm, 
calculated from safranine O fluorescence, and extramitochondrial [Ca2+], calculated 
from CaGr-5N fluorescence, measured at pHo 6.8 (A) or pHo 7.8 (B). Mitochondria 
were added at 50 s, followed by 0.5 mM ADP at 100 s and 20 µM CaCl2 at 300 s. 
Additions of 10 nM SF 6847 were as indicated by the arrows. (C) Matrix pH (pHin) 
measured in the presence of different bioenergetic inhibitors at pHo 6.8 and pHo 7.8. 
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Furthermore, no alterations in light scattering indicative of permeability transition were 

observed at either pHo value (not shown). The lack of mitochondrial swelling was due 

to the presence of ATP and ADP (upon exceeding the reversal potential of ANT and of 

F0F1ATPase, owing to stepwise depolarization, mitochondria start consuming ATP 

(Chinopoulos et al., 2009)), 1 mM Mg2+ plus 1 µM cyclosporin A both delaying the 

induction of the PTP (Petronilli et al., 1993b;Bernardi et al., 1998;Leung and Halestrap, 

2008). It should be noted that, as an alternative to SF 6847, carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone (250–500 nM) was also used (not shown), 

essentially producing similar results; however, in experiments using carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone, Fura 6F had to be used instead of CaGr-5N, for 

reasons detailed in (Chinopoulos et al., 2009). In order to estimate the matrix pH (pHin) 

of mitochondria suspended in buffers of different pHo and challenged by different 

inhibitors, mitochondria were loaded with the pH-sensitive ratiometric probe 2’,7’- 

bis(carboxyethyl)-5,6-carboxyfluorescein (BCECF), as described in “Methods”. As 

shown in Fig. 15C, ∆pH at both pHo values was in the range 0.11–0.15, consistent with 

the results of Klingenberg and Rottenberg, showing that at extramitochondrial [Pi] = 10 

mM, ∆pH is ~ 0.1 (Klingenberg and Rottenberg, 1977). Depolarization by an uncoupler 

with or without oligomycin induced an approximately 0.05 acidic shift, whereas 

stigmatellin with or without oligomycin did not have an effect on pHin. Also, the 

addition of Ca2+ to any buffer caused a miniscule alteration in pHin, consistent with the 

findings of Chance & Mela (Chance and Mela, 1966), showing that in the presence of 

phosphate there are extremely small changes in the pH gradient across the inner 

mitochondrial membrane upon Ca2+ accumulation. 

16.2.2. The effect of stepwise depolarization by combined inhibition of complex III and 

F0F1ATPase  on Ca2+ release from Ca2+-loaded mitochondria, at  pHo=6.8 and 7.8 

In the experiments shown in Fig. 16A,B, conditions were similar to those in Fig. 15A,B, 

but depolarization was induced by the complex III inhibitor stigmatellin, in the presence 

of oligomycin. This treatment collapsed ∆Ψm, but not ∆pH (Fig. 15C). In the presence 

of oligomycin, the kinetics of the Ca2+-induced changes in ∆Ψm were altered. At pHo 

6.8 (Fig. 16A), the Ca2+-induced ‘hump’ in ∆Ψm was larger than that observed in the 

absence of oligomycin, whereas at pHo 7.8 (Fig. 16B), there was an initial repolarization 

‘dip’ from the ongoing state 3 respiration in response to oligomycin, followed by an 
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abrupt depolarization that did not plateau prior to Ca2+ addition. Addition of Ca2+ 

caused a further ‘peak’ depolarization, followed by a plateau. At pHo 6.8, sequential 

addition of stigmatellin (4 nM steps every 50 s) collapsed ∆Ψm, but failed to induce an 

exponential rise in [Ca2+]o; instead, there was an asymptote in Ca2+ release to one-fifth 

of the original Ca2+ load. However, subsequent addition of 100 nM SF 6847 caused an 

abrupt Ca2+ release.  

 

Figure 16. Combined traces of 
∆Ψm (black line) and Ca2+ 
uptake (thick gray lines) 
during stepwise 
depolarization by stigmatellin 
(stigm) in the presence of 
oligomycin (olgm) (A, B), and 
corresponding effects on light 
scattering (C). Reconstructed 
time courses of ∆Ψm, 
calculated from safranine O 
fluorescence, and 
extramitochondrial [Ca2+], 
calculated from CaGr-5N 
fluorescence, measured at pHo 
6.8 (A) or pHo 7.8 (B). 
Additions of mitochondria, 
ADP and CaCl2 were as in Fig. 
15A,B. Oligomycin (10 µM) 
was added at 275 s. Equivalent 
additions of stigmatellin (4 nM) 
were made as indicated by the 
arrows. In trace c, 100 nM SF 
6847 was added where 
indicated, after the last addition 
of stigmatellin. In trace b, only 
equivalent additions of 
stigmatellin were made. (A), 
(B) and (C) are aligned on the 
x-axis (time, s). (C) Light 

scattering evaluated with 660 ⁄ 660 nm excitation ⁄ emission. The experiment was 
similar to that in (B). Solid line, stigmatellin additions (4 nM steps); dashed line, SF 
6847 additions (10 nM steps). Valinomycin (valino) (1 µM) was added where indicated. 
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Unexpectedly, at pHo 7.8, stepwise addition of stigmatellin (4 nM steps every 50 s) in 

the presence of oligomycin induced an exponential rise in [Ca2+]o, starting at 

approximately -8 mV (Fig. 16B, trace b). This Ca2+ release was not accompanied by any 

change in light scattering (Fig. 16C, solid line). Likewise, no changes in light scattering 

were observed after addition of SF 6847 in the presence of oligomycin (Fig. 16C, 

dashed line). In agreement with the results obtained at pHo 6.8, in which addition of SF 

6847 after the last addition of stigmatellin induced matrix Ca2+ release, addition of 100 

nM SF 6847 at pHo 7.8 also caused Ca2+ release after the last addition of stigmatellin 

(Fig. 16B, trace c). This effect of SF 6847 was observed in the presence of a collapsed 

∆Ψm. 

16.2.3. The effect of uncoupling-induced stepwise depolarization in the presence of 

oligomycin on Ca2+ release from Ca2+-loaded mitochondria, at  pHo=6.8 and 7.8 

A possible confounding factor that could be involved in the difference between the 

effects of depolarization induced by complex III inhibition plus oligomycin and 

uncoupling alone (Figs. 15. and 16.) is the inhibition of F0F1ATPase. The contribution 

of matrix phosphate liberated by ATP hydrolysis (mediated by the ATPase) to 

complexation with sequestered Ca2+ has been well documented (Kristian et al., 

2007;Kristian et al., 2002). Therefore, we repeated the experiments shown in Fig. 

15A,B in the presence of oligomycin. As can be seen in Fig. 17A,B, the kinetics of the 

Ca2+-induced changes in ∆Ψm in the presence of oligomycin were qualitatively similar 

to those shown in Fig. 16A,B, respectively. Stepwise additions of SF 6847 (10 nM 

steps) subsequent to oligomycin caused a complete collapse of ∆Ψm after four pulses at 

pHo 6.8 and after six pulses at pHo 7.8. It should be noted that higher amounts of 

uncoupler were required for complete depolarization in the absence of oligomycin (Fig. 

15A,B), because the reverse operations of ANT and ATPase antagonize the collapse of 

∆Ψm. Nonetheless, at both pHo 6.8 and pHo 7.8, complete collapse of ∆Ψm caused robust 

Ca2+ release. However, at pHo 6.8, the kinetics of Ca2+ release were logarithmic after the 

second addition of the uncoupler, and this was associated with a decrease in light 

scattering, indicative of mitochondrial swelling (Fig. 17C). The abrupt increase in light 

scattering upon addition of oligomycin was an optical artifact. In this and all subsequent 

traces showing light scattering by fluorescence, 1 µM valinomycin was added at the end 

of the experiments as a reference of maximum mitochondrial swelling. The release of 
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Ca2+ by the uncoupler in the presence of oligomycin started somewhere in the broad -90 

to 50 mV range (Fig. 17A) at pHo 6.8, and at approximately -15 mV at pHo 7.8 (Fig. 

17B).  

 

Figure 17. Combined traces of ∆Ψm (black line) and Ca2+ uptake (thick gray line) 
during stepwise depolarization by SF 6847 in the presence of oligomycin (olgm) (A, 
B), and corresponding effects on light scattering (C). Reconstructed time courses of 
∆Ψm, calculated from safranine O fluorescence, and extramitochondrial [Ca2+], 
calculated from CaGr-5N fluorescence, measured at pHo 6.8 (A) or pHo 7.8 (B). 
Additions of mitochondria, ADP and CaCl2 were as in Fig. 15A,B. Oligomycin (10 µM) 
was added at 275 s. Stigmatellin (4 nM steps) were added as indicated. (C) Light 
scattering evaluated with 660 ⁄ 660 nm excitation ⁄ emission. Valinomycin (1 µM) was 
added at 700 s. The experiment was performed as in (A). 
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16.2.4. Lack of release of Ca2+ by complex III inhibition from Ca2+-loaded 

mitochondria at pHo=6.8 and 7.8 

Figure 18. shows the effect of stigmatellin alone in Ca2+-loaded mitochondria at pHo 

6.8 (Fig. 18A) and pHo 7.8 (Fig. 18B) on ∆Ψm and Ca2+ release. No Ca2+ release by 

stigmatellin was observed at either pHo value, consistent with incomplete depolarization 

due to the reverse operation of ANT and ATPase. Upon subsequent addition of a 

sufficient amount of uncoupler to depolarize mitochondria below approximately -10 

mV, Ca2+ was released.  

 

 

Figure 18. Combined traces of ∆Ψm (black line) and Ca2+ uptake (thick gray line) 
during stepwise depolarization by stigmatellin. Reconstructed time courses of ∆Ψm, 
calculated from safranine O fluorescence, and extramitochondrial [Ca2+], calculated 
from CaGr-5N fluorescence, measured at pHo 6.8 (A) or pHo 7.8 (B). Additions of 
mitochondria, ADP and CaCl2 were as in Fig. 16A,B. Stigmatellin (4 nM steps) was 
added as indicated. (A) and (B) are aligned on the x-axis (time, s). 
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16.2.5. Retention of matrix Ca2+ by Ru360 in uncoupler-depolarized mitochondria 

induces large amplitude swelling  

In order to verify that the release of sequestered Ca2+ by any of the inhibitor 

combinations detailed above occurs through the uniporter, we attempted to block this 

bidirectional Ca2+ flux pathway with the specific inhibitor Ru360 (Matlib et al., 1998). 

However, depolarization of Ca2+-preloaded mitochondria (in the presence of 

oligomycin) by uncoupler in the presence of Ru360 resulted in a logarithmic [Ca2+]o rise 

at pHo 6.8, and in an exponential rise at pHo 7.8 (Fig. 19A,B, respectively).  

 

 

Figure 19. Combined traces of light scattering (black line) and Ca2+ uptake (thick 
gray line) during stepwise depolarization by SF 6847 in the presence of oligomycin 
(olgm) and Ru360. Reconstructed time courses of extramitochondrial [Ca2+], calculated 
from CaGr-5N fluorescence, measured at pHo 6.8 (A) or pHo 7.8 (B). Light scattering 
evaluated with 660 ⁄ 660 nm excitation ⁄ emission. Additions of mitochondria, ADP and 
CaCl2 were as in Fig. 15A,B. Oligomycin (10 µM) was added at 275 s. Ru360 (10 µM) 
was added at 375 s. SF 6847 (10 nM steps) was added as indicated by the arrows. 
Valinomycin (valino) (1 µM) was applied where indicated. (A) and (B) are aligned on 
the x-axis (time, s). 
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At both pHo values, we observed a corresponding increase in swelling that was 

unaffected by blockers of the PTP (adenine nucleotides, Mg2+, cyclosporin A). By 

contrast, in the absence of Ru360 and in the presence of oligomycin, addition of either 

uncoupler or stigmatellin at pHo 7.8 did not induce mitochondrial swelling (Fig. 16C). 

The information obtained from the experiments depicted in Fig. 19A,B is not new; the 

induction of the PTP in the presence of hindered Ca2+ release by uncouplers has been 

well characterized (Petronilli et al., 1993a;Bernardi et al., 1984). However, these results 

serve as positive controls for our experiments. 

16.2.6. Inhibition of matrix phosphate transport primes Ca2+-loaded mitochondria for 

large amplitude swelling induced by uncoupling 

Ca2+ translocation across the inner mitochondrial membrane is associated with the 

translocation of a permeant counteranion, in our case phosphate. In order to examine 

whether movement of phosphate across the inner mitochondrial membrane is connected 

to uncoupler-induced Ca2+ release, we blocked known phosphate transporters and 

checked the effect of depolarization by SF 6847 on Ca2+ release; see also (Zoccarato and 

Nicholls, 1982). Phosphate transport was examined by a qualitative method exploiting 

the passive swelling of isolated mitochondria in iso-osmotic solutions of ammonium 

phosphate (Coty and Pedersen, 1975). The specificity of the assay for phosphate 

transport was checked by replacing phosphate with bicarbonate, acetate, or chloride. 

Swelling was observed in solutions containing the first three anions, but not in the 

presence of chloride, which does not penetrate the membrane (Fig. 20A) (Chappell, 

1968). N-ethylmaleimide, a blocker of the phosphate transporter, specifically inhibited 

swelling in ammonium phosphate (Fig. 20B), whereas swelling in ammonium acetate or 

bicarbonate was not affected (not shown). However, in ammonium phosphate-

containing media, as is evident from Fig. 20B, N- ethylmaleimide [with or without n-

butyl-malonate (nBM), a blocker of the mitochondrial dicarboxylate carrier that also 

transports phosphate] (Johnson and Chappell, 1973), failed to inhibit swelling 

completely, although inclusion of cyclosporin A in the presence of N-ethylmaleimide 

plus nBM resulted in complete inhibition of the passive swelling. This means that the 

residual amount of swelling that was sensitive to inhibition by cyclosporin A was due to 

the PTP. Nonetheless, the N-ethylmaleimide–nBM combination completely prevented 

phosphate movements under our conditions.  
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Figure 20. Effect of Pi transport blockage on uncoupler-induced Ca2+ release. (A) 
Verification of  genuine Pi transport by the passive swelling method. D, attenuance at 
750 nm. The thick line was obtained in the presence of Pi. Thin lines were obtained 
when the anion was bicarbonate, acetate, or chloride, as indicated. (B) Pi-mediated 
mitochondrial swelling, indicative of Pi transport. The combination of N-
ethylmaleimide (NEM) and nBM inhibited Pi transport. Extra abolition of swelling by 
cyclosporin A (CysA) in the presence of N-ethylmaleimide plus nBM. (C) 
Reconstructed time courses of extramitochondrial [Ca2+] calculated from CaGr-5N 
fluorescence, measured at pHo 7.8 (gray line), and combined trace of light scattering 
(black line). Additions of mitochondria, ADP and CaCl2 were as in Fig. 15B. 
Oligomycin (olgm) (10 µM) was added at 275 s. SF 6847 (100 nM) and N-
ethylmaleimide plus nBM were added where indicated. Valinomycin (valino) (1 µM) 
was added where indicated. 
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As shown in Fig. 20C, in Ca2+-loaded mitochondria treated with oligomycin, addition of 

100 nM SF 6847 in the presence of N-ethylmaleimide plus nBM induced an abrupt 

[Ca2+] rise associated with large-amplitude swelling. 

 

16.2.7. The effect of nigericin, acetate and methylamine on ∆pH and on uncoupler-

induced Ca2+ release  

In order to examine the effect of diminished ∆pH, caused by different agents, on 

uncoupler-induced Ca2+ release, we challenged Ca2+-loaded mitochondria with nigericin 

(100 nM), acetate (10 mM), or methylamine (60 µM). The rationale for using these was 

as follows: (a) nigericin was used to quench ∆pH; (b) acetate was used to acidify the 

mitochondrial matrix, as it is more alkaline than the extracellular medium; and (c) 

methylamine was used to quench the acidification caused by the uncoupler in the 

mitochondrial matrix. In parallel experiments, the effects of these three compounds on 

safranine and CaGr-5N fluorescence (Fig. 21A) and matrix-entrapped BCECF 

fluorescence ratio (Fig. 21B) were followed. The experimental conditions were identical 

to those shown in Fig. 15A; that is, ADP was added at 100 s, and 20 µM CaCl2 was 

added at 300 s. The compounds were added at 350 s. In Fig. 21A, traces a’ and b’ are 

reconstructed time courses of ∆Ψm (black lines), and traces a, b, c and d are 

reconstructed time courses of extramitochondrial [Ca2+] (gray lines) calculated from 

CaGr-5N fluorescence. Traces a and a’represent vehicle added at 350 s. Traces b and b’ 

represent the addition of nigericin, and traces c and d represent the addition of acetate 

and methylamine, respectively. Reconstructed time courses of ∆Ψm after the addition of 

acetate and methylamine are similar to that after the addition of the vehicle, and are 

omitted for clarity. Additions of 10 nM SF 6847 pulses were as indicated by the arrows 

in Fig. 21A. Addition of nigericin caused hyperpolarization, and uncoupler-induced 

Ca2+ release started at approximately -120 mV. The effects of acetate and methylamine 

on ∆Ψm and Ca2+ release were negligible. The effects of nigericin, acetate and 

methylamine on matrix pH are shown in Fig. 21B. It is evident that nigericin caused the 

largest degree of acidification (~ 0.14), acetate caused a minor degree of acidification (~ 

0.025), and methylamine did not cause any acidification. At the end of the experiments 

shown in Fig. 21B, nigericin and 250 nM SF 6847 were added in order to calibrate the 

BCECF fluorescence ratio signal, as detailed in “Methods”.  



 78 

 

 

Figure 21. Effect of nigericin (nig, 100 nM), acetate (Ac, 10 mM) or methylamine 
(MeNH2, 60 lM) on uncoupler-induced Ca2+ release. (A) Reconstructed time courses 
of DWm (black lines), calculated from safranine O fluorescence, and 
extramitochondrial [Ca2+] (gray lines), calculated from CaGr-5N fluorescence, 
measured at pHo 6.8. Mitochondria were added at 50 s, 0.5 mM ADP was added at 100 
s, and 20 lM CaCl2 was added at 300 s. Nigericin (trace b for CaGr-5N; trace b’ for 
safranin), acetate (trace c) or methylamine (trace d) was added at 350 s. Additions of 10 
nM SF 6847 were as indicated by the arrows. In trace a (for CaGr-5N) and trace a’ (for 
safranin), vehicle was added in lieu of nigericin acetate or methylamine. (B) 
Reconstructed time courses of matrix pH, calculated from matrix-entrapped BCECF 
ratio fluorescence. The experiment was performed as in (A). Nigericin (trace b), acetate 
(trace c) or methylamine (trace d) was added at 350 s. Additions of 10 nM SF 6847 
were as indicated by the arrows. 
 

The fact that nigericin caused the release of Ca2+ from the matrix at more negative 

membrane potentials than the vehicle or acetate ⁄ methylamine may reflect the fact that 

the K+⁄H+ equilibrium is important for matrix Ca2+ sequestration. One could argue that 

because, during diminished ∆pH (as it is the case in the presence of nigericin), there is 

still Ca2+ release by the uncoupler, ∆pH is redundant with regard to matrix [Ca2+] free 

homeostasis. However, by the same token, one could counter-argue that, because Ca2+ 
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release occurs earlier (i.e. at more negative potentials) in the presence than in the 

absence of nigericin, abolition of the remaining ∆pH by an uncoupler may be sufficient 

to promote Ca2+ release. However, the experiments shown in Figs. 15–18 and 21B 

(traces c and d) do not support the latter notion. 

16.3. Conclusion for the role of matrix acidification in the dissolution of calcium-

phosphate complexes 

The key findings of the present study that call for a re-evaluation of uncoupler-assisted 

acidification as the only reason for mitochondrial Ca2+ release are: (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. The finding 

that stigmatellin plus oligomycin induced robust Ca2+ release at pHo 7.8, in the absence 

of measurable changes in light scattering, is not against the notion that matrix  

acidification underlies mitochondrial Ca2+ release, but, together with the 

aforementioned two findings, strongly indicates that, besides the requirement of loss of 

∆Ψm, additional mechanisms are also involved in Ca2+ efflux. It cannot be 

overemphasized that the concept of uncoupler-assisted matrix acidification inducing 

dissociation of the Ca2+–phosphate complex is viable, and the experiments of Nicholls 

and Chalmers support it (Chalmers and Nicholls, 2003;Nicholls and Chalmers, 2004). 

However, in their work, the calculations used to estimate intramitochondrial [Ca2+] free 

rise upon pH change caused by protonophores rely on a hypothetical pH alteration after 

uncoupling of mitochondria exhibiting ∆pH of 1. As discussed above, in all of our 

experiments, we measured < 0.15 for ∆pH; this low ∆pH is justified by the presence of 

10 mM extramitochondrial Pi, (see above). After standard analytical calculations, we 

deduced that, in experiments carried out at pHo 7.8, the change of 0.1 pH unit (when 

uncoupling takes place, acidifyingthe matrix from 7.9 to maximum 7.8) results in only a 

two-fold decrease in matrix PO4
3- ) [214 nM to 107 nM when calculated with 10 mM 

total extramitochondrial Pi, pKa2(H3PO4) = 7.21 and pKa3(H3PO4) = 12.67], taking into 

account the third-power relationship of the concentration of PO4
3-) to ∆pH (Chalmers 

and Nicholls, 2003;Nicholls and Chalmers, 2004). As [Ca2+] free ~ ([PO4
3-)] free)

-2/3 

mindful that the Ksp[Ca3(PO4)2] = 3 x 10-30 M5 (Chalmers and Nicholls, 2003;Nicholls 

and Chalmers, 2004), the rise in [Ca2+] free in the matrix would be only ~ 2 µM (from 

4.03 to 6.40 µM) for the assumed 1 µL total volume of 1 mg of mitochondria in our 
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assay conditions. This translates into an approximately 1.2 nm total increase in 

extramitochondrial free Ca2+ available for detection if all liberated Ca2+ is released. The 

same calculation results in 10.7 and 3.8 nM PO4
3- at pHo 6.95 and pHo 6.80 (∆pH = 

0.15), respectively, providing a 14.8 nM theoretical total increase in [Ca2+] free in the 

detection medium if all liberated Ca2+ is released (as intramitochondrial [Ca2+] free is 

calculated to be 29.8 and 59.5 µM at pHo 6.95 and pHo 6.8, respectively, in the matrix). 

As the observed ∆pH (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. The interpretation of the results in (Chalmers and 

Nicholls, 2003) and (Nicholls and Chalmers, 2004) has been further scrutinized by 

Kristian et al. (Kristian et al., 2007), who showed that mitochondria retain a large 

fraction of sequestered Ca2+, even after complete depolarization by uncouplers, or 

induction of the PTP in isolated (Kristian et al., 2007;Kristian et al., 2002;Kushnareva et 

al., 2005;Andreyev and Fiskum, 1999;Ward et al., 2005) and in situ (Solenski et al., 

2002;Pivovarova et al., 2004) mitochondria. Therefore, it is possible that, under 

different conditions, sequestered Ca2+ is released from different matrix Ca2+ pools. The 

work by Frey, Manella and Uchino affords credibility to such notions, implying matrix 

microcompartmentation that could promote selective Ca2+ release (Frey and Mannella, 

2000;Mannella, 2006;Mannella et al., 2001;Uchino et al., 2002). Alternatively, as 

discussed by Kristian et al. (Kristian et al., 2007), as the Ca2+–phosphate precipitates 

exhibit significant adulteration with moieties such as Mg2+, adenine nucleotides, and 

carbonate, it is possible that different combinations of such moieties may release 

variable amounts of Ca2+ through different bioenergetic stimuli. Interaction of Ca2+ with 

pyridine nucleotides in nonpolar environments has also been proposed by several 

laboratories (Vinogradov et al., 1972;Lehninger et al., 1978;Fiskum and Lehninger, 

1979;Burkhard, 1985;Burkhard, 1982). However, these reports all appeared before the 

widespread recognition of the PTP and its regulation by the mitochondrial redox state 

(Chernyak and Bernardi, 1996;Petronilli et al., 1994); subsequently, the release of 

sequestered Ca2+ by oxidation of the NADH pool has been largely attributed to 

induction of the PTP. Finally, it is important to emphasize the physicochemical ability 

of Ca2+ to form complexes with carboxylic acids, an array of which can be found in 
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abundance in the mitochondrial matrix (Bazin et al., 1995). The concentrations of 

carboxylic acids (many of them substrates ⁄ products of the tricarboxylic acid cycle) are 

far from being static, so, in addition to the fact that these acids exhibit unequal affinities 

for Ca2+, it is difficult to establish the state of matrix [Ca2+] free at any given time. For 

reasons elaborated elsewhere (Chalmers and Nicholls, 2003), it is important to establish 

the factors that define the mitochondrial Ca2+-loading capacity. Obviously, this is 

shaped by both Ca2+ retention mechanisms and Ca2+ release mechanisms. Although, in 

the present 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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