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Abstract
Cyclophilin D was recently shown to bind to and decrease the activity of F0F1-ATP synthase in
submitochondrial particles and permeabilized mitochondria (Giorgio et al. 2009, J Biol Chem,
284:33982). Cyclophilin D binding decreased both the ATP synthesis and hydrolysis rates. Here,
we reaffirm these findings by demonstrating that in intact mouse liver mitochondria energized by
ATP, absence of cyclophilin D or presence of cyclosporin A led to a decrease in the extent of
uncoupler-induced depolarization. Accordingly, in substrate-energized mitochondria an increase in
F0F1-ATP synthase activity mediated by a relief of inhibition by cyclophilin D was evident as
slightly increased respiration rates during arsenolysis. However, the modulation of F0F1-ATP
synthase by cyclophilin D did not increase the ANT-mediated ATP efflux rate in energized
mitochondria or the ATP influx rate in de-energized mitochondria. The lack of effect of
cyclophilin D on the ANT-mediated adenine nucleotide exchange rate was attributed to the ~2.2
times lower flux control coefficient of the F0F1-ATP synthase than that of ANT, deduced from
measurements of adenine nucleotide flux rates in intact mitochondria. These findings were further
supported by a recent kinetic model of the mitochondrial phosphorylation system, suggesting that
a ~30% change in F0F1-ATP synthase activity in fully energized or fully deenergized
mitochondria affects ADP-ATP exchange rate mediated by the ANT in the range of 1.38-1.7%.
We conclude that in mitochondria exhibiting intact inner membranes, the absence of cyclophilin D
or inhibition of its binding to F0F1-ATP synthase by cyclosporin A will affect only matrix adenine
nucleotides levels.
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INTRODUCTION
Mitochondrial bioenergetic functions rely exclusively on compartmentalization, demanding
an intact inner mitochondrial membrane for the development of protonmotive force. It is
therefore, not surprising that loss of mitochondrial membrane integrity is energetically
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deleterious for cells. For reasons that are incompletely understood, mitochondria possess
intrinsic mechanisms for doing exactly that, recruiting specific proteins to form a pore and
disrupt inner mitochondrial membrane integrity. This pore, termed “permeability transition
pore” (PTP) [1;2], is of a sufficient size (cut-off ~1,5 kDa) to allow the passage of solutes
and water, that may also result in rupture of the outer membrane. The identity of the proteins
comprising the PTP is debated; the ubiquitous matrix-located protein cyclophilin D (CYPD)
is involved in the modulation of PTP open/closed probability. CYPD is a member of the
cyclophilins family encoded by the ppif gene [3], that exhibit peptidyl-prolyl cis/trans
isomerase activity. Inhibition of CYPD by cyclosporin A, or genetic ablation of the ppif
gene [4-7], negatively affect the PTP opening probability. CYPD inhibition or its genetic
ablation exhibit an unquestionable inhibitory effect on PTP in mitochondria isolated from
responsive tissues. However, apart from the recent finding by Basso and colleagues showing
that ablation of CYPD or treatment with cyclosporin A does not directly cause PTP
inhibition, but rather unmasks an inhibitory side for Pi [8], the modus operandi of CYPD in
promoting pore opening is incompletely understood. It is not clear if the cis-trans peptidyl
prolyl isomerase activity is required for promoting PTP [9;10]. Furthermore, transgenic mice
that constitutively lack CYPD do not exhibit a severe phenotype that could manifest in view
of a major bioenergetic insufficiency. Instead, these mice exhibit an enhancement of anxiety,
facilitation of avoidance behavior, occurrence of adult-onset obesity [11] and a defect in
platelet activation and thrombosis [12]. However, CYPD-knock-out mice score better
compared to WT littermates in mouse models of Alzheimer’s disease [13] muscular
dystrophy [14], and acute tissue damage induced by a stroke or toxins [4-7]. Furthermore,
genetic ablation of CYPD or its inhibition by cyclosporin A or Debio 025 rescues
mitochondrial defects and prevents muscle apoptosis in mice suffering from collagen VI
myopathy [15-17]. The beneficial effects of cyclosporin A has also been demonstrated in
patients suffering from this type of myopathy [18]. Unlike the clear implication of CYPD in
diverse pathologies, it is not yet known what the physiological action of this protein in
mitochondria is.

Recently, Giorgio et al reported [19] that CYPD binds to the lateral stalk of the F0F1-ATP
synthase in a phosphate-dependent manner, resulting in a decrease in both ATP synthesis
and hydrolysis mode of this complex. Genetic ablation of the ppif gene or inhibition of
CYPD binding on F0F1-ATP synthase by cyclosporin A, led to a disinhibition of the
ATPase, resulting in accelerated ATP synthesis and hydrolysis rates.

However, these effects were demonstrated in either submitochondrial particles, or
mitochondria permeabilized by alamethicin, conditions in which there is a direct access to
the F0F1-ATP synthase. In intact mitochondria, changes in ATP synthesis or hydrolysis rates
by the F0F1-ATP synthase do not necessarily translate to changes in ATP efflux or influx
rates, due to the presence of the adenine nucleotide translocase (ANT). The molecular
turnover numbers and the number of active ANT molecules may vary from those of F0F1-
ATP synthase molecules per mitochondrion [20;21]. Furthermore, the steady-state ADP-
ATP exchange rates (for ANT) or ADP-ATP conversion rates (for F0F1-ATP synthase) do
not change in parallel as a function of the mitochondrial transmembrane potential (ΔΨm)
[22;23]. It is therefore reasonable to assume, that a change in matrix ADP-ATP conversion
rate caused by a change in F0F1-ATP synthase activity may not result in an altered rate of
ADP influx (or ATP influx, in case of sufficiently deenergized mitochondria) from the
extramitochondrial compartment, due to the imposing action of the ANT. The purpose of the
present work was to address the extent of contribution of CYPD on rates of ADP and ATP
fluxes towards the extramitochondrial compartment. We report that for as long as the inner
mitochondrial membrane integrity remained intact, the absence of CYPD or its inhibition by
cyclosporin A did not affect the ATP efflux rate in energized mitochondria or the rate of
ATP consumption in deenergized mitochondria. However, the absence of CYPD or its

Chinopoulos et al. Page 2

FEBS J. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inhibition by cyclosporin A significantly enhanced the rate of F0F1-ATP synthase-mediated
regeneration of ATP consumed by arsenolysis in the matrix and decreased the extent of
uncoupler-induced depolarization in ATP-energized intact mitochondria. Functional results
obtained here are supported by the finding that the CYPD-F0F1-ATP synthase interaction
was demonstrated in intact mitochondria using the membrane-permeable cross-linker, 3-3’-
dithiobis[sulfosuccinimidylpropionate], (DSP) followed by co-precipitation using an
antibody for F0F1-ATP synthase as bait; cyclosporin A was found to diminish the binding of
CYPD on the ATP synthase. Our results indicate that modulation of F0F1-ATP synthase
activity by CYPD comprises an “in-house” mechanism of regulating matrix adenine
nucleotide levels that does not transduce to the extramitochondrial compartment for as long
as the inner mitochondrial membrane remains intact.

RESULTS
ADP-ATP exchange rates in intact mitochondria and ATP hydrolysis rates in permeabilized
mitochondria

ADP-ATP exchange rate mediated by the ANT in mitochondria is influenced by ΔΨm
[20;22;24-27], among many other parameters, as elaborated below and in reference [22]. We
investigated the ADP-ATP exchange rate mediated by the ANT in intact isolated WT and
CYPD KO mouse liver mitochondria, both in the presence and absence of cyclosporin A, in
the -130 -160 mV ΔΨm range, titrated by the uncoupler SF 6847 using different
concentrations, and at 0 mV produced by a maximal dose of the uncoupler. We compared
these ADP-ATP exchange rates mediated by the ANT to those obtained by direct ATP
hydrolysis rates by the F0F1-ATP synthase in mitochondria that have been permeabilized by
alamethicin.

Mitochondria were energized by succinate (5 mM) and glutamate (1 mM) in order to
disfavor matrix substrate-level phosphorylation; glutamate could enter the citric acid cycle
through conversion to α-ketoglutarate, and get converted by the α-ketoglutarate
dehydrogenase complex to succinyl-CoA, that would in turn be converted to succinate plus
ATP by succinate thiokinase. This amount of ATP could contribute to ATP efflux from
mitochondria [23]. The disfavoring of glutamate supporting substrate-level phosphorylation
was secured by the high concentration of succinate that keeps the reversible succinate
thiokinase reaction towards succinyl-CoA plus ADP plus Pi formation. This is reflected by
the fact that in the presence of glutamate and succinate, α-ketoglutarate is primarily exported
out of mitochondria [28] while succinate almost completely suppresses the oxidation of
NAD+-linked substrates, at least in partially inhibited State 3 and in State 4 [29].
Furthermore, succinate suppresses glutamate deamination [30]. The lack of oxidation of 1
mM glutamate in the presence of 5 mM succinate can be demonstrated by the complete lack
of effect of rotenone on recordings of membrane potential from mitochondria energized by
this substrate combination during state 3 respiration (not shown).

ADP was added (2 mM), and small amounts of the uncoupler SF 6847 was subsequently
added (10-30 nM) in order to reduce ΔΨm to not more than -130 mV, while ΔΨm was
recorded as time courses from fluorescence changes due to redistribution of safranine O
across the inner mitochondrial membrane. In parallel experiments, ATP efflux rates were
calculated from measuring extramitochondrial changes in free [Mg2+], by the recently
described method by Chinopoulos et al [20], exploiting the differential affinity of ADP and
ATP to Mg2+ (see under Materials and Methods). ADP-ATP exchange rates as a function of
ΔΨm in the -130 -160 mV range, comparing mitochondria isolated from the livers of WT
versus CYPD KO mice is shown in figure 1, panel A. As shown, there was no difference in
ATP efflux-ΔΨm profile of the WT compared to CYPD KO mice, while ANT was operating
in the forward mode. Likewise, when mitochondria were completely depolarized by 1 μM
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SF 6847 (figure 1, panel B), no statistical significant difference was observed between
mitochondria isolated from WT and CYPD KO mice during ATP influx, irrespective of the
presence of cyclosporin A (1 μM) in the medium. However, if mitochondria were
subsequently permeabilized by alamethicin (20 μg), mitochondria isolated from CYPD KO
mice exhibited a 30.9 ± 1.3% faster ATP hydrolysis rate than WT littermates. The effect of
cyclosporin A (1 μM) was only 14.3 %, but nonetheless, statistically significant (p=0.027).
This ATP hydrolysis rate was 96.7% sensitive to oligomycin, thus affording the assumption
that it was almost entirely due to the F0F1-ATP synthase.

In order to provide further assurance that in intact mitochondria the binding of CYPD to
F0F1-ATP synthase occurs and is inhibitable by cyclosporin A we incubated mitochondria
with the membrane-permeable cross-linker DSP in the absence or presence of cys A,
extracted proteins with 1% digitonin [19], immunoprecipitated with anti Complex V
antibodies, and finally tested immunocaptured proteins for the presence of CYPD using the
β subunit of the F0F1-ATP synthase as loading control. As shown in figure 1, panel D,
digitonin-treated, cross-linked samples pulled down CYPD (lane 3), and cys A reduced the
amount of CYPD bound to F0F1-ATP synthase (lane 4). In lane 1, mitochondria from the
liver of a CYPD-WT mouse and in lane 2 mitochondria from the liver of a CYPD-KO
mouse were loaded (0.85 μgr each), serving as a positive and negative control for the CYPD
blot, respectively. It is to be noted that only in the immunoprecipitates a band of higher
molecular weight than CYPD was present, most likely due to reaction of the secondary
antibody with the light chains of the immunoglobulins used for immunoprecipitation. From
the results shown in panel D of figure 1, we deduce that the CYPD- F0F1-ATP synthase
interactions can be observed in intact mitochondria, and that cys A disrupts these
interactions.

Prediction of alterations in ADP-ATP exchange rate mediated by the ANT caused by
alterations in matrix ATP and ADP levels, due to changes in F0F1-ATP synthase activity by
kinetic modeling

The rate equation of electrogenic translocation of adenine nucleotides catalyzed by the ANT
(VANT) has been derived in [27] and implemented in a complete mitochondrial
phosphorylation system in [22]:

Eq. 1

here,

Likewise, the rate equation of the F0F1-ATP synthase reaction (VSYN) has been derived in
[31;32] and implemented in a complete mitochondrial phosphorylation system in [22]:
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Eq.2

Here,  and 

Values and explanations of all parameters of equations 1 and 2 are taken from [22] and [27]
and references therein. Ti and Di indicate free matrix ATP and ADP concentrations,
respectively, while To and Do indicate free extramitochondrial ATP and ADP
concentrations, respectively. These equations form two out of the three ordinary differential
equations that model ATP-ADP steady-state exchange rate in intact isolated mitochondria;
the third component being the phosphate carrier. The model reproduces experimental results
with the assumption that the phosphate carrier functions under “rapid equilibrium” [22]. As
seen in equations 1 and 2 and reference [22], the ADP-ATP exchange rate mediated by the
ANT and the F0F1-ATP synthase activity depend on the common terms Ti and Di. We were
therefore able to calculate the changes in Ti and Di, assuming an increase in F0F1-ATP
synthase activity by 30%, (due to CYPD ablation), and estimate the impact on ADP-ATP
exchange rate mediated by the ANT for predefined values of ΔΨm. Such values of ΔΨm
were chosen, as depicted in figure 1A, that were obtained by addition of the uncoupler SF
6847 in different concentrations. The results of the calculations are shown in table 1. As
seen in table 1, the increase in ADP-ATP exchange rate mediated by the ANT due to a 30%
increase in F0F1-ATP synthase activity is in the range of 1.38-7.7%. Percentage change
increased for more depolarized ΔΨm values, approaching the reversal potential of the ANT
[23]. At 0 mV, during which both the ANT and the F0F1-ATP synthase operate in reverse
mode, the increase in ADP-ATP exchange rate mediated by the ANT drops to 1.7%. It is to
be noted, that the greatest increase in ADP-ATP exchange rate mediated by the ANT
calculated at -134 mV (7.7%) occurs during the lowest ADP-ATP exchange rate (figure 1A).
It is therefore, least likely to observe a statistical significance in adenine nucleotide flux
rates from mitochondria obtained from WT versus CYPD KO littermates. The above
calculations afford the assumption that a 30% increase in F0F1-ATP synthase activity will
lead to an insignificant increase (1.38-1.7%) in ADP-ATP exchange rate mediated by the
ANT, in maximally polarized (forward mode of both ANT and ATPase) and maximally
depolarized (reverse mode of both ANT and ATPase) mitochondria.

Flux control coefficients of ANT and F0F1-ATP synthase for adenine nucleotide flux rates
The above calculations are a product of a validated model. In order to strengthen the
predictions of the model with experimental evidence on the pertaining conditions, we
measured the flux control coefficients of the reactions catalyzed by the ANT and the F0F1-
ATP synthase separately, on ADP-ATP flux rates from energized intact mitochondria. This
coefficient is defined, for infinitesimally small changes, as the percent change in the steady
state rate of the pathway divided by the percent change in the enzyme activity causing the
flux change. The flux control coefficient for ANT and most other mitochondrial bioenergetic
entities have been measured in a variety of conditions, but on respiration rates, not adenine
nucleotide flux rates [33-48]. Although no individual step was found to be ‘rate-limiting’
(i.e. having a flux control coefficient equal to 1) [33;39;45;49], the regulatory potential of
any particular step is quantitated by its control coefficient. During State 3, ANT exhibits a
control coefficient of ~0.4 [38;40;46], for respiration rates. At 10 mM extramitochondrial Pi,
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the phosphate carrier exhibits a flux control coefficient of <0.1, and this is also reflected by
the predictions of the model assuming that the carrier operates in rapid equilibrium.

The model predictions shown above would be strengthened if the flux control coefficient of
the ANT is sufficiently higher than that of the F0F1-ATP synthase, for adenine nucleotide
flux rates. The determination of the flux control coefficients (FCCs) was performed by
measuring ATP efflux rates, correlating it to the difference of ΔΨm (termed Delta phi)
before and after addition of ADP (2 mM) to WT and CYPD KO mitochondria, and
calculated on the basis of steady-state titration data by catr and olgm. The activities of ANT
and F0F1-ATP synthase were calculated taking into account the strong irreversible inhibition
of ANT and F0F1-ATP synthase by their respective inhibitors [50-53]:

where CATR is the concentration of CATR added, CATRm is the minimal concentration of
CATR that corresponds to maximum ANT inhibition (205 nM of CATR). aANT is the
activity of ANT normalized to initial activity (from 0 to 1). A similar equation was used for
F0F1-ATP synthase activity performing calculations with 35 nM of olgm for OLGMm.

The logarithmic values of ATP flux vs. activities were plotted as shown in panel C of figure
2 and analyzed by linear regression. The FCC values were estimated as the coefficients of

the linear regression according to the definition: , and likewise for the
F0F1-ATP synthase.

A similar ADP/ATP exchange rate versus ΔΨm profile had been observed in rat liver
mitochondria, shown in [23]. The calculated FCC values are shown in panel D of figure 2.
As shown, the FCC of both WT and CYPD KO ANT is ~2.2 times higher than that of the
F0F1-ATP synthase.

Effect of altering matrix pH on adenine nucleotide exchange rates
It can be argued, that since the uncoupler acidified the matrix, this may have directly
affected CYPD binding to the inner membrane by means of decreasing matrix Pi
concentration –which could in turn affect CYPD binding to F0F1-ATP synthase- and
decreased binding of the inhibitory protein IF-1 to ATPase. IF1 is a naturally occurring
protein that inhibits the consumption of ATP by a reverse-operating F0F1-ATP synthase
[54;55], especially during acidic conditions [56;57]. IF1 would inhibit ATP hydrolysis
independent of the CYPD- F0F1-ATP synthase interaction, and as such mask activation of
ATP hydrolysis due to CYPD ablation or displacement by cyclosporin A. ΔpH across the
inner mitochondrial membrane is inversely related to the amount of Pi in the medium
[20;58-60], and in the presence of abundant Pi, ΔpH is in the 0.11-0.15 range [61;62].
Accordingly, at pHo=7.25, pHin in our hands was 7.39 +/- 0.01, far from the 6.8 pH
optimum of IF1. However, IF-1 also binds to the F0F1-ATP synthase at pH higher than 6.8,
promoting the dimerization of two synthase units [55;63], thus modulating ATP synthesis
[64]. Therefore, we manipulated matrix pH during the application of the uncoupler, and
recorded ATP influx and efflux rates. The acidification produced by the uncoupler was
either minimized by methylamine (60 μM), or exacerbated by nigericin (1 μM), as also
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described in [61]. Matrix pH is shown in the white boxes within the grey bars, for the
conditions indicated in the x-axis of the figure 3. As seen in figure 3B, ATP consumption
rates were not statistically significantly different between WT and CYPD KO mitochondria,
in which the uncoupler-induced acidification has been altered by either methylamine or
nigericin (n=8, for all data bars). No differences were also observed for ATP efflux rates, in
fully polarized mitochondria (figure 3A). The effect of nigericin decreasing ATP efflux rate
in mitochondria even though it yielded a higher membrane potential (at the expense of ΔpH)
has been explained in [22]. Methylamine did not affect ΔΨm (not shown), though in the
concomitant presence of SF 6847, it decreased ATP consumption rates as compared to the
effect of SF 6847 alone (figure 3B). Nigericin also decreased ATP consumption rates (figure
3B). The latter two effects were not further investigated.

CYPD decreases reverse H+ pumping rate through the F0F1-ATPase in partially energized
intact mitochondria

In order to demonstrate the ability of CYPD to modulate F0F1-ATP synthase -mediated ATP
hydrolysis rates, we de-energized intact mouse liver mitochondria by substrate deprivation
in the presence of rotenone, followed by addition of 2 mM ATP, while recording ΔΨm and
compared the WT ± cyclosporin A versus CYPD KO mice. Under these conditions, due to
the sufficiently low ΔΨm values prior to ATP addition, ANT and F0F1-ATP synthase
operate in the reverse mode. Provision of exogenous ATP leads to ATP influx to
mitochondria, followed by its hydrolysis by the reversed F0F1-ATP synthase that in turn
pumps protons to the extramitochondrial compartment, establishing ΔΨm to an appreciable
extent. In this setting, the ability of the F0F1-ATP synthase to pump protons out of the
matrix represents the only component opposing the action of an uncoupler. Due to the recent
report by the groups of Lippe and Bernardi [19] showing that the binding of CYPD to F0F1-
ATP synthase occurs only in the presence of phosphate, we performed the below
experiments in the presence and absence of 10 mM Pi. As shown in figure 4 panel A, in the
presence of 10 mM Pi, mitochondria isolated from the livers of CYPD KO mice resisted
more the uncoupler-induced depolarization (open quadrangles), than those obtained from
WT littermates (open circles). Cyclosporin A also exhibited a similar effect on WT
mitochondria (open triangles) but not on KO mice (not shown). These results also attests to
the fact that a possible acidification-mediated IF1 binding on F0F1-ATP synthase, in turn
masking the relief of inhibition by CYPD, could not account for the lack of effect on
adenine nucleotide flux rates in intact mitochondria, as shown above. In the absence of
exogenously added Pi, this effect was much less pronounced, figure 4 panel B; however,
during endogenous ATP hydrolysis in intact mitochondria, it is anticipated that there can be
a significant production of Pi in the vicinity of the ATPase within the matrix.

CYPD ablation or its inhibition by Cyclosporin A increases the rate of respiration
stimulated by arsenate in intact mitochondria

Regarding the CYPD–F0F1-ATP synthase interaction and how it affects the efficiency of
oxidative phosphorylation, we measured mitochondria respiration. CYPD ablation or
inhibiting the CYPD with cyclosporin A had no effect on State 4 and State 3 respiration
rates and did not affect ADP:O and respiratory control ratios (data not shown). Therefore,
CYPD interaction with F0F1-ATP synthase does not translate to changes in the efficiency of
oxidative phosphorylation of exogenously added ADP. However, it still may affect the
phosphorylation state of endogenous adenine nucleotides present in the matrix of
mitochondria. To test this hypothesis, we investigated the effect of AsO4 on the rate of
respiration of CYPD KO and WT mitochondria. This approach is based on a well-studied
“uncoupling” effect of AsO4 explained by its ability to substitute for Pi in the F0F1-ATP
synthase catalyzed reaction of phosphorylation of ADP. However, the AsO3-ADP bond is
easily and non-enzymatically water-hydrolysable, which forces a futile cycle of
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phosphorylation of matrix ADP by F0F1-ATP synthase and stimulates respiration, [65]
[66;67]. In these experiments, mitochondria were resuspended in a buffer as described in
“Materials and Methods” supplemented with substrates and 0.2 mM EGTA but without Pi
and ADP. AsO4 was titrated to produce the maximum stimulation of the State 4 respiration,
which was observed at 4 mM AsO4. The maximum rate of oxygen consumption was
obtained by supplementing the respiration medium with 400 nmol ADP. We found that
CYPD KO mitochondria exhibited ~10% higher rates of AsO4 stimulated respiration than
WT mitochondria, with no changes in the maximum rates of respiration. As anticipated, a
similar effect was observed with WT mitochondria treated with cyclosporin A, which
stimulated their AsO4-stimulated respiration to the level of CYPD KO mitochondria. (Table
2).

DISCUSSION
The present work extends the results obtained by the groups of Lippe and Bernardi
demonstrating that changes in ATP synthesis or hydrolysis rates of the F0F1-ATP synthase
due to CYPD binding does not translate to changes in ADP-ATP flux rates, even though
CYPD binding on the F0F1-ATP synthase and unbinding by cys A was hereby demonstrated
in intact mitochondria. This is due to an imposing role of the ANT. Apparently, the ADP-
ATP exchange rates by the ANT are slower than the ADP-ATP interconversions by the
F0F1-ATP synthase, an assumption which is afforded by the more than twice larger flux
control coefficient of ANT (0.63 for WT, 0.66 for CYPD KO) than that of the F0F1-ATP
synthase (0.29 for WT, 0.3 for CYPD KO), for adenine nucleotide flux rates. This is also
supported by early findings from pioneers in the field, showing that the ANT is the step with
the highest flux control coefficient in the phosphorylation of externally added ADP to
energized mitochondria [68], and references therein. However, one could argue that a 30%
change in F0F1-ATP synthase activity which exhibits a ~0.3 flux control coefficient, would
alter adenine nucleotide exchange rates in intact mitochondria by 0.3×0.3=0.09, i.e. 9%. To
this we must stress that the flux control coefficient applies for infinitesimally small changes
in the percent change in the steady state rate of the pathway; if changes are large (e.g. 30%),
the flux control coefficient decreases by a factor of ~5, or more [49;69]. Thereby, a 30%
change in F0F1-ATP synthase activity translates to a 0.3×0.3×0.2=0.018 or less, i.e. 1.8%
difference in adenine nucleotide exchange rates in intact mitochondria. This is in good
agreement with the predictions of the kinetic modeling, suggesting that a 30% increase in
F0F1-ATP synthase activity yields a 1.38-1.7% increase in ADP-ATP exchange rate
mediated by the ANT in fully polarized or fully depolarized mitochondria. Yet, in substrate-
energized mitochondria an increase in ATP synthesis rate by relieving the inhibition of the
F0F1-ATP synthase by CYPD was reflected by an increase in respiration rates during
arsenolysis; likewise, in ATP-energized mitochondria with a non-functional respiratory
chain, abolition of CYPD or its inhibition by cyclosporin A resulted in an accelerated ATP
hydrolysis rate, allowing intact mitochondria to maintain a higher membrane potential.

The present findings imply that the modulation of F0F1-ATP synthase activity by CYPD
comprises an “in-house” mechanism of regulating matrix adenine nucleotide levels, that
does not transduce outside mitochondria, without evoking a functional correlation between
CYPD and ANT due to a possible direct link [70].

This is the first documented example of an intramitochondrial mechanism of adenine
nucleotide level regulation, that is not reflected in the extramitochondrial compartment.
Furthermore, we speculate that cyclosporin A or ppif genetic ablation delays pore opening
by providing a more robust ΔΨm. It is well established that the lower the ΔΨm, the higher
the probability for pore opening [60;71-73]. In energized mitochondria, abolition of CYPD
or its inhibition by cyclosporin A would lead to an accelerated ATP synthesis, while in
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sufficiently depolarized mitochondria would result in accelerated proton pumping by ATP
hydrolysis. However, an alternative explanation relates to matrix Pi which is a product of
ATP hydrolysis by a reversed F0F1-ATP synthase, and inhibits PTP [8].It is therefore also
reasonable to speculate that in deenergized mitochondria an increase in matrix Pi
concentration could mediate the effect of cyclosporin A or CYPD genetic ablation in
delaying PTP opening [8].

MATERIALS AND METHODS
Isolation of mitochondria from mouse liver

CYPD knock-out mice and wild-type littermates were a kind gift from Dr. Anna Schinzel
[6]. Mitochondria from the livers of wild-type and CYPD knock-out littermate mice were
isolated as detailed previously [74], with minor modifications. All experiments were carried
out in compliance with the National Institute of Health guide for the care and use of
laboratory animals and were approved by the Institutional Animal Care and Use Committee
of Cornell University. Mice were sacrificed by decapitation and livers were rapidly
removed, minced, washed 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 (BSA) essentially fatty acid-free, with the pH adjusted
to 7.4 with KOH. The homogenate was centrifuged at 1,250 g for 10 min; the pellet was
discarded, and the supernatant was centrifuged at 10,000 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 0.15 ml of the same buffer with 0.1 mM EGTA. The mitochondrial
protein concentration was determined using the bicinchoninic acid assay [75].

[Mg2+]f determination from Magnesium Green fluorescence in the extramitochondrial
volume of isolated mitochondria and conversion to ADP-ATP exchange rate

Mitochondria (1 mg, wet weight, in this and all subsequent experiments wet weight of
mitochondrial amount is implied) were added to 2 ml of an incubation medium containing
(in mM): KCl 8, K-gluconate 110, NaCl 10, Hepes 10, KH2PO4 10 (where indicated),
EGTA 0.005, mannitol 10, MgCl2 0.5 (or 1, where indicated), glutamate 1, succinate 5
(substrates where indicated), 0.5 mg/ml bovine serum albumin (fatty acid-free), pH 7.25, 50
μM Ap5A, and 2 μM Magnesium Green 5K+ salt. Magnesium Green (MgG) fluorescence
was recorded in a F-4500 spectrofluorimeter (“Hitachi”, Japan) at 5 Hz acquisition rate,
using 506 and 531 nm excitation and emission wavelengths, respectively. Experiments were
performed at 37 °C. At the end of each experiment, minimum fluorescence (Fmin) was
measured after addition of 4 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, assuming a Kd
of 0.9 mM for the MgG-Mg2+ complex [76]. The correction term -0.055 mM is empirical,
and possibly reflects chelation of other ions by EDTA that have an affinity for MgG, and
alter its fluorescence. ADP-ATP exchange rate was estimated using the recently described
method by Chinopoulos et al [20], exploiting the differential affinity of ADP and ATP to
Mg2+. The rate of ATP appearing in the medium following addition of ADP to energized
mitochondria (or vice versa in case of deenergized mitochondria), is calculated from the
measured rate of change in free extramitochondrial [Mg2+] using the following equation:

(Eq. 3)
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Here, [ADP]t and [ATP]t are the total concentrations of ADP and ATP, respectively, in the
medium, and [ADP]t(t=0) and [ATP]t(t=0) are [ADP]t and [ATP]t in the medium at time
zero. 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 [20]. For the calculation
of [ATP] or [ADP] from free [Mg2+], the apparent Kd values are identical to those in [20]
due to identical experimental conditions (KADP=0.906 ± 0.023 mM, and KATP=0.114 ±
0.005 mM). [Mg2+]t is the total amount of Mg2 present in the media, i.e. 0.5 mM. Equation
3 (termed ANT calculator) is available for download as an executable file at:
http://www.tinyurl.com/ANT-calculator. In case of permeabilized mitochondria by
alamethicin, the ATP hydrolysis rate by the F0F1-ATP synthase was estimated by the same
principle, since one molecule of ATP hydrolyzed yields one molecule of ADP (plus Pi). The
rates of ATP efflux, influx and hydrolysis have been estimated sequentially from the same
mitochondria, i.e. first mitochondria were energized, a small amount of uncoupler was
added, then ADP was added, and ATP efflux was recorded; 150 sec later, 1 μM of SF 6847
was added, and ATP influx was recorded; after 150 sec, alamethicin was added, and ATP
hydrolysis by the F0F1-ATP synthase was recorded. Fmin and Fmax were subsequently
recorded as detailed above. For conversion of calibrated free [Mg2+] to free ADP and ATP
appearing in the medium, the initial values of total ADP and Mg2+ was considered, since
free [ADP] and free [ATP] are added parameters in the numerator of Eq. 3.

Mitochondrial membrane potential (ΔΨm) determination in isolated mitochondria
ΔΨm was estimated fluorimetrically with safranine O [77]. Mitochondria (1 mg) were added
to 2 ml of incubation medium containing (in mM): KCl 8, K-gluconate 110, NaCl 10, Hepes
10, KH2PO4 10 (where indicated), EGTA 0.005, mannitol 10, MgCl2 0.5 (or 1 where
indicated), glutamate 1, succinate 5 (substrates where indicated), 0.5 mg/ml bovine serum
albumin (fatty acid-free), pH 7.25, 50 μM Ap5A, and 10 μM safranine O. Fluorescence was
recorded in a Hitachi F-4500 spectrofluorimeter at a 5 Hz acquisition rate, using 495 and
585 nm excitation and emission wavelengths, respectively. Experiments were performed at
37 °C. In order to convert safranine O fluorescence into millivolts, a voltage-fluorescence
calibration curve was constructed. To this end, safranine O fluorescence was recorded in the
presence of 2 nM valinomycin and stepwise increasing K+ (in the 0.2-120 mM range) which
allowed calculation of ΔΨm by the Nernst equation assuming a matrix K+=120 mM [77].

Mitochondrial matrix pH (pHi) determination
pHi of liver mitochondria from WT and CYPD KO mice was estimated as described
previously [78], with minor modifications. Briefly, mitochondria (20 mg) were suspended in
a 2 ml medium containing (in mM): 225 mannitol, 75 sucrose, 5 Hepes, and 0.1 EGTA
(pH=7.4 using Trizma) and incubated with 50 μM BCECF-AM at 30 °C. After 20 min,
mitochondria were centrifuged at 10,600 g for 3 min (at 4 °C), washed once and re-
centrifuged. The final pellet was suspended in 0.2 ml of the same medium 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 ΔΨm and Mg2+

fluorescence determinations (see above). BCECF signal was calibrated using a range of
buffers of known pH in the 6.8-7.8 range, and by equilibrating matrix pH to that of the
experimental volume by 250 nM SF 6847 plus 1 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
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the standard error of the estimates of ‘a’ and ‘c’ constants were in the 0.07-0.01 range, and
for ‘b’ < 0.1.

Mitochondrial 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 (where
indicated), EGTA 0.005, mannitol 10, MgCl2 0.5, glutamate 1, succinate 5 (substrates where
indicated), 0.5 mg/ml bovine serum albumin (fatty acid-free), pH 7.25, and 50 μM Ap5A.
State 3 respiration was initiated by the addition of 0.1-2 mM K+-ADP (as indicated) to the
incubation medium.

Cross-linking, co-precipitation and western blotting
Mitochondria (5 mg/ml) were suspended in the same buffer as for ADP-ATP exchange rates
determination and supplemented with succinate (5 mM) and glutamate (1 mM). Cyclosporin
A (1 μM) were added where indicated. After 3 min of incubation at 37 °C, 2.5 mM DSP was
added, and mitochondria were incubated further for 15 min. Subsequently, mitochondria
were sedimented at 10,000 × g for 10 min, and resuspended in 1% digitonin, in a buffer
containing 50 mM Trizma, 50 mM KCl, pH 7.6. Samples were then incubated overnight
under wheel rotation at 4 °C in the presence of anti-complex V monoclonal antibody
covalently linked to protein G-agarose beads (MS501 immunocapture kit, Mitosciences,
Eugene, Oregon 97403, USA). After centrifugation at 2,000 × g for 5 min, the beads were
washed twice for 5 min in a solution containing 0.05% (w/v) DDM in phosphate-buffered
saline. The elution was performed in 1% (w/v) sodium dodecyl sulfate (SDS) for 15 min. To
reduce the DSP disulfide bond, the cross-linked immunoprecipitates were treated with 150
mM dithiothreitol (DTT) for 30 min at 37 °C and separated by sodium dodecyl sulfate –
polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins were transferred to a
methanol-activated polyvinylidene difluoride membrane. Immunoblotting was performed as
recommended by the manufacturers of the antibodies. Mouse monoclonal anti-CYPD
(MSA04, Mitosciences) and anti-β subunit of the F0F1-ATP synthase (MS503,
Mitosciences) primary antibodies were used at concentrations of 2 μg/ml. Immunoreactivity
was detected using the appropriate peroxidase-linked secondary antibody (1:4,000, donkey
anti-mouse, Jackson Immunochemicals Europe Ltd, Cambridgeshire, UK) and enhanced
chemiluminescence detection reagent (RapidStep ECL reagent, Calbiochem, Merck
Chemicals, Darmstadt, Germany).

Reagents
Standard laboratory chemicals, P1,P5-Di(adenosine-5′) pentaphosphate (Ap5A), safranine O,
nigericin and valinomycin were from Sigma. SF 6847 was from Biomol (BIOMOL GmbH,
Hamburg, Germany). DSP was from Piercenet (Thermo Fisher Scientific, Rockford, IL,
USA). Magnesium Green 5K+ salt and BCECF-AM were from Invitrogen. All
mitochondrial substrate stock solutions were dissolved in bi-distilled water and titrated to
pH=7.0 with KOH. ATP and ADP were purchased as K+ salts of the highest purity available
and titrated to pH=6.9 with KOH.

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.
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Figure 1. ADP-ATP exchange rates in intact mitochondria and ATP hydrolysis rates in
permeabilized mitochondria; CYPD binds on F0F1-ATP synthase, in a cys A-inhibitable manner
in intact mouse liver mitochondria
A: ATP efflux rates as a function of ΔΨm in intact, energized mouse liver mitochondria
isolated from WT and CYPD KO mice. B: Bar graphs of ATP consumption rates in intact,
completely deenergized WT and CYPD KO mouse liver mitochondria, and effect of
cyclosporin A. C: Bar graphs of ATP hydrolysis rates in permeabilized WT +/- cys A and
CYPD KO mouse liver mitochondria, and effect of oligomycin (olgm). *, significant,
(Tukey’s test, p<0.05). D: Lanes 1 and 2 represent CYPD-WT and KO mitochondria
respectively (0.85 μgr each). Lanes 3 and 4 represent co-precipitated samples of cross-linked
intact mitochondria, treated with 1% digitonin, prior to cross-linking. For lane 4,
mitochondria were additionally treated with cys A, prior to cross-linking. Upper panel is a
western blot for CYPD, lower panel for the β subunit of F0F1-ATP synthase.
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Figure 2. Determination of flux control coefficients of ANT and F0F1-ATP synthase for adenine
nucleotide flux rates
A: ATP-ADP steady-state exchange rate mediated by ANT as a function of Delta phi, for
various carboxyatractyloside (catr) concentrations. The points represent the additions of 0,
40, 80, 120, 160, 200, 240 and 280 nM of catr. Data shown as black circles were obtained
from WT liver mitochondria. Data shown as open circles were obtained from CYPD KO
liver mitochondria. B: ATP-ADP steady-state exchange rate mediated by ANT as a function
of Delta phi, for various oligomycin (olgm) concentrations. The points represent the
additions of 0, 5, 10, 15, 20, 25, 30 and 35 nM of olgm. Data shown as black triangles were
obtained from WT liver mitochondria. Data shown as open triangles were obtained from
CYPD KO liver mitochondria. Panels A and B share the same Delta phi axis. Delta phi
represents the difference of ΔΨm before and after addition of 2 mM ADP to liver
mitochondria (using 1 mM total MgCl2) pretreated with catr or olgm at the above sub-
maximal concentrations. C: The dependence of ATP transport flux on ADP-ATP exchange
rate mediated by the ANT (log values). The black circles represent the measured values
from WT mitochondria, shown in panel A. The dashed line represents a linear regression
analysis. D: Values of flux control coefficients of ANT and F0F1-ATP synthase for ADP-
ATP exchange rates, for WT and CYPD KO mice mitochondria, calculated by linear
regression analysis as depicted in panel C, from the data shown in panels A and B.
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Figure 3. ATP efflux (A) and consumption (B) rates in WT and CYPD KO (striped bars)
mitochondria as a function of matrix pH
Matrix pH is shown in the white box within each bar for the respective condition indicated
in the x-axis. a*, significant from WT control. b* significant from WT + methylamine. c*,
significant from KO control. d* significant from KO + methylamine. e*, significant from
WT +SF 6847. f*, significant from WT +SF 6847. g*, significant from WT +SF 6847 +
methylamine. h*, significant from KO +SF 6847. i*, significant from KO +SF 6847 +
methylamine.
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Figure 4. Effect of CYPD on F0F1-ATPase-mediated H+ pumping due to ATP hydrolysis in
intact mitochondria
A: Safranine O fluorescence values converted to mV in intact, deenergized WT and CYPD
KO mitochondria by substrate deprivation and rotenone, subsequently energized by
exogenous addition of 2 mM ATP (with 1 mM total MgCl2 in the buffer), as a function of
uncoupler dose (0-80 nM), in the presence of 10 mM Pi in the medium. B: same as in A, but
in the absence of Pi from the medium. *a, statistically significant, KO significantly different
from WT; *b, statistically significant, WT +cys A significantly different from WT; *c,
statistically significant, KO significantly different from WT+cys A (Tukey’s test, p<0.05).
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Table 2

Effect of CYPD ablation or its inhibition by cyclosporin A on the rates of respiration of mouse liver
mitochondria

Wild type CYPD KO

State 4 32.0 ± 1.2 30.6 ± 1.0

AsO4 101.4 ± 3.4a 113.1 ± 4.9

Vmax 145.0 ± 7.2 146.4 ± 2.9

ACI 3.2 ± 0.1b 3.7 ± 0.2

+CsA, State 4 30.2 ± 1.4 32.0 ± 0.7

+CsA, AsO4 110.4 ± 4.7c 111.6 ± 1.5

+CsA, Vmax 139.5 ± 10.8 147.6 ± 2.6

+CsA, ACI 3.7 ± 0.1d 3.5 ± 0.1

a,b
significant difference between wild type and CYPD KO mitochondria, p<0.04 (a) and p<0.02 (b), n=7;

c,d
significant difference between untreated and Cyclosporin A -treated mitochondria, p<0.03 (c) and p<0.001 (d), n=6.

ACI - acceptor control index, the rate of respiration in the presence of ASO4 divided by the rate of respiration before the addition of ASO4. Vmax,
the maximum rate of respiration obtained after addition of ADP
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