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tive phosphorylation control the respiration rate in iso-
The effect of calcium on the control exerted by the lated mitochondria has been quantified using Meta-

adenine nucleotide translocator over respiration in bolic Control Analysis [reviewed in (5, 6)]. Control has
isolated heart mitochondria was investigated in order been found to be distributed and shifts with conditions,
to determine whether calcium directly stimulates the but one of the major limiting components appears to
translocator. At respiration rates intermediate be- be the adenine nucleotide translocator. The control ex-
tween states 3 and 4, Ca2/ is shown to increase the erted by the translocator is important because it deter-
control over 2-oxoglutarate oxidation exerted by the mines the sensitivity of respiration to external adenine
adenine nucleotide translocator in rat heart mitochon- nucleotide levels, and thus the sensitivity of ATP sup-
dria. This did not occur when succinate was the respi- ply to ATP utilization. Mitochondrial respiration and
ratory substrate, even though the control exerted by ATP production are thought to be physiologically regu-
the translocator was substantial, indicating that Ca2/

lated mainly by the levels of adenine nucleotides (ATP
does not have a direct effect on the adenine nucleotide and ADP) and calcium. How these two types of regula-translocator. Ca2/ increased the uncoupled oxidation tion interact to determine rates may be important forrate of 2-oxoglutarate, but not succinate. Using the

an understanding of the overall regulation of ATP pro-summation theorem for flux control, the effect of Ca2/

duction, but has not been extensively studied.is explained by a shift of the control over respiration
In isolated mitochondria with an excess of substraterate toward the adenine nucleotide translocator, from

supply the control exerted by adenine nucleotide trans-the respiratory chain, presumably as the result of the
locator has been found to be low in state 4 (no ATPactivation of the 2-oxoglutarate dehydrogenase com-
turnover) and state 3 (maximal ATP turnover), but toplex. q 1995 Academic Press, Inc.

be very high at intermediate rates of respiration (7–Key Words: calcium; heart mitochondria; oxidative
9). These intermediate rates of ATP turnover are prob-phosphorylation; 2-oxoglutarate dehydrogenase; ade-
ably the most physiologically relevant, since the heartnine nucleotide translocator.
in vivo would operate over this range. Thus, it would
appear that over the physiological range the control
resides mostly in the ANT,2 so that respiration would
be sensitive to external nucleotide levels but not toThe control and regulation of mitochondrial respira-
other effectors. However, magnetic resonance spectros-tion and ATP production are essential to cell function,
copy measurements in perfused heart and heart in vivoand have been extensively studied [reviewed in (1–4)].

The extent to which the different components of oxida-

2 Abbreviations used: ANT, adenine nucleotide translocator;
1 To whom correspondence should be addressed at Institute for EGTA, ethylene glycol bis(b-aminoethyl ether) N,N *-tetraacetic acid;

BSA, bovine serum albumin; MOPS, 4-morpholinepropanesulfonicBiomedical Research, Kaunas Medical Academy, Eiveniu St. 4, 3007
Kaunas, Lithuania. acid.
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incubation media were stabilized by Ca/EGTA buffers and calculatedhave indicated that the adenine nucleotide levels nor-
using the stability constants and the program published by Fabiatomally do not change significantly during the large
and Fabiato (15). In all experiments with these buffers care waschanges in respiratory rate induced by a change in the taken to adjust pH as precisely as possible to 7.2 at 377C after addi-

heart work rate or adrenalin (1). Thus it has been sug- tion of Ca2/ (either 5 nM free or 1 mM free) and Mg2/ (1 mM free).
All solutions added to the vessel were prepared so that they did notgested that in vivo heart respiration is not regulated
change pH on addition.by adenine nucleotide levels but by calcium levels acti-

The state 3 respiration rate was measured in a medium containingvating matrix dehydrogenases (pyruvate dehydroge-
20 mM MOPS, 10 mM Tris–HCl, 5 mM KH2PO4, 125 mM KCl, 10

nase, isocitrate dehydrogenase, and 2-oxoglutarate de- mM NaCl, 3 mM EGTA, 2 mM ADP, and either 0.09 mM (5 nM free
hydrogenase) which may control NADH supply to the Ca2/) CaCl2 plus 1.5 mM MgCl2 or 2.56 mM (1 mM free) CaCl2 plus

1.3 mM MgCl2. The uncoupled rate of succinate and 2-oxoglutaraterespiratory chain (2). However, the physiological role
oxidation was measured in the same medium in presence of 0.2 mMof such regulation was unclear, particularly since at
CCCP. Due to the requirement for ADP of substrate level phosphory-physiologically relevant rates of ATP turnover, control lation the uncoupled respiration with 2-oxoglutarate in the absence

is apparently located mostly in the ANT and thus cal- of external ADP or ATP was very low compared with the rate in
cium should have no effect on respiration rate unless state 3 and decreased to zero in a few minutes (16), in contrast

to respiration on succinate. Therefore we used 1 mg oligomycin/mgit acts directly on the ANT. It has also been suggested
mitochondrial protein and 2 mM ADP in addition to CCCP to measurethat calcium can directly stimulate the mitochondrial
the rate of uncoupled respiration with 2-oxoglutarate.respiratory chain (2), the ATP synthase (10), and the The [ATP]/[ADP] ratio was clamped by adding excess of creatine

ANT (11–13), but the evidence for such actions is rela- phosphokinase (0.1 mg/ml), 1 mM ATP, and varying the ratio of cre-
atine and creatine phosphate, while their sum was kept constanttively poor and indirect [see (3)].
at 50 mM (17). The intermediate rate of mitochondrial respirationIn this paper we have investigated the influence of
constituting approximately 40–70% of the rate in state 3 wascalcium on the control exerted by the ANT over respira-
achieved in the medium containing 20 mM MOPS, 10 mM Tris–HCl,tion in physiologically relevant states of intermediate 5 mM KH2PO4, 80 mM KCl, 10 mM NaCl, 3 mM EGTA, 1 mM dithio-

ATP turnover, low and high substrate supply, and at threitol, 1 mM ATP, 30 mM creatine phosphate, 20 mM creatine (and
either 0.09 mM CaCl2 plus 2.79 mM MgCl2 or 2.6 mM CaCl2 plus 3.0377C. We show that the ANT does not have all the
mM MgCl2). For the maximal rate of respiration corresponding tocontrol in such states, and thus it is possible that other
the rate in state 3 the same medium was used except that creatinesteps, including dehydrogenases, have significant con-
phosphate was absent and the concentration of creatine was 50 mM

trol. Calcium causes large increases in respiration rate and of KCl was 110 mM (0.09 mM CaCl2 plus 2.3 mM MgCl2 or 2.6
in such states when the substrate is 2-oxoglutarate, mM CaCl2 plus 2.2 mM MgCl2).

The control of the ANT on the respiratory rate was determined bybut not with succinate, and does so even when mito-
titration with the noncompetitive, tight binding inhibitor carboxya-chondria are fully uncoupled. This suggests that cal-
tractyloside (18). The control coefficient was calculated from the titra-cium exerts its effects at the level of the dehydroge- tion curves (e.g., Fig. 1) using the equation

nases. Calcium increases the control exerted by the
ANT on the 2-oxoglutarate oxidation rate, but has no

CJ
ANT Å SdJ

dIDIÅ0

rSImax

JIÅ0
D ,effect when respiring on succinate even though the con-

trol coefficient is significant. This suggests that calcium
has no significant direct kinetic effects on the ANT and

in which J is the oxygen consumption rate, (dJ/dI ) is the initialit increases the control by ADP transport over 2-oxoglu-
slope of the titration curve, and I is the inhibitor concentration thattarate oxidation without directly affecting the ANT. inhibits the translocator completely (18).

METHODS
RESULTS

Mitochondria were isolated from hearts of several male Wistar
The maximal stimulation of respiration rate with 2-rats. The hearts were cut and washed with ice-cold 0.9% KCl. Subse-

quently the tissue was washed in a buffer containing 160 mM KCl, oxoglutarate in our experiments was observed at 1 mM
10 mM NaCl, 20 mM Tris–HCl, and 10 mM EGTA (pH 7.7) and then extramitochondrial free Ca2/. Therefore we chose to
incubated for 5 min in the same buffer, also containing 0.25 mg use two concentrations of external free calcium (5 nM
trypsin per gram tissue, homogenized gently (two times up and down)

and 1 mM) to study how calcium affects the distributionin a loose glass–Teflon homogenizer, and incubated for another 5
of the control of mitochondrial respiration among themin. After addition of trypsin inhibitor (2.5 mg/g tissue) and BSA (5

mg/g tissue), it was homogenized again and centrifuged at 450g (Sor- processes involved. We focused on control exerted by
vall RC-5B, SS-34 rotor). The supernatant was centrifuged at 6300g adenine nucleotide transport across the inner mem-
and the obtained pellet was resuspended in a buffer containing 180 brane and addressed the question how much the extentmM KCl, 20 mM Tris–HCl, and 3 mM EGTA (pH 7.35) to approxi-

to which that process controls respiration in the inter-mately 50 mg/ml protein and stored on ice. The whole procedure
mediate range of rates depended on the free calciumwas performed at 07C. The protein concentration was determined

according to Lowry et al. (14). concentration. The amount of control exerted by the
Respiration of mitochondria was measured polarographically in a ANT was determined by titration of 2-oxoglutarate oxi-

closed, stirred and thermostated 1-ml vessel at 377C (Clark-type oxy- dation in isolated rat heart mitochondria with the tightgen electrode) using 2-oxoglutarate (1, 5, or 10 mM) or 5 mM succinate
binding inhibitor carboxyatractiloside (18). The extra-(plus 1 mM rotenone), as oxidizable substrate, and 0.5 mg/ml mito-

chondria. Values of the concentrations of free Ca2/ and Mg2/ in the mitochondrial phosphorylation potential was clamped
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cient of the ANT (Table II). This result indicates that
calcium does not directly stimulate the ANT.

In order to test whether calcium stimulates the oxi-
dative system rather than the phosphorylation system
we uncoupled respiration from phosphorylation by add-
ing the protonophore CCCP [plus oligomycin and ade-
nine nucleotides, to meet the requirement of substrate
level phosphorylation for ADP (16)], and then investi-
gated whether Ca2/ could still stimulate 2-oxoglutarate
respiration. We measured the initial rates of respira-
tion after addition of CCCP to the mitochondria pre-
viously preincubated for 3 min with substrate, oligomy-
cin, ADP, and different calcium concentrations. Table
III shows that calcium stimulated uncoupled respira-

FIG. 1. Carboxyatractyloside titration of mitochondrial respiration tion with 1 mM 2-oxoglutarate. This can be explained
with 2-oxoglutarate at the intermediate range of rates between state by the activation of the 2-oxoglutarate dehydrogenase
3 and state 4 at different external free Ca2/ concentrations. The complex by Ca2/ (2, 19). On the other hand, Ca2/ didintermediate rate of mitochondrial respiration (J0) between the rates

not affect succinate respiration in the presence of thein state 4 and state 3 was set by 1 mM ATP, excess of creatine kinase,
uncoupler (Table III). Ca2/ also stimulated the rate ofand the ratio of creatine phosphate/creatine 30/20 (mM/mM) in the

medium. Each point on the titration curves represents the mean 2-oxoglutarate (but not succinate) oxidation in state 3
value of three or more repetitive runs of a typical experiment (the (excess ADP, legend to Table III) and the extent of
standard deviations are smaller than the representation of the stimulation was dependent on concentration of 2-oxo-points). Similar results were obtained in four other experiments. s,

glutarate—/67, /41, and /23% with 1, 5, and 10 mM,l, 1 mM; h, j, 5 mM; n, m, 10 mM 2-oxoglutarate. s, h, n, 5 nM;
l, j, m, 1 mM free external Ca2/. respectively (n Å 5). State 4 respiration (i.e., respira-

tion in the absence of ADP) of succinate was not af-
fected by calcium (130 { 6.2 and 131 { 9.0 natO/min/

(by addition of ATP and excess of creatine kinase, cre- mg mitochondrial protein at 5 nM and 1 mM Ca, respec-
atine, and creatine phosphate) to a level that sustained tively), but in the case of 1 mM 2-oxoglutarate it was
a respiration rate approximately half (40–70%) its increased from 27.4 { 2.2 to 40.2 { 3.2 natO/min/mg
maximum (state 3). Figure 1 gives the results of a typi- mitochondrial protein (n Å 4, P õ 0.05), most probably
cal inhibitor titration experiment at three different con- reflecting the increased proton leak due to some rise in
centrations of 2-oxoglutarate (1, 5, and 10 mM). The the membrane potential after activation of 2-oxoglutar-
stimulation of respiration by Ca2/ decreased with an
increase in the concentration of 2-oxoglutarate (in the
experiment presented the stimulation was 71, 27, and
20%, respectively). Calcium increased the dependence
of the respiration rate on the ANT at all substrate con-
centrations used. Table I confirms that the ANT’s share
of the control of 2-oxoglutarate oxidation rises substan-
tially in the presence of calcium at the intermediate
rates. However, carboxyatractyloside titrations of res-
piration were sigmoidal at the maximal rates of 2-oxo-
glutarate oxidation (corresponding to state 3) both at 5
nM and at 1 mM free calcium. This implies that adenine
nucleotide transport does not control the maximal rate,
i.e., the control coefficient of the ANT is zero (Table I).
The stimulation of respiration by calcium in that set
of experiments was 72 { 6% at the intermediate rate

FIG. 2. Carboxyatractyloside titration of mitochondrial respirationof respiration with 1 mM 2-oxoglutarate.
with 5 mM succinate at the intermediate range of rates between stateIn parallel the same preparations of mitochondria 3 and state 4 at different external free Ca2/. The intermediate rate

were used to determine the influence of calcium on of mitochondrial respiration (J0) between the rates in state 4 and
succinate oxidation and the control coefficient of the state 3 was set by 1 mM ATP, excess of creatine kinase, and the ratio

of creatine phosphate/creatine 30/20 (mM/mM) in the medium. EachANT over the intermediate rate of respiration with suc-
point on the titration curves represents the mean value of three orcinate. Figure 2 shows that calcium had no effect on
more repetitive runs of a typical experiment (the standard deviationsthe intermediate rate of succinate oxidation, and that are smaller than the representation of the points). Similar results

it did not change the slope of carboxyatractyloside titra- were obtained in three other experiments. s, 5 nM; l, 1 mM free
external Ca2/.tion curve, giving the same value of the control coeffi-
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TABLE I

Control Coefficient of Adenine Nucleotide Translocator (CANT) over Intermediate and Maximal Rate of 2-Oxoglutarate
Oxidation by Heart Mitochondria at Different Concentrations of External Free Ca2/

2-Oxoglutarate: 1 mM 5 mM 10 mM

Ca2/: 5 nM 1 mM 5 nM 1 mM 5 nM 1 mM

CANT at maximal
rate 0 0 0 0 0 0

(3) (3) (3) (3) (3) (3)
CANT at intermediate

rate 0.06 { 0.06 0.53* { 0.03 0.07 { 0.07 0.57* { 0.08 0.30 { 0.08 0.63* { 0.06
(6) (6) (5) (5) (5) (5)

P õ 0.01 P õ 0.001 P õ 0.05

Note. The intermediate rate of 2-oxoglutarate oxidation between the rates in state 4 and state 3 was set by 1 mM ATP, excess of creatine
kinase, and the ratio of creatine phosphate/creatine 30/20 (mM/mM) in the medium, and the maximal rate by ratio 0/50 (see Methods). The
maximal rate of respiration with 1 mM 2-oxoglutarate was 126 { 9 and 202 { 25, with 5 mM 173 { 20 and 224 { 23, with 10 mM 220 {
20 and 276 { 30 natO/min/mg mitochondrial protein, at 5 nM and 1 mM Ca2/, respectively. The intermediate rate of respiration in the same
experiments with 1 mM 2-oxoglutarate was 82 { 10 and 141 { 15, with 5 mM 106 { 17 and 143 { 20, with 10 mM 124 { 17 and 153 { 20
nat0/min/mg mitochondrial protein, at 5 nM and 1 mM Ca2/, respectively. The number of experiments is indicated in parenthesis. *Statistically
significant difference of control coefficient at 5 nM and 1 mM Ca2/.

ate dehydrogenase. However, this difference in state 4 increased substantially when the substrate concentra-
tion increased from 5 to 10 mM, and the same tendencyat different Ca2/ concentrations was less in the me-

dium with creatine and creatine phosphate. is observed with Ca2/. This finding serves as a positive
control for the possibility that one can increase theThe control exerted by the ANT on mitochondrial

respiration depends on the external ATP/ADP ratio (7). control by the ANT by activating the 2-oxoglutarate
complex.When the latter is clamped, as in the present experi-

ments, the control drops at low ATP/ADP ratios, com-
pared to intermediate ATP/ADP ratios (9, 17, 20). Ac- DISCUSSION
cordingly at all concentrations of 2-oxoglutarate we

Various effects of calcium on mitochondrial oxidativefound no significant control by the ANT over the maxi-
phosphorylation have been reported (reviewed in 4). Atmal rate in the present experiments (Table I). Increas-
concentrations higher than used in the present study,ing the 2-oxoglutarate concentration from 1 to 5 mM
the simultaneous operation of various Ca2/ transportsubstantially increased the respiratory rate in all prep-
systems leads to swelling and uncoupling. At the con-arations of mitochondria. That was, however, not al-
centrations below 1 mM, state 4 respiration (i.e., respi-ways the case when increasing from 5 to 10 mM. Like
ration in the absence of ADP) on succinate was unaf-increased Ca2/ concentration, an increased 2-oxoglu-
fected by calcium, indicating that these concentrationstarate concentration might indirectly increase the con-
did not directly affect proton permeability. Calciumtrol exerted by the ANT on respiration. Table I shows
also had no effect on succinate oxidation in state 3, inthat this is indeed the case in the intermediate range

of rates: in the absence of Ca2/ the control by the ANT

TABLE III
TABLE II

The Uncoupled Rate of Respiration with 2-Oxoglutarate
The Rate of Succinate Oxidation (Jo) and Control and Succinate at Different External Ca2/ Concentrations

Coefficient of Adenine Nucleotide Translocator (CANT) in
the Intermediate State between State 4 and State 3 at Ca2/ 5 nM 1 mM

Different External Ca2/ Concentrations
1 mM 2-oxoglutarate 111 { 17 173 { 19*

Ca2/ 5 nM 1 mM 5 mM succinate 430 { 11 432 { 17

Jo 319 { 39 322 { 39 Note. Averages { SE of five experiments with 2-oxoglutarate and
CANT 0.435 { 0.05 0.445 { 0.04 four experiments with succinate are presented. State 3 respiration

rate in that set of experiments was 118 { 6 and 192 { 12 with 1
mM 2-oxoglutarate, and 436 { 17 and 446 { 11 natO/min/mg mito-Note. The average { SE of four experiments is presented. The rate

of respiration in state 3 was 595 { 50 natO/min/mg mitochondrial chondrial protein with 5 mM succinate at 5 nM and 1 mM Ca2/, respec-
tively. *Statistically significant effect of Ca2/ (P õ 0.01).protein, RCI 3.8 { 0.1.
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the state intermediate between state 3 and 4, and in The present article suggests that the observed effect
of calcium on the flux control by the ANT may be ex-uncoupled mitochondria, suggesting that calcium had

no direct effect on the respiratory chain or the adenine plained on the basis of a stimulatory effect of calcium
on 2-oxoglutarate dehydrogenase.nucleotide translocator. The present paper has shown

that Ca2/ affects the extent to which ATP/ADP trans-
port across the inner mitochondrial membrane controls ACKNOWLEDGMENTS
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