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The cffect of inhibitors of the ATP synthase. the adenylate carrier and adenylate kinase on the respiratory rate. steady-state
mcmbrane potential and mitochondrial ATP levels have been investigated in potato and pea leafl mitochondria. Under
ADP-limited conditions, it was found that the addition of oligomycin. aurovertin or efrapeptin mcreased the membrane potential
and decreased the respiratory rate, implying that ATP synthesis was occurring prior to inhibition. Molybdate. NEM or vanadate
had no effect on the ATP synthesised, suggesting that ADP-regeneration required for continued phosphorylation was not due to
contaminating ATPases or pliosphatases. ATP levels were significantly reduced by carboxyatractvioside (CAT) and increased by
P! P’-di(adenosine-5') pentaphosphate (Ap<A). The respiratory rate could be siimulated by the addition of AMP and the
stimulated rate was sensitive to oligomycin and aurovertin. Preincubation with CAT or Ap.A abolished AMP stimu:ation of
NADH oxidation. It is suggested that respiration can sustain a limited but significant net formation of ATP. even in the absence
of any added ADP. A model involving the combined activitics of the adenylate carricr. adenylate kinase and the ATP synthase is
proposed to account for the ATP synthesised under these conditions. Furthermore. it is suggested that the cycling of
mitochondrial ADP and ATP via this model may represent a major regulatory ir luence on the activity of mitochondrial

respiration under conditions of ADP-limitation — a condition likely to reflect the in vivo situation in plant cells.

Introduction

The reactions of the tricarboxylic acid cycle, the
respiratory chain and the ATP synthase are all inter-
connected within the mitochondrial matrix and require
the co-ordinated control of all of these processes for
continued metabolism. The requirements of these dif-
ferent processes are met by the assorted activities of
the various carriers, enzymes and exchange devices
present in the mitochondrial system [1]. During respi-
ration, substrates are oxidised and a protonmotive force

Abbreviations: Ap; A, P'.P -ditadenosine-3') pentaphosphate: CAT,
carboxyatractyloside; FCCP. carbonyl cyvanide  p-trifluorometho-
xyphenylhydrazone: NEM, N-ethyimaleimide, TPMP "~ methyltriph-
enylphosphonium; pmi. protonmotive force.
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{pmf) is generated across the inner mitochondrial
membrane. The pmf is used as the driving force for the
different carriers and exchangers as well as for the
synthesis of ATP {2].

The use of the pmf by the ATP synthase during
ATP synthesis induces an increase in the rate of respi-
ration - a phenomenon known as “respiratory control’
(3]. The activity of the TCA cycle will thus depend
partly on the rate of oxidation of substrates by the
respiratory chain (for co-factor regeneration? and partly
on the availability of ADP to the ATP synthase com-
plex. If there were absolute or very tight coupling
between all these activities, then the production of
TCA intermediates for cellular metabolic requirements
would be wholly dependent on the cellular require-
ment for ATP and hence on the availability of ADP to
the synthase. In plants. these two requirements for
intermediates and ATP are not necessarily balanced.
since the supply of carbon for synthetic purpo<es. un-
der certain conditions, may b¢ more important than
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the supply of ATP and hence it is likely that there is a
mechanism{s) which will allow a relaxation of coupling
between these metabolic events.

Plant mitochondria display rapid rates of substrate
oxidation when in staie 4 or state substrate (which i
defined as the respiratory rate prior to addition of any
ADP) in comparison to their mammalian counterpart
[4,5]. These rapid respiratory responses have been vari-
ously attributed to the activity of an endogenous
H*/K* antiporter and /or to the engagement of non-
phosphorylative pathways such as the alternative path-
way and /or the rotenone-insensitive bypass [6]. Using
cyanide-sensitive  potato mitochondria it has been
shown that at high membrane potentials there is an
increase in the ionic conductance of the membrane
compared to conductance at low membrane potentials
and that the ATP synthase is active during the genera-
tion of the membrane potential [7]. even under ADP-
limited conditions. It was therefore of some impor-
tance to investigate the activity of the synthase during
the stcady statc and to assess its role in facilitating
rapid respiratory rates in the absence of added ADP.

In this current study we have used a TPMP “-sensi-
tive clectrode to monitor the effects of inhibitors of the
ATP synthase components (F, and F,} upon the respi-
ratory rate and membrane potential of purified potato
and pea leaf mitochondnia under ADP-hmited condi-
tions (state-substrate). 1t was found that the addition of
oligomycin, aurovertin or cfrapeptin increased the
steady-state membranc potential and decreased the
cespiratory rate. implying that ATP synthesis was oc-
curring prior to inhibition. When levels of ATP were
measured in the mitochondrial suspensions before.
during and after energisation it was found that, al-
though ATP was synthesised under state-substrate con-
ditions, it did not accumulate within the mitochondrial
matrix. Since ADP was not added to the suspensions it
must therefore be assumed that mitochondria contain
an ATP hydrolytic activity which is capable of regener-
ating the ADP required for the synthesis of ATP under
these conditions. The nature of the renewable source
of ADP required for continued respiration and ATP
synthesis in the steady state was thercfore investigated.
It was found. using inhibitor treatments, that the mito-
chondrial suspensions did not contain any contaminat-
ing F-, P- or V-type ATPases or phosphatases. Investi-
gation into the possible role of the adenylate carrier
and adenylate kinase in this process revealed that,
during ATP synthesis, under state-substrate conditions,
ATP was exported to the intermembrane space (vii the
adenylate carrier) where it was hydrolysed by the ac-
tion of adenylate kinase and ADP re-imported into the
mitochondrial matrix in exchange for ATP.

It is proposed thai this cycling of mitochondrial
ADP and ATP. involving the combined activities of the
adenylate carrier and the mitochondrial adenylate ki-

nase. represents a major regulatory influence on the
activity of mitochondrial respiration under conditions
of ADP limitation.

Materials and Methods

Fresh potato tubers (Solanum tuberosum L.) were
obtained from the local market and stored at 4°C. Pea
(Pisum sativum L., ¢cv Feltham First) seedlings were
grown in trays of soil for 12-14 d. TPMP bromide was
from Aldrich (Gillingham, Dorset, UK). Efrapeptin
and aurovertin B were kind gifts from Professor R.B.
Beechey {University of Wales, Aberystwyth, UK). Lu-
ciferin and luciferasc were from LKB (Wallac,
Sweden.). Ali other chemicals, including caboxyatract-
yloside and Ap.A, were from Sigma (Poole, Dorset,
UK).

Potato tuber and pea lcaf mitochondria were iso-
lated and purified on continuous Percoll gradients as
previously described [7,8). Reactions were carried out
at room temperature in a 2 ml reaction medium which
contained (.3 M mannitol, 10 mM KH,PO,, | mM
MgCl., 10 mM KCl and 100 mM Mops (pH 7.4) in a
specially constructed cell housing a Rank oxygen elec-
trode. a TPMP *-sensitive electrode and a magnetic
stirrer,

Mitochondrial membrane potentials were continu-
ously monitored with a TPMP "-electrode as previously
described [7]. The clectrode was calibrated at the start
of cach experiment by successive additions of TPMP*
to a final concentration of 2.5 uM and membrane
potentials were caiculated using the Nernst equation
using a matrix volume of 1.4 ul/mg protein [9]. Cor-
rections for binding of TPMP™ to mitochondria and as
a result of substrate addition were made as previously
explained [7]. Due to the presence of a H*/K* an-
tiporter in plant mitochondria [6], the contribution of
the pH component of the pmf is negligible and this was
further ensured by the compositicn of the reaction
medium such that Ap = Ay [6].

Mitochondria (0.5~1 mg protein) were incubated in
the electrode cell with TPMP ' and energised either by
the addition of 5 mM succinate or 1 mM NADH.
Where appropriate, inhibitors were added either be-
fore cnergisation (in the case of Ap;A and CAT) or
during the steady state (in the cases of aurovertin,
efrapeptin and oligomycin) as shown in the figures.

ATP levels in the reaction media were determined
using the sensitive luciferin technique in an LKB 1250
Luminometer as previously described (7). Briefly, mito-
chondriz (0.5-1 mg protein} were incubated in a reac-
tion medium and a sample was taken for ATP determi-
nation (typical cndogenous ATP content was (.45-0.6
nmol /mg protein). Succinate was added and a further
sample was taken after 6 min (approx. 0.8-1.1 nmol
ATP/mg protcin). When the effect of vanadate,



molybdate or NEM was investigated, the inhibitor was
added to the reaction mixture and a sample taken.
followed by the addition of succinate (after 1 min of
incubation with inhibitor) and a further sample was
taken after 6 min. Appropriate blanks containing
reagents, but not mitochondria, were performed for
each sample.

Protein concentrations were determined as in Lowry
et al. [10] using BSA as standard.

Results

Fig. 1 illustrates the respiratory state we have termed
state-substrate (to distinguish it from state 4). In the
absence of any added ADP, the addition of a substrate
to potato mitochondria, results in a rapid rate of respi-
ration. Note that in the case of succinate the respira-
tory rate is not, initially, linear, since succinate
dehydrogenase normally requires ATP or ubiquinol to
activate the enzyme complex [11}. The addition of ADP
results in a stimulation of respiratory activity and. of
particular interest. in a decrease in the respiratory rate
following exhaustion of the ADP. Similar decreases in
the state-substrate rate to that observed under true
state 4 conditions can be elicited cither by the addition
of 250 uM ATP or 2 ug oligomycin/mg protcin (Fig.
1A). It is apparent from Fig. 1 that state-substratc is
not substrate (or tissue) specific since comparable de-
creases in the overaill oxygen uptake rates can be
observed when exogenous NADH is used as a sub-
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strate (Fig. 1B). Such differences in rate. cither as a
result of the phosphorylation of ADP or due o the
addition of ATP or oligomvcin. have been attributed to
the mitochondrial ATP synthase acting as an ion-influx
channel [7). This is because state-substrate conditions
favour the release of the inhibitor protein IF, from its
inhibitory site on the F,-ATP synthase. facilitating in-
creased proton conduciance [12). True state 4 condi-
tions favour the rebinding of 1F, to F, and hence
prevent the ATP synthase acting as a dissipative route
for proton re-entry {12]. Oligomycin is presumed to
inhibit the respiratory rate as a result of binding to F,
[13,14]. An alternative possibility for such decreases in
respiratory rates could be as a consequence of an
increased ATP content within the mitochondrial ma-
trix. Such conditions have also been demonstrated to
favour the rebinding of the inhibitor protein [12),

In an attempt to determine whether the ATP syn-
thase was acting merely as a dissipative route without
concomitant synthesis of ATP. the effects of inhibitors
of the ATP synthase complex upon the steady state
membrane potential generated in the absence of ex-
ogenous ADP were nvestigated (Fig. 2). Energisation
with succinate generated @ membrane potential of ixy
mV which increased to 201 mV upon subsequent addi-
tion of oligomycin [Fig. 2a). Similar results were ob-
scrved when either efrapeptin and aurovertin. both of
which specifically inhibit the F,-ATP synthase [13],
replaced oligomycin (Figs. 2a and b). Thus. in eveny

B

Fig. 1. Characteristics of state-substrate oxidation  potato mitochondris Mitochondrial (0.7 me protem ) respirslon sty wis measured as

indicated in Materisk and Methods and imitiated by the addiion of enber S mM wceinate (A or 1 mM NADH (B Further additions are as

indicated with either 100 2M ADP. 250 uM ATP or 2 gy oligomyom ‘my protein Respitaton rates ure expressed in nmol Q. . min per mg
protein.
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case. the addition of an ATP synthase inhibitor rosults
in an increase in the steady-state membrane potential
in the absence of added ADP. Fig. 2 also demonstrates
that when oligomycin was added to mitochondria oxi-
dising succinate in the presence of an Fi-ATP synthase
inhibitor such as ¢frapeptin or aurovertin. it resulted
in a further increase in the steady-state membrane
potential. Such results strongly suggest that, before the
addition of the inhibitors. there was an influx of pro-
tons through the synthase. This influx may he a passive
flow but is far more likely to drive the synthesis of
ATP. In support of this idca. we have previously
demonstrated that both state-substrate and state 4 can
sustain a limited but significant net formation of ATP,
even in the absence of any added ADP [7]. Since ATP
is synthesised during the steady-state without being
accumulated. 1t must be hyvdrolysed to regeneraie the
ADP required tor the synthesis of the ATP,

In order to determine whether the source(s) of
renewable-ADP is within or outside the mitochondrial
matrix during the steads-state. the roic of the adeny-
late carrier was investigated. This carrier catalyses an
clectrogenic exchange of ADP for ATP uacross the
inner mitochondrial membrane [15,16] and is specifi-
cally inhibited by (CATY[17]. H the renewable source(s)
of ADP is in the matrix then inhibition of the carrier
should not have any ceffect on cither ATP synthesis or
the levels of ATP. The effect of CAT on the level of
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ATP in the mitochondrial suspension was determined
once u steady state had been achieved following ener-
gisation, A comparison of Figs. 3a and 3b reveals that
the Tevel of ATP in the presence of CAT was 10% of
that observed in its absence. The decrease in ATP
content of the mitochondrial suspension in the pres-
cnee of CAT is accompanicd by an increased steady-
statc membrane potenual (results not shown). The
subsequent addition of oligomycin under these condi-
tions had only a minimal effect on the established
potential. In other words, the membrane potential gen-
crated in the presence on CAT was higher than in its
absence and was not significantly increased by
oligomycin. These finding strongly suggest that the
ADP-rcgencrating system(s) was not located in the
mitochondrial matrix.

It is possible that the ADP regenerated in our
experimental system resulted from ATP hydrolytic ac-
tivity associated with contaminating ATPascs. even
though highly purified mitochondria were used in these
investigations. There are sceveral possibic sources of
contaminating ATPascs. such as those associated with
the plasma and vacuolar membranes in addition to
non-specific acid phosphatases. all of which can con-
sume ATP and thus generate ADP. In an attempt 1o
determine whether any of these were responsible for
generating the ADP outside of the mitochondrion we
investigated the effect of inhibitors of these various
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P 20 The elfeer of ATP semhase inhibitors i the steadv-state: membrane potential in potato mitochondria. The TPMP -clectrode was
calibrated by o series of additions Grepresented b arrows) o a tinal concentration of 2.5 g M. Membrane potentials were measused as described
i Materials and Methods i the presence of 8.75 mg mitochondrigl protein (Mp) and 5 mM succinate (). Once the steady-state membrane
potential wis established, imnhibitors were added as indicated: G2 ge oligomyein - my. (0 2 gy efrapeptin s me followed by 2 g ofigomyein/mg

and 0V e iroverting mg followed by 2 g g ohgomyem s mg, Numbees retor (o the membrane potential in mv,
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Fig. 3. The effect of CAT and Ap.A on endogenous mitochondrial
ATP levels. Potato mitochondria (2 mg protein) were incubated in 2
ml of reaction medium containing (3) 5 mM succinate, (b) 3 mM
succinate and 2.5 pug CAT,/mg or (¢) 5 mM «uccmate and 10 g M
Ap:A. Samples were taken after 6 mun incubstion and the ATP
content was analysed as indicated in Maternials and Mcthods, Resulis
are expressed as 77 of the ATP content i the sampie incubated with
substrate alone (1007 = 0L85-1 nmol ATP) ard represent means -
$.D. from four independent measurements.

ATP-consuming reactions [18-20] on the ATP content
of the mitochondrial suspension during state-substrate
oxidation,

Mitochondria were suspended in the presence (sep-
arately) of cach of the inhibitors and ATP levels were
determined both before and after encrgisation with
succinate (sce Fig. 4). The amounts of ATP sv.athesised
in the presence of 1 mM molybdate and 1t M
vanadate were similar to those in the contiol lacking
the tnhibitor. It was therefore possible to ¢liminate
contamination by acid phosphatases and vacuolar
ATPases as being responsible for the regeneration of
ADP. By contrast. treatment with NEM produced a
small reduction in the amount of ATP synthesized.
Although this result is suggestive of contamination by a
plasma membrane ATPase [20]. a similar decrease in
the ATP content would also have been expected with
the vanadate treatment [18). NEM is. however. rela-
tively unspecific and is known to also have an n-
hibitory effect on the adenylate and phosphate carriers
[21,22] and it is therefore quite conceivable that the
effect observed in Fig. 4 is refated to this latter in-
hibitory action rather than to inhibition of a plasma
membrane ATPase. These results suggest that ADP s
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not regenerated by the actions of amv contaminating
ATP-hvdrolvtic activities.

Since the results deseribed in Figs: 3 and 4 cuggest
that ADP s regencrated by reaction(s) focated outside
the mitochondrial matrix and appears not to invohe
contaminant enzymes in the mitochondrial suspension.
we dnvestigated the role of ademylate hinase in the
ADP-regeneration reaction, In plant tissues. data in
the literature suggest that adenylate kinase i located
in the intermembrane space being tightly bound 10 the
inner membrane 23] and. similar 1o other systems, is
potently inhibited by Ap.A {24.25]. Mitochondria were
incubated with 10 uM Ap.A and samples for ATP
determinations werc taken before and after energisa-
tion with succinate. It can be seen from Fig, 3¢ that. in
the presence of Ap:A. the ATP content of the mito-
chondrial suspension was approvimately double that
found in the corresponding control. Furthermore. the
inclusion of Ap.A resnbted in o slower goncration of
the membrane potential. compared to the control. but
the final membrane potential was of 1 vatue similar to
that observed in Fig. 2a fresults not shownt These
resuits implicate ademylate kinase in the oxtra-mito-
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Fig 3 The eftect of mobbdate, NEM and vanadate on cndogenous
mitschondrial ATP feveis Potate mutochondna €2 mye pioiein were
meuhated 10 2 mb reachon medium contaming < ;M siumaete tno
treatment? and wither 1M omolvhbdate, 1 mMONEM o Hio g M
wanadate. Sumples were tuben bedore addition of sucoimale and
fotowing & nun wcubation and the ATP content snabysed o indie
cated o Matenahs and Methods Rosults are exprossed 4~ 7+ ot the
ATP contentin the sample mvuhated with ~ubstiate alone fas e Fag
3 ound eprosent means - ST from three independent moas
uremenis



258

chondrial renewal process for ADP. When the kinase
activity is inhibited by Ap:A. ATP 15 not hydrolysed
extramitochondrially and will thus accumulere within
the mitochondrial matrin (see Fig, 3). Further confir-
mation implicating & role of adenylate kinase in state-
substrate oxidation is ifHustrated by the experiments
depicted in Figs. 5 and 6. Purificd pea leal mito-
chondria were used in these experiments to demon-
strate that the responses were nat tissue-specitic, The
addition of aliquots of AMP to mitochondria oxidising
NADH (via the external dehydrogenase) resulted 1 a
stimulation of respiration which could be inhibited by
cither oligomycin or auroverting I the AMP s being
phosphorylated to ADP by adenvlate kinase. then 100
uM AMP will give rise to 200 pM ADP and hence
vield a P/O ratio characteristic of two  sites of
phosphorylation. It can be scen trom Fig. Sc that such
a result was obtained. When mitochondria were prein-
cubated with 10 g M ApA for S nin prior to addition
of substrate. AMP did not result in any respiratory
stimulation ‘confirming that there was no ADP con-
tamination of the AMP solution). but respiratory con-
trol could still be obscrved upon subsequent addition
of ADP, suggesting that Ap:A does not inhibit the
respiratory cham. Similarly, preincubation in the pres-
ence of CAT also prevented AMP stimulation confirm-
ing thc involvement of the adenylate carrier in this
process. 1t is also apparent from Fig. 6b that the initial
respiratory rate, in the presence of CAT, is consider-
ably lower than that ohserved in Fig. 5. consistent with
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the observed increase in membrane potential caused by
the inclusion of this inhibitor {results not shown).

Discussion

In the present paper we have investigated the na-
ture of state-substrate oxidation in plant mitochondria.
A characteristic feature of plant mitochondria is that
they display a rapid state 4 respiratory rate. in compar-
ison 1o their mammalian counterpart, and furthermore
are typificd by the intial ratc of respiration (prior to
the addition of ADP) being faster than true state 4 (a
condition we have termed state-substrate) [4.5]. Rapid
respiratory rates under state 4 conditions, which are
accompanied by the generation of high membrane po-
tentials. have becn attributed to the presence of an
endogerous K'/H™ antiporter {6] and/or a high
membrate jonic conductance [7]. Although the nature
of the conductance pathway ts unciear. a possible route
for H "-re-entry could be via the ATP synthase, either
resulting in the synthesis of ATP or as a result of
slippage without any nct synthesis [26]). The results
presented in this report, along with previous direct
measurements on ATP formation [7]. are however
clearly consistent with a limited but significant amount
of ATP being synthesised during the steady state, even
in the absence of cxogenous ADP. This notion is
supported by the finding that inclusion of either an F,
or an F, inhibitor increased the membrane potential
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Fig 5 The citect of AMP on exogenous NADH ondaton i pes Teat mitochosdria. Mitochondrial ()5 mg protein) respiraton, activity was
meastivd wdesonhed e Matetals and Methods an the presence of T mM NADH and as mdicated athier 100 g M AMP, 2 pp oligomycin
o) mp 3 e amovertim G uron mp o | M ECOP Rates are eapressed as nmnl (). min per ing protein.



and decreased the respiratory rate (Figs. 1 and 2) and
furthermorc that ATP levels were significantly reduced
by CAT but sabstantially incrcased by Ap A (Fig. 3).
These latter results clearly implicate the involvement
of the adenylate carrier and adenylate kinase in the
ATP synthesis process during state-substrate oxidation.
ATP synthesis in the absence of added ADP is not
restricted to isolated plant mitochondria. however.
since similar observations have been reported for rat
liver mitochondria [27,28).

A model to account for such a system is illustrated
in Fig. 7. In this model ATP is continuously synthesised
in energised mitochondria, even when ADP is omitted
from the reaction mixture. This is achieved because thz
newly synthesised ATP is exported, via the adenylate
carrier, to the intermembranc space in exchange for
ADP entry into the matrix where it is available for
ATP synthesis. Such a cycling prevents ATP levels
within the matrix from rising sufficiently high to cause
IF, binding to the synthase and thereby inhibit the
synthase. Once in the intermembrane space. the rewly
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exported ATP would be  available  tor collular
metabolism or, if demand for ATP s fow. then hndroh -
sis by adenvlate kinase to regenerate ADP. thorein
completing the evele. The source of AMP wequined jor
the adenylate kinase reaction may hic with the activity
of acyl CoA synthetase proposed to reside on the outer
mitochondrial membrane [29] Indeed. prehminan re-
sults indicate that state-substrate respiratory rate can
be stimulated by approx. 20°7 upon additton of CoA
and. furthermore, such sumulations are not observed
with mitoplasts (Moorc. A.L. and Whitchouse, DG
unpublished obscrvations). Obviously. further work is
reqdired (0 substantiate these findings. Nonetheless.
Figs. 5 and 6 clearly demonstrate the involvement of
both AMP and adenylate kinase in the maintenance of
state-substrate respiratory activity. A number of other
reactions which might generate ADP (c.g. contaminat-
ing -, P- or V-type ATPases and nonspecific phospha-
tases) have been shown (see Fig. 4) to be shsent from
the purificd mitochondrial preparations used in this
study. Equally. conditions conducive to the operation
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Fig. 6. The effect of Ap A and CAT on exogenous NADH ovidation in pea load natochondn. Figare kegend as in Fig. 5 Mitochondna Gy
protein) were prencubated with etther 10 g M ApA or 2.5 gu CAT. mg for 2 min prior to the addition of T mA NADH and o imdivated aithe
100 u M AMP. 100 g M ADP. 2 uwgoligomycin tOhgo) 'mg or T uM FCCP. Rates are eapressed as nmod O~ mun por mg protem
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ol 4 mentbrane-bound hesokinase [30] are lacking (ex-
openous hesoses being absent), ruling out the activity
of this enzyme in the regeneration of ADP. Further-
more, the specific inhihition of ths system by Ap A
readily demonstrates the key role ol adenyliate Kinase
in the ADP-resewal progess,

Although this oveie might be consdered energeti-
cally wastetul, it nuny be mipedtant i viso when cellu-
lar demand tar ATP s low but demand for TCA eyele
wtermediates s high, The ADP penerated by the pro-
posed ele would ensure @ last vate ol esprration
vnder condiions of AD hnntation a candition
consadeted o retfect the wovivo situation i plant cells
(151 Addiionally the co-operative activities of the
AP svothase, adenyhate carner and adenylate kinase
will increase membrane conductuance at high mem-
branc potentials and therefore facitivate rapid respira-
ton rates [ 7] Respitation has long be nregarded as a
penctator ob the pmt o dive AP synthesis tor 1on
moscments) but these results qetfee o growing view-
point that respiration is sdso a0 generator of cellular
itermediates Gis suggested to be the role of pon-phos-
phonlating pathways in plnt eutochondin (4 6] and
this actaty may continne o low physiological ADP
concentiaions by mcans of the praposed  mitochon-
doal adem Late evele,
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