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Delocalized chemiosmotic coupling of oxidative phosphorylation requires that a single-value correlation 
exists between the extent of A/ivt÷ and the kinetic parameters of respiration and ATP synthesis. This 
expectation was tested experimentally in nigericin-treated plant mitochondria in single combined experi- 
ments, in which simultaneously respiration (in State 3 and in State 4) was measured polarographicaily, FA~ 
(which under these conditions was equivalent to A/i H +) was evaluated potentiometrically from the uptake of 
tetraphenyiphosphonium + and the rate of phosphorylation was estimated from the transient depolarization of 
mitochondria during State 4-State 3-State 4 transitions. The steady-state rates of the different biochemical 
reactions were progressively inhibited by specific inhlbitors active with different modalities on various steps 
of the energy-transducing process:sueeluate respiration was inhibited competitively with malonate or 
noneompetitively with antimycin A, or by limiting the rate of transport into the mitochondria of the 
respiratory substrate with phenylsuccinate; A/ill + was dissipated by uncoupling with increasing concentrations 
of valinomycin; ADP phosphorylation was limited with oligomycin. The results indicate generally that when 
the rate of respiratory electron flow is decreased, a parallel inhibition of the rate of phosphorylation is also 
observed, while very limited effects can be detected on the extent of A/IH+. This behavior is in marked 
contrast to the effect of oneoupling where the decreased rate of ATP synthesis is dearly due to enerl~ 
limitation. Extending previous observations in bacterial photosynthesis and in respiration by animal 
mitochondria and submitochondrial particles the results indicate, therefore, that respiration tightly controls 
the rate of ATP synthesis, with a mechanism largely independent of A/iu ÷. These data cannot be reconciled 
with a delocalized chemiosmotic coupling model. 

Introduction 

The relevance of protons at high electrochemi- 
cal potential in the coupling of the exergonic redox 
processes of respiration and photosynthesis and of 
the endergonic phosphorylation of ADP, catalyzed 
by a membrane-bound ATP synthase, is a well 

Abbreviations: TPP +, tetraphenylphosphonium ion; Tes, N- 
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid; 
TPMP +, tetraphenylmethylphosphonium ion; TBMA +, tri- 
benzylmethylammonium ion. 

established fact, demonstrated experimentally in 
many biological systems. According to a generally 
accepted model, ADP phosphorylation is driven 
by the flux of protons across the coupling mem- 
brane through a proton-conducting channel, the F 0 
portion of the ATP synthase, and is catalyzed 
within an active site [1-4] located in the F I portion 
of this enzyme complex. Moreover, according to 
this model, the source of high-energy protons driv- 
ing this processes is the bulk phase water at the 
face of the membrane opposite to F1 and conse- 
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quently the high-free-energy state of the mem- 
brane can be produced in many different ways, 
either physiologically relevant or artificially in- 
duced under laboratory conditions. Thus, the 
transmembrane electrochemical potential dif- 
ference of protons (and consequently ATP forma- 
tion) can be sustained by the respiratory or photo- 
synthetic H+-translocating electron transport [4,5], 
the bacterial H +-translocating pyrophosphatase [6], 
bacteriorhodopsin in reconstituted proteo- 
liposomes [7], artificial acid-base transitions [8,9], 
electric fields generated by ion diffusion potentials 
[10], or externally applied voltage differences [11]. 
The unifying interpretation of these phenomena is 
that under all conditions high-potential protons 
are asymmetrically formed at one sidb of the cou- 
pling membrane, by influencing either the proton 
activity or the electrostatic potential (or both) in 
the water phases, so that an exergonic H + flux 
across the F 0 channel, driving ADP phosphoryla- 
tion, can be induced. 

Given the exceedingly fast rate of diffusion of 
H + in water, high-potential protons are thought to 
be immediately delocalized and available for the 
coupling processes without any kinetic constraints; 
so the nature and location in the membrane of the 
primary H + pumps are immaterial to the activity 
of the ATP synthase. This situation has been clearly 
and formally defined by Caplan and Essig [12], 
and subsequently by Westerhoff and Van Dam 
[13], using nonequilibrium thermodynamics, by 
stating that the cross-coefficients between the af- 
finity of the primary H + pumps and the rate of the 
ATP-forming reaction must be zero for pure chem- 
iosmotic coupling. In a more intuitive way, it can 
be stated, according to the fully delocalized and 
reversible chemiosmotic coupling model, the 
kinetic behavior of ATP synthase must be de- 
termined by the concentration of substrates and 
products (ADP, ATP, Mg 2+ and ionic environ- 
ment, all parameters included in the free energy 
change for ATP formation) and by the extent of 
the transmembrane electrochemical potential dif- 
ference of protons, measured by the electrochemi- 
cal potentials of protons in the two aqueous phases 
at the two sides of the coupling membrane - a 
view that implies an equilibrium situation between 
bulk water and the F 0 channel or the ATP-re- 
leasing site on the opposite faces of the membrane. 
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This kinetic behavior originates from the pos- 
tulated reversibility of the ATP synthase and the 
full delocalization of protons within the aqueous 
compartment delimited by the coupling mem- 
brane, a compartment which defines the 'phos- 
phorylation unit' in the coupling process. 

These theoretical expectations have not been 
met by the results of many experiments performed 
on several biological systems. Early experiments in 
intact mitochondria have demonstrated that the 
rate of respiration under phosphorylating or non- 
phosphorylating conditions was correlated differ- 
ently to the extent of A/ii~÷, an observation at 
odds with the views of delocalized coupling and 
suggesting a direct interaction of the respiratory 
chain and the ATP synthase [14,15]. Conversely, in 
bacterial photosynthetic systems, the rate of ATP 
formation was found to be directly correlated to 
the rate of the photosynthetic redox processes and 
the number of active oxidoreduction chains rather 
than with the extent of A/Ill+ [16,17]. Similar data 
were subsequently obtained in submitochondrial 
particles [18]. On the other hand, a marked in- 
sensitivity of the extent of A/ill+ to the inhibition 
of electron transfer was found to be a general 
feature of energy-transducing membranes and was 
interpreted either as evidence for a nonohmic be- 
havior of the coupling membrane [19] or as a 
'slipping' of the oxidoreductive H + pumps [20]. 
The direct rink between phosphorylation and 
oxidoreduction processes was also substantiated 
under presteady-state conditions of bacterial pho- 
tosynthesis in flashing light [21]. In higher plant 
chloroplasts the time lag for the initiation of pho- 
tophosphorylation in a dark-to-light transition was 
found to be essdntially insensitive to the buffering 
of the thylakoid internal space also when the onset 
of the membrane potential was largely prevented 
by K + and valinomycin [22]; since this lag was 
interpreted as being the time required for the 
formation of a A/ill+ critical for driving ATP for- 
marion (see, however, Ref. 23), it was concluded 
that bulk phase A/in+ was not fully relevant in the 
coupling process (see, however, Ref. 24 for 
steady-state photosynthesis). 

All these results point to a relative indepen- 
dence of the activity of the ATP synthase from the 
values of the bulk phase protonic potentials and to 
a certain degree of control by the oxidoreductive 
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reactions on the process of ATP formation. Since 
.the concept of the coupling includes all thermody- 
namic and kinetic parameters relating forces and 
flows, the above-mentioned observations indicate 
that the oxidoreduction reactions and ATP synthe- 
sis are directly coupled independently of the value 
of a#n÷, a conclusion invalidating one of the basic 
assumptions of the chemiosmotic model. 

In this paper we examine the flow and force 
relationships during oxidative phnsphorylation by 
wholemitochondria from Jerusalem artichoke 
tuber. The results obtained are very similar to 
those previously described in the steady state in 
other energy-transducing systems, and an interpre- 
tation is drawn coincident with the conclusions 
detailed above, thus extending the number of bio- 
logical systems tested. While this work was in 
progress, very similar experiments although with 
different techniques were performed very accu- 
rately by Zoratti et al. [25] in rat fiver mitochondria 
with results practically coincident with those pre- 
sented here. 

M~teri~ls m~l Methods 

Preparation of mitochondria 
Intact mitochondria were prepared from 

dormant tubers of Jerusalem artichoke (Helianthu~ 
tuberosus) as described by M~ller et al. [26]; the 
final mitochondrial pellet contained 20-35 mg 
protein per ml, as determined with the biuret 
method. 

Measurements of respiratory actit~ities 
Oxygen consumption, membrane potential and 

oxidative phosphorylation were evaluated simulta- 
neously in a single experiment. Mitochondria 
(0.5-0.8 mg protein per assay) were added to a 
reaction mixture containing buffer (0.4 M sucrose, 
5 mM Tes, 1 mg/ml bovine serum albumin, pH 
7.2) supplemented with 10 mM KH2PO 4, 20 mM 
KCI and 5.6 mM MgCI~. The measurements were 
carried out at 28°C in a glass vessel (total volume 
1.8 ml) in which oxygen consumption was mea- 
sured polarographically with a Clark electrode 
(Yellow Springs Instruments, model 5331), and 
membrane potential, with a membrane mini- 
electrode reversible to TPP + [27,28]; the cuvette 
was connected through an agar-filled salt-bridge to 

a saturated KCI reference electrode (Radiometer, 
Copenhagen, model K401). The signals, suitably 
amplified, were fed to a dual-trace recorder (Lin- 
seis, Munich, model LS 24.90). Routinely the con- 
centration of TPP + in the assay was kept at 5 ~M 
in order to avoid the uncoupling effects by this 
lipophilic cation evident at higher concentrations; 
the calibration of the minielectrode was obtained 
with stepwise additions of TPP + directly to the 
assay. The traces of a routine assay are shown in 
Fig. I: in a singie experiment several additions of 
ADP could be made. For every addition a depres- 
sion of TPP + uptake could be registered' from 
which the values of a ~  in static head for phos- 
phorylation (State 4) and under phosphorylating 
conditions (State 3) could be evaluated. The time 
coincidence between the change in a ~  and the 
change in respiratory rate was quite accurate [29]; 
for this reason, for a given amount of ADP added, 
the rate of phosphorylation could be readily 
calculated by the time elapsed in a State 3-State 
4-State 3 cycle [30]. Generally, the first addition 
of ADP elicited a slower rate of respiration in 
State 3, as already described by Raison et al. [31] 
in several types of plant mitochondria; for this 
reason the measurements of A~ and of the rate of 
oxygen consumption and ATP synthesis were al- 
ways performed following the second addition of 
ADP. Therefore, every experiment refers to differ- 
ent samples of mitochondria operating under iden- 
tical conditions. 

On several occasions, and specifically for criti- 
cal experimental conditions (e.g., extensively un- 
coupled mitochondria or drastically inhibited elec- 
tron flow), the rate of phosphorylation was also 
tested by the incorporation of [32 P]phosphate, per- 
formed directly in the reaction vessel. The results 
agreed closely. The intramitochondrial osmotic 
volume was taken to be identical with the inulin- 
impermeable space, measured isotopically with 
[~4C]inufin and [3H]H20 using the centrifugation 
method. Under the conditions of our assay a 
volume of 0 .9 /d / rag  protein was measured. For 
the computation of A~ no correction for energy- 
independent binding of TPP + was made, since the 
potentiometric traces showed that this binding was 
negligible in deenergized mitochondria (i.e., in the 
presence of 0.1 mM KCN and uncouplers). 



Results 

A typical experimental trace is shown in Fig. 1: 
after calibration of the electrode with TPP + (1-5 
/zM), mitochondria were added to the assay, and, 
after the exhaustion of the brief outburst of respi- 
ration of endogenous substrates, and parallel tran- 
sient polarization of the membrane, succinate was 
added at saturating concentrations (15 raM). If 
respiratory inhibitors were to be added, the addi- 
tion was made after the exhaustion of endogenous 
substrates and a preincubation of 3-5 rain before 
the addition of succinate was allowed. When a 
steady-state respiratory rate, and a corresponding 
steady-state A~ in State 4 were reached, additions 
of ADP were made to induce several transitions 
from State 4 to State 3. In all experiments 0.1/~M 
nigedcin was added; this H + / K  + antiporter, in 
the presence of a high overall concentration of K + 
in the assay (30 mM), prevented the formation of 
a transmembrane pH difference, which would have 
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Fig. I. ~ p l e  of s i m u l t ~ u s  r ~ r d i n g  of the r~pirato~ 
rates and of the c h ~ g ~  in TPP + ~n~ntra t ions  in the assay 
m ~ i m  during ~e  v~ous  r~p~a to~  stat~. Eve~ ~ y  is 
p r ~  by a ca~bration of ~ e  ion-~l~tive ~ n i e i ~ t r ~ e  
with TPP + to Ore a ring ~ n ~ t r a f i o n  of 5 pM. A~ay 
m ~ i u m  ~ n ~ n ~ :  0.4 M sucro~, 5 mM T~, 1 m g / ~  ~ f i n e  
~ m  albu~n,  10 mM K H z ~ ,  20 mM KCI, 5.6 mM 
MgCI 2, I ~  nM ~gefi~n and 5 ~M TPP +. Where i n d i c t S ,  
~ t ~ h o n d d ~  s u s ~ s i o n  (20-35 mg p r o t ~ n / ~ )  w~  a d d ~  to 
~ve a f ~  ~n~nt raf ion  of 0.5-0.8 ~ .  All the a~ays 
were c ~  out at 28°C ~ d  ~ f i ~  pH was 7.2. ~ e  
~spirato~ ta t~  ~ d  ~ e  d ~  of r~pirato~ ~ntrol  w e r e  

calculat~ according to ~¢  m e ~  of ~ t a b r ~ k  [29] and 
Ch~ce  ~ d  W f l f i m  [~]. ~ e  ph~pho~lation rate was 
~ c u l a t ~  as d e ~ d ~  in Matefi~s and M e t e s .  
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been very small due to the presence of phosphate 
in the assay medium, and allowed therefore the 
estimation of the total A/~H+ from the uptake of 
TPP +. 

In principle, during an ADP pulse th~ A D P /  
ATP concentration ratio (and therefore the phos- 
phate potential) and the value of A~ change con- 
tinuously. Calculations under the conditions of the 
assay, i.e., after the total consumption of the first 
addition of 100 #M ADP, indicate that for a 90~ 
consumption of the second 100 /~M ADP pulse, 
the value of AGAT P increases by no more than 15~. 
The change in A~ in a State 4-State 3 transition is 
per se only 10-15~ of the total A~; the poladza- 
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Fig. 2. Eff~ts of in ,b iSon by malonate on the r~piration-lin- 
k ~  functions of 3em~em ~tichoke ~ t ~ h o n d ~ a .  (A) Eff~ts 
on the rate of respiration in State 3 (~) ~ d  State 4 (~) ,  and on 
the r~pirato~ ~ntrol  ratio (~) .  (B) Eff~ts on the membrane 
~ t e n t i ~  (A~) i n d ~  by Sm~ 3 (~) ~ d  State 4 (O) respira- 
tion, ~ d  on ~ rate of p h ~ p h o ~ t i o n  (~).  For e x ~ m e n t ~  
~n~ t ions  ~ M a t e r , s  ~ d  M e ~  ~ d  Fig. 1. Mit~hond~a 
were incubat~ for 3 ~ n  in the p ~ n ~  of malonate ~fore  
the addition of the substrate (15 mM su~nate).  ADP addi- 
tions: 110 ~M for ~ State 3 cycle. 
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tion and depolarization rates are prompt, and A~ 
remains constant in State 3 for a time long enough 
to evaluate a true steady-state value. The ap- 
proximations implicit in the method used for 
studying the correlation between A~ and the rate 
of ATP synthesis are therefore acceptable and 
amply compensated by the advantages of monitor- 
ing these parameters continuously. The accurate 
proportionality found between the amount of ADP 
added and the time of depolarization observed 
supports this conclusion. 

The effect of the inhibition by malonate on the 
respiration-induced polarization of the membrane 
and on oxidative phosphorylation is shown in Fig. 
2A and B. Malonate, a structural analog of suc- 
cinate, competes with this substrate, both in the 
transport process catalyzed by the dicarboxylate 
carrier and for the active site of succinate dehydro- 
genase. Its presence will therefore affect both the 
intramatrix concentration of succinate and the 
turnover of succinate dehydrogenase that will be 
statistically decreased. However, the values of the 
kinetic constants of the dicarboxylate carrier 
(Km(sUccinate)=O.62 mM [32], Ki(malonate)= 
0.80 mM [32]) and of succinate dehydrogenase 
(Km(succinate)= 0.23 mM [33], Ki(malonate)= 5 
#M [33]) are such that the major effect has to be 
expected on the rate of succinate oxidation, while 
the intramitochondrial concentration of succinate, 
and therefore the affinity of succinate oxidation, is 
maintained rather constant. Inhibition of oxygen 
consumption by malonate has a very small effect 
on the extent of A~ both in State 4 and in State 3, 
confirming a behavior already described in animal 
respiration. At 12 mM malonate, corresponding to 
a theoretical inhibition of succinate dehydrogenase 
to less than 3%, a decrease in A~ in State 4 of 23 
mV and of 49 mV in State 3 are observed as 
compared to the control values. By contrast, the 
rate of phosphorylation parallels closely the rate of 
respiration under phosphorylation conditions. 
Noticeably, moreover, the depolarization of the 
membrane during a State 4-State 3 transition 
takes place to a constant extent also when oxida- 
tive phosphorylation is inhibited to an undetecta- 
ble rate (less than 3% for 12 mM malonate). 

Very similar results are obtained if the entry of 
succinate in the mitochondria is inhibited by phen- 
ylsuccinate, a competitive inhibitor of the di- 

carboxylate carrier, which is not translocated into 
the matrix [34,35]. In this case the in- 
tramitochondrial concentration of succinate be- 
comes limiting for respiration; this concentration 
decrease has a limited impact on the lagely posi- 
tive affinity for succinate oxidation, which should 
be decreased maximally by about 10% for a 100- 
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Fig. 4. Effects of inhibition by antimycin A on the respiration- 
linked functions of Jerusalem artichoke mitochondria. (A) Ef- 
fects on the rate of respiration in State 3 (m) and in State 4 (ra), 
and on the respiratory control ratio (m). (B) Effects on the 
membrane potential (A~) induced by State 3 (m) and State 4 
(ra) respiration, and on the rate of phosphorylation (r~). For 
experimental conditions see Materials and Methods and Fig. 1. 
Mitochondria were incubated for 5 rain in the presence of 
antimycin A before the addition of the substrate (15 mM 
suceinate). ADP additions: 83/tM for every State 3 cycle. 

fold concentration decrease. Nevertheless, the 
comparative response of respiration, of the rate of 
oxidative phosphorylation and of A~ to phenyl- 
succinate inldbition is very similar to that by 
malonate, presenting the same critical correspon- 
dence between rates of respiration and A TP for- 
mation, irrespective of the very limited depression 
of A~ (Fig. 3A and B). 

The titration of respiration with antimycin A is 
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shown in Fig. 4A and B. This antibiotic binds very 
tightly to the receptor site in the ubiquinol-cyto- 
chrome c oxidoreductase complex and inactivates 
the single electron-transport chain. The titration 
curve of respiration is characteristically sigmoidal 
with a very sharp drop at about 50 ng/mg protein 
under our experimental conditions. The rate of 
respiration under phosphorylating conditions is 
slightly less inhibited than that in the absence of 
ADP, so that the respiratory control index goes 
through a maximum at substrating antimycin con- 
centration. This behavior had been previously re- 
ported in rat liver mitochondria [20] and taken as 
evidence for slipping of the oxidoreductive proton 
pump. Again the titration of oxidative phosphory- 
lation follows closely that of respiration in State 3; 
the sudden drop in activity at about 50 #M anti- 
biotic is accompanied by a marked decrease in A~, 
more evident than that for the inhibition by 
malonate or by phenylsuccinate. It is not clear if 
this response is due to a clearcut titration of all 
electron-transport chains or to a parallel uncou- 
pling action of antimycin A, as suggested for many 
respiratory systems. Noticeably in rat liver 
mitochondria the formation of A~ in State 3 or in 
State 4 is much more resistant to antimycin inhibi- 
tion than in plant mitochondria, behaving in a 
fashion very similar to that described for malonate 
inhibition [25]. 

_ _ _  

Drastically different is the effect of progressive 
uncoupling. In our experiments (Fig. 5A and B) 
the uncoupling was promoted by limiting con- 
centrations of valinomycin, which, in association 
with the nigericin always present in all assays at 
saturating concentrations, catalyzes a dissipative 
circuiting of K + of intensity increasing with the 
concentration of the ionophore. Under our experi- 
mental conditions, valinomycin was added after 
the addition of succinate and the attainment of a 
steady-state A~ ~ and a constant respiratory rate 
under nonphosphorylating conditions, in order to 
avoid excessive swelling and consequent damage 
of the mitochondria during the course of the mea- 
surements. 

Under these conditions, upon addition of 
valinomycin, a sudden depolarization is observed 
(Fig. 5), due to the initial electrogenic flux of K+; 
within 1 min, however, a new steady-state condi- 
tion of respiration is attained, characterized by a 
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lower A~, in which part  of the respiratory energy 
is dissipated by a futile K + cycle catalyzed by the 
association of the two ionophores; additions of 
A D P  cause a State 4 -S ta te  3 transition, similar to 
that observed in the above-described experiments. 
The dependence of respiration and oxidative phos- 
phorylation, and of A~ under steady-state phos- 
phorylating and nonphosphorylating conditions 
are shown in Fig. 6A and B. Our experimental 
conditions induced a stimulation of State 4 respi- 
ration and loss of respiratory control, progres- 
sively increasing with the concentratioO .of 
valinomycin added; the rate of respiration in State 
3 was also stimulated significantly, indicating that 
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Fig. 6. Effects of uncoupling by nigericin (100 nM) and limiting 
concentrations of valinomycin on the respiration-linked func- 
tions of Jerusalem artichoke mitochondria. (A) Effects on the 
rate respiration in State 3 ( . )  and in State 4 (~), and on the 
respiratory control ratio (~>). (B) Effects on the membrane 
potential (A~) induced by State 3 ( , )  and State 4 (~) 
respiration, and on the phosphorylation rate (~>). For experi- 
mental conditions see Materials and Methods and Fig. 1. 
Substrate: 15 mM succinate. Valinomycin was added after the 
exhaustion of the first ADP addition (83 pM). 

the ATP formation is rate limiting in our prepara- 
tions of Jerusalem artichoke mitochondria. As ex- 
pected, the value of A~ was decreased by 
valinomycin and the rate of ATP formation pro- 
gressively inhibited. The correlation between the 
extent of A~ and rate of oxidative phosphorylation 
was, however, significantly different from that of 
the previous experiments; a significant rate of 
ATP formation was found at about 150 mV in 



contrast with the data of Figs. 2-4. Remarkably, 
inhibition of oxidative phosphorylation was also 
observed at very low valinomycin concentrations 
(5 riM) when the decrease in ~6  was negligible, 
suggesting that the inhibition might not be a direct 
consequence of the depolarization of the 
mitochonddal membrane also in the case of un- 
coupling by ionophores. The effects of other un- 
couplers were not tested, given their interferences 
with the TPP + electrode. 

Finally, the consequences of the inhibition of 
ATP synthesis by oligomycin are shown in Fig. 7A 
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Fig. 7. Effects of inhibition by oligomycin on the respiration- 
linked functions of Jerusalem artichoke mitochondria. (A) Ef- 
fects on the rate of respiration in State 3 ( I )  and in State 4 (O), 
and on the respiratory control ratio (0 ) .  (B) Effects on the 
membrane potential (Zl~) induced by State 3 (~) and State 4 
( 0 )  respiration, and on the rate of phosphorylation (O). For 
experimental conditions s¢¢ Materials and Methods and Fig. 1. 
Substrate: 15 mM succinate. Oligomycin was added after the 
exhaustion of the first ADP addition (83 ~M). 
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and B. As expected, this antibiotic depresses respi- 
ration under phosphorylating conditions, with a 
sigmoidal concentration dependence, but does not 
alter respiration in State 4. Parallel to the inhibi- 
tion of oxidative phosphorylation, a decrease in 
ADP-induced depolarization is observed; the A~ 
drop is completely abolished in good correlation 
with the decrease in the respiratory control index 
and inhibition of ATP formation. These experi- 
ments therefore offer an experimental demonstra- 
tion of the phenomenological correlation between 
the drop of A~ during a State 4-State 3 transition 
and the process of phosphorylation. Very similar 
results have been obtained by Zoratti et al. [25] in 
rat liver mitochondria. 

Discussion 

In this experimental work the estimation of the 
membrane potential has been made from the dis- 
tribution of TPP+; no correction for binding was 
made, since no evidence for it was provided by the 
TPP + electrode response in Jerusalem artichoke 
mitochondria. Reports of passive binding in TPP + 
(or of the related lipophilic cations TPMP + and 
TBMA +) have been reported for rat liver 
mitochondria; this passive partition causes an 
overestimation of the membrane potential, as com- 
pared to K + distribution in the presence of 
valinomycin, and corrections have been proposed 
[25,28,36]. This phenomenon, which varies in 
mitochondria prepared from different sources, 
seems to be negligible in plant mitochondria. The 
omission of corrections for binding, however, does 
not invalidate the conclusion of the present work, 
since the correction would have possibly decreased 
the estimated A~b by a fixed value, not altering 
therefore the pattern of the experimental data 
points (Figs. 2-7). 

According to a delocalized chemiosmotic model, 
the steady-state value of AgH+ should reflect a 
steady-state balance of the outward proton flux 
driven by the respiratory chain and the inward 
proton flux due to the ATPase catalysis and the 
passive proton leaks. Thus, if the value of A/in+ 
remains constant under nonphosphorylating con- 
ditions upon inhibition of respiration in spite of 
the decreased proton-extrusion rate, an unabated 
initial rate of ATP formation should be observed 
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upon ADP addition, which should rapidly de- 
crease A/iN÷ to a lower steady-state value. There- 
fore, a larger depolarization is expected in a State 
4-State 3 transition in respiration-inhibited 
mitochondria. 

The behavior  of Jerusalem artichoke 
mitochondria is absolutely inconsistent with this 
model. The value of AbiH÷ remains constant or 
decreases slightly upon inhibition of respiration by 
more than 80~ (Fig. 8). This observation has been 
made in bacterial chromatophores, mammalian 
mitochondria, submitochondrial particles and 
bacterial membrane fragments; its interpretation 
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Fig. 8. Correlation between the rates of succinate oxidation and 
the values of the membrane potential (A~) in State 3 (closed 
symbols) and State 4 (open symbols) in respiration-inhibited 
mitochondria from Jerusalem artichoke. Inhibitors: malonate 
(@,O), phenylsuccinate (Ad,), antimycin A (.,ra). Data from 
Figs. 2-4. 

has been amply discussed [18-20,37]. In this con- 
text it must only be observed that the same resis- 
tanceof A~ to inhibition of respiration is seen also 
under phosphorylating conditions so that a con- 
stant extent of depolarization upon ADP addition 
is observed when respiration is progressively 
inhibited. The relevance of this potential drop to 
the mechanism of ATP formation is, on the other 
hand, conclusively demonstrated by its inhibition 
with oligomycin. The possibility that depolariza- 
tion is not due to the protonic currents of the 
mechanism of ATP synthesis, but rather to the 
electrogenic ADP-ATP exchange catalyzed by the 
adenine nucleotide translocator, is amply dis- 
cussed in Ref. 25. These results indicate that the 
inward and outward protonic currents must be 
always balanced during inhibition of the respira- 
tory chain, so that in the presteady state upon 
ADP addition inward flow never greatly exceeds 
the outward flow. The observation that the de- 
crease in the rate of phosphorylation parallels 
faithfully the rate of electron flow (Fig. 9) sup- 
ports this view and suggests, according to a revised 
chemiosmotic model, that the activity of the single 
ATP synthetase complexes is strictly related to the 
number of electron-transport chains operative un- 
der a given set of conditions. This conclusion had 
been previously reached for bacterial chromato- 
phores [16] and demonstrated in single-turnover 
resolution [17,21]. The recent experiments per- 
formed by Zoratti et al. [25] in rat liver 
mitochondria contemporarily to the present ones 
are in perfect agreement with this view. 

The alternative conclusion, that the protonic 
electrochemical potential difference, as evaluated 
by the ion-distribution technique or by other 
methods, is not relevant as a driving force for ATP 
synthesis, seems to these authors hardly reconcila- 
ble with independent experimental evidence of 
chemiosmotic coupling (cf. Refs. 5-11). 

The constancy of the ATP/2e-  ratio when the 
rate of respiration is extensively inhibited is also 
hardly compatible with the expectation of the 
delocalized chemiosmotic model, according to 
which the passive diffusion of H + through the 
membrane leaks should comp6te with the chem- 
iosmotic utilization of protons by the ATP syn- 
thetase, the greater is the inhibition of the input 
redox pump. On the contrary, this constancy of 
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the ATP/2e -  ratio is altered only by the onset of 
uncoupling conditions. 

On the basis of the above relationships between 
A/~H÷, and the rates of respiration and of phos- 
phorylation, it has to be expected that large varia- 
tions of the rate of ATP formation are experimen- 
tally observed also when a constant A/~H÷ is main- 
tained, provided that one perturbs the rate of 
electron transfer (Fig. 10). This behavior is identi- 
cal with that previously reported for bacterial 
chromatophores inhibited by antimycin A or 
activated by actinic light of strongly limiting inten- 
sity [16]. Surprisingly, this behavior is also observed 
when mitochondria are partially uncoupled by 
nigericin and subsaturating concentrations of 
valinomycin (cf. also Ref. 38). This observation 
indicates that the dissipative K + circulation cata- 
lyzed by the synergistic action of these two iono- 
phores could influence the coupling between ATP 
formation and respiration even before large dis- 
sipative fluxes would affect the bulk phase dif- 
ference of A@. 

As a whole these experiments present conclu- 
sive kinetic evidence of the strict correlation be- 
tween electron-transfer and ATP-forming reac- 

tions in the respiratory activity of Jerusalem 
artichoke mitochondria. The data extend to 
another system observations made in parallel in 
mammalian mitochondria and previously well 
documented in bacterial photosynthetic vesicles 
and respiratory fragments from mitochondria or 
aerobic bacteria. This kinetic behavior can be con- 
sidered therefore as a general one for all energy- 
transducing membrane systems, either in 
eukaryotic or prokaryotic organisms, with the only 
possible exception being high plant chloroplasts 
for which an univocal correlation between the rate 
of ATP formation and ApH was measured [24]. In 
this system, on the other hand, the delocalization 
of the coupling is strongly suggested by the stacked 
organization of the grana lamellae, which forces a 
displacement of the ATPase complexes away from 
the intramembrane redox chains. Also, in chloro- 
plasts serious discrepancies with chemiosmotic be- 
havior have been documented, especially under 
presteady-state conditions [22,39]. 

The localized interaction between the redox 
events and ATP formation was also implicitly 
suggested by double inhibitor titration experi- 
ments pioneered by Baum et al. in mitochondria 
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[40,41], and recently extended to bacterial chro- 
matophores [42,43], which demonstrated an addi- 
tive effect of energy-transfer and electron-transfer 
inhibitors, also when supplemented at subsaturat- 
ing concentrations. 

Significant discrepancies and the lack of a cor- 
relation between A/~H÷ and the free energy change 
for ATP formation have been also observed in 
State 4 in mitochondria and bacteria under differ- 
ent experimental conditions (i.e., change in osmo- 
laxity, induction of passive fluxes of ions or of 
weak acids, addition of uncouplers [36,44,45]), in- 
dicating a variability of the force ratio at static 
head for ATP synthesis or a lack of equilibration 
of AGATe, vs. A/~H+ incompatible with a basic tenet 
of the chemiosmotic theory. 

The mechanistic interpretation of the present 
data, as already stated by us previously for 
bacterial chromatophores [16,17,21], and exten- 
sively discussed recently by Zoratti et al. [25] for 
rat liver mitochondria (cf. also Ref. 46), must be 
sought either in a intramembrane protonic cou- 
pling between individual redox chains and ATP 
synthetases or in an activation mechanism of the 
ATP synthetases by the redox reactions. Direct 
evidence for such mechanisms which is useful for 
the choice between these two alternatives cannot, 
however, be obtained with kinetic or thermody- 
namic approaches. 
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