
276 Biochimica et Biophysica Acta 849 (1986) 276-287 
Elsevier 

BBA41987 

Uncoupler-inhibitor titrations of ATP-driven reverse electron transfer in bovine 
submitochondrial particles provide evidence for direct interaction between 

ATPase and NADH:Q oxidoreductase 

M.A. Herweijer, J.A. Berden and E.C. Slater 

Laboratory of Biochemistry, University of Amsterdam, P.O. Box 20151, 1000 HD Amsterdam (The Netherlands) 

(Received September 30th, 1985) 
(Revised manuscript received December 5th, 1985) 

Key words: Reverse electron transfer; Uncoupler; Chemiosmosis; Collision hypothesis; 
ATPase; (Bovine submitochondrial particle) 

(1) From the chemiosmotic hypothesis it follows that no change is expected in potency of an uncoupler to 
inhibit an energy-driven reaction in an energy-transducing membrane if the energy-requiring part of the 
reaction, the so-called secondary proton pump, is partially inhibited by a specific, tightly bound inhibitor. An 
increase in potency upon inhibition of the primary pump may be expected, due to a lower rate of the total 
proton flow that can be used by the secondary pump and dissipated by the uncoupler. (2) Contrary to this 
prediction several uncouplers (S13, SF6847, 2,4-dinitrophenol, valinomycin + nigericin) show an increase in 
uncoupling efficiency in ATP-driven reverse electron transfer (reversal) upon inhibition of the secondary 
pump in this reaction, the NADH:Q oxidoreductase, by rotenone. The increase in uncoupling efficiency is 
proportional to the decrease in the rate of reversal, that is to the decrease in concentration of active 
secondary pump. (3) Similarly, upon inhibition of the primary pump, the ATPase, with oligomycin, an 
increase in uncoupling efficiency was found, also proportional to the decrease in the rate of reversal. (4) 
When the pore-forming uncoupler gramicidin was used, no change in uncoupling potency was found upon 
inhibition of NADH:Q oxidoreductase. Inhibition of the ATPase, however, resulted in a proportionally lower 
uncoupling titre for gramicidin, just as was found for S13 in the presence of oligomycin. (5) A difference was 
also found in the relative concentrations of S13 and gramicidin required to stimulate ATP hydrolysis or to 
inhibit reversal. The amount of S13 needed to stimulate ATP hydrolysis was clearly higher than the amount 
needed to inhibit reversal. On the contrary, the titre of gramicidin for both actions was about the same. (6) 
To explain these results we propose that gramicidin uncouples via dissipation of the bulk A~H ÷, whereas the 
carrier-type uncouplers preferentially interfere with the direct energy transduction between the ATPase and 
redox enzymes. This is in accordance with the recently developed collision hypothesis. 

Introduction 

According to the chemiosmotic theory an elec- 
trochemical proton gradient, the A/2H+, is the obli- 

Abbreviations: FCCP, carbonyl cyanide p-trifluorometh- 
oxyphenylhydrazone; Hepes, 4-(2-hydroxyethyl)-l-piperazine- 
ethanesulphonic acid; SF6847, 3,5-di-tert-butyl-4-hydroxyben- 
zilidenemalononitrile; $13, 5-chloro-3-tert-butyl-2'-chloro-4'- 
nitrosalicylanilide. 

gatory intermediate for energy transduction in 
biological membranes [1]. Although this postulate 
has been supported by many experimental data, 
the recent literature also reports experiments that 
seem to indicate that energy transduction cannot 
be satisfactorily explained by this theory (for re- 
views, see Refs. 2 and 3). 

One type of the experiment that falls into this 
category is represented by the uncoupler-inhibitor 
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titrations in chromatophores reported by Hitchens 
and Kell [4,5]. In these experiments all uncouplers 
tested were more effective in inactivation of oxida- 
tive phosphorylation when the secondary proton 
pump, the ATP synthase, was inhibited. This seems 
not in agreement with the chemiosmotic theory, as 
A~H. would not decrease upon inhibition of the 
secondary proton pump, and hence an increase of 
the relative efficiency of an uncoupler upon in- 
hibition of the secondary pump is not expected 
(see Discussion). However, when Cotton and Jack- 
son [6] repeated some of these experiments under 
slightly modified conditions, in order to minimise 
time-dependent changes in the rate of ATP 
synthesis, they found results that were fully con- 
sistent with the chemiosmotic hypothesis. In sub- 
mitochondrial particles one analogous experiment 
was published by Westerhoff et al. [7], showing 
that in particles that were partially inhibited by 
rotenone, an inhibitor of the NADH:Q oxidore- 
ductase, the uncoupler FCCP was more effective 
in uncoupling the ATP-driven reduction of NAD ÷ 
(reverse electron transfer or reversal) than in unin- 
hibited particles. 

These considerations prompted us to perform 
uncoupler-inhibitor titrations of reverse electron 
transfer in submitochondrial particles with four 
kinds of uncoupler: lipophilic anionic protono- 
phores (SF6847, S13, FCCP), a less lipophilic 
anionic protonophore (2,4-dinitrophenol), cationic 
ionophores (valinomycin + nigericin) and the 
pore-forming uncoupler gramicidin. Titrations of 
reverse electron transfer were performed in the 
presence of an inhibitor of the secondary pump, 
but also some experiments were done in the pres- 
ence of an inhibitor of the primary pump. 

Furthermore, we extended the investigation of 
uncoupler effects to a second parameter: the 
stimulation of ATP hydrolysis by uncouplers. 
According to the chemiosmotic theory the turnover 
of the primary pump (ATPase in reverse electron 
transfer) is limited by A#H*. So, if A/2H. is the 
competent intermediate in reverse electron trans- 
fer in submitochondrial particles, a lowering of 
reversal activity by uncouplers should be paral- 
lelled by a stimulation of ATP hydrolysis. 

The results of both sets of experiments are 
discussed in relation to the chemiosmotic theory, 
to the localised coupling unit concept of Kell [5] 
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and the recently developed collsion hypothesis [8]. 
Some of these results have already been published 
in a preliminary form [9]. 

Methods and Materials 

Methods 
All experimental procedures were essentially as 

described in Ref. 10, except for some changes in 
the assay of ATP-driven reversal. Reversal was 
measured in a medium containing, at pH 7.5 and 
30°C, 0.18 M sucrose/4 mM MgC12/10 mM 
Hepes-KOH/10 mM succinate/1.6 mM KCN/1 .0  
mM NAD+/3  mM ATP. 0.1-0.3 mg particle pro- 
tein was added to 2 ml assay medium and the 
reaction was followed spectrophotometrically at 
340 nm. Usually preincubation was not necessary, 
since the succinate:Q oxidoreductase activity was 
fully activated during the preparation of the par- 
ticles [11]. In some assays, however, ATP was left 
out of the medium and the particles were prein- 
cubated for several minutes with the uncoupler 
before starting the reaction with ATP. After a 
short lag phase reversal rates were always linear 
for several minutes. 

To reach partial inhibition of the primary or 
secondary pump, the particles were photolabelled 
with 8-azido-ATP as described in Ref. 10, or 
incubated with rotenone or oligomycin at a pro- 
tein concentration of about 10 mg/ml.  Preincuba- 
tion with these inhibitors for 30 rain on ice resulted 
in a stable inhibition of the rate of reversal. 

In uncoupler titrations a separate assay was 
performed for each concentration of uncoupler. 
When gramicidin was used, the particles were 
preincubated with the uncoupler for at least 20 
min, at a protein concentration of about 10 mg/ml.  

Materials 
$13 was a gift from Dr. P. Hamm, Monsanto 

company, St. Louis, MO, U.S.A. FCCP was ob- 
tained from Fluka AG, Buchs, Switzerland. 
SF6847 was kindly supplied by Dr. Y. Nishizawa, 
Sumitomo Chemical Industry, Osaka, Japan. 
Oligomycin, nigericin, valinomycin and gramicidin 
were obtained from Sigma. All other 'bio'-chem- 
icals were obtained from Boehringer Mannheim 
and all other chemicals were of analytical quality. 

8-azido-ATP was synthesized in our laboratory 
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by Mr. A.F. Hartog, according to the method of 
Sch~ifer et al. [12]. 

Results 

Uncoupler titrations of reversal in the presence or 
absence of inhibitors of the secondary or primary 
proton pump 

Fig. 1 shows that the lipophilic uncoupler S13 
inhibited ATP-driven reversal more potently when 
either rotenone, an inhibitor of the NADH:Q 
oxidoreductase, or oligomycin, an inhibitor of the 
ATP synthase, was present. Without rotenone or 
oligomycin, 50% inhibition of reversal was reached 
at an uncoupler concentration of 124 pmol per mg 
protein. If the particles were incubated with an 
amount of rotenone or oligomycin that caused 
38-39% inhibition of the reversal rate, this con- 
centration of uncoupler caused a larger decrease 
in the remaining activity. This can be seen more 
clearly in the inset of Fig. 1, where the activities in 
the presence of rotenone or oligomycin and in the 
absence of uncoupler are set at 100%. 

S13 and also FCCP, that was used in the 
uncoupler-inhibitor titration of reversal reported 
by Westerhoff et al. [7], are very lipophilic uncou- 
plers. They uncouple at concentrations that are 
about stoichiometric with the concentrations of 
respiratory chain complexes [13,14]. For instance, 
in the experiment given in Fig. 1, 50% uncoupling 
was reached at an S13 concentration equal to 0.4 
mol per mol ATP synthase. To test the effect of 
lipophilicity of the uncoupler in this kind of 
experiment, we also performed uncoupler titra- 
tions with the less lipophilic uncoupler di- 
nitrophenol. 

Fig. 2 shows that the relative efficiency of the 
uncoupler 2,4-dinitrophenol was also increased by 
addition of rotenone. The smaller lipophilicity of 
this uncoupler is only reflected in the fact that the 
concentration of dinitrophenol needed to inhibit 
reversal by 50% was about 2000-times as high as 
the amount of S13 needed. 

Whereas the increase of the relative efficiency 
can be deduced from the increasing slope of the 
normalised curves in the inset of Fig. 2, the non- 
normalised curves in Fig. 2 show that the absolute 
efficiency of the uncoupler remained the same 
upon inhibition of the secondary pump. At low 

concentrations of uncoupler the decrease in rate of 
reversal per mol of uncoupler added was constant. 
This indicates that the uncoupler has a certain 
capacity to de-energise the system and that it is 
not the ratio a(A~n+)/O(uncoupler ) that is con- 
s tant ,  b u t  the ra t io  0( ra te  of  ene rgy  
transfer)/O (uncoupler). 

To avoid possible direct effects of the anionic 
uncouplers on ATP synthase a n d / o r  redox 
enzymes, as reported in the case of ATP synthase 
for DNP [15] and FCCP [16], ionophores were 
also used as uncouplers. Valinomycin in combina- 
tion with nigericin transports protons over the 
membrane in the direction of the gradient. Both 
antibiotics work carrier-wise. They transport pro- 
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Fig. 1. Titration with $13 of ATP-driven reversal in sub- 
mitochondrial particles in the presence or absence of rotenone 
or oligomycin. Particles were preincubated for at least 20 min 
at a concentration of 16.1 m g / m l  with 152 p m o l / m g  rotenone 
or 150 p m o l / m g  oligomycin. Reversal was measured in 2 ml of 
a medium containing, at pH 7.5 and 30°C, 0.18 M sucrose, 4 
m M  MgC12, 10 mM H e p e s / K O H ,  10 m M  succinate, 1.6 mM 
KCN, 1.0 m M  N A D  ÷, 113 ~g particles and the indicated 
amounts  of S13. The reaction was started with 3 mM ATP. 
100% activity of reversal was 364 n m o l . m i n - l - m g  i and the 
inhibition by rotenone and oligomycin was 38 and 39%, respec- 
tively. The concentration at which 50% activity was reached 
was 124 p m o l / m g  in the control particles and 58 p m o l / m g  in 
the rotenone- or oligomycin-inhibited particles. • • ,  
control particles; • o, particles incubated with rotenone; 
• • ,  particles incubated with oligomycin. In the inset 
the rotenone- or oligomycin-inhibited activity without added 
uncoupler was set at 100%. 0 O,  normalised activity in 
the presence of rotenone; v v, normalised activity in the 
presence of oligomycin. 
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tons and /o r  potassium ions over the membrane 
one by one [17]. Gramicidin, on the other hand, is 
a pore-forming ionophore. Two molecules of 
gramicidin form a channel in the membrane 
through which protons can diffuse passively over 
the membrane [18]. 

Titration of control and rotenone-inhibited par- 
ticles with valinomycin in the presence of excess 
nigericin (Fig. 3) also resulted in a higher relative 
efficiency of uncoupling in partially inhibited par- 
ticles compared with the control particles. 

However, when gramicidin was used to uncou- 
ple reversal (Fig. 4) the amount of uncoupler 
needed was not related to the percentage inhibi- 
tion of the particles with rotenone. In the inset of 
Fig. 4 it can be seen that the normalised titration 
curves of control and of inhibited particles are the 
same, contrary to the results found with $13, 
dinitrophenol and valinomycin + nigericin. If 
determined from the separate titration curves, the 
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Fig. 2. Titration with 2,4-dinitrophenol of ATP-driven reversal 
in submitochondrial  particles in the presence or absence of 
rotenone. Particles were preincubated with 66 p m o l / m g  
rotenone and reversal was measured as described in the legend 
to Fig. 1, with the difference that 282/xg of protein was used in 
2 ml of assay volume. 100% activity of reversal was 255 
n m o l . m i n - l - m g  -1. The concentration at which 50% activity 
was reached was 32 /~M or 255 n m o l / m g  in the control 
(m n)  particles and 17 # M  or 121 n m o l / m g  in the 
particles that were 43% inhibited by rotenone (@ 0). In 
the inset the rotenone-inhibited activity, without added uncou- 
pler, was set at 100%. O ©, normalised activity of the 
rotenone-inhibited particles. 

titre for 50% uncoupling in the control particles is 
85 pmol per mg protein; in the 41% inhibited 
particles it is 81 pmol per mg, and in the 60% 
inhibited particles it is 78 pmol per mg particle 
protein. So, almost no change in titre was ob- 
tained upon inhibition with rotenone. 

So, in contrast to the experiments of Hitchens 
and KeU [5] in which they found identical effects 
of gramicidin and the protonophore SF6847 in 
chromatophores,  our experiments in sub- 
mitochondrial particles show that the uncoupling 
mechanism of gramicidin differs from that of the 
other uncouplers tested. The main difference be- 
tween gramicidin and the other uncouplers used in 
these experiments is that gramicidin is a pore-for- 
ming uncoupler, whereas the other uncouplers, 
including valinomycin + nigericin, carry protons 
over the membrane one by one. To stress this 
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Fig. 3. Titration with valinomycin in the presence of nigericin 
of ATP-driven reversal in the presence or absence of rotenone. 
Particles were preincubated with 84 p m o l / m g  rotenone and 
reversal was measured as indicated in the legend to Fig. 1, with 
the difference that 225 #g  of protein was incubated with 1.9 
n m o l / m g  nigericin + the indicated concen t ra t ions  of 
valinomycin in 2 ml of assay volume. After 10 min the reaction 
was started by addition of 3 mM ATP. Nigericin without 
valinomycin did not have any effect on reversal activity. 100% 
activity of reversal was 161 nmol- m i n -  1. m g -  1. The concentra- 
tion at which 50% activity was reached was 45 p m o l / m g  in the 
control particles (m I )  and 30 p m o l / m g  in the particles 
that were 32% inhibited by rotenone (O O). In the inset 
the rotenone-inhibited activity, without added uncoupler, was 
set at 100%. © ©, normalised activity of the rotenone- 
inhibited particles. 
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difference we call the latter carrier-type uncou- 
plers. 

The data summarised in Table I show clearly 
that in the case of carrier-type uncouplers the 
decrease in titre for 50% uncoupling is propor- 
tional to the percentage inhibition by rotenone. 
This shows again that the efficiency of these un- 
couplers is proportional to the rate of energy 
transfer, and not, as expected for a delocalised 
chemiosmotic model, to the A/2H+ or the turnover 
of the primary pump. In the experiment with 
FCCP, the titre in the presence of rotenone was 
decreased even more than proportional. In the 
case of the pore-forming uncoupler gramicidin, 
however, the uncoupling efficiency was indepen- 
dent of the rate of energy transfer, as follows from 
the unchanged titre for 50% uncoupling upon in- 
hibition with rotenone. 
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Fig. 4. Titration with gramicidin of ATP-driven reversal in 
submitochondrial particles in the presence or absence of 
rotenone. Particles were preincubated with 46 and 89 p m o l / m g  
rotenone and reversal was measured as indicated in the legend 
to Fig. 1, with the difference that 142 /~g of protein was used 
in 2 ml of assay volume. Before starting the reaction with ATP, 
the particles were incubated for 5-10 rain in the cuvette with 
the indicated amounts  of gramicidin. 100% activity of reversal 
was 257 nmol- m i n -  1. m g -  1. The concentration at which 50% 
activity was reached was 85 p m o l / m g  in the control particles 
(-- II), 81 p m o l / m g  in the particles that were 41% in- 
hibited by rotenone ( •  • )  and 78 p m o l / m g  in the 
particles that were 60% inhibited by rotenone (@ 0 ) .  
In the inset the rotenone-inhibited activities without added 
uncoupler were set at 100%. O O, normalised activity 
of the 41% inhibited particles O <~, normalised 
activity of the 60% inhibited particles. 

Fig. 5 shows that gramicidin uncoupled reversal 
more effectively when the ATPase was inhibited 
by photolabelling with 8-azido-ATP than in the 
absence of the inhibitor. The inset shows clearly 
that in this case the uncoupler was more potent in 
the partially inhibited particles. In the control 
particles 50% inhibition was reached at 48 pmol 
gramicidin per mg particle protein, and in the 
particles that were 37% inhibited by covalently 
bound 8-nitreno-ATP, the 50% uncoupling titre 
was 28 pmol per mg. Thus the uncoupling titre 
was decreased by 42%, which is close to the per- 
centage inhibition of the primary pump. In Fig. 1 
it was shown that the 50% uncoupling titre of S13 
was also decreased proportionally with the per- 
centage activity of the primary pump. Thus, in 
this respect, S13 and gramicidin behave similarly. 
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Fig. 5. Titration with gramicidin of ATP-driven reversal in 
submitochondrial  particles that are partially inactivated by 
covalently bound 8-nitreno-ATP. Particles were incubated on 
icewater at a concentration of 5.2 m g / m l  for 20 min with 0.5 
m M  8-azido-ATP and 5 m M  EDTA under ultraviolet light 
( ~ m a x  = 360 nm). Afterwards reversal activity was measured as 
indicated in the legend to Fig. 1, with the difference that 95 #g  
particles were preincubated in 2 ml assay medium without 
ATP, but  in the presence of the amounts of gramicidin indi- 
cated. After 10 min the reaction was started with ATP. 100% 
activity of reversal was 431 n m o l - m i n - l . m g  - t .  The con- 
centration of gramicidin at which the activity was 50% in- 
hibited was 48 p m o l / m g  in the control particles (11 II) 
and 28 p m o l / m g  in the particles that were 37% inactivated by 
8-nitreno-ATP ( •  O). In the inset the rotenone-inhibited 
activity, without added uncoupler,  was set at 100%. 
0 O, normalised activity of • • .  



Uncoupler titrations of stimulation of A TP hydroly- 
sis 

As can be seen in Fig. 6A, both gramicidin and 
S13 stimulated ATP hydrolysis to about the same 
extent. Stimulation varied somewhat with differ- 
ent batches of particles, but the maximal uncou- 
pled rate was always between 1.6- and 2.7-times 
the rate without uncoupler. However, the dif- 
ference between S13 and gramicidin can be seen 
when we compare Fig. 6A with Fig. 6B. Whereas 
the concentrations of S13 and gramicidin required 
to inhibit reversal (Fig. 6B) differed by a factor of 
about two, about 70-times as much S13 was needed 
to stimulate ATP hydrolysis as compared with the 
concentration of gramicidin needed (Fig. 6A). 

Fig. 7 shows that the titres for 50% uncoupling 
of reversal and 50% stimulation of ATP hydrolysis 
were in the same order of magnitude when 
gramicidin was used as uncoupler (Fig. 7B), but 
differed greatly with S13. Stimulation of ATP 
hydrolysis by S13 was less than 20% at a con- 
centration that caused more than 80% inhibition 
of reversal (Fig. 7A). In these experiments ATP 
hydrolysis and reversal were measured simulta- 
neously. During the reversal assay samples were 
taken in which phosphate production was mea- 
sured. When hydrolysis and reversal were mea- 
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sured in separate assays, the same difference be- 
tween gramicidin and S13 was found. For in- 
stance, in the experiment of Fig. 6 half-maximal 
stimulation of ATP hydrolysis by gramicidin was 
reached at a concentration of 23 pmol per mg 
particle protein and for inhibition of reversal the 
50% titre was 48 pmol per mg protein. For S13 
these values are 1.49 nmol per mg for half-maxi- 
mal stimulation of ATP hydrolysis and 77 pmol 
per mg for 50% inhibition of reversal. 

Another assay to study the possible differences 
between the uncoupling mechanism of S13 and 
gramicidin resulted from the following considera- 
tions. According to the chemiosmotic theory, ATP 
hydrolysis is inhibited by the back-pressure of 
A~H+ preventing proton influx. Thus, the rate of 
hydrolysis is limited by the rate of proton efflux 
through 'leaks' in submitochondrial particles and 
is increased by uncouplers which release the back- 
pressure. From this it follows that, if the leak 
remains constant, the turnover rate per active 
ATPase molecule will increase upon inhibition 
with an ATP synthase inhibitor, and since the 
maximal hydrolysis capacity of each uninhibited 
ATP synthase molecule does not change, the 
stimulation factor by addition of uncoupler would 
be expected to decrease. Again the effects of $13 

TABLE I 

SUMMARY OF UNCOUPLER-INHIBITOR TITRATION EXPERIMENTS 

Reverse electron transfer was titrated with uncouplers in the presence or absence of rotenone. Experiments were performed as 
described in Methods and Materials and in the legends to Figs. 1-4. Uncs0 is the amount of uncoupler per mg protein that causes 
50% inhibition of reversal activity in control particles. Uncs0(rot ) is the Uncso in rotenone inhibited particles. In the experiment of 
the second mentioning of S13 piericidin was used to inhibit the NADH:Q oxidoreductase. The uncoupler valinomycin was in the 
presence of 0.3 ~tM nigericin. 

Uncoupler Un%0 Uncs0 (rot) Reversal activity in Uncs0 (rot) 
(nmol/min per mg) (pmol/mg) (pmol/mg) rotenone inhibited Un%0 

particles (% of the 
activity of control 
particles) 

S13 124 58 62 0.47 
S13 47 24 46 0.51 
FCCP 400 133 67 0.33 
SF6847 120 78 75 0.65 
Dinitrophenol 2.25.105 1.21.105 57 0.54 
Valinomycin 45 30 68 0.67 
Gramicidin 85 81 59 0.95 

78 40 0.92 
Gramicidin 42 41 56 0.98 
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Fig. 6. Stimulation of ATP hydrolysis and inhibition of reversal 
by gramicidin and S13. Hydrolysis and reversal measured in 
separate assays. (A) ATP hydrolysis was measured as described 
previously [10] in 2 ml of a medium containing, at 30°C and 
pH 7.5, 83 mm sucrose, 6 mM MgCI2, 33 mM Tris-HCl buffer, 
5 mM ATP, 10 mM NaHCO3, 0.5 mM p h o s p h o e n o l p y r u v a t e ,  

0.25 mM NADH, 4 units of pyruvate kinase, 3 units of lactate 
dehydrogenase, 24 /:g particles and S13 (@ @) or 
gramicidin (© ©) at the concentrations indicated. 100% 
activity of ATP hydrolysis was 3 .24/~mol .min- l .mg ] in the 
S13 experiment and 3.58 # mol- min-  1.mg- 1 in the gramicidin 
experiment. The values at which 50% stimulation was reached 
are 1.49 nmol S13 per mg and 23 pmol gramicidin per mg 
particle protein. (B) ATP-driven reversal was measured as 
described in the legend to Fig. 1 in 2 ml medium with 65 /~g 
particles and S13 (11 II) at the concentrations indicated, 
or 150 /xg particles and gramicidin ([3 O) at the con- 
centrations indicated. 100% activity of reversal was 336 nmol. 
min -1 .mg -1 in the S13 experiment and 300 nmol -min-  1-mg-] 
in the experiment with gramicidin. The values at which 50% 
inhibition was reached were 77 pmol S13 per mg and 48 pmol 
gramicidin per mg particle protein. 
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Fig. 7. Inhibition of ATP-driven reversal and stimulation of 
ATP hydrolysis by $13 and gramicidin. Reversal (11 II) 
and ATP hydrolysis (e  O) measured simultaneously in 
one assay. Reversal was measured as described in the legend to 
Fig. 1 in 4 ml medium with 130 #g particles and S13 at the 
concentrations indicated (Fig. 7A) or 240 /:g particles and 
gramicidin at the concentrations indicated (Fig. 7B). In order 
to measure ATP hydrolysis during reversal, samples were taken 
and quenched in trichloroacetic acid. Afterwards the phos- 
phate concentration in the sample was determined as described 
previously [10]. 100% activity of reversal was 336 nmol. min -  1. 
m g - ]  in Fig. 7A and 497 nmol-min-1 in Fig. 7B. For ATP 
hydrolysis the values are 1.44 /~mol-min-a.mg -1 in Fig. 7A 
and 3.84/~mol.min ] . rag-]  in Fig. 7B. 

a n d  g r a m i c i d i n  w e r e  c o m p a r e d .  

F ig .  8 s h o w s  t h a t  t h e  s t i m u l a t i o n  f a c t o r  b y  

e i t h e r  S13 o r  g r a m i c i d i n  w a s  u n c h a n g e d  u p o n  
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Fig. 8, Maximal stimulation of ATP hydrolysis by $13 and 
gramicidin after partial inactivation by 8-azido-ATP. Sub- 
mitochondrial particles were incubated on icewater at a protein 
concentration of 9.5 mg/ml with 0.5 mM 8-azido-ATP and 5 
mM EDTA for 0-30 min under ultraviolet light ( ~ r n a x  = 360 
nm). Samples were removed at intervals and stored in the dark 
on ice, Afterwards ATP hydrolysis was measured as indicated 
in the legend to Fig. 6, with 95 #g particles in 2 ml assay 
volume. Hydrolysis with and without uncoupler was measured 
in separate assays. No uncoupler added: • • ;  0.5 /~M 
S13 added: O O; 0.25 /xM gramicidin added: 
• 0 .  

inhibition of the primary pump by covalently 
bound 8-nitreno-ATP up to 54%. The same result 
was obtained earlier by Baum et al., using 
oligomycin to inhibit the ATPase [19]. These data 
can only be explained within the chemiosmotic 
theory if we assume that the leak through the 
membrane is of minor importance compared with 
that through the ATP synthase molecules. In that 
case the assumption that the leak does not change 
upon inhibition of the ATP synthase is no longer 
valid, since the ATPase itself causes the leak. 
However, respiration in the absence of ADP was 
not reduced by oligomycin in these particles (un- 
published results). This suggests that back leakage 
of protons occurs mainly via the membrane. 

Discussion 

Uncoupler titrations are useful in the study of 
the mechanism of coupling between energy-pro- 
ducing and energy-requiring processes in biologi- 
cal energy-transducing membranes, as was pointed 
out already by Hitchens and Kell [5], since they 
make it possible to draw conclusions about the 
role of A~H+ without actually measuring this 
parameter. One may argue that direct measure- 
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ments of A~H+ are preferable, but considering the 
continuing discussions about the validity of these 
measurements [20,21] experiments that can avoid 
these measurements are to be preferred. 

The rationale behind the uncoupler-inhibitor 
titrations has been discussed heavily by several 
authors [22-25]. The discussion was mainly about 
the thesis, first formulated in Ref. 5, that in a 
chemiosmotic model, upon inhibition of the sec- 
ondary pump, a decrease of the amount of uncou- 
pler needed to inhibit the energy-transducing reac- 
tion cannot be expected. There are two main 
points of criticism. 

The first point is the possible occurrence of 
direct kinetic regulation of the pumps by A~H+ 
[23]. In chloroplasts this is well documented [23], 
but a comparable type of regulation in mitochon- 
dria is not established. In chloroplasts the depen- 
dence of the phosphorylation rate on A~H÷ is 
different, depending on the activation state of the 
ATPase (e.g., Fig. 4 in Ref. 26). In mitochondria 
no such differences are reported, as far as we 
know. 

In the second place, as argued by Pietrobon 
and Caplan [25], the increase of A~H+ upon in- 
hibition of the secondary pump, although small, 
causes a decrease in the uncoupler titre. They 
showed this by simulating uncoupler-inhibitor 
titrations on the basis of proportional force-flow 
relationships in a chemiosmotic model. In the 
stimulations it is assumed that the only effect of 
uncouplers is to make the membrane more per- 
meable to protons (for reviews about the mecha- 
nism of uncoupling, see Refs. 27-  29). However, 
when we apply this simulation method to our 
system, and use as parameters data from our own 
experiments, the decrease in titre upon inhibition 
of the secondary pump is just 1-2%. From this we 
conclude that the gramicidin results (Fig. 4) fit 
with a chemiosmotic scheme. The small increase 
in A~H+ found in our simulations cannot account 
for the large decreases in uncoupling-titre found 
with the carrier-type uncouplers. However, there is 
one possible explanation we cannot exclude: the 
large decrease in uncoupling titre in the presence 
of rotenone may be compatible with a chem- 
iosmotic scheme in which the force-flow relation- 
ships are strongly non-linear, as suggested in Refs. 
23 and 25. This is not easy to simulate, so for the 
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moment we stay with the proportional force-flow 
simulations. 

Using this method, with experimental data as 
parameters, we also simulated the different effects 
of primary-pump inhibitors on the uncoupling 
efficiency. Whereas nearly no effect of an inhibi- 
tor of the secondary pump was found, a primary 
pump inhibitor, however, decreased the uncou- 
pling titre in the simulations considerably. Just as 
was found experimentally [10,25] there was in the 
simulation only a slight decrease in A~H+ upon 
inhibition of the primary pump. The decrease in 
titre as calculated was more than 50% when the 
inhibition of the pump was set at 50%. With 
gramicidin we found, in fact, such a different 
effect of primary and secondary pump inhibitors 
(Figs. 4 and 5). With the carrier-type uncoupler 
S13, however, rotenone and oligomycin caused the 
same decrease in uncoupling titre (Fig. 1). The 
results with the primary pump inhibitors are in 
conformity with observations of Margolis et al. 
[14], who found an almost exact stoichiometry of 
FCCP with the number of active coupling sites 
upon inhibition of the primary pump of oxidative 
phosphorylation with rotenone, malonate or 
cyanide. 

So according to the considerations given in the 
previous paragraphs the pore-former gramicidin 
behaves as a chemiosmotic uncoupler, whereas the 
carrier-type uncouplers deviate. Possibly these un- 
couplers interact with some form of direct energy 
transfer. Recently some experiments were pub- 
lished that support this point of view: in recon- 
stituted vesicles containing bacteriorhodopsin and 
(yeast) ATP synthase, a system in which direct 
energy transfer is considered very unlikely, uncou- 
pler titrations o~ light-driven ATP synthesis in 
control vesicles and vesicles partially inactivated 
by covalently bound 8-nitreno-ATP showed 
neither with gramicidin nor with FCCP an in- 
crease in uncoupling efficiency [30]. Yet in these 
vesicles both types of uncoupler do show an in- 
crease in efficiency upon decreasing the turnover 
rate of the primary pump, bacteriorhodopsin, by 
lowering the light intensity. 

The apparently non-chemiosmotic results with 
the carrier-type uncouplers in the titrations in the 
presence of rotenone are not due to experimental 
problems, as was suggested by Cotton and Jack- 

son [6] with respect to this kind of experiment in 
chromatophores. Reversal rates were linear, after a 
small lag phase, and for each point a separate 
assay was performed. In addition, with a different 
inhibitor of the N A D H : Q  oxidoreductase, 
piericidin, titrations with S13 and FCCP gave 
comparable results (not shown). Except for 
gramicidin, the results of our uncoupler titrations 
of reversal in the presence of rotenone largely 
agree with the data presented by Hitchens and 
Kell on the effect of uncouplers on oxidative 
phosphorylation in chromatophores in the pres- 
ence of ATP synthase inhibitors. In rotenone-in- 
hibited submitochondrial particles the efficiency 
of gramicidin, however, to uncouple reversal is 
unchanged, whereas in chromatophores gramici- 
din, just like the other uncouplers tested, also 
uncouples with a proportionally higher efficiency 
in partially inhibited chromatophores [5]. A possi- 
ble explanation for this difference is that 
gramicidin inhibits phosphorylation in chromato- 
phores by a mechanism that differs from that in 
submitochondrial particles. Saphon et al. [32] 
found that gramicidin inhibits oxidative phos- 
phorylation in chromatophores, but, in contrast to 
the effects of other uncouplers, it did not stimu- 
late the decay of the 515nm shift. They suggest 
that, due to the small diameter of the chromato- 
phores (less than 60 nm), and the resulting curva- 
ture of the membrane, gramicidin dimers cannot 
be formed, and that gramidicin in its monomeric 
form possibly acts as carrier-type ionophore. 

Trying to fit our gramicidin results with a fully 
localised coupling model along the lines of argu- 
mentation of Hitchens and Kell [5], we have to 
assume that due to the high rate of proton con- 
ductance of the gramicidin channel (3-108 pro- 
tons per s per channel [33]), the uncoupling pro- 
cess itself is less rate-limiting than the movement 
of the uncoupler between the coupling units. In 
that case the involvement of localised coupling 
units would remain undetected. However, this 
possibility is ruled out by the data in Fig. 5, which 
show that in the case of inhibition of the primary 
pump gramicidin uncouples with an efficiency that 
is increased proportionally with the inhibition of 
the ATPase. In a purely localised model this is not 
expected because it would make no difference 
whether the primary pump is inhibited or the 



secondary one, because in both cases the coupling 
unit is fully inactivated and does not produce any 
usable membrane energisation [5]. So, inhibition 
of the primary or the secondary pump would have 
an identical effect upon uncoupling efficiency. 

A good explanation of Figs. 4 and 5 can only 
be given if we propose different mechanisms of 
uncoupling for two types of uncouplers: cartier- 
type uncouplers and pore-forming uncouplers. The 
results with the pore-forming uncoupler gramici- 
din are in conformity with a chemiosmotic mecha- 
nism, so we propose that gramicidin indeed facili- 
tates bulk-to-bulk proton leak over the membrane. 
The cartier-type uncouplers, however, act accord- 
ing to a different mechanism. The proportionality 
of the uncoupling titre with the degree of inhibi- 
tion of the secondary pump suggests that these 
uncouplers interfere with a direct interaction be- 
tween active primary and active secondary pumps, 
and that the uncoupling process itself and not the 
movement of the uncoupler from one site to 
another, is the rate-limiting step. So the concentra- 
tion of uncoupler needed is only related to the 
concentration of colliding complexes that effec- 
tively transduce energy. Hitchens and Kell needed 
this same assumption to explain their results in a 
purely localised model. 

If explained this way, our results fit nicely with 
the mechanism for energy transduction that we 
recently developed, the so-called collision hy- 
pothesis, which is described in detail in a separate 
paper [8]. Basically the hypothesis proposes that in 
oxidative phosphorylation energy is transduced as 
the result of collisions between an energised redox 
enzyme molecule and an ATP synthase molecule. 
Just as in the chemiosmotic hypothesis, redox 
enzymes and ATP synthase are considered to be 
proton pumps that can deliver protons to the bulk 
phases. The main route of energy transfer, how- 
ever, is the transfer of the energy via a protona- 
t ion-deprotonation reaction (or some form of 
conformational energy) from the energised primary 
pump to the non-energised secondary pump. The 
collision hypothesis can be considered as a molec- 
ular description of a parallel coupling hypothesis 
as formulated by Rottenberg [34]. The relatively 
slow rate of equilibration, under steady state con- 
ditions, between the protons on the enzyme and 
the bulk protons explains the finding that the 
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factor by which the ATP hydrolysis is stimulated 
by gramicidin or S13 is not dependent on the 
concentration of active ATPases (Fig. 8). 

In terms of the collision hypothesis the mecha- 
nism of reverse electron transfer can be written as 
follows: 

EAT P + A T P  ~ EAT P -- h + + A D P + P  i (1 )  

EAT v ~ h + ~ EAT P + A~H+ (2)  

EATP--  h +  + E R  ~ EATP--  H +  - ER ~ E R - -  h +  + E A T P  (3 )  

E R - h + ~ E R + A~,H+ (4)  

E R - h + + N A D  + ~ E R + N A D H  (5 )  

E A T  p stands for the ATPase, E R is a redox 
enzyme, in this case the N A D H  dehydrogenase, 
kept reduced by succinate. - h  + stands for en- 
ergisation that can result in a pumped proton, but 
that is not a priori accessible to a protonophore. 
- H  + -  stands for proton transfer during the 
collision of the primary and secondary pump. 

The different behaviour of carrier-type uncou- 
plers and gramicidin is clearly pointed to by the 
relative concentrations required to stimulate the 
ATPase and to inhibit reverse electron flow. With 
gramicidin, lowering of the bulk Ap, H÷ is paral- 
lelled by a similar degree of stimulation of ATP 
hydrolysis and of inhibition of reversal (Fig. 7B). 
In contrast, the concentration at which ATP hy- 
drolysis is maximally stimulated by $13 is much 
higher than the concentration required for inhibi- 
tion of reversal (Fig. 7A). This strongly suggests 
that stimulation of ATP hydrolysis is brought 
about by a different mechanism from inhibition of 
reversal. Specifically, we suggest that interference 
with the direct interaction between N A D H  dehy- 
drogenase and ATPase occurs at concentrations of 
S13 that have little effect on the rate of the 
transfer of protons over the membrane. 

This is schematically depicted in Fig. 9. Our 
proposal differs from the models of Kell [5,35] 
and Westerhoff et al. [3] in that the direct interac- 
tion is not permanently localised. The transduc- 
tion of energy is localised, at a certain moment at 
a certain place in the membrane, but the separate 
energised and non-energised complexes diffuse 
randomly in the membrane. The interference of 
carrier-type uncouplers with the direct interaction 
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gramicidin $13 (1) $13 (2) 

J i _ l 

~H, -z- ~ 

" ~ NAD ÷ NADH 

ATP ADP÷P i 

Fig. 9. A schematical depiction of the collision hypothesis, in 
case of reverse electron transfer. Proton, or energy, transfer in 
the membrane takes place when an ATP synthase molecule 
collides with a molecule of NADH:Q oxidoreductase. When no 
effective collisions are possible the ATPase delivers its protons 
to the bulk phase. Ndh, NAD:Q oxidoreductase; ~H, a 
carrier-type uncoupler. 

be tween two col l iding complexes  is ind ica ted  by  
S13(1) in the figure. S13(2) visualizes the p ro tono-  
phor ic  mechan i sm of  car r ie r - type  uncouplers .  The 
pore - fo rming  uncoup le r  gramic id in  is also indi-  
ca ted  in the scheme. W h e n  direct  energy t ransfer  
is fully uncoupled  by  S13, A T P  hydrolys is  is not  
yet  maximal ly  s t imula ted  (Fig. 7A). Much  more  
uncoupler  is needed  to increase the p ro ton  per-  
meabi l i ty  of  the m e m b r a n e  suff iciently to reach 
the max imal  A T P  hydrolys is  rate.  Such a dif- 
ference in op t ima l  efficiencies for the uncouple r  in 
these two react ions  is not  surprising,  since the 
l ipophi l ic  uncouple r  will reside main ly  in the 
m e m b r a n e  and will not  be avai lable  to react  with 
p ro tons  in the bulk  phase.  Gramic id in ,  on the 
o ther  hand,  is not  able  to react  with pro tons  in the 
m e m b r a n e  and can only funct ion as a pore  for 
p ro tons  f rom one bulk  phase  to another .  Thus, 
uncoupl ing  by  gramic id in  occurs  via d iss ipa t ion  of  
A/2H+, and,  accord ing  to the equat ions  above,  when 
A ~ . +  is lowered  by  gramicidin,  the rate  of  de-  
l ivery of the p ro tons  to the bulk  will increase, 
thereby decreas ing the ra te  of direct  energy trans-  
fer. 
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