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Uncoupler-inhibitor titratlons of ATP-driven reverse electron transfer across the first site of the respiratory 
chain were pedermed in isolated rat.liver mitochondria, and the experimental results were compered with 
the predictions of a simple delecal 'ised e'nemiosnmtlc meduatism. The rates of ATP hydrolysis ($p) and 
reverse electron transfer (-Yo) were measured at different tmeoupler (S-13) anneanlratians, either in the 
absence or in the presence of mtenone. When the rates - Jo  and Jp measured at different uncoupler 
concentrations were expressed us percentages o |  the activity at zero uncoupler ¢m~entratlon, it was found 
that the efficiency ¢f S-13 to uncouple the reverse electron transfer and to stimulate ATP hydrolysis was not 
significantly changed upon partial inhibition with rotenone. These results are in coatrast with data from a 
study o! uncoupler-inhibiter titratious in submitechondrlel particles published previously, in which a higher 
effectiveness of several uncouplers to inhibit ATP-driven reverse electron transler was observed in the 
preSeltee of retenoue. 

ln~eduedon 

The role of chemiosmotie proton circuits in 
energy transduction in biological membranes is 
widely accepted, although the detailed mechanism 
of the process is still a matter of debate. Accord- 
ins to Mitchell's chemiosmotic hypothesis [1], a 
proton electrochemical gradient (AI2H+) is the sole 
and competent intermediate between the respira- 
tory chain (the input or primary proton pump in 
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the chemiosmotic circuit) and the ATP symhase 
(the output or secondary proton pump in the 
chemiosmotie circuit). Nevertheless, during recent 
years considerable experimental evidence has been 
reported that seems to disagree with this deloca- 
fised coupling mechal,2~m and, therefore, alterna- 
tive hypotheses have been presented in which the 
proton circuits are confined to small coupling 
units of the membrane without full equilibration 
with the bulk aqueous phases at both sides of the 
membrane [2,3]. 

Double.inhibitor titratious and uncoupler-in- 
hibitor titrations have been used as means to 
discriminate between the Iocaliscd or delocalised 
natures of the mechanism of coupling in photo- 
phosphorylation or oxidative pho~phorylation, the 
advantage of this approach being its independence 
of accurate measurements of ARCH* [4-6]. 
Double-inhibitor or uncoupler-inhlbitor tltrations 
were considered to form a clear-cut experimental 
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approach thal could discriminate without ambigu- 
ity between the localised and the del¢calised types 
of coupfing mechanism. In the case of uncoupler- 
inhibitor titrations, it was expected that, depend- 
ing on the localised or deiocalised character of the 
proton circuit, the relative decrease in the output 
flow (energy-driven reaction) by a given uncoupler 
concentration should inccease or decrease, respec- 
tively, in the presence of an inhibitor of the output 
proton pump. The observation that the effective- 
ness of an uncoupler increased upon partial in- 
hibition of the output pump has been taken as 
strong evidence against a delocalised coupling 
mechanism [5-7]. 

The validity of this interpretation has been 
questioned recently when these experiments were 
analysed in a more quantitative way [8-14]. For 
instance, it was possible to simulate the 'anoma- 
lous' results of uncoupler-inhibitor titrations with 
a delocalised model of energy coupling that as- 
sumes linear relationships between the flows end 
the foroes [8,9]. The same authors also showed 
that previous results of titration~, formerly consid- 
ered as inconsistent with a delecalised conpfing 
mechanism, can bc simulated with a deiecalised 
modei that assumes non-linear flow-force relation- 
ships, provided that certain kinetic requirements 
are satisfied [10|. Evidently, better knowledge of 
the characteristics of the system (kinetic constants 
and stoichiometries of the proton pumps, magni- 
tude of the kak, etc.) is needed for a correct 
interpretation of the results of double-inhibitor or 
uncoupler-inhibitor titrations. In the absence of 
such detailed information, the question arises of 
whether or not the shape of the experimental 
titr~[c,t~ cu~,'c= can he simulated when acre:! cr 
measured values of the parameters (rather than 
arbitrarily chosen ones) are used in the computa- 
tions. 

In bovine heart submitochondrial particles, 
Herweijcr et al. [7] observed a higher effectiveness 
of several uncouplers in inhibiting the ATP-dfiven 
revarse electron transfer in the presence of 
rotenone than in its absence. Using realistic values 
(derived from actual experiments) for the different 
parameters it was not possible to simulate the 
observed titration curves witi-~ a -simple dcloealised 
model of coupling and linear flow-force relation- 
ships. Although the possibility of simulating the 
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results with non-finear flow-force relationships still 
remains, the different behavinur of uncouplers of 
the carder type (their effectiveness was increased 
upon inhibition with rotenone) end the pore-form- 
ing uncoupler gramicidin (its effectiveness was not 
increased in particles inhibited with rotvnune) is 
difficult to explain with a delocalised coupling 
mechanism. A difficulty with these experiments in 
submitochondrial particles, however, is the fact 
that the major part of ATP hydrolysis is not 
coupled, presumably as a consequence of a high 
permeability of the membranes to protons. In this 
paper we report uncoupler-inhibitor titrations of 
ATP-driven reverse electron transfer in mitochon- 
dria, that have a much lower proton permeabifity 
then submitochondrial particles, i t  is shown that 
the effectiveness of the protouophorous uncoupler 
S-13 to inhibit the reverse electron transfer in 
intact r~itochondria did not change upon inhibi- 
tion with rotenone, in contrast with the results 
obtained with submitochondrial particles. We also 
confirmed and extended the analysis of uncoupler- 
inhibitor titrations with a linear model of deloeal- 
ised coupling as reported by Pietrobon and Cap- 
lan [8] and show that, although this model predicts 
a higher effectiveness of an uncoupler when the 
output pump is partially inhibited, this effect may 
not bc noticed in actual experiments. 

Materials and Methods 

Rat-liver mitochondria were isolated as de- 
scribed previously [15]. The protein content was 
measured by the biuret method using bovine serum 
albumin as a standard. Mitochondria (2 mg/ml) 
were ~nrt~h~led in a'o Oxy~raph vessel, with con- 
tinuous stirring, in a medium containing 10 mM 
Mops, 2 mM EGTA, 2 mM suceinate, 2 mM 
acetoacetate, 0.2 mM mutate, 0.122 mM D,L-3-hy- 
droxybutyrate, 0.2 mM ADP and 240 mM man- 
nitol (pH 7.15). Antimycin was added to give a 
final concentration of 0.2 ~g /mg  protein, 2 mM 
cyanide was also present in the incubation 
medium. Rotenone and S-13 were used at the 
conceutraticn~ indicated in t_he figures. All the 
incubations were carried out at 25 °C under argon 
atmosphere. Incubations wore started by the ad- 
dition of 5 ~ ATP. Samples (0.5 ml) were 
withdrawn immediately after the additon of ATP 
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(t = O m/n) and at 2-rain intervals during a 10-min 
period. Samples were deproteinised with an equal 
volume of a mixture of phenol/chloroform/ 
isoamyl alcohol (38:24:1, v /v )  and mixed thor- 
oughly for 1 nun. After centrifuging at 13000 rpm 
for 2 rain in an Eppendorf centrifuge, the aqueous 
layer was extracted twice with chloroform and 
n-hexane. Phosphate was analysed according to 
the method of Chen et at. [16] and 3-hydroxy- 
butyrate was analysed using the method of Wil- 
liamson et al. [17]. ATP hydrolysis and reverse 
electron transfer were calculated from respec- 
tively, the plots of phosphate and 3-hydroxy- 
butyrate production against incubation time. 

3-Hydroxybutyrate, acetoacetate, succinate, L- 
malate, EGTA and Mops were from Sigma (St. 
Louis, U.S.A.), whereas ADP, ATP, malate dehy- 
drogenase and 3-hydroxybutyrate dehydrogenase 
were from Boehringer (Mannheim, F.R.G.). S-13 
was a gift from Dr. P. Heytler. 

Results and Discussion 

The rates of ATP hydrolysis (Jp) and reverse 
electron transfer ( - J 0 )  from succinate to 
acetoacetate in isolated rat-liver mitochondria were 
titrated with S-13 either in the absence or in the 
presence of rotenone (3 and 6 ng/mg protein). 
The results shown in Fi B. I indicate that 3-hy- 
droxybutyrate production was more sensitive to 
rotenone inhibition than ATP hydrolysis in the 
absence of uncoupler. Addition of S-13 produced 
a decrease in reverse electron transfer and an 
enhancement of ATP hydrolysis. The absolute de- 
crease in the redox reaction was higher at lower 
rotenone concentrations, whereas the increase in 
the rate of ATP hydrolysis was approximately the 
same for all rotenone concentrations used. 

In Fig. 2 the relative rates of ATP hydrolysis 
and reverse electron transfer have been plotted 
against the uncoupler concentrations at different 
rotenone concentrations. These results indicate 
that there is hardly any effect of rotenone on the 
effectiveness of S-13 to inhibit reverse electron 
transfer from sueeinate to acetoacetate or to 
stimulate ATP hydrolysis. 

It has recently been pointed out that the valid- 
ity of double-inhibitor or u'~coupler-inhibitor 
titrations to discriminate between delocafiscd and 
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Fig. l. S-13 and rotenone titrati0ns of ATP-driven reverse 
electron transfer in rat-liver nfitochondria; (3 o, no 
rotcnone was present; [] [2, 3 n$ rotenone/mg protein; 
• 0. 6 ng rotenone/mg protein. Reverse electron trans- 
fer (peaael A; nmol/min per mg protein) and ATP hydrolysis 
rate (panel n; nmol/min per m$ protein) were measured from 
3-hydrc~ybutyrate and phosphate production along the in- 
cubation period. Error bars are given for some representative 
points: they indicsle S.E. (in one direction on]y) for at least 

three indepelldent esperintenls. 

Iocalised coupling mechanisms in oxidative phos- 
¢horylation should not be overestimated [8,9]. 
Nevertheless, experiments in which the activity of 
an energy-dependent process is titrated with an 
inhibitor of the primary proton pump or with an 
uncoupler, either in the presence or in the absence 
of an inhibitor of the secondary proton pump, can 
sti!L1 offer some interesting clues as to the mecha- 
nism of energy transduction. The usual approach 
is to compare the experimental results of such 
titrations with the predictions derived from vari- 
ous coupfing mechanisms that rely on different 
assumptions about the nature of the high-energy 
intermediate. In this aspc, Ct, mosaic non-equi- 
librium thermodynamics (MNET) provides a 
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Fig. 2. Normalised rates of reverse electron transfer and ATP 
hydrolysis at different S-13 concentrations in rat.liver 
mitochondria~ partially inhibited with rotcnon¢. Data f r om 
Fig. t ale teplolted as percentages of  the activity measuced in 
the absence of S-13 at a given rotenone concentration: reverse 

electron transfer (panel A) and ATP hydrolysis (panel B). 

means to formulate a quantitative description of 
the biological energy-transducing system [14]. If 
we assume certain relationships between the flows 
(rates) and the forces, it is possible to derive 
equations relating the rata of the energy-driven 
process to parameters, the values of which can be 
experimentally modified or are supposed to be 
constant. In the case that the predictions of a 
given model do not fit the experimental results, 
the model is modified (usually it becomes more 
and more compficated) by the introduction of new 
parameters, changes in the postulated flow-force 
relationships, etc. and it is tested again. 

For uncoupler-inhibitor titrations it has been 
demonstrated the the calculated inhibition of the 
energy-dependent process by an uncoupler can be 
either higher or lower in the presence of an inhibi- 
tor of the secondary proton pump than in its 
absence in a delocalised coupfing mechanism, de- 

pending on the non-linear nature of the flow-force 
relationships and certain kinetic constraints [9]. 
Uncoupler-inhlbitor titrations of ATP-driven re- 
verse electron transfer in bovine heart sub- 
mitochondrial particles resulted in a sensitivity to 
inhibition by lipophilic uncouplers, but not to 
inl~bition by gramicidin, that was higher in the 
presence of rotenone than in its absence [7]. These 
results seem difficult m accommodate in a deloca- 
lised coupling mechanism, irrespective of the as- 
sumed flow-force relationslfips, unless different 
kinds of uncoupler affect the secondary proton 
pump in very specific ways. 

We carried out similar uncoupler-inhibitor 
titrations in intact rat-fiver mitochondria and 
analysed them with a simple delocalised model 
that assumes proportional relationships between 
the flows and the thermodynamic forces that drive 
them (see the Appendix for a description of the 
model and the derivation of relevant equations). 
From this model it follows that the initial slopes 
of the titration curves (relative rate versus uncou- 
pler concentration) as well as the flex control of 
the leak pathway should increase (i.e., become 
more negative) in the p ~  of an inhibitor of 
the secondary proton pump. In ~-pparant con- 
tradiction with what is expected from the model, 
our results indicate that there is hardly any effect 
of rotenone on the e f f e c t i v ~  of S-13 to inhibit 
the redox proton pump. In order to ascertain the 
extent to which the pte~fiction of the model and 
the experimental results are not in agreement, it is 
necessary to compute the appropriate function 
(initial slope or flux control) at different rotenone 
concentrations, using measured or calculated val- 
ues of the parameters in the equations (L0, Lp, 
no, rip). 

According to this simple delocalised model, a 
linear rel~.fionship between the reversal rate and 
the ATP-itydrolysis rate should be observed when 
the passi, • flow of H + across the inner membrane 
is titrated with an uncoupler, in Fig. 3, it is shown 
that the measured reversal rate and ATP-hydroly- 
sis rate me in fact linearly related (data taken 
from Fig. 1). Moreover, for different rotenone 
concentrations it is predicted, and within experi- 
mental error observed, that the tines intersect on 
the X-axis. This plot can be used to calculate the 
values of the coefficients Lp and L0 under our 
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Fig. 3. Relation between rates of reverse electron transfer and 
ATP hydrolysis at different S-13 concentrations in v"t-llver 
mitochondria, in the presence of 0 (O o), 3 (lit g) 
and 6 ([3 D) ng rotenone per ms protein. Data from Fig. 

1 are replotted. 

experimental conditions, if we assume certain val- 
ues for n o and np. Although the proton 
stoichiometrv of Site 1 and ATPase are being 
discussed, we have assumed that n o = np ffi 3. The 
values of L~, and L 0 at different rotenonu con- 
centrations can now be used for the computation 
of the value of the flux control coefficient at 
different values of L o. It was found that the value 
of this control coefficient of uncoupler was essen- 
tially constant over a wide range of L 0 values that 
include the calculated Lo values in the actual 
experiments. Hence, although the model predicts a 
t~gher ,sensitivity of the reversal rate to S-13 in the 
presence of rntenone than in its absence, it turns 
out that this effect is very small when realistic 
values of the parameters are used for the calcula- 
tions. We suggest, therefore, that no further re- 
finements of the model are necessary to accom- 
modate the experimental results of uncoupler-in- 
hibitor titrations in isolated intact mitochondria. 
This conclusion is in contrast with that for sub- 
mitochondrial particles, where a direct coupling 
mechanism was postulated [7]. The reason for the 
different behaviour of intact mitochondria and 
submitochondrial particles in uncouples-inhibitor 
titrations still remains unclear. 

Appendix 

M N E T  model for the ATP-driven reverse eleetro~ 
transfer 

A simple linear model of deloealised coupling 
based on mosaic non-equilibrium thermodynamics 

(MNET) as described by Van Dam et al. [15,18] 
has been used for the analysis of the experimental 
results. From the steady-state condition of zero 
net flow of protons across the membrane, it is 
possible to derive the equations for the rate of 
ATP hydrolysis (Jp) and reverse electron transfer 

(-Y0): 

J~ = L, [ (L .  + Lo.~)a~. -  ~.o, , .a~o] (1) 
LH + Lon~ + Lpn 2 

L0|LpnonpAG p - ( L  n + Lpn2p)A6o] 
- Jo LH + Lon~ + Lpn2 (2) 

where AGp and AG O are the free energy changes of 
the ATP hydrolysis and the redox reaction (malate 
+ 3-hydroxybutyratc --* succinatc + acetoacetate), 
respectively; np and n o stand for the number of 
proton~ that are transl~cated per ATP molecule 
hydrolysed and per two electrons transferred 
across the first site, respectively. L M is the propor- 
tionality constant between the passive flow of 
protons across the membrane and the force AIXH+. 
Lp and L o are the proportionality constants he- 
twean each flow (dp or -do) and the respective 
total thermodynamic force (AGp + npAl~H+; dG o 
+ n0AtXH.). These equations hold as long as the 
forces AGp and AG O are kept constant. 

EclnS. I a~3d 2 describe how Jp ~nd - Jo change 
when the leak is modified by adding increasing 
ammounts of uncoupler (L u increases) either in 
the absence or in the presence of rotenone (L0 is 
larger in the first situation) at constant values of 
the other parameters. Another useful equation can 
be derived by eliminating L u from Eqns. 1 and 2: 

- -  Lvn o LO 
- Jo = ~ d p  + "~p ( not'Gp- npdGo) 13) 

This equation relates the changes of the flows 
Jp and - Jo  when the passive flow of protons 
through the membrane is titrated with an uncou- 
pler. 

Uncoupler-inhibitor titration 
In order to express the effectiveness of an un- 

coupler to inhibit the output flow in the presence 
of a specific inhibitor of the output proton pump, 
several parameters can be considered, for instance 



(i) the titre required for full or  half  uncoupling of  
the output pump, or (it) the initial slope of the 
t i tration curve (relative output flow versus uncou- 
pler concentration). As already discussed by 
Pietrohon and Caplan  [8], the l inear model pre- 
dicts that the uncoupler  titre required for full 
inhibition of the output  pump is not  changed 
upon par t ia l  inhibition of  the output pump. Here  
we show that according to the same model,  the 
initial slope of the t i trat ion curve is higher in the 
presence of  the inhibitor of  the output  pump. 

I f  we take the approximation that  L N is either 
zero or  much smaller than L p n ~  in the absence of  
added uncoupler, Eqn. 2 can be  simplified to: 

LoLpn p( nO,¢4~ p -- npAGo ) 
-- Jo(O) Lon~ + Lpn2p (4) 

Than,  the relative rate  of  reverse electron trans- 
fer at  any uncoupler concentration is the rat io 
- S o  (Eqn. 2) over - J0(O)  (Eqn. 4): 

-Jo 
-So(O) 

[LpnonpaGp-(L . + Lpng)AGol(Lon~ ÷ Lpng) (5) 
Lpnp( , 0 ~ p  -- npaG0) ( L.  + Lon ~ + Lp,Zg) 

After  taking the derivative and substi tuting L:a 
= 0:  

d - ' t °  

t . ~ .  J . . . .  

- no(  LonoaGo + Lp n p~Gp ) 
(6)  

Zp,,p(,,oa~p- ,,~a~o)(Lo,,~ + L~,, D 

This  equation shows how the init ial  slope of  the 
t i tration curve depends on L o (which is inversely 
related to the rotenone concentration) at  constant 
values of the other  parameters.  

An  alternative approach to est imate how the 
contribution of the leak pathway to the control  of  
the reverse electron transfer changes in the pres- 
ence of  zotanone is to calculate the flux control  of  
the leak at  different L o values. F rom the defini- 
t ion 

JoC 1 = d(d~H°) LH 
(--'I0) 
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and using Ex:ln. 2 it follows tha~: 

- LHnO( Lono~G o + LpnpAG~) 
Joci 

- -  2 z z [ Lpnon#Gp ( L .  + Lpnp)~O]( L .  + Lo .o  + L p . p )  

(7) 
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