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The effect of inhibitors of proton pumps, of uncouplers and of permeant ions on the relationship between input 
force, A/I n ÷, and output flows of the ATPase, redox and transhydrogenase H +-pumps in submitochondrial particles 
was investigated. It is concluded that: (1) The decrease of output flow of the transhydrogenase proton pump, defined 
as the rate of reduction of NADP + by NADH, is linearily correlated with the decrease of input force, A/I H +, in an 
extended range of A/IH÷, independently of whether the H +-generating pump is the ATPase or a redox pump, or 
whether A/IH÷ is depressed by inhibitors of the H +-generating pump such as oligomycin or malonate, or by 
uncouplers. (2) The output flows of the ATPase and of the site I redox H +-pumps exhibit a steep dependence on 
A/I H +. The flow-force relationships differ depending on whether the depression of A/I H + is induced by inhibitors of 
the H +-generating pump, by uncouplers or by iipophilic anions. (3) With the ATPase as H +-consuming pump, at 
equivalent A/ in+  values, the output flow is more markedly inhibited by malonate than by uncouplers; the latter, 
however, are more inhibitory than lipophilic anions such as CIO4-. With redox site I as proton-consuming pump, at 
equivalent A/ in+  values, the output flow is more markedly inhibited by oligomycin than by uncouplers; again, 
uncouplers are more inhibitory than CIO4-. (4) The results provide further support for a delocalized interaction of 
transhydrogenase with other H +-pumps. 

Introduction 

The establishment of A/2n+ as the sole and compe- 
tent intermediate for free-energy transfer between 
H+-generating and H+-consuming pumps [1] requires a 
detailed kinetic and thermodynamic analysis. One ap- 
proach is that of analyzing the relationship between 
input force and output flow of the H+-consuming pump 

Abbreviations: A/2H+ , transmembrane electrochemical proton gradi- 
ent; ApH, transmembrane pH gradient; A0, transmembrane electri- 
cal potential gradient; EGTA, ethylene glycol bis(/3-aminoethyl 
ether)-N,N,N',N'-tetraacetic acid; FCCP, carbonyl cyanide p-triflu- 
oromethoxyphenylhydrazone; Ap5A, P1PS-di(adenosine-5'-)penta- 
phosphate; JNAOH, rate of NAD + reduction by reverse electron 
flow at redox site I; JNAOpH, rate of NADPH formation by transhy- 
drogenation; JATP: Rate of phosphorylation. 

Correspondence: G.F. Azzone, CNR Unit for the Physiology of 
Mitochondria and Institute of General Pathology, University of 
Padova, via Trieste 75, 35121 Padova, Italy. 

under  conditions where the input force is varied by the 
addition of different uncoupling agents and pump in- 
hibitors. 

If  A/2H+ is assumed to be the sole and competent  
intermediate in free-energy transfer between H+-gen - 
erating and H+-consuming pumps, the pat tern of 
f low-force relationships should be independent  of how 
A/IH+ is varied. Several studies on f low-force relation- 
ships have failed to demonstrate  such an independence 
[2-9]. Recently, however, a number  of objections have 
been raised against these results [4,10,11]. Thus, it has 
been claimed [4,10,11] that the assays employed for 
determining A~H+ suffer from several experimental  
errors which render the conclusions based on the 
A/2H+measurements uncertain. 

In a study on the transhydrogenase reaction, Ernster  
et al. [12] showed that oligomycin, uncouplers and the 
ATPase  Fl-inhibitor protein have different effects on 
the rates of ATP-driven succinate-linked N A D  + re- 
duction and of ATP-driven transhydrogenation, and 
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concluded that the mechanism of energy coupling in 
these two reactions are different, i.e., localized in the 
latter case (for a review on transhydrogenase see ref. 
13). Eytan et al. [14] compared ATP hydrolysis and 
reduction of NADP + by NADH in reconstituted lipo- 
somes containing both purified mitochondrial ATPase 
and transhydrogenase. At limiting ATP concentrations, 
3 mol of NADPH were formed per ATP hydrolyzed. 
On the basis of an assumed ATPase stoichiometry of 3 
H ÷ translocated per ATP hydrolyzed, it was concluded 
that one H + is translocated per NADPH formed. In 
the vesicles, the ATPase may be replaced by bacterio- 
rhodopsin as primary H÷-pump. The data were taken 
to support a role of the bulk A/2H+ in the interaction 
between the two pumps. This conclusion was also sup- 
ported by a recent study using so-called double in- 
hibitor and inhibitor/uncoupler titrations, with sub- 
mitochondrial particles or reconstituted transhydro- 
genase-ATPase vesicles as the source of transhydro- 
genase [15]. Thus, the available evidence strongly sug- 
gests that the mitochondrial transhydrogenase interacts 
in a delocalized manner with the bulk A/2H+ regardless 
of the nature of the primary H+-pump. A similar 
conclusion was reached by Jackson and coworkers uti- 
lizing Rhodobacter capsulatus chromatophores [16,17]. 

As revealed by ATP-driven succinate-linked reduc- 
tion of NAD +, coupling at the first site appears to be 
more complicated, and has been suggested to be local- 
ized [18,19,29]. However, the latter conclusion has been 
challenged by the observation that effects of inhibitor- 
uncouplers on ATP-driven succinate-linked reduction 
of NAD + in rat liver mitochondria are compatible with 
a chemiosmotic mechanism [20]. The reason for the 
different behaviour of intact mitochondria and sub- 
mitochondrial particles in some inhibitor-uncoupler 
titrations still remains unclear. 

Data on the flow-force relationships characterizing 
various energy-transduction processes and on the man- 
ner by which these relationships are altered by in- 
hibitors are necessary in order to draw correct conclu- 
sions from double-inhibitor and inhibitor-uncoupler 
titrations. The present investigation was therefore car- 
ried out in order to test whether the previously ob- 
tained results and interpretations would be compatible 
with a more refined analysis based on the relationship 
between the rates of the energy-linked reactions in- 
volved and the magnitude of A/2H+. 

Materials and Methods 

Determination of  output flows: JNADH' JATP' JNADPH 
Submitochondrial particles were incubated for a 5 

min period in 2 ml of the selected medium (see legends 
to the figures) in thermostatted cuvettes. Generation of 
A].~H+ by ATP hydrolysis was carried out with 2 mM 
ATP in the presence of non-limiting amount of crea- 

tine kinase and 10 mM phosphocreatine, whereas gen- 
eration of A/2H+ by succinate oxidation was achieved 
by adding 10 mM succinate to the medium. After 
incubation, depending on the reaction to be measured, 
the energy-driven reaction was started by the addition 
of NAD + , NADP ÷ or ADP. 

ATP-driven succinate-linked reduction of NAD + 
(JNADH) was followed by monitoring NADH formation 
spectrophotometrically at 340 nm, in the presence of 
0.5 mM NAD +, 10 mM succinate, 0.5/~g/ml antimycin 
A, 2 mM ATP and the ATP-regenerating system de- 
scribed above. During the assay of reduction of NADP + 
by NADH by transhydrogenase (JNADPH), the concen- 
tration of NADH was kept constant by regenerating 
NADH with 0.2 M ethanol and non-limiting amounts 
of alcohol dehydrogenase in the presence of 5 mM 
hydrazine [21]. 

In the assay for ATP synthesis (JATP) the medium 
contained 5 mM glucose, 0.5 mM NADP +, and non- 
limiting amounts of glucose-6-phosphate dehydro- 
genase and of hexokinase. ATP synthesis was followed 
by monitoring the formation of NADPH spectrophoto- 
metrically at 340 nm. The medium also contained 50 
/~M Ap5A to inhibit the adenylate kinase reaction. 
JATP was corrected for residual adenylate kinase activ- 
ity by subtracting the rate of ATP formation (4-5 
nmol/min per mg) measured in a parallel incubation 
supplemented with 1/,~g/mg protein oligomycin, 1/~M 
antimycin and 1/~M FCCP. 

Control experiments were routinely carried out in 
order to check that the above-mentioned regenerating 
systems were not rate-limiting; doubling either the 
particle concentration or the enzyme concentration did 
not change the measured rates of the energy-driven 
reactions. Measurement of aq, in the presence of 1 
/~M Oxonol VI did not interfere with the rates of the 
transhydrogenase-catalyzed reduction of NADP + by 
NADH, or with aerobic ATP synthesis. However, Ox- 
onol VI had an inhibitory effect (20-30%) on the rate 
of ATP-driven succinate-linked NAD + reduction. In 
order to take this effect into account, NADH forma- 
tion was followed in the presence of the same amount 
of Oxonol VI as used in the assay. 

Determination of  A fz . + 
All measurements were carried out in the presence 

of 10 mM NH~ (as (NH4)zHPO4), the presence of 
which resulted in an undetectable ApH as monitored 
by 9-aminoacridine fluorescence [22], in the presence 
as well as in the absence of C10 4 (as KCIO 4) as 
permeant anion. The lower limit of ApH detection was 
0.5 units. A/2H+ determinations were thus carried out 
by measuring only A~O, which was assayed by monitor- 
ing the energy-linked Oxonol VI response (see below). 
The use of this technique allowed us to record A~b and 
energy-driven reactions in parallel samples under the 
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Fig. 1. Calibration of Oxonol VI response by C10~- uptake. Submito- 
chondrial particles were incubated in a medium containing 0.18 M 
sucrose, 30 mM Tris-Mops (pH 7.3), 0.5 mM EGTA-Tris, 5 mM 
magnesium Acetate, 5 mM (NH4)2HPO4, 16 mM KC10 4 and 4/zM 
rotenone. The temperature was 25°C and the concentrations of 
protein were 0.14 mg/ml and 2 mg/ml in the determinations of 
Oxonol VI response and A~O, repectively. Additions were: 10 mM 
succinate-Tris, 0-10 mM malonate. The measurements were carried 
out in the absence (©) Or in the presence (e) of 0.15 /zg/ml 
oligomycin. A63o_6o z refers to the absorbance by Oxonol VI and Aft 
to the electrode-based determination of the membrane potential. 

same experimental conditions, including protein con- 
centrations and incubation times. 

Oxonol VI is a well-established indicator of mem- 
brane potential [23-25] when monitored at 630-602 
nm [261. Calibration of the Oxonol VI response was 
achieved electrometrically in parallel samples in sus- 
pensions of succinate-oxidizing submitochondrial parti- 
cles, in which the extent of energization was varied by 
the addition of malonate (Fig. 1). The electrometric 
determination of AO was carried out on the basis of 
the distribution of a permeant anion, CIO 4 [27], mea- 
sured in an open thermostatted and stirred suspension 
of submitochondrial particles (see legend to Fig. 1 for 
medium composition), at different AO values using a 
CIO4-sensitive electrode. Anaerobiosis was avoided by 
continuously oxygenating the suspension. CIO4 was 
added stepwise to the deenergized submitochondrial 
particle suspension, after which the submitochondrial 
particles were energized with succinate in the presence 
of varying concentrations of malonate. Deenergized 
conditions gave a correction factor for probe binding; 
no further corrections for probe binding [27] and activ- 
ity coefficients [28] were applied. The internal volume 
was taken as 1/xl /mg protein. In order to measure the 
Oxonol VI response, submitochondrial particles were 
incubated in the selected medium in the presence of 1 
/zM Oxonol VI, and the increase in Oxonol VI ab- 
sorbance was monitored. After 5 min of incubation the 
H+-consuming pump was started by the addition of the 
appropriate nucleotide, leading to a new lower value 
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due to a decreased membrane potential. The actual 
change in membrane potential was then calculated. 

Assays 
The changes in NADH and NADPH absorbance 

were measured at 340 nm in a Perkin-Elmer Lambda-5 
spectrophotometer, using an extinction coefficient of 
6.2 mM-1 cm-1. Oxonol VI absorbance was monitored 
at 630-602 nm in an Aminco DW-2 dual wavelength 
spectrophotometer fitted with a magnetic stirrer. The 
C10 4 sensitive electrode was built by sticking a PVC 
membrane containing Aliquat 336, an anion exchanger, 
to the body of a Radiometer F2112 selectrode. Output 
was fed to a Radiometer priM26 mVoltmeter and to a 
Linseis L512 chart recorder. 9-Aminoacridine fluores- 
cence measurements were carried out by using a 
Perkin-Elmer 650-40 fluorimeter at 400 and 460 nm as 
excitation and emission wavelength, respectively. All 
measurements were carried out under thermostatted 
conditions. 

Preparations 
Bovine heart submitochondrial particles were pre- 

pared according to Petronilli et al. [29] in a medium 
containing 0.25 M sucrose, 10 mM Tris-Mops, 5 mM 
ATP, 5 mM MgC12, 10 mM MnCI 2, 5 mM succinate 
and 2 mM dithiothreitol. 

Chemicals 
Oxonol VI was a gift from Dr. W.G. Hanstein 

(Department of Biochemistry, Bochum University, 
F.R.G.). Enzymes and nucleotides were purchased from 
Sigma. 

Results 

Fig. 2 shows the effects of oligomycin on JNADH, the 
rate of ATP-driven, succinate-linked NAD ÷ reduction 
at site I, on JNADPH, the rate of the transhydrogenase 
reaction, and on the levels of A~O (A/2H+). Low concen- 
trations of oligomycin induced a slight increase in Aqt, 
parallelled by an enhancement of the rate of the trans- 
hydrogenase reaction. This effect is in agreement with 
previous observations that in the presence of low 
amounts of oligomycin the leakiness of the membrane 
for H ÷ was lowered by the reaction of oligomycin with 
the ATPase complex lacking F 1 or other subunits 
[12,15]. In agreement with the observations by Ernster 
et al. _[12,30], JNADH w a s  markedly depressed by the 
addition of even low concentrations of oligomycin (Fig. 
2). Furthermore, oligomycin also had a markedly higher 
inhibitory effect on JNAOH than on JNADen and on the 
level of A~b (A/2Ij+). JNADPn correlated well with the 
level of A~O (A/2Ij+), while JNADn did not. 

The relationship between JNngen and AqJ in the 
presence of increasing concentrations of oligomycin 
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Fig. 2. Effects of oligomycin on the rates of ATP-driven NAD + 
reduction at site I (JNADH) and transhydrogenation (J~ADPH) and on 
A@. Submitochondrial particles (0.14 mg/ml )  were incubated for 5 
min in a medium composed of 0.18 M sucrose, 30 mM Tris-Mops 
(pH 7.3), 5 mM magnesium acetate, 5 mM (NH4)2HPO4, 0.5 mM 
EGTA, 2 mM ATP, 10 mM 15hosphocreatine, excess of creatine 
kinase, 0.5 /zg/ml antimycin A, and the amounts of oligomycin 
indicated. The temperature was 25°C. Additions: for NAD + reduc- 
tion the medium also contained 10 mM succinate-Tris and 1 /xM 
Oxonol VI, and the reaction was started by the addition of 0.5 mM 
NAD+; for NADP + reduction the medium also contained 50 /zM 
NADH, 0.2 M ethanol, excess alcohol dehydrogenase, 5 mM hydra- 
zine and 4 ~M rotenone, and the reaction was started by the 
addition of 0.5 mM NADP +. Assays of A¢ were carried out in a 
parallel sample in the presence of 1 p,M Oxonol VI. Symbols denote: 
I I ,  JNADH; O, JNADPH; O, A@ during NAD + reduction; O, A@ 
during NADP + reduction. In the absence of oligomycin, JNADH and 
A¢ were 60 nmol/min per mg and 156 mV, respectively, during 
NAD + reduction. During NADP + reduction the corresponding 

values were 72 nmol/min per mg and 144 mV. 

and F C C P  is shown in Fig. 3. In  acco rdance  with  the  
da t a  in Fig. 2, JNADPH inc reased  l inear ly  wi th  A 0 over 
a wide  range .  In teres t ingly ,  the  same l inea r  re la t ion-  
ship was found  with  bo th  o l igomycin  and FCCP.  Thus,  
with the  t r anshyd rogenase  as the  H+-consuming  pump,  
the  f l o w - f o r c e  re la t ionsh ip  was i n d e p e n d e n t  of  the  
agen t  depress ing  A/XH+. 

D e t e r m i n a t i o n  of  the  effects  of  o l igomycin  and 
F C C P  on A T P - d r i v e n  JNADH (si te  I reversa l )  and  A@ 
yie lded  f l o w - f o r c e  re la t ionsh ips  with cons ide rab ly  m o r e  
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Fig. 3. Relationship between the rate of ATP-driven NADP + reduc- 
tion (JNADPH) and A@ in the presence of varying concentrations of 
oligomycin or FCCP. The measurements were carried out as de- 
scribed in Fig. 2. Additions were: ©, 0-259 ng oligomycin/mg 

protein; o, 0-200 pmol FCCP/mg protein. 

p r o n o u n c e d  s lopes  than  in the  case  of  JNADPH (Fig.  
4A). Inh ib i t ion  of  JNADH by F C C P  was a c c o m p a n i e d  
by a somewha t  l a rge r  dep res s ion  of  A~b than  in the  
case  of  ol igomycin,  so tha t  the  s lope  of  the  p lo t  was 
less s teep.  I t  should  be  s t ressed  tha t  a d i f fe rence  in the  
s lope  of  the  f l o w - f o r c e  re la t ionsh ips  o b t a i n e d  in the  
p re sence  of  o l igomycin  or  F C C P  was found  i n d e p e n -  
den t ly  of  w he the r  a small  A/.~H+ inc rease  was induced  
by p r e t r e a t m e n t  with low ol igomycin  concen t ra t ions  
(not  shown). In  all cases  the  dep res s ion  of  A~O at 
equ iva len t  ex tents  o f  inhibi t ion  of  JNADH was l a rge r  in 
the  p re sence  of  uncouplers .  Occas ional ly ,  low concen-  
t ra t ions  of  o l igomycin  induced  an increase  in A~b, 
which, unexpec ted ly ,  was a c c o m p a n i e d  by a dep re s s ion  

r a the r  than  an  increase  of  JNADH (Fig.  4B). 
A p e r m e a b l e  anion,  i.e., C lO  4 was then  used  to 

depress  A/2H+. Fig.  5 shows the re la t ionsh ip  be tween  
JNADH and  a ¢  (A/2H+) in the  p re sence  of  F C C P  or  
C10 4 .  As  can  be  seen  in Fig. 5 the  s lope  of  the  p lo t  
was much  less s teep  in the  case of  C104  as c o m p a r e d  
to FCCP.  Thus,  with CIO 4 as A/2H+-depressing agent ,  
much  la rger  changes  of  A/2H+ were  r equ i r ed  to achieve 
an inhib i t ion  of  JNADn equiva lent  to  tha t  obse rved  
with FCCP.  However ,  be c a use  o f  the  l imi ted  sensi t ivi ty 
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Fig. 4. Relationship between the rate of ATP-driven NAD + reduction at site I (JNADH) and A@ as obtained in titrations with oligomycin or 
FCCP. The measurements were carried out as described in the experimental section and in the legend of Fig. 2. Additions: (A): o, 0-125 ng 

oligomycin/mg protein; o, 0-144 pmol FCCP/mg protein; (B): o, 0-95 ng oligomycin/mg protein; o, 0-150 pmol FCCP/mg protein. 
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Fig. 5. Titrations of JNADH and A~ with FCCP or CIO 4 . The 
measurements were carried out as described in the legend of Fig. 2. 
Additions: ©, 0-214 pmol FCCP/mg protein; e, 0-1.6 mM KCIO 4. 
zlpH was found to be negligible ( < 0.5 units) in parallel experiments 

with 9-aminoacridine. 

of the ApH probe, an undetectable increase of ApH 
(lower than 0.5 units) might occur in the presence of 
CIO~-, which would lead to a less steep slope of the 
plot. 

Inhibition of succinate oxidation by malonate indi- 
cated that this agent had an effect on JNADPH, JATP 
and ~10 (A/2H+) (Fig. 6) which was comparable to that 
of oligomycin (cf. Fig. 2). Interestingly, at the same 
malonate concentration, the level of /tO during trans- 
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Fig. 6. Malonate titrations of the rates of succinate-driven ATP 
synthesis (]ATP) and transhydrogenation (JNAoPH), and of A~. Sub- 
mitochondrial particles (0.14 mg/ml) were incubated for 5 rain in a 
medium containing 0.18 M sucrose, 30 mM Tris-Mops (pH 7.3), 5 
mM magnesium acetate, 5 mM (NH4)2HPO4, 0.5 mM EGTA, 10 
mM succinate-Tris, 4/MV[ rotenone and the indicated concentrations 
of malonate. The temperature was 25°C. In the case of ATP synthe- 
sis additions were: 50/zM Ap5A, excess glucose-6-phosphate dehy- 
drogenase and hexokinase, 5 mM glucose, 0.5 mM NADP, and 5 mM 
Pi-Tris; the reaction was started by the addition of 0.2 mM ADP. In 
the case of NADP + reduction additions were: 50 /zM NADH, 1.5 
/~g/ml oligomycin, 0.2 M ethanol, excess of alcohol dehydrogenase 
and 5 mM hydrazine; the reaction was started by the addition of 0.5 
mM NADP +. determinations were carried out in parallel samples in 
the presence of 1 /~M Oxonol VI. Symbols denote: O, JATP; O, 
JNADmf; II, Zl~ during ATP synthesis; o,  A0 during NADP + 

reduction. 
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Fig. 7. Relationship between succinate-driven JNADPH and A0 in 
titrations with malonate or FCCP. The measurements were carried 
out as described in the legend of Fig. 6. Additions were: o, 0-5 mM 

malonate; ©, 0-214 pmol FCCP/mg protein. 

hydrogenation was lower than that found during ATP 
synthesis. 

The effect of malonate and FCCP o n  JNADPH and 
A0 is shown in Fig. 7. In accordance with the data of 
Fig. 6 and similar to the flow-force relationship of Fig. 
3, JNADPH decreased linearily with A0 in the range 
investigated, regardless of whether malonate or FCCP 
was used to depress A/2H+. 

Malonate and FCCP also caused a marked depres- 
sion of JATP (Fig. 8). Although the difference was 
small, the slope of the plot was steeper with malonate 
than with FCCP (see however, Sorgato et al., Ref. 10). 
Fig. 9 shows the relationship between JATP and A~b in 
the presence of FCCP and C10~-. Similar to the results 
in Fig. 5, a more extensive decrease of Zl/2H+ was 
necessary with C10 4 to achieve extents of inhibition of 
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Fig. 8. Relationship between succinate-driven JATP and zl~b in titra- 
tions with malonate or FCCP. The measurements were carried out as 
described in the legend of Fig. 6. Additions: o, 0-2.5 mM malonate; 

©, 0-214 pmol FCCP/mg protein. 



302 

80 

E 
"7~n 

E 
~o 

d_ 

/J 
/ o  

o t 
• g 

o ! / .  / 

yo/° 
I [ I 

50 100 150 
A,f,mV 

Fig. 9. Relationship between succinate-driven JATP and A~ in titra- 
tions with FCCP and 0 0 4  . The  measurements  were carried out  as 
described in the legend of Fig. 6. Additions: ©, 0-214 pmol 

F C C P / m g  protein; o, 0 - 2  m M  C104 . 

JATP equivalent to those observed with FCCP. This 
rendered the relationship JATP VS. A/2H+ less steep 
with CIO 4 than with FCCP. 

D i s c u s s i o n  

It is now generally accepted that inhibition of redox 
pumps with respiratory inhibitors leads to a marked 
decrease in ATP synthesis, with comparatively small 
changes in A/2H+ [5,9]. This behaviour, which reflects a 
very steep dependence of the rate of ATP synthesis on 
A/2H+, has been analysed by the use of a non-linear 
non-equilibrium thermodynamic treatment [31-33]. 

The experiments of the present study indicate that 
the effect of oligomycin on the ATP-driven succinate- 
linked reduction of NAD + is similar to that of mal- 
onate on succinate-linked ATP synthesis. Addition of 
inhibitors of the H+-generating pump results in a 
marked inhibition of the rate of the H+-consuming 
pump in the presence of little or no depression of 
A/2H+. This leads to a very steep flow-force relation- 
ship between JNADH or JATP and At2H+. In contrast, in 
the case of the transhydrogenase, inhibition of ATPase 
with oligomycin and inhibition of succinate oxidation 
with malonate result in a parallel decrease in JNADPH 
and A/2H+ An additional difference between trans- 
hydrogenase on one hand, and ATP synthesis and the 
site I redox pump (as H+-consuming pumps) on the 
other, is that the linear relationship between JNADPH 

and A/2H+ is identical with malonate and FCCP. 
The linearity and proportionality characterizing the 

relationship between JNADPH and Aqj (A/2H+) (Figs. 3, 
7) contrast sharply with the form of the dependence on 
the same driving force of the rate of ATP synthesis and 
of NAD + reduction at Site I (Figs. 4, 8, 9). The 
difference may be related to the different A G  ° values 
for these reactions: about zero [29] for transhydrogena- 
tion, and more than 19 kJ/mol for ATP-driven succi- 
nate-linked NAD + reduction and ATP synthesis [ 3 5 -  

37]. A AG o value close to zero implies that if AG is 
held close to AG °, small fluctuations in either At2n+ 
or the nicotinamide nucleotide redox potential around 
the equilibrium point (i.e., zero) will lead to a transi- 
tion from NADPH formation to NADPH oxidation, or 
vice versa. Therefore, the plot of JNADPH VS. A/,/,H+ is 
expected to go through the origin. In the case of the 
other pumps, if AG = AG°, the flow will be zero at 
A/2n+= A G ° / n  (where n is the stoichiometry of the 
H +-consuming pump). In other words, a threshold value 
of A/2n+ is expected to be evident in the flow-force 
relationships of these pumps. Whether the difference 
in AG ° between the two classes of H + pumps may be 
sufficient to explain all the observed differences re- 
mains in any case to be clarified. 

A number of reports have appeared in the last 10 
years indicating that the relationship between output 
flow (for example rate of ATP synthesis) and A/2H+ 
depends on how A/2H+ is varied [3,4]. In particular, it 
has been stressed that agents causing a decrease in 
A/2H+ by activating various ion transport systems, such 
as protonophores or valinomycin plus K +, yield flow- 
force relationships which are less steep than those 
observed in the presence of agents which act directly at 
the level of the H+-generating pump [5], e.g., malonate 
or antimycin A (cf. Ref. 38). In general, the present 
results agree with these observations, i.e., (i) there is a 
pronounced difference in the slope of the flow-force 
relationship for different combinations of pumps, for 
example with the ATPase (inhibitor: oligomycin) or 
redox site II (inhibitor: malonate) as H+-generating 
and redox site I as H+-consuming pumps; (ii) with both 
combinations of H+-generating and H+-consuming 
pumps the difference in slope is slight between titra- 
tions with FCCP or with oligomycin, or with FCCP vs. 
malonate, but it becomes larger when the effect of the 
inhibitors of the H+-generating pump is compared with 
that of lipophilic anions. 

A major argument against the validity of the flow- 
force relationships has often been claimed to be a 
less-than-reliable determination of A/2H+ [4,10,11]. 
However, the present investigation clearly shows that 
the flow-force relationships for transhydrogenase are 
linear and almost proportional, and hold indepen- 
dently of whether the H +-generating pump is the AT- 
Pase or succinate-driven respiration, and of whether 
A/2H+ is depressed by inhibitors of the H+-generating 
pump or by uncouplers. The fact that the flow-force 
relationships of the other pumps show strikingly differ- 
ent patterns strongly suggests that these patterns, as 
well as those of the transhydrogenase, are conse- 
quences of the inherent pump properties rather than a 
result of erroneous A/2H+ assays. 

The present results may be compared with those 
reported by Jackson and co-workers using Rhodobacter 

capsulatus chromatophores [16,17]. The transhydro- 
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genase  of  tha t  o rgan i sm also obeys a near ly  l inear  and  

p r o p o r t i o n a l  r e la t ionsh ip  be tween  JNADeH and  A/i l l+,  
which does  no t  d e p e n d  on  the  means  used  to m o d u l a t e  
these  p a r a m e t e r s .  Co t ton  and  Jackson  [17] r e p o r t  a 
un ique  re la t ionsh ip  be tween  the  ra tes  of  t r anshydro-  
gena t ion  and A T P  synthesis  in these  ch roma top ho re s .  
This  is t aken  to imply tha t  the  ra te  of  phospho ry l a t i on  
also d e p e n d s  in a un ique  way on the  A/2H+ ( the  re la-  
t ionsh ip  was not  d e t e r m i n e d  directly).  They  also ob-  
serve tha t  the  ra te  of  the  t r anshydrogenase  r eac t ion  is 
m o r e  res is tan t  t han  A T P  synthesis  to add i t i on  of  un-  
couple rs  or  r e sp i r a to ry  inhibi tors .  This  is exp la ined  as 
be ing  due  to a d i f fe ren t ia l  r egu la t ion  by A/2H+ of  A T P  
synthesis  and  t r anshydrogena t ion .  In  our  view this dif- 
f e ren t ia l  sensi t ivi ty is no t  d iss imilar  to the  less s teep  
d e p e n d e n c e  of  JNADPU on a A/2I~+ obse rved  in the  
p r e s e n t  work.  In  previous  work  M e l a n d r i  and  col labo-  
ra to r s  had  favoured  a loca l ized  coupl ing  m o d e l  in 
c h r o m a t o p h o r e s  [7,8]. 

In  summary ,  we have to cons ider  t h r ee  f ea tu res  of  
the  f l o w - f o r c e  re la t ionsh ips  when  e i the r  the  t rans-  
hyd rogenase  is coup led  to the  redox  or  the  A T P a s e  
p r o t o n  p u m p  or  the  r edox  and  the  A T P a s e  p u m p s  are  
coup led  toge ther .  The  t h r e e  f ea tu res  are:  (i) l ineari ty;  
(ii) p ropor t iona l i ty ;  and  (iii) d i f fe ren t ia l  effects  of  vari-  
ous  agents  or  inhibi tors .  In  the  case of  the  t r anshydro-  
genase  of  submi tochondr i a l  par t ic les  it a p p e a r s  tha t  
the  f l o w - f o r c e  re la t ionsh ip  has  the  charac ter i s t ics  of  
l inear i ty  and  p ropor t i ona l i t y  and  in add i t i on  no differ-  
en t ia l  effects  be tween  the  var ious  agents  or  inh ib i tors  
a re  observed.  In  the  case of  the  A T P a s e  and  the  redox  
pumps ,  on the  o the r  hand,  all t h r ee  f ea tu re s  a re  differ-  
en t  in tha t  t he re  is no l inear i ty  and  no p ropor t iona l i ty ,  
and  the  effects  of  the  var ious  inhib i tors  a re  not  ident i -  
cal. As  d iscussed previously,  while  non- l inea r i ty  and  
non -p ropo r t i ona l i t y  may  be  a t t r i bu t ed  to the  t he rmody-  
namic  and  k ine t ic  p rope r t i e s  of  the  r edox  and  A T P a s e  
p ro ton  pumps ,  as c o m p a r e d  to the  t r anshyd rogenase  
p r o t o n  pump,  this  exp lana t ion  is not  suff icient  for  the  
d i f fe ren t ia l  effects  of  the  var ious  inhibi tors .  F o r  these  
l a t t e r  effects  we a re  left  with the  a l t e rna t ive  of  e i the r  
some specif ic  in te rac t ion  of  the  inh ib i tor  w i th  e i the r  of  
the  p u m p s  pa r t i c ipa t ing  in the  coupl ing  process  or  wi th  
the  concep t  of  loca l ized  in te rac t ion  b e t w e e n  the  pumps .  
W e  have no  expe r imen ta l  ev idence  to choose  b e t w e e n  
the  two a l ternat ives .  However ,  the  choice  b e t w e e n  one  
of  these  two a l te rna t ives  has  i m p o r t a n t  impl ica t ions  as 
for  the  n a t u r e  of  the  p r o t o n  circuit  connec t ing  the  
t r anshyd rogenase  to the  o t h e r  p ro ton  pumps .  In  fact,  
the  view tha t  no  loca l ized  p ro ton  circui ts  a re  o p e r a t i n g  
in the  case  of  the  t r anshyd rogenase  p r o t o n  pump,  i.e., 
tha t  this  p u m p  is comple t e ly  de loca l i zed  with r e spec t  
to the  r edox  and  A T P a s e  p ro ton  pumps ,  p rov ides  indi-  
rect  suppor t  for  the  pa ra l l e l  concep t  of  the  exis tence  of  
local ized p r o t o n  circui ts  b e t w e e n  the  redox  and  A T P -  
ase p r o t o n  pumps .  

References  

1 Mitchell, P. (1966) Biol. Rev. 41,445-502. 
2 Westerhoff, H.V., Melandri, B.A., Venturoli, G., Azzone, G.F. 

and Kell, D.B. (1984) FEBS Lett. 165, 1-5. 
3 Westerhoff, H.V., Melandri, B.A., Venturoli, G., Azzone, G.F. 

and Kell, D.B. (1984) Biochim. Biophys. Acta 768, 257-292. 
4 Ferguson, S.J. (1985) Biochim. Biophys. Acta 811, 47-95. 
5 Zoratti, M., Pietrobon, D. and Azzone, G.F. (1982) Eur. J. 

Biochem. 126, 443-451. 
6 Mandolino, G., De Santis, A. and Melandri, B.A. (1983) Biochim. 

Biophys. Acta 723, 428-439. 
7 Baccarini-Melandri, A., Casadio, R. and Melandri, B.A. (1977) 

Eur. J. Biochem. 78, 389-402. 
8 Casadio, R., Baccarini-Melandri, A. and Melandri, B.A. (1978) 

FEBS Lctt. 87, 323-328. 
9 Zoratti, M. and Petronilli, V. (1985) FEBS Lett. 193, 276-282. 

10 Sorgato, M.C., Lippe, G,  Serena, S. and Ferguson, S.J. (1985) 
FEBS Lett. 181, 323-327. 

11 Woelders, H., Putters, J. and Van Dam, H. (1986) FEBS Lctt. 
204, 17-21. 

12 Ernster, L., Juntti, H. and Asami, H. (1973) J. Bioenerg. 4, 
149-159. 

13 Rydstr6m, J., Persson, B. and Carlenor, E. (1987) in Coen~ymes 
and Cofactors (Dolphin, D., Poulson, R. and Avramovic, O., eds.) 
Wiley-lnterscience, New York, pp. 433-457. 

14 Eytan, G.D., Persson, B., Ekebacke, A. and Rydstr6m, J. (1987) 
J. Biol. Chem. 262, 5008-5014. 

15 Persson, B., Berden, J.A, Rydstr6m, J. and Van Dam, K. (1987) 
Biochim. Biophys. Acta 894, 239-251. 

16 Cotton, N.P.J., Myatt, J.F. and Jackson, J.B. (1987) FEBS Lett. 
219, 88-92. 

17 Cotton, N.P.J. and Jackson, J.B. (1988) FEBS Lctt. 229, 303-307. 
18 Herweijer, M.A., Berden, J. and Slater, E.C. (1986) Biochim. 

Biophys. Acta 849, 276-287. 
19 Yagi, T., Matsuno-Yagi, A., Vik, S.B. and Hatefi, Y. (1984) 

Biochemistry 23, 1029-1036. 
20 Sanchez-Olavarria, J., Lambers, A. and Van Dam, K. (1988) 

Biochim. Biophys. Acta 936, 108-113. 
21 Rydstr6m, J. (1979) Methods Enzymol. 55, 261-275. 
22 Casadio, R. and Melandri, B.A. (1985) Arch. Biochem. Biophys. 

238, 219-228. 
23 Bashford, C.L. and Thayer, W. (1977) J. Biol. Chem. 252, 8459- 

8463. 
24 Bashford, C.L. and Smith, J.C. (1979) Methods Enzymol. 55, 

569-586. 
25 Waggoner, A.S. (1979) Annu. Rev. Biophys. Bioenerg. 8, 47-68. 
26 Kiehl, R. and Hanstein, W.G. (1984) Biochim. Biophys. Acta 766, 

375 -385. 
27 Berry, E.A. and Hinkle, P.C. (1983)J. Biol. Chem. 250, 1474-1486. 
28 Azzone, G.F., Pietrobon, D. and Zoratti, M. (1984) Curt. Top. 

Bioenerg. 13, 1-77. 
29 Petronilli, V., Azzone, G.F. and Pietrobon, D. (1988) Biochim. 

Biophys. Acta 932, 306-324. 
30 Danielson, L. and Ernster, L. (1963) Biochem. Z. 338, 188-205. 
31 Pietrobon, D. and Caplan, S.R. (1985) Biochemistry 24, 5764- 

5776. 
32 Pietrobon, D. and Caplan, S.R. (1985) FEBS Lett. 192, 119-122. 
33 Pietrobon, D. (1986) Bioelectrochem. Bioenerg. 15, 193-209. 
34 Kaplan, N.O., Colowick, S.P. and Neufelt, E.F. (1953) J. Biol. 

Chem. 205, 1-15. 
35 Rosing, J. and Slater, E.C. (1972) Biochim. Biophys. Acta 267, 

275-290. 
36 De Jonge, P.C. and Westerhoff, H.V. (1982) Biochem. J. 204, 

515-523. 
37 Scholes, T.A. and Hinkle, P.C. (1984) Biochemistry 23, 3341-3345. 
38 Luvisetto, S., Pietrobon, D. and Azzone, G.F. (1987) Biochem- 

istry 26, 7332-7338. 


