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The effect of inhibitors of proton pumps, of uncouplers and of permeant ions on the relationship between input
force, Ajiy +, 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, Afiy+, in an
extended range of Af, +, independently of whether the H *-generating pump is the ATPase or a redox pump, or
whether Afi,+ 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
Ajiy -+ The flow—force relationships differ depending on whether the depression of A+ is induced by inhibitors of
the H *-generating pump, by uncouplers or by lipophilic anions. (3) With the ATPase as H *-consuming pump, at
equivalent Afi,+ values, the output flow is more markedly inhibited by malonate than by uncouplers; the latter,
however, are more inhibitory than lipophilic anions such as ClO, . With redox site I as proton-consuming pump, at
equivalent Ag -+ values, the output flow is more markedly inhibited by oligomycin than by uncouplers; again,
uncouplers are more inhibitory than C10, . (4) The results provide further support for a delocalized interaction of
transhydrogenase with other H *-pumps.

Introduction

The establishment of Afi+ 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: Afiy+, transmembrane electrochemical proton gradi-
ent; ApH, transmembrane pH gradient; Ay, transmembrane electri-
cal potential gradient; EGTA, ethylene glycol bis(8-aminoethyl
ether)-N,N,N’, N -tetraacetic acid; FCCP, carbonyl cyanide p-triflu-
oromethoxyphenylhydrazone; ApSA, P!P3-di(adenosine-5-)penta-
phosphate; Jyapn, rate of NAD™ reduction by reverse electron
flow at redox site I; Jyappy, rate of NADPH formation by transhy-
drogenation; J,pp: 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 Afpy+ is assumed to be the sole and competent
intermediate in free-energy transfer between H'-gen-
erating and HY-consuming pumps, the pattern of
flow—force relationships should be independent of how
Ap -+ is varied. Several studies on flow—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 A4+ suffer from several experimental
errors which render the conclusions based on the
A +measurements uncertain.

In a study on the transhydrogenase reaction, Ernster
et al. [12] showed that oligomycin, uncouplers and the
ATPase F;-inhibitor protein have different effects on
the rates of ATP-driven succinate-linked NAD™ 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 Aji,+ 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 Ag+ 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+

Materials and Methods

Determination of output flows: Jy 4pus Jarps Inapprr
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
Afiy+ 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 Afiy+ 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™
(Jnappn) Was followed by monitoring NADH formation
spectrophotometrically at 340 nm, in the presence of
0.5 mM NAD™, 10 mM succinate, 0.5 pg/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 (Jy,ppy), 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 (J,rp) 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
uM ApSA to inhibit the adenylate kinase reaction.
J.rp 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 g/mg protein oligomycin, 1 uM
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 Ay in the presence of 1
uM 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 Af,; +

All measurements were carried out in the presence
of 10 mM NHj (as (NH,),HPO,), 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 ClO; (as KCIO,) as
permeant anion. The lower limit of ApH detection was
0.5 units. A+ determinations were thus carried out
by measuring only Ay, which was assayed by monitor-
ing the energy-linked Oxonol VI response (see below).
The use of this technique allowed us to record Ay and
energy-driven reactions in parallel samples under the
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Fig. 1. Calibration of Oxonol VI response by CIO; 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 (NH,),HPO,, 16 mM KCIO, and 4 uM
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 A4y, repectively. Additions were: 10 mM
succinate-Tris, 0~10 mM malonate. The measurements were carried
out in the absence (0O) or in the presence (@) of 0.15 ug/ml
oligomycin. Ag3p_gq2 refers to the absorbance by Oxonol VI and 4y
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 [26]. 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 Ay was carried out on the basis of
the distribution of a permeant anion, ClO; [27], mea-
sured in an open thermostatted and stirred suspension
of submitochondrial particles (see legend to Fig. 1 for
medium composition), at different Ay values using a
ClO, -sensitive electrode. Anaerobiosis was avoided by
continuously oxygenating the suspension. ClO, 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 ul/mg protein. In order to measure the
Oxonol VI response, submitochondrial particles were
incubated in the selected medium in the presence of 1
M Ozxonol 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~! cm ™. Oxonol VI absorbance was monitored
at 630-602 nm in an Aminco DW-2 dual wavelength
spectrophotometer fitted with a magnetic stirrer. The
ClO, 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 pHM26 mVoltmeter and to a
Linseis 1512 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 MgCl,, 10 mM MnCl,, 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 Jyapy, the
rate of ATP-driven, succinate-linked NAD™* reduction
at site I, on Jy ppp, the rate of the transhydrogenase
reaction, and on the levels of A (Afy+). Low concen-
trations of oligomycin induced a slight increase in Ay,
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, or other subunits
[12,15]. In agreement with the observations by Ernster
et al. [12,30], Jyapy Was markedly depressed by the
addition of even low concentrations of oligomycin (Fig.
2). Furthermore, oligomycin also had a markedly higher
inhibitory effect on Jy,py than on Jyappy and on the
level.of Ay (Afigg+). Jyappn correlated well with the
level of Ay (Afiy-+), while Jyapy did not.

The relationship between Jyappy and A¢ 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 (Jyapy) and transhydrogenation (Jysppy ) and on
Ay. Submitochondrial particles (0.14 mg/ml) were incubated for S
min in a medium composed of 0.18 M sucrose, 30 mM Tris-Mops
(pH 7.3), 5 mM magnesium acetate, 5 mM (NH,),HPO,, 0.5 mM
EGTA, 2 mM ATP, 10 mM phosphocreatine, excess of creatine
kinase, 0.5 pg/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 uM
Oxonol VI, and the reaction was started by the addition of 0.5 mM
NAD™; for NADP* reduction the medium also contained 50 uM
NADH, 0.2 M ethanol, excess alcohol dehydrogenase, 5 mM hydra-
zine and 4 uM rotenone, and the reaction was started by the
addition of 0.5 mM NADP™. Assays of Ay were carried out in a
parallel sample in the presence of 1 uM Oxonol VI. Symbols denote:
B, Jyapn: ® Inappa; O, Av during NAD™* reduction; O, Ay
during NADP* reduction. In the absence of oligomycin, Jypyy and
Ay 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 FCCP is shown in Fig. 3. In accordance with the
data in Fig. 2, Jyappy increased linearly with Ay over
a wide range. Interestingly, the same linear relation-
ship was found with both oligomycin and FCCP. Thus,
with the transhydrogenase as the H*-consuming pump,
the flow-force relationship was independent of the

agent depressing A -

Determination of the effects of oligomycin and
FCCP on ATP-driven Jy,py (site I reversal) and Ay
yielded flow—force relationships with considerably more
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Fig. 3. Relationship between the rate of ATP-driven NADP* reduc-

tion (Jyappy) and Ay in the presence of varying concentrations of

oligomycin or FCCP. The measurements were carried out as de-

scribed in Fig. 2. Additions were: O, 0-259 ng oligomycin/mg
protein; ®, 0-200 pmol FCCP /mg protein.

pronounced slopes than in the case of Jy ppy (Fig.
4A). Inhibition of Jy,py by FCCP was accompanied
by a somewhat larger depression of Ay than in the
case of oligomycin, so that the slope of the plot was
less steep. It should be stressed that a difference in the
slope of the flow—force relationships obtained in the
presence of oligomycin or FCCP was found indepen-
dently of whether a small Afiy+ increase was induced
by pretreatment with low oligomycin concentrations
(not shown). In all cases the depression of Ay at
equivalent extents of inhibition of Jy,py was larger in
the presence of uncouplers. Occasionally, low concen-
trations of oligomycin induced an increase in A,
which, unexpectedly, was accompanied by a depression
rather than an increase of Jy,py (Fig. 4B).

A permeable anion, ie., ClO, was then used to
depress Afiy+ Fig. 5 shows the relationship between
Jnapu and Ay (Afy-+) in the presence of FCCP or
ClO; . As can be seen in Fig. 5 the slope of the plot
was much less steep in the case of ClO,; as compared
to FCCP. Thus, with ClIO,; as Ajiy.-depressing agent,
much larger changes of A+ were required to achieve
an inhibition of Jy,py equivalent to that observed
with FCCP. However, because of the limited sensitivity

A
a
i ] . 60
Al
J e
/] £
o
£
<
I
| 820
o Z
e
1 1 1
50 100 150
A\f,mV

B
N
i /
/Y
/
- O/o //,
—
a1l °|/ ./ ] L
80 100 120 140 160
Ay.mV

Fig. 4. Relationship between the rate of ATP-driven NAD™* reduction at site I (Jyapg) 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): ®, 0-125 ng
oligomycin /mg protein; O, 0~144 pmol FCCP /mg protein; (B): ®, 0-95 ng oligomycin /mg protein; 0, 0—150 pmol FCCP /mg protein.
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Fig. 5. Titrations of Jyapy and Ay with FCCP or ClO; . The

measurements were carried out as described in the legend of Fig. 2.

Additions: O, 0-214 pmol FCCP/mg protein; ®, 0-1.6 mM KClO,.

ApH 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
ClO, , 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 Jyappy, Jate
and Ay (Afiy-) (Fig. 6) which was comparable to that
of oligomycin (cf. Fig. 2). Interestingly, at the same
malonate concentration, the level of A4 during trans-
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Fig. 6. Malonate titrations of the rates of succinate-driven ATP
synthesis (J,rp) and transhydrogenation (Jyappp), and of 4¢. Sub-
mitochondrial particles (0.14 mg/ml) were incubated for 5 min in a
medium containing 0.18 M sucrose, 30 mM Tris-Mops (pH 7.3), 5
mM magnesium acetate, 5 mM (NH,),HPO,, 0.5 mM EGTA, 10
mM succinate-Tris, 4 M rotenone and the indicated concentrations
of malonate. The temperature was 25°C. In the case of ATP synthe-
sis additions were: 50 uM ApSA, excess glucose-6-phosphate dehy-
drogenase and hexokinase, 5 mM glucose, 0.5 mM NADP, and 5 mM
P;-Tris; the reaction was started by the addition of 0.2 mM ADP. In
the case of NADP* reduction additions were: 50 uM NADH, 1.5
rg/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 uM Oxonol VI. Symbols denote: O, Jo1p; ®,
Jnappr; W, AY during ATP synthesis; O, 4¢ during NADP*
reduction.
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Fig. 7. Relationship between succinate-driven Jyappy and Ay in
titrations with malonate or FCCP. The measurements were carried
out as described in the legend of Fig. 6. Additions were: ®, 0-5 mM
malonate; O, 0-214 pmol FCCP /mg protein.

hydrogenation was lower than that found during ATP
synthesis.

The effect of malonate and FCCP on Jysppy and
Ay is shown in Fig. 7. In accordance with the data of
Fig. 6 and similar to the flow—force relationship of Fig.
3, Juappu decreased linearily with Ay in the range
investigated, regardless of whether malonate or FCCP
was used to depress Afy+.

Malonate and FCCP also caused a marked depres-
sion of J,5p (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 J,p and Ay in
the presence of FCCP and ClO, . Similar to the results
in Fig. 5, a more extensive decrease of Ay~ was
necessary with ClO; to achieve extents of inhibition of

80

S
g ‘min

)
T

JaTp.NMol-m

125
AV,mV
Fig. 8. Relationship between succinate-driven Jop and Ay in titra-
tions with malonate or FCCP. The measurements were carried out as
described in the legend of Fig. 6. Additions: ®, 0-2.5 mM malonate;
0, 0-214 pmol FCCP /mg protein.
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Fig. 9. Relationship between succinate-driven Jop and Ay in titra-
tions with FCCP and ClO, . The measurements were carried out as
described in the legend of Fig. 6. Additions: O, 0-214 pmol
FCCP /mg protein; ®, 0-2 mM Cl1O, .

Jarp €quivalent to those observed with FCCP. This
rendered the relationship J,1p vs. Aldg+ less steep
with ClIO, than with FCCP.

Discussion

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 Afi+ [5,9]. This behaviour, which reflects a
very steep dependence of the rate of ATP synthesis on
Afiy+, 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
Afiy+. This leads to a very steep flow—force relation-
ship between Jyspy or Jy1p and A+ 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 Jyppy
and Afiy+ 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 Jyappy
and Afy+ is identical with malonate and FCCP.

The linearity and proportionality characterizing the
relationship between Jy,ppy and Ay (Af ) (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 AG ° 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 [35-

37]. A AG° value close to zero implies that if AG is
held close to AG °, small fluctuations in either Afy+
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 Jyppy VS. Aptyy+ 1S
expected to go through the origin. In the case of the
other pumps, if AG =A4G°, the flow will be zero at
Afy+=AG® /n (where n is the stoichiometry of the
H*-consuming pump). In other words, a threshold value
of Afiy+ 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+
depends on how Afiy-+ is varied {3,4]. In particular, it
has been stressed that agents causing a decrease in
Afig+ 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 1 as H*-consuming pumps; (i) 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 Agg+ [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
Afiy+ 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 Agi;+ assays.

The present results may be compared with those
reported by Jackson and co-workers using Rhodobacter
capsulatus chromatophores [16,17]. The transhydro-



genase of that organism also obeys a nearly linear and
proportional relationship between Jyppy and Ad g+,
which does not depend on the means used to modulate
these parameters. Cotton and Jackson [17] report a
unique relationship between the rates of transhydro-
genation and ATP synthesis in these chromatophores.
This is taken to imply that the rate of phosphorylation
also depends in a unique way on the Ajy+ (the rela-
tionship was not determined directly). They also ob-
serve that the rate of the transhydrogenase reaction is
more resistant than ATP synthesis to addition of un-
couplers or respiratory inhibitors. This is explained as
being due to a differential regulation by Agy+ of ATP
synthesis and transhydrogenation. In our view this dif-
ferential sensitivity is not dissimilar to the less steep
dependence of Jyappy On a Afiy+ observed in the
present work. In previous work Melandri and collabo-
rators had favoured a localized coupling model in
chromatophores [7,8].

In summary, we have to consider three features of
the flow—force relationships when either the trans-
hydrogenase is coupled to the redox or the ATPase
proton pump or the redox and the ATPase pumps are
coupled together. The three features are: (i) linearity;
(ii) proportionality; and (iii) differential effects of vari-
ous agents or inhibitors. In the case of the transhydro-
genase of submitochondrial particles it appears that
the flow—force relationship has the characteristics of
linearity and proportionality and in addition no differ-
ential effects between the various agents or inhibitors
are observed. In the case of the ATPase and the redox
pumps, on the other hand, all three features are differ-
ent in that there is no linearity and no proportionality,
and the effects of the various inhibitors are not identi-
cal. As discussed previously, while non-linearity and
non-proportionality may be attributed to the thermody-
namic and kinetic properties of the redox and ATPase
proton pumps, as compared to the transhydrogenase
proton pump, this explanation is not sufficient for the
differential effects of the various inhibitors. For these
latter effects we are left with the alternative of either
some specific interaction of the inhibitor with either of
the pumps participating in the coupling process or with
the concept of localized interaction between the pumps.
We have no experimental evidence to choose between
the two alternatives. However, the choice between one
of these two alternatives has important implications as
for the nature of the proton circuit connecting the
transhydrogenase to the other proton pumps. In fact,
the view that no localized proton circuits are operating
in the case of the transhydrogenase proton pump, i.e.,
that this pump is completely delocalized with respect
to the redox and ATPase proton pumps, provides indi-
rect support for the parallel concept of the existence of
localized proton circuits between the redox and ATP-
ase proton pumps.
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