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Following the appearance of two papers in this journal commenting on the logic of the application of un-
coupler-inhibitor titrations as a means of discriminating between ‘delocalized’ and ‘localized’ chemiosmotic
mechanisms [(1984) FEBS Lett. 176, 79-82; (1985) FEBS Lett. 186, 8-10], and in contrast with the argu-
ments presented there and elsewhere, we show that in a linear model the increase in 47iH which accompanies
partial inhibition of the ATPases always leads to a relatively higher decrease of the rate of ATP synthesis
by a given concentration of uncoupler in the presence of an ATPase inhibitor than in its absence. This is
due to the fact that the same titre of uncoupler leads to a higher dissipative H* flow in the presence of
inhibitor, since the driving force 4/iH is higher.

Uncoupler-inhibitor titration

1. INTRODUCTION

Two papers appeared recently in this journal
[1,2] commenting on the logic of the application of
a particular kind of double-inhibitor titration, the
‘uncoupler-inhibitor’ titration, introduced by
Hitchens and Kell [3] as a means of discriminating
between ‘delocalized’ chemiosmotic mechanisms
and “localized’ mechanisms of energy transduction
(reviews [4,5]). The uncoupler-inhibitor titration
consists in measuring the stationary state rate of
phosphorylation (or in general the rate of the A#H-
driven reaction) at different uncoupler concentra-
tions in the presence or absence of an inhibitor of
the ATPase (or in general of the secondary AaH-
utilizing proton pump). It has been found [3,6]
that the relative inhibition of the rate of the
energy-consuming reaction by a given concentra-
tion of uncoupler is greater in the presence of an
inhibitor of the secondary pump than in its
absence. This result has been considered inconsis-
tent with the delocalized chemiosmotic model by
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the authors in [2—6], since in their opinion it can
only be accounted for if the inhibited preparation
has a lower AH as compared with the uninhibited
one. Instead, the delocalized chemiosmotic model
predicts, and experiments show [7], that AgH in
the presence of inhibition of the secondary pump
is higher than in its absence.

The aim of this paper is to show that in contrast
to the arguments in [2—6], the predicted and ex-
perimentally observed inhibitor-induced increase
in AfH always leads, in a linear model of
chemiosmotic energy coupling, to a relatively
higher decrease of the rate of ATP synthesis by a
given concentration of uncoupler in the presence
of an ATPase inhibitor than in its absence. This is
due to the fact that the same titre of uncoupler
leads to a higher dissipative H* flow in the
presence of inhibitor, since the driving force AgH
is higher (and is not due, as argued in [1], to an
inhibitor-induced decreased conductance of the
ATPase as compared with that of the uncoupler;
cf. [2]).
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2. SIMULATIONS OF UNCOUPLER-
INHIBITOR TITRATIONS WITH A
LINEAR MODEL OF CHEMIOSMOTIC
ENERGY COUPLING

The simplest chemiosmotic protonic circuit is
constituted by 3 elements in parallel: a AgH-
generating (i.e. a redox) proton pump, a AgH-
consuming (i.e. an ATPase) proton pump, and a
‘leak’, i.e. a pathway for passive diffusion of pro-
tons through the membrane. If, for the sake of
argument, the pumps are assumed to be completely
coupled and the relationships between flow and
forces are assumed to be proportional, the proton
flow through each element can be described by the
following equations [8]:

Ji = nede = neLe(Ae + nodiH) (1a)
Jit = npJp = npLp(Ap + npAfH) (1b)
Ju = LhAgH (1c)

Here A. and Ap are the positive affinities (the
negative Gibbs free energy changes) of the redox
and ATP hydrolysis reactions, respectively, ne is
the H* /e~ stoichiometry of the redox pump, np is
the H*/ATP stoichiometry of the ATPase pump,
Je is the rate of electron transport, L. is the propor-
tionality coefficient between J. and the driving
force of the redox pump (Ae + nedzH), Jp is the
rate of ATP synthesis or hydrolysis (Jp > O:
hydrolysis, Jp < 0: synthesis), Lp is the propor-
tionality coefficient between Jp and the driving
force of the ATPase pump (Ap + npAdgiH), and Ju
is the flow of protons through the leak, while Lk
is its conductance. L. and Lp can be viewed as the
conductance of the redox and ATPase pumps,
respectively. In the stationary state of
phosphorylation (state 3), the total proton flow is
zero:

Ja+Ja+ =0 2)

Note that Ju (in—out) is positive, Ji and Jy
(out—in) are negative, and also A44H =
AH™ — FH" is negative. Substituting eqns la—c in
eqn 2, the following expression for AjgH in state 3
is easily derived:

AfH =

— (eLeAe + npLpAp)/(n2Le + npLp + L) (3)
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Once certain constant values are assigned to A.,
Ap, and the conductances and stoichiometries of
the proton pumps, the titration with uncoupler can
be simulated by computing AgH at increasing
values of LY from eqn 3, and by substituting the
computed values into egn 1b to obtain Jp (the rate
of ATP synthesis in state 3) at different uncoupler
concentrations. Inhibition of the ATPase pumps
by inhibitors such as oligomycin can be simulated
by multiplying the coefficient Lp by the inhibition
factor fp, which varies from 1 at zero inhibitor
concentration to 0 at a concentration of inhibitor
which inhibits all the pumps.

The computation of AZH and Jp in state 3 as a
function of Ly can be carried out at different
values of fp. Fig.1 shows 2 examples (differing in
the values of L.) of the computed normalized un-
coupler titrations for fp = 1 and fp = 0.1. Jp(0) is
the rate of ATP synthesis at zero uncoupler con-
centration. Whatever the values assigned to the
constant parameters in the equations, the com-
puted result always follows the pattern shown in
fig.1: the relative decrease in the rate of ATP syn-
thesis induced by a given concentration of un-
coupler is higher in the presence of an inhibitor of
the ATPase than in its absence. The ratio of con-
ductances of the 2 proton pumps L./Lp (or more

precisely the ratio n2L./npLp) determines,
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Fig.1. Relative variation of the rate of ATP synthesis as
a function of the leak conductance, L}, in the absence
(fp = 1) and presence (fp = 0.1) of an ATPase inhibitor.
Jp(0) is the rate of ATP synthesis at zero L. Parameters
used in the computation: Ae = 4, Ap=1,n.=1, np =
1. Left: Le=0.5; Lp=1; LY = 0.1, 0.5, 1, 1.5; Jp(0) =
—1for fp = 1; Jp(0) = —~0.25 for fp = 0.1. Right: L. =
2;Lp = 1; L4 = 0.5, 2, 5, 6; Jp(0) = —2 for fp = I,
Je(0) = —0.286 for fp = 0.1.
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whatever the individual values of L. and Lp, the
difference in the titration curves with and without
inhibitor. The lower the value of L./Lp, the larger
the difference. Note that the concentration of un-
coupler necessary to abolish ATP synthesis com-
pletely does not change in the presence of ATPase
inhibitors. For a given A./Ap ratio the fully in-
hibitory titre of uncoupler is proportional to L.:

(Lw)sp=0 = ni e<”"Ae - 1) @

neAp

It is clear that by introducing an inhibition fac-
tor f. for the redox pumps analogous to fp, all
kinds of double inhibitor titrations [5,9] can be
computed from eqns 1-3. A detailed analysis of
these computations and of the influence of the
ratio L./Lp on the relative inhibition of the rate of
ATP synthesis and on the relative changes in AgH
induced by a given combination of inhibitors is
presented elsewhere [10].

3. DISCUSSION

The computation from eqns 1-3 of the
uncoupler-inhibitor titrations shows that a
delocalized chemiosmotic model of energy cou-
pling with linear flow-force relationships predicts
that the relative lowering of the rate of ATP syn-
thesis by a given titre of uncoupler is greater in the
presence of an ATPase inhibitor than in its
absence. This conclusion is not intuitively obvious
since the authors in [2-6] predicted the opposite.
It becomes clear if one looks at the relative varia-
tions of 44H induced by a given concentration of
uncoupler in the absence and presence of ATPase
inhibitor. These are shown, together with the cor-
responding variations of Jp, in table 1, where
AfH(0) is AffH in state 3 without uncoupler (L} =
0). A given concentration of uncoupler gives rise to
a relatively larger decrease of 44H in the presence
of an ATPase inhibitor than in its absence. This
relatively larger decrease in 44H is accompanied
by a relatively larger decrease in the rate of ATP
synthesis, since the 2 are proportional (as can be
seen in table 1). The relatively larger decrease of
AfiH is due to the fact that in the presence of
ATPase inhibitor the absolute value of AgH in
state 3 is larger than in the absence of inhibitor. As
a consequence the same uncoupler titre (L) brings
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Table 1

Relative variations of AZH and Jp as a function of Lk
with and without ATPase inhibitor

Ly Jr AgH/AGH(0)  Jp/Jp(0)
0.1 1 0.938 0.875
0.1 0.1 0.857 0.8

0.5 1 0.75 0.5

0.5 0.1 0.546 0.364
1.0 1 0.6 0.2

1.0 0.1 0.375 0.125
1.5 1 0.5 0

1.5 0.1 0.286 0

Parameters used in the computation are as in fig.1 (left).

AfH(0) is AH at zero Lk. Jp(0) is the rate of ATP

synthesis at zero L. When frp=14H(0) = —2; when
fr=0.144H@O) = -3.5

about a higher dissipative proton flow in the
presence of inhibitor since its driving force 44H is
higher. The key fact for an understanding of the
results of uncoupler-inhibitor titrations within a
delocalized chemiosmotic model is the predicted
and experimentally found [7] increase in |AgH|
which accompanies inhibition of the AjH-utilizing
pumps. In [2—6] it has been implied or argued er-
roneously that such an increase in |AgH| would
lead to the opposite result, i.e. to a relatively lower
decrease of Jp in the presence of inhibitor. Hence
the authors in [2,3] consider the case of a constant
AfH with or without ATPase inhibitor, in order to
illustrate the logic of the application of uncoupler-
inhibitor titrations. In this case their reasoning is
correct, i.e. each addition of uncoupler does not
decrease |AfAH! (and therefore the rate of ATP
synthesis) more effectively in the presence of
ATPase inhibitor than in its absence, and the
dissipative proton flow is the same under both con-
ditions. The relevant physical quantities are the
flows, which are given in the linear non-
equilibrium thermodynamic description by a con-
ductance coefficient times a thermodynamic force.
As correctly pointed out by Van der Bend and
Herweijer [2], the mistake of O’Shea and Thelen
[1] in analyzing the logic of these titrations was to
forget the thermodynamic forces and to consider
the flows Jp and Ji equivalent to the conductances
Lp and LY. On the other hand, the authors in [2—6]
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made an analogous mistake in predicting that an
increase in |A4H | upon inhibition should increase
the titre of uncoupler necessary to inhibit Jp to a
given extent, since they consider the dissipative
proton flow as equivalent to the conductance L.

In contrast to the prediction of the linear
delocalized chemiosmotic model discussed above,
Hitchens and Kell [3] found that in bacterial
chromatophores the titre of uncoupler necessary to
reach full inhibition was also decreased in the
presence of venturicidin or DCCD. This result,
however, has been criticized on experimental
grounds in [11] and does not appear in [6].

Mills {12] has simulated uncoupler-inhibitor
titrations using a simple non-linear model of
chemiosmotic coupling and obtained results very
similar to those of fig.1. Recently, Pietrobon and
Caplan [13] studied the non-linear flow-force rela-
tionships for a 6-state proton pump model. By
linking in parallel, through their common in-
termediate AgH, 2 such models and a leak, they
were able to analyze in detail how non-linear rela-
tionships between the flows and AgH modify the
results of fig.1, and more generally the results of
double inhibitor titrations [10]. An interesting con-
clusion of this study is that, depending on the
kinetics, a given concentration of uncoupler can be
equally, less, or more effective in inhibiting the
rate of ATP synthesis in the presence of an
ATPase inhibitor as compared with its absence. In
conclusion, the uncoupler-inhibitor titration ap-
proach by itself cannot unequivocally discriminate
between delocalized chemiosmotic mechanisms
and other mechanisms. On the other hand, it will
be shown in [10] that the approach can so
discriminate if accompanied by appropriate addi-
tional measurements.
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