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ABSTRACT: The results of double-inhibitor and uncoupler-inhibitor titrations have been simulated and analyzed
with a linear model of delocalized protonic coupling using linear nonequilibrium thermodynamics. A detailed
analysis of the changes of the intermediate Afiy induced by different combinations of inhibitors of the proton
pumps has been performed. It is shown that with linear flow—force relationships the published experimental
results of uncoupler—inhibitor titrations are not necessarily inconsistent with, and those of double-inhibitor
titrations are inconsistent with, a delocalized chemiosmotic model of energy coupling in the presence of a
negligible leak. Also shown and discussed are how the results are affected by a nonnegligible leak and to
what extent the shape of the titration curves can be used to discriminate between localized and delocalized

mechanisms of energy coupling.

In the chemiosmotic view (Mitchell, 1966) energy trans-
duction by oxidative phosphorylation in mitochondria and
bacteria, as well as by photophosphorylation in chloroplasts,
is accomplished by redox (Afy' generating, primary) and
ATPase (Afy utilizing, secondary) proton pumps coupled
through the common intermediate Afiy, which is the ther-
modynamically and kinetically competent driving force for

!The Weizmann Institute of Science.
$ University of Padova.

ATP synthesis. Despite much supporting evidence for and
wide acceptance of this delocalized protonic coupling mech-
anism, a series of reports in the past few years has raised
doubts as to whether it provides a completely correct de-
scription of biological energy transduction (for reviews see:
Westerhoff et al., 1984; Ferguson, 1985). Many of the re-

! Abbreviations: Afy, transmembrane difference in the electrochem-
ical potential of protons; ATPase, adenosinetriphosphatase: ATP, aden-
osine triphosphate.
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DOUBLE-INHIBITOR TITRATIONS. 1.

ported observations have been taken to indicate a localized
protonic coupling mechanism in which pathways of proton flow
are situated within or adjacent to the membrane and/or a
direct interaction takes place between redox and ATPase
pumps. This could occur either in parallel to a delocalized
chemiosmotic mechanism (Rottenberg et al., 1967; Rottenberg,
1978; Boyer, 1984; Slater et al., 1985) or as the sole coupling
mechanism (Williams, 1961; Kell, 1979; Westerhoff et al.,
1984).

As a means of discriminating between delocalized and
localized mechanisms of energy coupling, great importance
has been attributed to the approach using double-inhibitor
titrations described originally by Baum and co-workers (Baum
et al,, 1971) and more recently by Kell and co-workers
(Hitchens & Kell, 1982; Westerhoff et al., 1984), who also
introduced, as an extension of the method, the uncoupler—in-
hibitor titrations (Hitchens & Kell, 1983). In double-inhibitor
titrations in different systems and with different combinations
of primary and secondary pumps, it has been found that the
relative inhibition of the Afiy-driven reaction by a given
concentration of inhibitor of one type of pump (e.g., redox)
was the same whether the other type of pump (e.g., ATPase)
was partially inhibited or not (Baum et al., 1971; Hitchens
& Kell, 1982; Parsonage & Ferguson, 1982; Venturoli &
Melandri, 1982). One case has been reported in which the
relative inhibition by an inhibitor of the secondary pumps was
even higher when the primary pumps were partially inhibited
(Baum et al., 1971; Westerhoff et al., 1983). In uncoupler—
inhibitor titrations it has been found that the relative inhibition
of the rate of the energy-consuming reaction by a given con-
centration of uncoupler was greater in the presence of an
inhibitor of the secondary pumps than in its absence (Hitchens
& Kell, 1983; Berden et al., 1984).

The results of both types of titration have been considered
as unequivocally inconsistent with delocalized models of energy
coupling (Baum et al., 1971; Hitchens & Kell, 1982, 1983;
Venturoli & Melandri, 1982; Berden et al., 1984; Westerhoff
et al., 1984). It has been stressed that they are independent
of the type of relation holding between rates (of electron
transfer and of ATP synthesis) and Afiy and therefore of the
measurements of Ay (Hitchens & Kell, 1982, 1983). This
conclusion was reached largely on intuitive grounds. A more
quantitative analysis of the double-inhibitor titrations within
a delocalized chemiosmotic model with linear flow—force re-
lationships has been performed by Westerhoff and co-workers
using control theory (Westerhoff et al., 1983; Westerhoff,
1983). They concluded that in the presence of a nonnegligible
leak the application of the “rule of thumb”, whereby the extent
to which one of the pumps controls the flux should be de-
creased when the other pump is partially inhibited, becomes
dubious. Moreover, they warned, predictions based on such
a rule cannot be made unequivocally when dependence of
reaction rates on Afiy varies between the different points in
the titration experiment, i.e., with nonlinear flow—force rela-
tionships. And indeed very recently Davenport, using a simple
nonlinear model of delocalized chemiosmotic coupling in
chloroplasts, obtained simulated titration curves similar to
those found experimentally (Davenport, 1985). Mills, using
an analogous (but slightly more complicated) model, has
simulated uncoupler—inhibitor titrations and obtained results
similar to those found experimentally (i.e., higher sensitivity
to the uncoupler in the presence of an inhibitor of the sec-
ondary pumps than in its absence) (Mills, 1984). Pietrobon
and Caplan (1985) have shown that in the case of linear
flow—force relationships as well, the experimental result is
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predicted by a delocalized protonic coupling model, in contrast
to the intuitive arguments developed elsewhere (Hitchens &
Kell, 1983; Westerhoff et al., 1984; Ferguson, 1985; van der
Ben & Herweijer, 1985).

In this paper the results of double-inhibitor and uncou-
pler—inhibitor titrations are simulated and analyzed with a
linear model of delocalized protonic coupling using linear
nonequilibrium thermodynamics. Also shown and discussed
are how the results are affected by a nonnegligible leak and
to what extent the shape of the titration curves can be used
to discriminate between localized and delocalized mechanisms
of energy coupling. The analysis of tlie changes of the in-
termediate Afiy and of the flow, induced by different com-
binations of inhibitors of the primary and secondary pumps,
performed in this study with the linear model is essential to
understand the different behavior obtained with nonlinear
flow—force relationships, as illustrated in the following paper.

ANALYSIS OF DOUBLE-INHIBITOR TITRATIONS

The simplest chemiosmotic protonic circuit is constituted
by three elements in parallel: a Afiy-generating (e.g., a redox)
proton pump, a Afiy-consuming (e.g., an ATPase) proton
pump, and a “leak”, i.e., a pathway for passive diffusion of
protons through the membrane. If, for the sake of argument,
the pumps are assumed to be completely coupled and the
relationships between flows and forces are assumed to be
proportional, the proton flow through each element can be
described by the following equations (van Dam et al., 1980):

J]-Ie = neJe = neLe(Ae + neAﬁH) (Ia)
JuP = nyd, = nL (A, + nyAfiy) (1b)
Ju' = Ly'Apy (1c)

Here A, and A, are the positive affinities (the instantaneous
negative Gibbs free energy changes) of the redox and ATP
hydrolysis reactions, respectively, n, is the H* /e” stoichiometry
of the redox pump, n, is the H*/ATP stoichiometry of the
ATPase pump, J, is the rate of electron transfer, L, is the
proportionality coefficient between J, and the driving force
of the redox pump (4, + nAfy), J, is the rate of ATP syn-
thesis of hydrolysis (J, > 0 indicates hydrolysis, J, < 0 in-
dicates synthesis), L, is the proportionality coefficient between
J;, and the driving force of the ATPase pump (A4, + n,Afy),
Ji is the flow of protons through the “leak” and L, is the leak
conductance. n.’L, and n,’L, can be viewed as the conduc-
tances of the redox and ATPase pumps, respectively.

From eq 1a, 1b, and 1¢ and the condition of zero net proton
flow, the values of Afiy and J, in the stationary state of
phosphorylation (state 3) can easily be derived as functions
of the conductance of the three elements of the chemiosmotic
circuit and of the stoichiometries and affinities of the reactions
Ay =

Ap

n

2 2 |
npde  nptLy np'L, Ly

1+
neAP nech nezLe eZLe

(2)

X

Jp =

n L ny 2L L.}
Laf 1- ple | Lu 1+ 2L+ 2 )3
nCAP nezLe nezLe nezLe

Titrations with inhibitors of either the redox or the ATPase
pump can be simulated by multiplying the conductances L,
and L, by the inhibitior} factors f, and j."p, respectively3 vafxing
from 1 (at zero inhibitor concentration) to O (at inhibitor
concentrations that inhibit all the pumps). We initially con-
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FIGURE 1: Relative or normalized rate of ATP synthesis, J;?/J;(0),
as a function of the inhibition factor of the ATPase pumps, f, (with
fe=1). Jy(0)is Jyat f, = 1. The different curves refer to di%ferent
values of n2L,/(n2L,) = r, which are indicated in the figure. The
computation is based on eq 5, with n, = n, = 1. The two dashed lines
correspond to the two limiting cases » — 0 and r — ». See text.

sider the situation in which L « n.2L,; i.e., the passive proton
conductance is negligible in comparison with that of the redox
pump (case a), and subsequently we introduce a nonnegligible
leak and discuss how it modifies the behavior (case b).

(a) Ly = 0 or, in General, L' & nlL,. To express the
inhibition of the rate of ATP synthesis during the double
inhibitor titrations, it is corivenient to use the relative or
normalized values: (a) J,°/J,(0) for the titration of the redox
pump, where J;° is J, as a function of f, with f; constant at
a given value and J,(0) is J; at f, = 1 (zero redox inhibitor
concentration) and the same constant value of f;; (b) J?/J,(0)
for the titration of the ATPase pump, where J.P is J; as a
function of f, with f, constant at a given value and J,(0) is
J, at f, = 1 (zero ATPase inhibitor concentration) and the
same constant value of f,. Assuming constant values for A4,
and A, during the titrations, one obtains

ny’L, fo ny’Ly
Jt/Tp(0) =1 1 +fp’1e21-e j—"; oL (4)

1 'Ly ’ fo oLy
JPP/JP(O) =fp 1+ }7 L 1 + jT Y3 (5)

The titration curve with a redox inhibitor, i.e., J,°/J(0) as
a function of £, can be calculated from eq 4 in the absence
of ATPase inhibitor (f, = 1) or in the presence of any arbitrary
concentration of ATPase inhibitor (f, < 1). Conversely, the
titration curve with an ATPase inhibitor, J,/J,(0) as a
function of fp, can be calculated from eq 5 in the absence of
redox inhibitor (f, = 1) or in the presence of any arbitrary
concentration of redox inhibitor (f, < 1).

Equations 4 and 5 show that for any given value of f, and
S5 the relative inhibition of the rate of ATP synthesis is uni-
quely determined by n,’L,/(n.’L.), the ratio between the
conductances of the two H* pumps in the chemiosmotic
protonic circuit. For simplicity both . and 7, are henceforth
considered equal to 1 and we shall usually denote n,2L,/(n.2L,)
by r. Figure 1 shows the titration curves obtained with an
inhibitor of the ATPase pumps (with f, = 1) for different
values of r indicated in the figure. The dashed lines refer to
the two limiting cases (see eq 5): (1) r — 0, JP/J,(0) = f,
inhibition of the flow proportional to the fraction of inhibited
enzymes; (2) r — «, JP/J,(0) = 1, no inhibition. The titration
curves obtained with an inhibitor of the redox pumps (with
S = 1) are exactly inversely symmetrical to those obtained
with an ATPase inhibitor. The previous values of r are now
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FIGURE 2: (A) Relative or normalized rate of ATP synthesis, J.”/J,(0),
at a given concentration of ATPase inhibitor (f, = 0.5), as a function
of L,/L. (L,/L, = r since n, = ny, = 1) for different values of f.
Continuous line: f, = 1. Dashed lines: f, = 0.5 and 0.1. (B) Relative
or normalized rate of ATP synthesis J,°/J;(0) at a given concentration
of redox inhibitor (f, = 0.5) as a function of LP/Le for different values
of f,. Continuous line: f, = 1. Dashed lines: f, = 0.5 and 0.1.
Computations from eq 4 and 5.

replaced by their reciprocals: if r = 10, the titration curve
with a redox inhibitor is identical with the titration curve
corresponding to » = 0.1 in Figure 1, and so on. With a redox
inhibitor J,°/J,(0) = 1 when r — 0 and J,°/J,(0) = f, when
r— « (see eq 4).

In the terminology of control theory (Kacser & Burns, 1973;
Heinrich & Rapoport, 1974; Groen et al., 1982a,b; WesterhofT,
1983; Westerhoff et al., 1983) the limiting case r — 0 cor-
responds to the case in which the flux control of the ATPase,
PCp, is 1 and that of the redox pump, *C,, is O (i.e., ATPase
pump completely rate limiting), while » — « corresponds to
PC, =1 and PCp = 0 (i.e., redox pump completely rate lim-
iting). In the intermediate cases the flux control is distributed
between the two enzymes (Westerhoff, 1983) and can be
calculated for each of them from eq 3

aJ, L
p -p 1
BPc =
oL, J, S =15 6
aJ, L, ’
= P =
aL. J, Ce 1+r )

where L is given by the number of ATPase pumps times the
conductance of the single ATPase pump and L, is given by
the number of redox pumps times the conductance of the single
redox pump. A variation in the number of ATPases or redox
pumps can therefore be equivalently expressed as a variation
in L, or L, respectively. Note that PCp + PC, = 1. The flux
controls of the redox and ATPase pumps, as well as the relative
inhibition of J, with either inhibitor, are uniquely dependent
on the ratio r, whatever the individual values of L, and L, and
of the affinities may be. As the ratio r increases, or in other
words as the “readiness” with which the ATPases changes their
rate in response to a change of Afiy; increases with respect to
that of the redox pumps, the flux control of the ATPases
decreases while that of the redox pumps increases. Conse-
quently an inhibitor of the ATPase becomes less effective in
inhibiting the flow (J,*/J,(0) goes from f to 1) while an
inhibitor of the redox pump becomes more effective (J,°/J,(0)
goes from 1 to f,). This is illustrated (cf. Figure 1) by the
continuous curves in Figure 2 showing the relative inhibition
of the rate of ATP synthesis by a concentration of inhibitor
that eliminates half of the ATPase pumps (Figure 2A) or half
of the redox pumps (Figure 2B) as a function of r.
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FIGURE 3: (A) Relative or normalized Afy values at a given con-
centration of ATPase inhibitor (f, = 0.5) as a function of L,/L, for
different values of f,. Continuous line: f, = 1. Dashed lines: f, =
0.5 and 0.1. Afy(0) is Afiy at f, = 1. (B) Relative or normalized
Afy values at a given concentration of redox inhibitor (f, = 0.5) as
a function of L,/L, for different values of f,. Continuous line: f, =
1. Dashed lines: f; = 0.5 and 0.1. Computations from eq 1A and
2A, with 4, =4, 4, = l,and n, = n, = 1.

The dashed lines in Figure 2A show the relative inhibition
of J,, by the same concentration of ATPase inhibitor (f, = 0.5)
in the presence of redox inhibitor (f, = 0.5 or 0.1) and those
in Figure 2B the relative inhibition of J;, by the same con-
centration of redox inhibitor (f, = 0.5) in the presence of
ATPase inhibitor (f, = 0.5 or 0.1). In both cases the dashed
lines are shifted upwards to higher J,/J;,(0) with respect to
the continuous lines: a given inhibitor concentration (of either
pump) is less effective in inhibiting the flow (J,) when the other
pump is partially inhibited. In fact a partial inhibition of the
redox pump, for example, is equivalent, at any given concen-
tration of ATPase inhibitor, to an increase of r by the factor
1/f.. This increase results, as discussed above, in a higher flux
control of the redox pumps and a lower inhibition by the
ATPase inhibitor (cf. eq 4-7). In Figure 2A J,?/J,(0) with
f. = 0.5 at each values of r is equal to that at 2r with f, = 1.
Conversely a partial inhibition of the ATPase pump is
equivalent, at any given concentration of redox inhibitor, to
a decrease of r by the factor fp, resulting in a lower flux control
by the redox pumps and a lower inhibition by the redox in-
hibitor.

In a linear chemiosmotic model of energy coupling with a
negligible leak the rule of thumb whereby in the presence of
a delocalized intermediate the extent to which one of the
enzymes controls the flux should be decreased when the other
enzyme is inhibited is always verified.

Inhibition of either pump is accompanied by changes in the
magnitude of the delocalized intermediate Ay, When the
redox pumps are titrated, |Afiy| (in state 3) progressively
decreases since the positive Afiy generating proton efflux is
progressively inhibited. On the other hand, when the ATPase
pumps are titrated, |Afiy| (in state 3) progressively increases
toward its static head value, since the Afiy dissipating proton
influx is progressively decreased.

For any given value of £, and f} and of the ratio between
the two affinities 4. and A,, the relative or normalized values
of Afiy are uniquely determined by r (cf. eq 1A and 2A in the
Appendix). Figure 3 shows that Afiy®/ Afig(0) as a function
of r goes through a minimum, while ARg"/ARy(0) goes
through a maximum. At any given inhibition of the redox
pump (in the example shown in Figure 3B, f, = 0.5), the
presence of an inhibitor of the ATPase pump (f;, = 0.5 and
0.1 in the dashed lines of Figure 3B) brings about a shift of
the minimum to higher values of 7 (¢f. eq 3A). Conversely
at any given inhibition of the ATPase pump (f, = 0.5 in Figure
3A), the presence of a redox inhibitor (f; = 0.5 and 0.1 in the
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dashed lines of Figure 3A) brings about a shift of the maxi-
mum to lower values or r (cf. eq SA). Note, however, that
at any given inhibition of one kind of pump, the values of
Afig®/ Aliy(0) at the minimum or AfigP/Afiy(0) at the max-
imum are both independent of the partial inhibition of the
other pump (cf. eq 4A and 6A in the Appendix).

The consequence of this behavior is that in a double-inhibitor
titration the relative decrease in |Afiy| induced by a certain
concentration of redox inhibitor can be higher or lower in the
presence of an ATPase inhibitor, depending on the value of
r. The relative inhibition of the rate of ATP synthesis by
different combinations of inhibitors therefore does not simply
correlate with the relative changes in Afiy: a higher relative
decrease of |Afiy| (a lower Afiy®/ Afig(0)) can be accompanied
by a lower relative inhibition of J, (a higher J,°/J(0)), (cf.
Figure 2 and 3). This rather nonintuitive result derives from
the fact that J;,/J,(0) depends not only on Afy/Azy(0) but
also on Afig(0). Thus from eq 1b

i A, Ak _ %
750 ™\ 78a(® T 3 (0) 1y (0)
(8)

Afig(0) is itself dependent on r and varies as a function of »
from Afiy(0) = -A./n, when » — 0 to Afy(0) = -A,/n, when
r — =, ie., from the static head value of the redox pump to
the static head value of the ATPase pump.

(b) General Case with Leak. In both kinds of titrations a
leak in parallel determines a higher inhibition of the rate of
ATP synthesis by a given concentration of inhibitor (see eq
7A and 8A in the Appendix). A leak tends to compress all
the titration curves of Figure 1 toward the limiting case
JP/J(0) = £, i.e., in the presence of a high leak the ATPase
can be titrated almost proportionally even if the value of 7 is
relatively high. The titration curves obtained with an inhibitor
of the redox pumps are no longer symmetrical (in the sense
described above) to those obtained with an inhibitor of the
ATPases. Hyperbolical titration curves can also be obtained
(Jp¢/J5(0) < f.). Note that especially at low r (<1) a leak
could easily give rise to proportional inhibition for both kind
of pumps, i.e., to a flux control of 1 for both pumps. In control
theory a leak has a negative flux contral and it increases the
flux control of both pumps (see eq 13A and 14A in the Ap-
pendix and cf. Westerhoff, 1983). As discussed by Westerhoff
(1983) and Westerhoff et al. (1983) the situation °Cp = 1,
PC. = 1 is reached when PC, = -1,

The higher inhibition of the rate of ATP synthesis by a given
concentration of inhibitor in the presence of a leak is due to
the fact that the leak determines a lower Afiy®/ Afiy(0) for any
given f,, i.e., a higher relative decrement of |Afiy| during a
redox titration, and also a lower Aiy®/Afi(0) for any given
J i€., a lower relative increment of |Afiy| during an ATPase
titration. It turns out that the normalized value of the rate
of ATP synthesis in the presence of a leak relative to that in
the absence of leak, (J,/J,(0))!/(J,/J,(0)), is equal to the
normalized value of Afiy in the presence of a leak relative to
that in its absence, (Afiy/Afg(0))!/(Af/ Afiy(0)), during an
ATPase titration, while it is proportional to it during a redox
titration (see eq 9A—12A in the Appendix).

Figure 4A shows (AfigP/ARy(0))'/(AfyP/Ay(0)) as a
function of r for f, = 0.5 and f, = 1 (continuous line) or f,
= 0.5 and 0.1 (dashed lines). The ratio r is varied by varying
L, with L, kept constant; as r increases, Ly'/n2L, also increases
and AfiP/ Afiy(0) becomes progressively lower in comparison
to its value at zero leak. At any given concentration of ATPase
inhibitor a partial inhibition of the redox pump is equivalent




7686 BIOCHEMISTRY

A
10
\
~ LN
ex NI
zél 08 \\\‘::::_____:::::::é%
S :
@ tp=05
06} P
- ! [ | .
0 2 . 6 8 10
Lp/Le
B
101 — 5]
o a1
~ / R
c:é‘ o8/
3 {e=05
= o5

o
N
o

3
LP/Le

FIGURE 4. (A) Normalized values of Afiy at a given concentration
of ATPase inhibitor (f, = 0.5) in the presence of a leak relative to
those in the absence of the leak, RL(AfigP) = (ARgP/ARu(0))!/
(AuHP/AH(O)) as a function of L,/ L, for different values of f,. L,/L,
is varied by varying L.. Continuous line: f, = 1. Dashed llnes fe
=0.5and 0.1. Computatlon from eq 10A and 12A, with LH‘/n 2L
= 0.5 and n, = n, = 1. (B) Normalized values of Ay at a glven
concentration of redox inhibitor (f, = 0.5) in the presence of a leak
relative to those in the absence of the leak, RL(ARY®) = (ARy®/
AuH(O)) /(AﬁH°/AuH(0)) as a function of L,/ L, for different values
of fo. L /L is varied by varying L. Contmuous line: f, = 1. Dashed
lines: f, =0.5and 0.1. Computatlon from eq 9A andp 11A, with 4,
=4, A4 —ln—np—landLHl/nL—OS

to an increase of r by the factor 1/f, and also to an increase
of Ly'/n L, by the same factor. The consequence is that the
same leak determines a larger decrease in AfiyP/Afiy(0) and
therefore in J,?/J,(0) when the redox pumps are partially
inhibited than when they are not (the dashed lines in Figure
4A are all below the continuous line). The differential effect
of the leak on the ATPase titration curves in the presence or
absence of a redox inhibitor reduces and tends to compensate
the difference in the titration curves predicted by the rule of
thumb. Indeed a sufficiently high leak leads to identical
titration curves by the ATPase inhibitor in the presence or
absence of redox inhibitor.

Figure 4B shows that in the other type of double-inhibitor
titration also the same leak determines a larger decrease in
ARy®/Afy(0) and therefore in J#/J,(0) when the ATPases
are partially inhibited than when they are not. This differential
effect can again lead to identical titration curves.

ANALYSIS OF UNCOUPLER-INHIBITOR TITRATIONS

In the linear model of chemiosmotic energy coupling dis-
cussed earlier (see eq la, 1b, and Ic) a given concentration
of uncoupler (a given Ly') gives rise to a relative decrease in
the rate of ATP synthe51s J l/J (0), and a corresponding
relative decrease in |Afy|, Afiy' /AuH(O) according to the
relations
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where J,' and ARy are J, and Afy, respectively, as functions
of Ly! w1thfp constant at a given value and f, = 1, and J,(0)
and Afiy(0) refer to the rate of ATP synthesis and ARy w1th
Ly' = 0 and the same constant value of f,. Equations 9 and
10 show that at any given Ly (and any given ratio of affinities)
the relative decrease in the rate of ATP synthesis is propor-
tional to the relative decrease in |Afiy|. A computation of
J,!/J,(0) as a function of L' at different f,’s shows that the
relative inhibition of the rate of ATP synthesis by a given
concentration of uncoupler is always higher (Jpl /J5(0) is lower)
in the presence of ATPase inhibitor than in its absence
(Pietrobon & Caplan, 1985). As discussed in Pietrobon and
Caplan (1985), this result arises from the fact that inhibition
of the ATPases is accompanied by an increase in the state 3
|Afigl, and therefore the same concentration of uncoupler leads
in the presence of inhibitor to a higher dissipative H* flow.
Consequently, there is a higher relative decrement in |Afig]
accompanied by a relatively larger inhibition of J,, since
J,!/J,(0) is proportional to Afiy'/ Afiy(0).

DiscussioN

We show in this study that /inear flow—force relationships
(between the rate of electron transfer and Afiy and between
the rate of ATP synthesis and Afiy) within a delocalized
chemiosmotic model of energy coupling in the presence of a
negligible leak, always lead, in a double-inhibitor experiment,
to a lower relative inhibition of the energy-driven reaction by
an inhibitor of the primary pump when the secondary pump
is partially inhibited (and vice versa). Only a considerable
“leak” could lead, in a linear model, to an identical or similar
relative inhibition under the different conditions compared.
The same conclusion was reached recently with control theory
(Westerhoff et al., 1983; Westerhoff, 1983) as well as earlier
by several workers on largely intuitive grounds, who supposed
it to be of general validity and not only limited to linear re-
lationships between flows and Afiy (e.g., Kahn, 1970; Baum
et al., 1971; Hitchens & Kell, 1982). These workers therefore
considered any results contradicting these expectations (in
particular their own) as unequivocally incompatible with de-
localized models of energy coupling. In contrast we will
demonstrate in the accompanying paper that even in the
presence of a negligible leak nonlinear flow—force relationships
can give rise, within a delocalized chemiosmotic model of
energy coupling, to similar or identical normalized titration
curves when titrating with an inhibitor of the primary pump
in the presence or absence of an inhibitor of the secondary
pump (and vice versa) (see also: Davenport, 1985).

While linear relationships between rate of electron transfer
and Afig have often been measured at least in a certain range
of Afiy (Padan & Rottenberg, 1973; Azzone et al., 1978; van
Dam et al., 1980; Pietrobon et al., 1982), the measured re-
lationships between rate of ATP synthesis and Afiy are usually
nonlinear (e.g. Graber & Witt, 1976; Baccarini Melandri et
al., 1977; Zoratti et al., 1982; Clark et al., 1983). However,
even if eq la, 1b, and 1¢ may be inadequate to describe the
actual dependence of the proton flow through the pumps on
Afiy, the analysis, with the linear model, of the changes of the
rate of ATP synthesis and of the intermediate Afiy, induced
by different combinations of inhibitors, is important and in-
teresting since it provides some essential information to un-
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derstand, and the basis on which to discuss the different be-
havior introduced by nonlinearity (shown in the accompanying
paper).

The key fact to understand the behavior obtained with the
linear model in a double-inhibitor titration, in the presence
of a negligible leak, is the exclusive dependence of the relative
inhibition of the rate of ATP synthesis, by a given concen-
tration of inhibitor, on the ratio between the conductances of
the two proton pumps in the chemiosmotic protonic circuit:
n?L,/(n2L,) (ie., r). As this ratio increases, or in other words,
as the “readiness” with which the ATPase pumps change their
rate in response to a change in Afiy increases with respect to
that of the redox pumps, an inhibitor of the ATPases becomes
less effective in inhibiting the rate of ATP synthesis while an
inhibitor of the redox pumps becomes more effective. Using
control theory terminology, one would say that as r increases
the “flux control” of the ATPases decreases while that of the
redox pumps increases (Westerhoff, 1983; and cf. eq 6 and
7). In a linear model, a concentration of inhibitor that de-
creases the number of active ATPases by 50% also decreases
r by 50%, thus decreasing the flux control of the redox pumps
and the relative inhibition by a given concentration of redox
inhibitor (cf. eq 4). Note however that the presence of this
concentration of ATPase inhibitor does not necessarily mean
that the ATPases become rate limiting as assumed by some
workers (Kahn, 1970; Baum et al., 1971; Hitchens & Kell,
1982). On the other hand, due to the effective change in r
which always accompanies inhibition in a linear model, there
is a redistribution of the flux control between the two pumps
and that of the ATPases increases. Therefore it is not true,
as argued by some workers (Clark et al., 1983; Parsonage &
Ferguson, 1983; Davenport, 1985), that as long as Afiy is not
saturating for the ATPases an invariant redox inhibitor sen-
sitivity is expected in the presence or absence of ATPase in-
hibitor.

Our conclusions have been based on the analysis performed
with the linear model assuming that under different conditions
of inhibition the affinities of the reactions remain constant at
the same value. This condition is approximately met in the
experiments if initial rates of phosphorylation, upon addition
of ADP, are measured.

There is another aspect of the double-inhibitor titrations
which, it has been suggested, could be used to discriminate
between “delocalized” and “localized” chemiosmotic mecha-
nisms (D. B. Kell, personal communication; Davenport, 1985)
and as such deserves discussion. The intuitive argument is as
follows (Davenport, 1985). Unless the pumps in state 3 are
working at their maximum rate (state 3 in the saturation
region) the decrease in |Afiy| that follows partial inhibition
of the redox pumps in a redox titration and the increase in
|Afiy| that follows partial inhibition of the ATPases in an
ATPase titration will allow the uninhibited pumps to work at
a higher rate, thus masking the inhibition. The inhibition of
the flow is expected not to be proportional to the fraction of
inhibited enzymes (f; or f;) but to be lower.

Experimentally this is usually not found with inhibitors of
the ATPase. Proportional inhibition of both the rate of un-
coupled ATP hydrolysis and succinate driven ATP synthesis,
parallel to the binding of ['*C]DCCD has been reported in
mitochondria (Kopecky et al., 1984). In other systems binding
experiments were not performed, but an inhibition of the flow
proportional to the fraction of inhibited ATPases was inferred
from the parallel inhibition of the rate of ATP synthesis and
uncoupled ATP hydrolysis (Ferguson & John, 1978; Venturoli
& Melandri, 1982; Berden et al., 1984). A known exception
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of this kind of behavior is the inhibition of mitochondrial
ATPases with oligomycin (Zoratti et al.,, 1982). If this is
considered a peculiarity of that inhibitor (or a reflection of
an high flux control by the ADP-ATP translocator (Lemasters
& Sowers, 1979; Groen et al., 1982a,b; Zoratti et al., 1982;
cf. however, Kopecky et al., 1984)) and if the possibility can
be excluded that state 3 is in the saturation region of the curve
Jp, vs. Afiy, proportional inhibition of the rate of ATP synthesis
might be considered evidence for a localized mode of energy
coupling (given that the intuitive argument developed above
is correct). Against Afiy being saturating for the rate of ATP
synthesis are the measured relations between rate of ATP
synthesis and Afiyy and the hyperbolical shape of the titrations
of the rate of ATP synthesis with uncoupler (Hitchens & Kell,
1983; Berden et al., 1984). Figure 8 of the accompanying
paper shows that if state 3 is in the saturation region or close
to it (case B), a sigmoidal titration curve is expected.

However, a clear-cut conclusion in favor of local coupling
based on the finding of an inhibition of the rate of ATP
synthesis proportional to the fraction of inhibited ATPases is
not possible since the intuitive argument on which it is based
is only partly correct. First of all, in the presence of a neg-
ligible leak, the relative inhibition of the rate of ATP synthesis
is simply related to the ratio between the “readiness” with
which the two proton pumps react to a change in Afiy, r, and
not to the relative changes in Afiy; following inhibition (which
are themselves dependent on that ratio). Figure 1 shows that
when the ratio of “readiness” is lower than 1 (which means
the flux control of the ATPases higher than that of the redox
pumps) the inhibition of the rate of ATP synthesis by an
ATPase inhibitor is not proportional to the fraction f, of in-
hibited enzymes but very close to it, so close that