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Figure 9.11 shows a vesicle in which the inside lumen (bulk phase) has a pre-
existing electrical potential that is maintained at a value positive with respect
to the bulk phase outside the vesicle. Surface potentials of the type described
in Figure 9.4 are not considered here. If the vesicle membrane is permeable
to a particular charged ‘probe’ anion (X~ in Fig. 9.9), the ion will low down
its electrochemical potential until it is in equilibrium with the pre-existing or
maintained electrical potential. (For this to occur, it must cross the mem-
brane purely by uniport, and not be taken up or extruded by other means.)
Under such equilibrium conditions, the transmembrane electrical potential
Ay is related to the internal and external concentrations (strictly activities, of
course) of the ion by the equation:

Ay = —2.303 ’;J. log ([ayliy/[aylour) (9.18)

This equation follows from equation 9.10 on the basis that the criterion for
electrochemical equilibrium is that there is no difference in the electrochemi-
cal potential of the ‘probe’ ion in the internal and external phases when
equilibrium is attained between its chemical potential difference across the
membrane and the electrical potential difference across the membrane. Since
the standard electrochemical potential of the probe ion is not known in
either the inner or the outer phase it is assumed that it is the same for each
phase and that all differences in thermodynamic factors other than the
electrical potential are incorporated into the activity term. Evidently, then
Ay can be estimated by measuring the activity ratio of such probe ions inside
and outside the vesicle of interest. (For reviews, see Rottenberg, 1975, 1979,
1985; Ferguson and Sorgato, 1982; Nicholls, 1982; Azzone er al., 1984;
Jackson and Nicholls, 1986).

It is generally assumed that the activity coefficients of probe ions are the
same inside and outside the vesicle of interest. Whilst this assumption can
never be checked, it probably does not introduce enormous errors; a twofold
difference in the activity coefficients would introduce an inaccuracy into the
estimation of Ay (if calculated on the basis of free internal and external
concentrations) of some 18 mV (equation 9.18). If one wishes to interpret
certain data in terms of strictly delocalized chemiosmotic coupling, it is
necessary to assume that a variation of Ap of this magnitude is sufficient to
cover all rates of phosphorylation (from zero to maximal). In such cases it is
obvious that an ignorance of the true values of Ay of even this magnitude
precludes any sensible interpretation of the relationship between, say, the
rate of phosphorylation and the protonmotive force. Naturally, errors in the
estimation of Ay due to different causes are additive, and it is necessary to
take all of them into account. On the (perhaps doubtful) assumption that the
principle of the method described in Figure 9.11 actually holds for energy
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coupling membrane vesicles, the sources of such errors should be considered,
so that one may be aware of the limited significance of reported values,
which are often given, without error bars, to the nearest millivolt! (for those
who like this sort of thing, a tabulation is given by Kashket, 1985).

(b) Energization

l

Extent of
uptake

Uncoupler

TCahbranng additions

Fig. 9.12 (a) Principle of the estimation of Ay by means of the ion-distribution technique, as
described in the text. () A typical trace of the extracellular activity of the ion of
interest, as measured with an electrode, showing how one may calculate the extent of
energy-dependent ion uptake/binding.

With the exception of such techniques as nuclear magnetic or electron spin
resonance, which have not been widely used in this context (Cafiso and
Hubbell, 1981), most approaches are capable of measuring only the amount
of probe ion taken up by the vesicle of interest. It is thus necessary to know
the volume of the internal phase to convert amounts to concentration.
Further, what matters is the activity of probe ions that are free in the lumen
of the vesicle, so that any binding must be corrected for. The extent of
energy-dependent binding cannot be corrected for, since one has no knowl-
edge of the ‘real’ membrane potential which is what one is trying to measure.
At least in bacterial cells, however, the energy-independent binding of probe
ions can be very extensive; corrections for such binding cause the calculated
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values of Ay to fall very sharply, to values well below the 150 mV ‘threshold’
(e.g. Lolkema er al., 1982, 1983; Elferink et al., 1985, 1986). In other
vesicular systems, binding or energy-dependent extrusion (Midgley, 1986) of
the probe may be sufficiently great to cause the estimated Ay to be of the
opposite sign to the ‘real’ one assessed (and in these cases generally
accepted!) on the basis of microelectrode measurements (Ritchie, 1982;
Barbier-Brygoo er al., 1985). Controls which can help to alleviate these
difficulties include: showing that variation of the concentration of vesicles or
probe ion gives no change in apparent Ay; observing equal extents of uptake
using probe ions having the same charge but which differ in their rate of
uptake; and comparing the membrane potential estimated by probe methods
with one of known magnitude generated artificially by means of a diffusion
potential.

To avoid becoming enmeshed in the details of particular cases, only the
following general findings are stated: sometimes different methods agree and
sometimes they do not, and in no case known to the author have different
methods, including all the controls listed above, been performed on the same
system with a resulting Ay exceeding 150 mV. Sometimes authors will pick
one method in preference to another (say Rb* uptake in preference to the
uptake of methyl triphenylphosphonium*). Obviously there is no rational
basis for such choices. Kaback (1986) continues to claim, apparently on the
basis of unpublished observations, that Ay values estimated from the
steady-state accumulation of a variety of lipophilic cations are independent
of the concentration of these cations ‘over submicromolar to millimolar
ranges’. For a Ay of 120mV, this implies internal concentrations of
hundreds of millimolar lipophilic cation. Such values exceed the aqueous
solubility of these cations and it is necessary to regard such a claim as a
‘Churchillian’ terminological inexactitude.

Since the imposition of an artificial pmf has the merit of more certainly
representing what it claims to, it is particularly important to compare the
ability of an artificial pmf to stimulate phosphorylation with that of what is
claimed to be a real, electron transport-generated pmf of the same magnitude.
This is rarely done in the same system at the same time. However, in
alkalophilic bacteria in which an apparent pmf of significantly less than
50 mV is observed in spite of an unimpaired ability to synthesize ATP, the
apparent Ay measured by standard ion-distribution techniques is not equiv-
alent to a diffusion potential of the same magnitude so far as its ability to
drive phosphorylation is concerned (Krulwich and Guffanti, 1983; Guffanti
et al., 1984, 1985). One interpretation of this is that the ion-distribution
method, whilst reliable in cases in which there is a pre-existing Ay, is falsely
suggesting the existence of a significant, energy-dependent Ay across the
bacterial cytoplasmic membrane (and other membranes) for reasons yet to
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be explained (but see later). Since this is consistent with the general lack of a
membrane potential estimated directly, as described above, and with other
findings to be discussed later, this is an acceptable, simple interpretation of
an otherwise inexplicable phenomenon.

The principle of the acid/base-distribution method for measuring ApH is
similar to that of the ion-distribution method for estimating Ay, except that
here the membrane of interest must be permeable only to the probe in its
uncharged form (see ¢.g. Rottenberg, 1975a.b, 1979; Nicholls, 1982). At least
in bacteria. the values of ApH are generally rather small (exceptions are
acidophiles; Cobley and Cox, 1983), and are believed to be fairly reliable,
not least since approaches such as *'P-NMR give values similar to those
estimated by acid/base-distribution (e.g. Nicolay et al.. 1981). What is
generally wished to be known is the functional relationship between what is
believed to represent the total pmf and the rate or extent of an output
process such as ATP synthesis. To help sharpen the argument, and to
decrease the number of variables that must be measured, it is often helpful to
attempt to estimate Ay under conditions (controlled by external pH or by
the addition of an ionophore such as nigericin) in which ApH is zero, since
it is well known that bacteria maintain a relatively constant internal pH
(Padan et al., 1981; Booth, 1985; Kaback, 1986). The fact that both output
forces and fluxes are generally rather independent of the existence of a ApH
(acidophiles are again an exception here; Cobley and Cox, 1983), might be
taken as a further indication of the irrelevance of ApH as an energy coupling
intermediate in electron transport phosphorylation in bacteria.

9.9.5 Spectroscopic methods for estimating Ay in bacteria

Although most commentators regard probe-distribution as the method of
choice for estimating Ap (despite the many technical difficulties raised
above), this method suffers the grave disadvantage of being relatively slow to
respond. Optical methods, such as the electrochromic response of carote-
noids (see Jackson, Chapter 7), can be very rapidly responding and may give
information unobtainable from stationary-state measurements. However,
even here, for reasons which are not yet understood (Jackson and Nicholls,
1986), the steady-state value of Ay estimated from ion-distribution methods
is about half that estimated on the basis of the electrochromic carotenoid
response (Ferguson et al., 1979; Clark and Jackson, 1981; McCarthy and
Ferguson, 1982). Evidently, any attempts to draw quantitative conclusions
from the latter method concerning the relationship between Ay and the rate
of phosphorylation, while ignoring the fact that the Ay given by ion
distribution is below the 150 mV threshold, are doomed to failure. Until we
can be more sure of what the various methods for estimating ‘Ay’ are
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actually measuring there seems no hope of significant progress in solving the
central problem of whether an energetically significant Ay actually exists
between the bulk aqueous phases that energy coupling membranes serve to
separate.

Notwithstanding this gloomy prognosis, and the carotenoid/ion-distri-
bution discrepancy is as marked as any, many workers have carried out
measurements of the pmf under various conditions, titrating it with inhibi-
tors of electron transport, with ionophorous uncouplers or with other
molecules, and comparing these values with either the rate or extent of
phosphorylation. These studies are briefly commented on below.

9.9.6 Relationships between the apparent pmf and rates and extents
of phosphorylation

9.9.6.1 Introduction

On the highly questionable assumption that the Ap values measured by any
given method are at least semi-quantitatively reliable, studies of the effects of
variation in Ap on the rate or extent of ATP synthesis can give mechanistic
information concerning the number of protons translocated across the
membrane per ATP synthesized, and on the efficiency of coupling of Ap to
phosphorylation.

It has been widely observed that the rate of phosphorylation (J,) depends
more upon the rate of electron transport than upon Ap. In some cases the
relationship is entirely arbitrary. These findings have themselves led some
reviewers to invoke ‘parallel coupling’ or alternatives to Ap as an intermedi-
ate in energy coupling (see e.g. reviews in Kell, 1979; Ferguson and Sorgato,
1982: Westerhoff er al., 1984a; Ferguson, 1985; Rottenberg, 1985). However,
since the rates of reactions may depend upon many factors besides the
thermodynamic poise of an energy coupling intermediate (see above), and
even on the relative magnitudes of Ay and ApH at constant Ap (Boork and
Wennerstrom, 1984; Sanders, 1987), such findings alone are probably not
very informative as to the veracity of any coupling scheme. What is worth
stressing, however, is that if one can see a significant rate of phosphorylation
during a titration at a value of Ap that is well below the ‘threshold’, it is
difficult to argue that this Ap is actually reflecting the Ap which is applied
during an ‘artificial pmf experiment. Since this is exactly what has been
done in many cases, albeit unknowingly, the titration studies do have the
merit of pointing to some of the inadequacies of the methods for estimating
Ap.

In a similar vein, there has been a recent controversy (Woelders et al.,
1985; Petronilli er al., 1986) as to the relationship between Ap and AG,
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under static head conditions (actually in this case equilibrium is claimed)
and whether or not this is a function of Ap as the latter is diminished with
uncouplers. Whatever the reality, these studies show that continuing ATP
synthesis can occur during the approach to static head under conditions in
which the Ap (estimated by ion-distribution techniques) is well below
100 mV. Not only does this lead to unrealistic values of the H* /ATP ratio
(Petronilli er al., 1986) but it is quite inconsistent with the view that the
apparent values of Ap reflect the real values given the thresholds observed in
artificial pmf experiments. Similar data are obtained with Paracoccus denitri-
Jicans (Kell et al., 1978; McCarthy and Ferguson, 1983a,b). Noting the
difficulties encountered above with the ergodic hypothesis of equilibrium in
complex, heterogeneous structures, it might be prudent to realize how
insecure is the idea that stationary extents of probe ion uptake correspond to
an equilibrium with any putative Ay across an energy-coupling membrane.

In view of all these difficulties, and the circularities inherent in attempting
to test the role of Ap (i.e. delocalized chemiosmotic coupling) by trying to
estimate Ap alone, many authors have tried to approach this problem using
methods that do not require such an estimation. Some of these are con-
sidered next.

9.9.6.2 Respiration-driven proton translocation

The addition of a pulse of oxygen (as a small volume of air-saturated KCl)
to a weakly buffered, anaerobic suspension of aerobic respiratory bacteria
such as Paracoccus denitrificans, held in a reaction vessel whose pH is
constantly monitored, might lead to the production of one of the pH traces
of the type shown in Figure 9.13. In other words, there might be a slowish
decrease in pH which then stays constant (trace a); or a rapid and larger
decrease in pH which then turns into a pH increase towards the baseline
(trace b); or no effect whatsoever (trace c). In fact, all three such traces have
been observed by different workers studying suspensions of Paracoccus
denitrificans, albeit with different interpretations of their underlying bases
(Scholes and Mitchell, 1970; Kell and Hitchens, 1982; Hitchens and Kell,
1984). What are the specific conditions that determine which of these traces
is observed?

The first trace is typically observed when cells are used ‘as isolated’ and
when held in a medium containing KCI as osmotic support. The second
trace is observed when a compound such as valinomycin is also present or
(more commonly with bacteria) when a proportion of the KCl in the
suspending medium is replaced by KSCN. The last trace is observed when
an appropriate concentration of an uncoupler such as FCCP is present.
Taken together, these results are interpreted within a chemiosmotic coupling
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Fig. 9.13 Typical traces observed in an O,-pulse experiment. For further details, see text.

framework as follows (Fig. 9.14). The energy coupling, bilayer membrane
may be represented as an electrical capacitor, whose magnitude may be
calculated, and is observed, to be some 1 + 0.5 pF/cm? (see e.g. Cole 1972;
Harris and Kell, 1985b; Kell and Harris, 1985; Kell, 1986b; Pethig and Kell,
1987 and reference therein). If the primary, electron transport-linked proton
pump is electrogenic in the sense that it pumps protons electrogenically from
the inner bulk phase to the outer bulk phase of the suspension, the result of
moving such electrically charged particles across the membrane capacitance
is that the “plates’ of this capacitance (represented by the aqueous interfaces
on either side of the membrane) become charged, the membrane potential
being given by Q = CV where C is the total capacitance and Q the total
number of charges moved. If the cells are spherical or of a known shape, and
their number and hence their membrane area is known, the maximum
number of charges necessary to obtain a given membrane potential may be
estimated (Gould and Cramer, 1977; Kell and Hitchens, 1982; Kell, 1986b,
1987b).

In a typical arrangement such as that of Figure 9.13, the number of
protons measured (if pumped electrogenically) is more than sufficient to
charge fully the membrane capacitance, given that an excessive value of V
leads simply to dielectric breakdown (see above). This, in turn, leads either
to a redox slip or a non-ohmic leak such that the average, net number of
protons observably pumped into the bulk aqueous phase is a function of the
average membrane potential during the O, pulse. The presence of a
substance such as the SCN ™ ion, which can cross biological membranes in
the charged form (e.g. Kell ez al., 1978), dissipates the membrane potential
and permits the ‘true’, limiting stoichiometry of H* translocation to be
observed. The presence of FCCP causes a rapid back-flow of protons before
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the pH electrode can respond, and the fact that the observable -H"/O
stoichiometry drops to zero is taken to mean that all H" are vectorially
pumped, and not scalar protons accompanying unwanted chemical side-
reactions.

H'  + FCCP —=FCCP

S

» X
FCCP™ H

+

Fig. 9.14 Classical chemiosmotic explanation of the type of data observed in Fig. 9.13, as
discussed in the text.

Such reasoning can explain the general features of respiration-linked
proton translocation seen in a typical ‘O,-pulse’ experiment of the type
outlined. If asked to choose between ‘slip’ and ‘non-ohmic leak’ as the major
explanation for the ‘low” -=H" /O stoichiometry observed in the absence of
SCN~ with a chemiosmotic framework one should plump for the former,
since the observable rates of proton back-flux in the presence of SCN™ are
very much greater than in its absence, a condition which should be
accompanied by an enhanced pmf and which is already somewhat difficult to
explain (Ferguson, 1985; Kell, 1986b). [It is expected that the electrical
capacitance of the coupling membrane is very much smaller than the so-
called differential buffering power (Mitchell, 1968).]

This explanation, however, whilst apparently plausible, is open to a more
stringent test than that posed by the simple ‘+ SCN ™" experiment just
described (Gould and Cramer, 1977; Kell and Hitchens, 1982; Hitchens and
Kell, 1984). If the translocation of a small number of protons causes the
build-up of a membrane potential sufficient to induce a substantial slip or
non-ohmic leak across the coupling membrane, so that the net observable
—H " /O stoichiometry is submaximal, then doubling the size of the O, pulse
should not allow the appearance of further protons, since the membrane
potential (or pmf) is supposedly already saturated. In practice, this predic-
tion is not borne out (Gould and Cramer, 1977; Gould, 1979; Kell and
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Hitchens, 1982; Hitchens and Kell, 1984); the »H*/O stoichiometry is
independent of the size of the O, pulse over a wide range, before secondary
phenomena such as an unfavourable internal pH and an inadequacy of
internal anions, come into play. One may take this experiment further, and
seek to vary the rate of electron transport (Kell and Hitchens, 1983) or the
extent of any putative non-ohmic leak (Hitchens and Kell, 1984) with the
intention of comparing the —+H*/O stoichiometry under the various con-
ditions using O, pulses of different sizes. When conditions are arranged such
that this -H " /O stoichiometry is independent of the size of the O, pulse,
one may treat the system as though it has attained a macroscopic stationary
state. In such a system, the pathways of electron transport are independent
of the size of the O, pulse. What is found (Hitchens and Kell, 1984) is that
the presence of venturicidin, a compound which inhibits ATP synthase
(Ferguson and John, 1977) and which should also decrease any non-ohmic
leak (Cotton et al., 1981), raises the observable —H * /O stoichiometry above
that seen in its absence (and in the absence of SCN 7). Since this should raise
the membrane potential (Kell ez al., 1978), it appears that slip is irrelevant to
these observations (since a higher Ay should exacerbate slip and decrease the
observable —H " /O stoichiometry). Thus (in spite of the argument in the
previous section concerning the rate of H* backflux), non-ohmic leak is the
only free variable to permit these observations to be explained within the
framework of a delocalized, chemiosmotic coupling scheme. Unfortunately,
as seen above, the stationary state conditions mean that the extent of non-
ohmic leak should be a strictly inverse function of the observable -»H"/O
stoichiometry. This is not the case, and so it must be construed that the lack
of observable protons in the absence of SCN ™~ occurred not because they
were not pumped (i.e. slip occurred), nor because they returned across the
coupling membrane before the electrode could respond (non-ohmic leak),
but simply because they were not pumped in to the bulk aqueous phase.

The calculations concerning the number of protons necessary to make a
membrane potential of, say, 200 mV suggest that the great majority appear-
ing in the bulk phase could not be appearing there electrogenically. They
must therefore have got there electroneutrally, in symport or antiport with
another ion. The question thus arises as to whether any of the observable
protons were pumped electrogenically to the bulk phase, and were thus
capable of creating an energetically significant, delocalized electric mem-
brane potential. This question, which obviously relates to the question of the
magnitude of the electron transport-linked Ay estimated by ion-distribution
methods, may be addressed by turning the above reasoning on its head
(Gould and Cramer, 1977: Conover and Azzone, 1981; Kell and Hitchens,
1982; Kell, 1986b, 1987).

If an energetically significant Ay is feeding back on the electron transport
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chain, then decreasing the number of electron transfer events per cell, and
hence the number of H* pumped per cell, will decrease the maximum Ay
attainable (i.e. even if all observable protons are pumped electrogenically) to
an insignificant value. If this is the case, then the net observable -=H*/O
stoichiometry should be the same whether SCN ™ is present or absent (since
its presence can hardly dissipate an already negligible Ay). Again, when
attempts are made to perform the experiment under conditions approxima-
ting a stationary state, the -—H™* /O stoichiometry is independent of the size
of the O, pulse over a wide range, and apparently strictly dependent upon
the natural permeability of the membrane to ions other than protons (Gould
and Cramer, 1977; Conover and Azzone, 1981; Kell and Hitchens, 1982;
Kell, 1986b). There is only one conclusion it seems possible to draw from
these types of observations (e.g. Kell and Westerhoff, 1985; Kell, 1986b; and
see also Tedeschi, 1980, 1981): the apparent absence of an energetically-
significant Ay (as observed by microelectrodes) is due to the fact that in the
stationary state all protons pumped by the respiratory chains of proton-
motive systems do not appear in the bulk phase unless the ‘primary macroerg’
(Blumenfeld, 1983) or ‘energized state’ set up by electron transport is
dissipated by the inclusion of a membrane-permeant ion which then allows
each proton pumped across the membrane into an ‘invisible’ space to enter
the bulk phase electroneutrally. It should be evident that such an explanation
is not consistent with the generation, and hence intermediacy, of a chemi-
osmotic membrane potential as a part of electron transport-linked phos-
phorylation.

Experiments related to the above have recently been performed by
Jackson and colleagues in photosynthetic bacteria, with similar results (in
terms of the discrepancies between ‘expected’ and ‘observed” —»H™ /e~
ratios) but with, in part, a somewhat different interpretation (Taylor and
Jackson, 1985a,b; Myatt and Jackson, 1986). In view of the discrepancies
between the number of protons measured with a glass electrode and a pH
indicator (approx. 43 and 144 in Fig. 2 of Taylor and Jackson, 1985b), and
between the number of charges allegedly necessary to create the maximum
membrane potential (approx. 5) judged by carotenoid spectroscopy, and
these observed (approx. 2; Myatt and Jackson, 1986), one would retain the
conclusion that the data obtained to date, using observations of respiration-
linked translocation of protons, are consistent with the view that essentially
all protons observed in the bulk phase are deposited there electroneutrally
and thus cannot contribute to the generation of a delocalized membrane
potential.

In this regard, it is worth drawing what I have found to be a useful
analogy when discussing some of the points at issue in this chapter (Fig.
9.15). It is not disputed that the source of free energy both for charging a car
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battery via a dynamo and for turning the wheels is the engine (Fig. 9.15).
Similarly, it is not conventional to draw a bidirectional arrow between the
wheels and the dynamo to suggest that the latter may be an intermediary
energy source for the former. Nevertheless, there is a remarkable tendency,
faced with what amounts to the same logical structure, to assume that any
ion or proton movements accompanying electron transport and entering the
bulk phase might subsequently be coupled to otherwise endergonic processes
such as ATP synthesis. It should be clear (Fig. 9.15) that this is not a logical
procedure! The fact that bulk-phase proton movements accompany electron
transport, and thus contribute to the creation of a small pH gradient, tells us
nothing whatever about whether they may subsequently be used to drive

phosphorylation. This rests on other criteria, which, when tested, are found
wanting.

o | Bottery
Dynamo > | charging
- o | Motionof
Engine »| Gears,clutch,axle ™1 wheels
Electron | Energy-coupling | ATP
transport = proteins synthesis

Y

Bulk-phase ion
movements

Bulk-phase proton
movements

Y

Fig. 9.15 Phenomena which may be observed concomitantly do not necessarily bear a given
cause-and-effect relationship to each other. Turning on the engine of a car causes
both dynamo and wheels to move, but it is not the dynamo which is driving the
wheels. Similarly, electron transport causes both phosphorylation and observable
movements of (bulk phase) protons and other ions to occur. This does not of course
mean that the proton movements are driving phosphorylation!
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Since everything seen so far might well have caused one to have the
gravest suspicions about whether or not any signal purporting to represent
Ay actually leads one logically to the view that the latter is of sufficient
magnitude to be an intermediate in electron transport-linked phosphoryla-
tion, other approaches which do not rely upon the measurement of Ap but
exploit its delocalized nature have been sought. One such approach is that
known as ‘double-inhibitor titrations’.

9.9.7 Double-inhibitor titrations

The general principle of the double-inhibitor titration (DIT) method was
first expounded in a bioenergetic context by Kahn (1970) and by Baum
(Baum er al., 1971; Baum, 1978). Motivated by related experiments carried
out by Venturoli and Melandri (1982), the approach was taken up and
extended by Hitchens and Kell (1982a,b; 1983a.b) and by a number of other
workers (Parsonage and Ferguson, 1982; Cotton and Jackson, 1983; Berden
et al., 1984; Krasinskaya et al., 1984; Mills, 1984; Westerhoff er al., 1984b;
Davenport, 1985; Ferguson, 1985; Herweijer et al., 1985, 1986 Pietrobon
and Caplan, 1985a; vander Bend and Herweijer, 1985; vander Bend ez al.. 1985,
Chen, 1986; Kell, 1986b.c; Kell and Walter, 1986; Westerhoff et al., 1986;
Pietrobon and Caplan, 1986a.b; Kell, 1987b; Petronilli ez al.. 1988; Slater,
1987; Westerhoff and Kell, 1988).

The idea behind these types of approach runs essentially as follows (Fig.
9.16).

100K

(a)

Rate of phosphorylation (%)

[Inhibitor ]

Fig. 9.16 P()gsiblc diagrammatic traces observed in a double-inhibitor titration using an
inhibitor of electron transport in the absence (a) or in the presence (b.c) of a titre of
ATP synthase inhibitor sufficient to inhibit the ‘starting’ rate of phosphorylation by
50%.
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If a delocalized intermediate (such as the pmf) serves to link electron
transport with phosphorylation, the addition of a titre of a tight-binding
ATP synthase inhibitor will tend to raise the pmf and thus the titre of an
inhibitor of electron transport or of an uncoupler necessary to inhibit
phosphorylation, provided that these act to inhibit phosphorylation by
decreasing the pmf, and that the rate of phosphorylation is controlled solely
by the pmf. In practice, it is observed, under appropriate conditions, that
such a treatment tends to leave unchanged the inhibitory titre of an electron
transport inhibitor and actually decreases the titre of uncoupler necessary to
inhibit phosphorylation by a given amount, results initially thought quite
incompatible with a delocalized energy coupling scheme.

However, as seen above, when considering metabolic control analysis,
metabolic fluxes are rarely, if ever, controlled by single parameters (and
never by variables), and the later commentaries on this topic have invoked,
or drawn attention to, conditions (of varying degrees of plausibility) in
which the data observed may in fact be made to fit a delocalized energy
coupling scheme. For instance, there may be redox-linked activation of the
ATP synthases. or the elasticity of the primary proton pumps towards the
pmf may be significantly different from that of the ATP synthase towards
the pmf, so that uncouplers might (counterintuitively) be expected to work
better when ATP synthases are partially inhibited by an appropriate titre
of energy transfer (ATP synthase) inhibitor. Thus a largely quantitative
analysis is required, although preferably one which does not of itself rely
upon the accurate estimation of the values of the pmf.

The most recent and comprehensive analyses of this topic (Pietrobon and
Caplan, 1987a,b; Petronilli e al., 1988; Westerhoff and Kell, 1987), based on
metabolic control analysis and permitting arbitrary (but stated and self-
consistent) relations to exist between Ap and the partial reactions with which
it is supposed to be coupled, lead to the following conclusions:

(a) no delocalized model can account for the finding that the titre of
uncoupler necessary for full uncoupling is lower in the presence of
a partially-inhibitory titre of ATP synthase inhibitor than in its
absence;

(b) qualitatively, linear and non-linear chemiosmotic models can explain
some but not all of the data; and

(¢c) when the P/2e¢ ratio is taken into account, the degree of leakiness
required to explain the data on a delocalized coupling basis is not
consistent with that found.

It is worth remarking in this context that the above analysis is confined
strictly to genuinely stationary states. It is of interest nonetheless that studies
on the prestationary initiations of phosphorylation in thylakoids (Hangarter
and Ort, 1985) show that this may, under some, but not all conditions
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(Chiang and Dilley, 1987), be strongly controlled by cooperation between
electron transfer chains.

Finally, the DIT approach opens up a further interesting means of testing
whether a particular method such as ion uptake might plausibly be measur-
ing a delocalized intermediate such as a membrane potential. The idea in
such an experiment is that, given the relatively low electrical capacitance of
coupling membranes discussed above, the pmf rapidly attains its ‘steady-
state’ value. The uptake of ‘probe’ ions which supposedly monitor Ay is then
a slow response to this essentially ‘clamped’ Awy. Since in all cases, purely
energy-transfer inhibitors tend to raise the Ay estimated in the stationary
state, it is to be expected that neither the rate nor extent of ion uptake should
be decreased, during an uncoupler titration, by the inclusion of an energy
transfer inhibitor in the reaction mixture.

A reductionist approach to biochemistry would have it that the best way
to decide what is necessary for a given process, and thus what may be its
mechanism, is to isolate, purify and reconstitute the enzymes believed to be
involved in that process. Purportedly according to such reasoning, another
means by which some authors have sought to establish the veracity of
delocalized chemiosmotic coupling is by co-reconstitution experiments.
However, since the theory and the data (as with several other aspects of the
present topic) are utterly divergent (Kell and Westerhoff, 1985), it seems
appropriate to draw attention to them here.

9.9.8 Co-reconstituted systems: the emperor is not yet clothed

The idea behind the co-reconstitution approach may be illustrated with
reference to Figure 9.17; it is that the co-reconstitution, in a lipid vesicle, of a
‘primary’ proton pump, capable of creating a pmf, together with a ‘second-
ary’ proton pump, capable of using a pmf to drive a reaction, should permit
the energy coupling of the chemical reactions catalysed by the two types
of enzyme (complex). Following the initial experiments of Racker and
Stoeckenius (1974) with bacteriorhodopsin and a very impure ATP synthase
preparation, it is widely believed that such a successful co-reconstitution has
been amply demonstrated, with the implication that energy coupling is,
indeed, via a chemiosmotic type of mechanism. As stressed elsewhere (Kell
and Morris, 1981; Kell and Westerhoff, 1985; Kell, 1986b) and as I shall
briefly review once more, the presently available data actually justify rather
the opposite conclusion.

In many of these co-reconstitution experiments, the assumption is made
that because the reversible primary and secondary proton pumps do actually
pump protons, then any coupled phosphorylative activity (for example) that
is observed must also be taking place via a delocalized pmf. As seen above
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(Fig. 9.15), this is an extraordinary piece of logic which may be expunged
from our considerations. Any phosphorylative activity observed in a co-
reconstituted system may be occurring via any type of mechanism, which
may or may not be the same as that occurring in vivo and may or may not be
via a pmf. (Enhanced and possibly free-energy-transducing collisional inter-
actions between the proteins in the more fluid milieu of a liposome are one
obvious possibility.) The question which should at the very least be asked in
order to gain mechanistic information about the coupling in a co-reconsti-
tuted system is: what is the turnover number of the secondary proton pump
(typically an ATP synthase preparation)? This, and not the absolute flux (in
terms of nmol/minute/mg protein), is what can show that these systems are
actually working according to the ‘simple interpretation’ (Kell and Wester-
hoff, 1985) given in Figure 9.17.

:\ Primary proton pump

ADP + Pi

Fig. 9.17 The ‘simple interpretation’ of co-reconstitution experiments in which it is assumed
that any phosphorylation observed is occurring via the generation of a pmf between
purified and spatially separate proton pumps.

In one of the more thoughtful studies of that era (Hauska er al., 1980), it
was shown in a system co-reconstituted from a photosystem I preparation
and a thylakoid CF F, that, whereas the rate of photophosphorylation was
some 30% that of the rate in vivo, the turnover number of the ATP synthase
molecules was less than 1% of that in vivo; i.e. a value that in other contexts
is considered to be more or less zero. Since even in these relatively purified
systems the components were certainly not 99% pure, one can as well argue
that purified co-reconstituted systems can not in fact make ATP. As surveyed
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and discussed elsewhere (e.g. Kell and Morris, 1981; Casey, 1984; Kell and
Westerhoff, 1985; Kell, 1986b), the data of Hauska er al. (1980) are quite
typical for co-reconstituted systems using more-or-less purified components.
Recent small improvements in turnover numbers (van der Bend et al., 1984),
and studies of the effects of alternating the ratio of primary to secondary
proton pumps, have not qualitatively altered these conclusions; i.e. that
energy coupling here is (i) extremely inefficient and (ii) not via a pmf of any
credible magnitude.

9.10 Concluding remarks

Readers will be aware that the present overview differs from many in
bioenergetics in seeking to argue a self-consistent case to the effect that the
protonmotive force across energy coupling membranes catalysing electron
transport-linked phosphorylation is energetically insignificant. Reasons of
space have meant that many pertinent arguments (Kell and Westerhoff,
1985) could not be developed but hopefully, it has been conveyed, at the very
least, that the subject of bacterial bioenergetics is alive, lively and offers
plenty of scope for further research and study.

Finally, the Editor wishes me to add here that his aim in including this
final chapter is to indicate that, although this is the close of the book, the
book of bioenergetics is not closed, and also to emphasize that we should not
believe all that we read (including this chapter).
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