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H seems to me that there is no single ided in biology which iy hard (o understand, in the way
that ideas in physics can be hard, If biology is difficult, it is because of the bewildering
number und variety of things that one must kold in one’s head.

(Maynard-Smith, 1977)

I, INTRODUCTION

What is a cell like? The simplest attempt at a conceptval subdivision
contrasts those (soluble) enzymes and molecules which, upon cell disrup-
tion, are released into the supernatant of a high-speed centrifugation step
(105,000 x g; 1 h)with those (membrane bound) which are not. Now, while the
evidence for the organization, aggregation, and indeed membrane association
in vivo of many enzymes, such as those of glycolysis (Gorringe and Moses,
1980; Masters, 1981), is now extensive (e.p., Welch 1977, Welch and Kelet,
1981; Clegg, 1983a.b), this topic has been widely reviewed and is also
excellently covered by other contributors to this volume.

Equally, just as a prime purpose of glycolysis is (o synthesize ATP by
substrate-level phosphorylation, a prime purpose of many biclogical mem-
branes (energy coupling membranes) is also to catalyze ATP synthesis, These
coupling membranes are exemplified by the inner mitochondrial membrane,
the chloroplast thylakoid membrane, and the plasma (cytoplasmic) membrane
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£

of respiratory and photosynthetic bacteria, Our main purpose in this chapter
will thus be to describe the nature, role, and organization of the free energy-
transducing devices that these energy-coupling membranes contain, placing
special emphasis upon the process of clectron-transport phosphorylation. 'he
literature is covered comprehensively through 1983,

Since many membranes as isolated catalyze electron-transport phos-
phorylation at rates, and with efficiencies, similar 1o those implicated in vivo,
we regard it as permissible to consider such membranes in isolation from their
normal “cytosociological” (Welch and Keleti, 1981) habitat. To this end, we
next consider the gross structural features of typical membranes catalyzing
electron-transport phosphorylation. We shall concentrale in particular upon
the inner mitochondrial membrane, although when necessary or appropriate
we shall address ourselves fo other systems, We shall see that in electron-
transport phosphorylation as well, enzymes that were previously thought to
operate independently turn out to function in rather tightly linked units,

. STRUCTURAL DYNAMICS
OF ENERGY-COUPLING MEMBRANES

A. The Occurrence and Nature of Oligomolecular
Complexes in Energy-Coupling Membranes

1. Intraduction

As is now well known (.., Stryer, 1981; Lehninger, 1982), the best general
biomembrane model (Singer and Nicolson, 1972; Finean et al., 1978 Houslay
and Stanley, 1982) visualizes biological membranes as consisting of a fluid
phospholipid bilayer in, on, and through which arc dispersed protein
molecules, either as monomers or, more commonly in energy-coupling
membranes, as oligomerie, polytopic {Blobel, 1980; Brock and Tanner, 1982)
complexes, Thermodynamic considerations dictate (e.g., Tanford, 1978, 1980
Jihnig, 1983) that the major organizing force determining the degree of
penetration of such complexes into or through the bilayer is the favorable free
energy of transfer of the hydrophobic arcas of proteins from an agueous (o a
lipidic environment, There are also reasons to suppose that “the hydrophobic
domain of a transmembranc protein is vertically delimited at both its upper
and lower ends by (wo collars of charged amino acid residues, which interact
with the polar head groups of lipids” (Montecuceo et al., 1982). Such
interactions can be of great importance to the catalytic activity of such
proteins (Johansson ef al,, 1981a,b).

The likely arrangement of the polypeptide chain in, say, bacteriorhodospin
(e.g., Engelman et al., 1980) is consistent with the probable generality of this
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view, and, since this is not, perhaps, to be regarded as unexpected, we do not
pursue it here. We may add, at this stage, that the flip-flop motion of even
phospholipids (Kornberg and McConnell, 1971), let alone proteins, is
negligible on a time scale relevant to electron-transport phosphorylation,
Finally, there is abundant calorimetric and other evidence that the gel-liquid
phase transition of membrane phospholipids usually occurs well below
physiological temperatures, as docomenied, for instance, for the membranes
of thylakoids (Murato and Fork, 1975), mammalian mitochondria
(Hackenbrock er al., 1976), and respiratory (McElhaney, 1974; Mechler and
Stein, 1976) and photosynthetic (Fraley er al., 1978; Kenyon, 1978; Kaiser and
Oelze, 1980) bacteria (for possible exceptions see Raison, 1973), The gel-liquid
phase transition does, however, occur over a range of temperatures, which
tends to indicate heterogeneity in the fluidity ol biological membranes (Vaz
et al., 1982),

We may therefore proceed from our general fluid mosaic picture to ask
some slightly more detailed questions concerning the structural dynamics of
(generally unenergized) energy-coupling protein complexes in biological
membranes, The insertion and assembly of these complexes in the membrane,
though a fascinating arca of study, is beyond the scope of this chapter (sec e.g.,
Brock and Tanner, 1982). Because of its special properties, we shall in general
treat the quasi-crystalline “membrane” bacteriorhodospin as a separate
complex.

2. How Much Phospholipid Bilayer Is There
in Energy-Coupling Membranes?

Energy-coupling membranes are among the richest in protein. Thus, the
inner mitochondrial membrane contains approximately 75-80%, protein and
20-25% phospholipid (e.g., Tzagoloff, 1982; Kroger and Klingenberg, 1970),
and similar ratios are found in other energy-coupling membranes (e.g., John
and Whatley, 1977), It is sometimes remarked (c.g., Ling, 1981) that this low
percentage of phospholipid cannot be sufficient to form a continuouns bilayer,
Now, many proteinaceous complexes pass right through the plane of the
bilayer, for example, bacteriorhodopsin (Henderson and Unwin, 1975
Ovchinnikov et al., 1979; Engelman et al., 1980) and cytochrome oxidase (e.g.,
Henderson er al., 1977; Fuller er al,, 1979; Azzi, 1980; Brunori and Wilson,
1982; Capaldi, 1982a,b), and while the former is fairly flush with the plane of
the membrane, the latter extends well beyond it, as do many other complexes
that we shall discuss, such as the H*-ATP synthase (Soper er al., 1979) and
ubiquinol-cytochrome ¢ reductase (EC 1,10.2.2) (e.g., von Jagow and Engel,
1980). Thus, a figure of, say, 20%, for the percentage of phospholipid in an
energy-coupling membrane provides a minimum for the percentage of surface
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area that may be in a bilayer configuration, since energy-coupling membranes
are not thought to contain large arcas of protein-phospholipid monolayer,
In any event, NMR work (e.g., Arvidson et al., 1975; Cullis et al., 1980; de
Kruijff et al., 1982) shows very clearly that the great majority of phospholipids
of the inner mitochondrial membrane are ina bilayer configuration, and we do
not find much experimental evidence (but ¢f, §jéstrand, 1978) to dissuade us
from this interpretation, Whereas it is of interest ilfat rather extensive
delipidation of mitochondria causes no gross structural changes in the inner
membrane (Fleischer et al., 1967), as judged by electron microscopy, our own
present interest must be centered primarily upon systems that are capable of
carrying out free energy transduction, and we shall not consider these
observations further, save to mention that they simply indicate that lipid-
protein interactions may be substituted for by hydrophobic protein—proiein
interactions under appropriate conditions,
Studies using differential scanning calorimetry and freeze-fracture electron
microscopy by Hackenbrock, Héchli, and colleagues (Hackenbrock et al.,
1976, Hochli and Hackenbrock 1976, 1977, Hackenbrock, 1976, 1981) show
rather clearly that the total protein mass of the native inner mitochondrial
membrane occupies less than one-half of the total lateral area of the
membrane, and freeze-fracture work by others indicates a similar picture for
the thylakoid membrane (e.g., Anderson, 1975; Arntzen, 1975, 1978), Mosi
importantly, however, quite small changes in physical parameters have been
shown to exert a marked effect upon the state of distribufion of the intrinsic
prolein complexes of the inner mitochondrial membrane (Hackenbrock,
1976), and this leads us nicely to two important ideas that form the basis of the
next two sections; proteins exist, and can move, as oligometric complexes in
the plane of energy-coupling membranes, Topics related to this question, such
as phospholipid organization (e.g,, Cullis and de Kruifl, 1979; Israclachvili
el al, 1980; Blaurock, 1982; Davis, 1983) and asymmetry (e.p., Etemadi, 1980),
are largely beyond our present scope.

3. Complexes of the Inner Mitochondrial Membrane

The inherent complexity of living systems in general, and of the inner
mitochondrial and other energy-coupling membranes in particula:, has led
many workers (o seek 1o isolale enzymes and/or complexes that carry ont
lefined, partial reactions of processes such as oxidative phosphorylation. As is
vell known, pioneering work in the laboratories of Green, Hatefi, and Racker
ed to the isolation and characterization of proteinaceous complexes of the
nitochondrial electron-transport chain (complexes T to TV) and the H'-
TPase (complex V) components that could catalyze defined electron transfer
r ATPase—~ATP-P, exchangease reactions, respectively. Not surprisingly,
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each complex has provided a rich area of study in its own right, and this
approach has been extended by a great many workers to broadly comparable
complexes in thylakoid and bacterial energy coupling membranes. The
reviews by De Pierre and Ernster (1977), by Hatefi (1976), and by Capaldi
(1982b) (see Table 1) and the books by Tedeschi (1975), by Tzagoloff (1982), und
by Nicholls (1982) provide useful infroductions to the voluminous mitochon-
drial literature,

As pointed out by Saraste (1983), the criteria usually nsed in assessing the
polypeptide composition of a particular complex often leave much to be
desired. Fortunately, we shall largely be able, for our present purposes, 1o treat
the complexes, especially complexes 1 to TV, more or less as black boxes, and
will tend to assume that they contain those polypeptides ascribed to them s a
consensus by the authoritics in this field, The “complexes™ of beel heart
mitochondria are given in Table 1.

The crucial, il well-known, message for our present purposes is this:
oligometric protein complexes, which can be visualized by clectron micro-
scopy, exist as defined entities in energy-coupling membranes and catalyze
reactions coupled to macroscopically observable chemical changes such as
electron transport or ATP hydrolysis. Since, to preempl some of our later
discussion, we shall wish to consider in detail the degree of localization of free
energy transfer between different electron-transport and AT Pase complexes, it

TARLE |
Some GEnpRALLY Recoamzen Cosponents oF THE Beer Heawt MiTocuoNpriat
Isgr Meunrang”

Approximate

Concentration runge molecular
{nmol/mg membrane welght of
Components protein) monomer (k1)
Complex T (NADH - ubiguinone oxidoreductase) 0.06-0.13 T
Complex 11 (succinate~ubiguinone oxidoreductase) 0.19 200
Complex TH (be, complex) (ubiquinol-cytochrone
¢ oxidoreductasge) 0.25-0.53 a0
Complex 1V (eytochrome ¢ oxidase) 0.6-1.0 160
Complex V(ATP synthase) (152034 500
Cytochrome ¢ 0,8-1.0 12
ADP-ATP translocase J4-4.6 30
Transhydrogenase 0.05 120
Ubiguinone 64 —

Phospholipid 440--590 —

* Daata after Capaldi (1982hb}
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is of interest 1o know the rate at which such complexes may collide with each
other, a topic to which we now turn,

4. Lateral Diffusion of Protein Complexes
in Energy-Coupling Membranes

That oligomeric protein complexes can, in many cases, diffuse laterally at
rather rapid rates in the plane of energy-coupling and other biological
membranes, although an important implicit corollary of the concept of the
fluid mosaic membrane has now been demonstrated directly by a variety of
experimental techniques (e.g., Edidin, 1974; Poo and Cone, 1973, Jafte, 1977,
Poo and Robinson, 1977; Webb, 1977; Evans and Hochmuth, 1978; Finean
et al., 1978; Cherry, 1979; Barber, 1980; Sowers and Hackenbrock, 1981,
Anderson and Anderson, 1982; Houslay and Stanley, 1982; Vaz et al., 1982,
Webb et al, 1982; Zimmerman, 1982; Zimmerman and Vienken, 1982;
Axelrod, 1983; Barber, 1983; Kell, 1983; Robertson, 1983). The different
apparent mobilities of complexes -1V in the inner mitochondrial membrane
‘have been tabulated by Hackenbrock (1981) (Table ). Thus, even the least
‘mobile complexes can move nearly 0.05 um during the passage of a single
electron through them. The distance diffused by ubiguinone molecules per
turnover is some 40-fold greater, and this phenomenon can evidently account
for the “Q-pool” behavior established by Kroger and Klingenberg (1973) in
mitochondria, and the well-established and broadly comparable function of
lastoquinone in thylakoids as a mobile electron-transfer agent between
he spatially separate (Anderson, 1981; Andersson and Haehnel, 1982),
roteinaceous light-harvesting complexes containing photosystems Tand IT. Tt
s worth stressing that one may make these conclusions based on experimental
,ata such as the rates of electron transfer in mitochondria (Hackenbrock,
981) and the amount of spillover between the two photosystems in thylakoids
Barber 1980, 1982b; Anderson and Andersson, 1982) that have negligible
nterpretational complexities relative to those of certain more physical, as
pposed (o functional, approaches. However, we should mention that the
xact status of the “Q-pool” concept (Heron et al., 1978; Gutman, 1980; Yu
d Yu, 1981; Hachnel, 1982; Rich, 1982; Trumpower, 1982; Hauska et al,,
83) represents an area of active debate and great uncertainty.

_ For our discussions below it is important that Hackenbrock (1981) claims
1at the different protein complexes (i.¢., complex I, TI, 1T, and 1V (Tables I and
diffuse independently of one another. This might be extrapolated to a
Bgestion that also complex V (i.e,, the H*-ATPase) diffuses independently.
€ wish to point at a number of uncertainties in the basis of such a claim.
Ist, we are not aware of any experimental evidence indicating diffusion of
~ATPases independent from electron-transfer chain components, Secondly,
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TABLE 1
ExprcTen LaTeRaL Dstance Dprusen per Urar Tive vy Repox CoMpoNeNTS oF THE [ver MiTocHORDRIAL MEMaRANE

Distance

Lateral Electrons Cine diffused Dhstance

diffusion transferred WINQVETD during one diffused

Redox Approximate coellicient i ong in state 3 wrnover in during

COMPOTEnt stolchiometry in em/s tarpover n ms nm" 20 ms in nm

Complex I 1 8.3 x 107¢ 2 43 &1
Complex 11 2 8.3 w1070 2 &0 &1
Complex 11T 3 83 = 1gte 1 33 &1
Complex 1V 7 83 = 10710 ] 81 81
Cwviochrome ¢ 9 1.0 107" 1 335 280
Ubiguinone 63 LO = 1078 2 1760 280

2 Drata after Hackenbrock (19813

* Distances are based on the lateral diffusion coefficients given and a state 3 respiratory rate for su
57" heme™ aa,.

coinale oxidation of Selectrons
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Hackenbrock bases his claim on the effect of fusion of liposomes to mitoplasts
(L.e., mitochondria depleted of their outer membrane), which is reduction of
the rates of redox reactions that involve two or more of the complexes, It
should be noted that the explanation alternative to Hackenbrock’s (who
proposes that the rates are reduced because the proteins have to diffuse over
longer distances), that is, that low-molecular-weight (lipid-soluble) ccofactors
such as ubiquinone are diluted out, has not been fully ruled out. Moreover,
mitoplasts fused to hposomes are immensely different from intact mito-
chondria with their much more folded inner membrane (¢f. Sjostrand, 1978),;
the former have been shown not (Hackenbrock, 1981; Westerhoff, un-
published observations) to catalyze oxidative phosphorvlation, Thirdly, the
diffusion coefficients measured by Sowers and Hackenbrock (1981) may be
representative of a case where the existing protein—protein interactions have
been disrupled (see below),

For our present purposes, however, we may state three facts: (1) electron-
transport events may take place in isolated, reconstituted systems in vitro,
containing only the recognized coraplexes of the appropriate region(s) of the
electron transport chain(s) of interest; (2) such complexes do not need (o be
membrane incorporated to express such activity {e.g., Lam and Malkin, 1982);
and (3) electron-transport events can be reconstituted using protein complexes
from different types of energy-coupling membrane (e.g., Packham ef al,, 1980),
Such findings give weight to the widely held belief in the close functional
relationships between electron-transfer components in different types of
membrane (see e.g., Hauska et al., 1983), as well as to the permissibility of
treating these complexes as black boxes.

5. Rotational, Bending, and Stretching Behavior
of the Components of Energy-Transducing Membranes

it is now well known that the rotation of individual complexes is generally
ather fasi (e.g., Cherry, 1979; Muller ef al., 1982) and occurs on a time scale
tmilar to that of the exchange of so-called boundary lipid (e.g., Vanderkooi,
978: Jardetzky and Roberts, 1981; Gennis and Jonas, 1977; Chapman et al,,
982, Marsh, 1983) with that of the bulk lipid of the bilayer. These rates are far
ore rapid than the turnover of the apparatus of clectron-transport
hosphorylation, but we will not pursue this issue here.

In modelling a biomembrane, it is common (o draw it as a flat sheet, as
ugh there were no mobile deformations in a plane perpendicular (o the
ne of the bilayer. This is certainly an unjustified and erroneous oversimpli-
ion (e.g., Evans and Hochmuth, 1978; Haines, 1979; Miller, 1981; Crilly
d Earnshaw, 1983: Brown et al., 1982; Robertson, 1983); however, the extent
which such motions are of significance in energy coupling remains,
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72 DOUGLAS B, KELL AND HAMS V. WESTERHOFF

regretiably, as yet unknown, although Haines (1979} proposes & causal role of
lipid-mediated potential compaction waves in oxidative phosphorylation (see
also Haines, 1982),

6. Fluctuational Behavior of Energy-Transducing Proteins

It is now widely recognized that proteins exhibit thermally activated
maotions of varying degrees of cooperativity, on a time seale from picoseconds
upwards (e.g, Gurd and Rothgeb, 1979, Clementi and Sarma, 1983;
MeCmmmon and Karplus, 1983, Welch, 1985). There is also evidence of very
slow conformational transitions in energy transducing ATP synthases, on
time scale of minutes (e.g., Slooten and Branders, 1979). However, since our
main interest lics in the organization of these membranes during the time
necessary to synthesize a single ATP molecule, we shall confine our thoughts
to the time seale below 100 ms. Some of the typical motions that have been
characterized for globular proteins are noted in Fig. 1. Our main purpose here
is (1) to indicate the extensive nature of these Huctuations, (2) to remind readers
of the probability that these fluctuations play an essential role in enzyme
catalytic processes (Welch et al., 1982; Careri et al., 1979; Welch, [985) and (3)
to state that a complete deseription of eleciron-transport phosphorylation
should preferably take such fluctnational behavior into account. The philo-
sophical problems inherent in the description of free energy-transducing
devices of molecular size, which are subject to such thermal fluctuations yet
work under macroscopically isothermal conditions, are explored elsewhere

(Welch and Kell, 1985; Somogyi et al., 1984), \

LOG CHARACTERISTE. FREGLENCY

T T T Y ST T |L.cL M U T T
i i H H H { 1 H i i % i 1
) i £ 2] B 10 12

T — Poundory lipid exchorge
Average turnover ¥ lIpid excharge
of AP synthose

ddfusion through

malscular digmeter e,
Bourd water retosation

Fotationa! motion o

alde-choing

Mary collective motions

Fig. 1. Some time events of biomembrane proteins of relevance {o electron (ranspor
phosphorviation. For many further details, and the evidence for such motions, see Gurd and
Raothpeb {1979}, Careri ef al, (1979}, and Welch et al. (1982}, Ttis evident that the overull process of
eledtron transport phosphorylation ocears on a very slow lime scale relative to that of othe
muolecular motions,
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7. Disposition of Protein Complexes under Energized Conditions

In the absence of electron transpori- or ATP-derived free encrgy, it is (o be
assumed that the disposition of protein complexes in the fluid mosaic
membrane follows a more or less random distribution, that is, that their
topological relationship to each other constitutes an equilibrium, or quasi-
equilibrium process. The question arises, therefore, as to what infuence, if any,
the input of free energy (whether from electron transport or ffom ATP) exerts
upon the disposition of the energy-transducing protein complexes themselves,
Remarkably enough, there is relatively little direct evidence to indicate,
whether such free energy inpuis can promote the (iransient) association of
such protein complexes that may be of relevance to the free energy-
transducing processes themselves, However, several lines of circumstantial
evidence indicate that this indeed may be the case, Energization was shown to
affect the distribution of complexes in the inner mitochondrial membrane
{Hackenbrock, 1972), and Goodchild ¢ al. (1983) have shown that electron
transport does indeed result in a somewhat closer association of intramembra-
nous particles, including the light-harvesting and the cylochrome b/f
complexes, in chloroplast thylakoids.

A number of recent detailed and elegant studies have shown that
appropriately oriented electrical fields can drive the migration of intramem-
brane protein complexes (see e.p., Jaffe, 1977; Poo and Robinson, 1977; Sowers
and Hackenbrock, 1981; Poo, 1981; Zimmermann, 1982; see also Kell, 1983),
This phenomenon has been termed lateral electrophoresis, and it has been
shown that the clustering of certain membrane components can have
significant effects upon their catalytic properties (Young and Poo, 1983). In
particular, since, as we shall see shortly, electron-transport and ATP hydrolase
_reactions are accompanied by the generation of (initially) localized electrical
fields, it does not seem unreasonable that some type of topological arrange-
ent of electron transport and ATP synthase complexes, inter alia, is of
nificance to the energy-coupling process,

We may consider the recent elegant work of Zimmermann and colleagues

see Zimmermann ef al, 1981; Zimmermann, 1982 Zimmermann and

Vienken, 1982, for reviews) on electrically mediated cell-cell fusion. In this

rocess, cells are apposed by dielectrophoresis in a medium of low electrical

onductivity, and then fused by the application of a short (microsecond)

lectrical pulse of high field strength. Molecularly, it is thought that the area

[ cell-cell contact (strictly, protoplast—protoplast contact) involves solely

hospholipid bilayer areas of the membrane, and that, ergo, part of the role of

ielectrophoretic induction involves the lateral electrophoresis of membrane

roleins (and/or charged phospholipids (Zimmermann and Vienken 1982;

ell, 1983)). Most significantly, it was shown using Avena sativa protoplasts

Supplied by the British Library 17 Jan 2020, 14:02 (GMT)
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that while the adenylate energy charpe of the cells was irrelevant to fusion, the
time taken for the fused double cell to round up was essentially inversely
proportional to the ATP/ADP ratio (Verhoek-K6hler er al,, 1983), Although,
as the authors mention, this may be due to the requirement for phos-
phorylation of one or more membrane proteins, it scems possible that ATP
energization of the piasma membrane may be required for the normal effective
disposition of proteins in these membranes (as well as the rearrangement of
the cytoskeleton),

We may also consider the isolation by simple mechanical disruption of
chromatophores from the plasma membrane of photosynthetic bacteria. As is
well known, these chromatophores contain all the apparatus of eleciron-
transport phosphorylation, vet possess a composition quite distinet from that
of the other parts of the cytoplasmic membrane (Garcia er al,, 1981; Dicrstein
et al, 1981; Kaulfmann et al., 1982; Oclze and Drews, 1981), Given the apparent
absence of any anchorage between membrane pmic&im and cytoplasmic
structures in these prokaryotes (Direws, 1982), one is virtually bound to
conclude either that the compleses bind to each other or mmim membranc
proteins as an equilibrium process and/or that some factors, requiring the
input of free energy, act to array the complexes of electron-transport
phosphorylation in chromatophores in a reasonably close spatial relationship
to each other in situ in the intact cell. This conclusion is very strongly
reinforced by the elegant observations of a highly nonrandom segregation of
membrane components between davghter cells 1n a variety of dividing
microorganisms (Kepes and Autissier. 1972; Poole, 1981 Edwards, [981;
Lloyd et al., 1982),

To put this point on g quantitative footing, let us take a fairly typical protein
complex diffusion coeflicient (D) of 10°% em?/s (Hackenbrock, 1981). The
relaxation time (1) for the randomization of such a complex in a spherical shell
membrane of radius R is given by © = R*2D (Huang, 1973; Benz and
Zimmermann, 1981; Sowers and Hackenbrock, 1981 Zimmermann, 1982), As
remarked elsewhere (Kell, 1983), this equation assumes that the comple:
take up a negligible volume fraction of the bilayer: for a given v this will
overestimate D (or underestimate R), but we will ignore this. Thus th
relaxation time for randomization of the disposition of a protein complex in
spherical bacterial cell of radius 0.5 pm (=5 x 10°° em) is 25 » 10717
2 % 107V s, that s, 1.25 5. Since the fastest doubling time for a microorganism,
~ 20 min, is some 1000-fold greater, there would seem (o be an extreme)y
serious discrepancy between (1) the more biophysical studies indicating rapid
and random diffusion of electron-transport complexes and (2) the mor
biochemical studies demonstrating highly nonrandom segregation of mem-
brane componenis. Obviously, such calculations depend greatly upon the
value chosen for D, However, the lowest value we have found for an enerpy-
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coupling membrane (D = 10 "' c¢m?/s) is that given by Barber (1982h) in
thylakoids, based on chlorophyll fluorescence induction. We can perceive
one possible resolution of this problem which seems consistent with the avail-
able data, Using the same cqu:;stim: as Sowers and Hackenbrock (1981), Kell
(1983) obtained, from dwlcu tric measurements in chromatophores, a diffusion
coefficient of 135 % 1077 cm?/s, on the assumption that individual complexes
could diffuse freely within the entire chromatophore membrane; this value is
evidently far too large and forces one to the conclusion that the radius one
should construe is not the actual geometric radius of the chromatophore but a
more restricied domain. [Actually, as stressed by Peter Rich {personal
communication), the dielectric method cannot alone distinguish lateral and
rotational movements of charged or dipolar groups; however, the relative
effective dipole moments involved will mean that lateral, rather than
rotational, motions should, if present, dominate the dieleciric response.] In
these dielectric measurements the applied field was approximately 50 mV/om
(Kell, 1983), while in the experiments of Sowers and Hackenbrock {1981) the
applied field was approximately 650 V/om, a value large enough actually 1o
drive ATP synthesis in particles of this size (e.g., Vinkler and Korenstein, 1982,
Hamamoto el al,, 1982; Schlodder er al, 1982). Thus the energy in the he]d
iduced across the membranes in the experiments of Sowers and
Hackenbrock (1981) could easily have been enough to rupture noncovalent,
intercomplex interactions, while that induced in the dielectric measurements
which will be very substantially below kT) was not. Obviously the free energy
vailable in energized membranes could promote different intercomplex
ssociations from those existing under nonenergized conditions, Dielectric
easurements at widely varying field strengths (see Delalic et al., 1983) might
hed light on this possibility.

8. Summary
The foregoing sections may be summarized as follows:

1, Electron transport and ATP synthase components exist as discrete
amplexes in energy-coupling membranes.

2. These complexes, in common with other globular proteins, exhibit a
ariety of intramolecular fluctuations that may be cooperative and may be of
tucial significance to their catalytic activity.

1 The complexes can apparantly diffuse at rates sufficient to account for
: role of bimolecular collisions in controlling the rate of electron transport.
4. Under energized conditions there is a significant amount of evidence
it the disposition of these complexes in energy-coupling membranes is not
ndom; this may be important in regulating the transfer of free energy
Lween them,

Supplied by the British Library 17 Jan 2020, 14:02 (GMT)




76 DOUGLAS B, KELL ARD HANS V. WESTERHOFF

5. There are some scrious discrepancies  between many  biophysical
measirements of membrane protein diffusion coetlicients and those obtained
from more biochemical approaches (Kell, 1984).

I, PROTONMOTIVE FUNCTIONS OF ELECTRON
TRANSPORT AND ATP 5YNTHASE COMPLEXES

A. Introduction

As 18 now well known, P. Mitchell {see e.g., Mitchell, 1966, 1968, 1979, 1981
Nicholls, 1982), in his chemiosmotic coupling hypothesis, proposed that, inter
afin, the function of electron transport and ATP synthase complexes was (o
catalyze the vectorial translocation of protons across the coupling membrane
in which the complexes are embeded, We take as axiomatic the fact that such
activily is now proven., However, there are two areas of outstanding
controversy in relation to the general problem of so-called protonmotive
sysiems.

1. What type of general mechanism is exploited by these complexes in
catalyzing protonmotive activity?;

2, What pathway is (aken by energized protons translocated across the
coupling membrane by the electron-transport-linked proton pumps en route:
io sinks such as the H*-ATP synthase?

To a certain extent, these wo questions may be dealt with separately.
However, as mentioned by others (e.g., Wiksirdm and Krab, 1980; Wikstrim
et al., 1981; Ferguson and Sorgato, 1982), it is not easy (o see how a direct type
of protonmotive mechanism might exhibit other than an orthodox, “de-
localized” chemiosmotic coupling activity. What does this mean? The original
version of the chemiosmotic coupling hypothesis posited direct mechanism
by which the reactions of electron transport might be coupled to proton
motive activity, The simplest version, the redox loop concept, rests on the
appropriate spatial relationship between electron-transport carriers and the
aliernation of hydrogen and electron carriers (Fig. 2a). Such mechanisms,
including the so-called Q-cycle (Mitchell, 1976), have been referred to as direct
mechanisms (Mitchell, 19774), a semantic convention which we shall adopt.
By contrast, the possibility exists (see e.p., Papa, 1976; Wikstrom and Krab,
1980; Fillingame, 1980; von Jagow and Engel, 1980, Wikstrom er al,, 1981; Kell
el ul., 1981a; Vignais ef al., 1981; Nicholls, 1982) thai the protonmotive and
electron-transport-ATP synthase—hydrolase aclivities are coupled by a
purely indirect, conformational type of mechanism (Fig, 2b),

Although there are other differences between the various types of model,
such as the protonmotive stoichiometries with which they are consistent, in
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Fig. 2. Direct and indirect mechanisms of redox<inked protonmotive activity: {a) The
wud direct method: the simplest possible redox loop depends upon the alternation uf
ogen (H) and electron (¢7) carriers at opposite faces of the coupling membrane, This type of
Vhus, for a given pathway of electron transfer, an invariant = H" /2¢7 stoichiometry of, in this
L {b) An indirect, conformationally coupled proton pump. In this oase the redox reactions are
fmwnmmllv linked, through conformational changes of the protein complex, to transmembrang
;ﬁ:mmn 1mnslmmmn Thcf *H /"’e almchmz’neiry m:wm llm case bfﬁ vamah}adum o mwmplm

ur view a crucial difference between them is as follows: in the case of redox-
nked protonmotive systems the direct mechanism, for a given pathway of
lectron trangport between redox centers, requires an invariant ratio of
rotons transtocated per electron passing through the region of interest, ie, a
mstant — HY /e ratio, By contrast, redox-linked proton pumps sensu stricto
.. those operating via an indirect mechanism) are more likely to exhibit what
s been termed slip (Rottenberg, 1973; Baccarini-Melandri e al,, 1977; Hill,
@‘77 Pietrobon et al., 1981, 1982; Kell and Morris, 1981; Stucki, 1982; Walz,
)‘ That is, the electron- and proton-transport reactions themselves may be
smpletely coupled at the molecular level, This concept is illustrated in a
plified fashion, using a so-called Hill diagram (Hill, 1977), in Fig: 3.

By and large, we shall be able to avoid the controversy concerning the
vet/indirect type of mechanism of protonmotive activily. Mevertheless, a
' comments are in order.

. Endogenous slip in redox-linked (Pietrobon et al, 1981) and ATP
ithase-linked (Pictrobon et al., 1983) proton pumps has been noted in rat
mitchondria (sce, however, Westerhofl er al., 1983¢, 1984b).

Ship in redox-linked proton pumps has been demonstrated directly in a
ber of systems (e.g., Casey ef al., 1980; Anderson et uiw 1981; Phelps and
AL, 1981: Tu et al., 1981; Wikstrom and Penttild, 1982; Price and Brand,
Walz, 1983, and sce later.)

There has been a historical tendency in some quarters to interpret
rimental data solely in terms of dircet mechanisms; readers should not
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Fig. 3. Coupled and uncoupled (slip) protonmotive cycles in a redox-linked proton pump,
(2) Diagrammatic representation of a redox-linked proton pump in an energy-coupling
membrane. The protein contains one (shown) or more key proton-binding amino acid side chains
on each face of the membrane and can adopt various types of confermational state (1 to 35)
depending upon the redox level and degree of energization. The bonds between H' and the
protein indicate localized coupling: for diagramming delocalized chemiosmosis the bonds are
relaxed and the protons are free to come into electrochemical equilibrivm with those in the bulk
aguenus phases, (b) Hill {1977) diagram for this type of redos-linked proton punip. For a fully
coupled cycle fan ~H"' /207 eyeleof only |is shown in the diagram), the cycle of the Hill diagram
i5 1=2-4-5-13-1", There are two other, uncoupled slip eyeles. 1-2-3-1" s a proton leak (proton
slip: churges separated during the protonmotive activity relux without concomitant reversal of
electron transfer). Redox slip, cycle 2-4-5-13, occurs when the redox reactions oceur without
concomitant profonmotive activity, Other resctions, such as the interaction of such a device with
membrane-permeant ions, are not considered here,

think that this reflects the current status of this controversy, which possibly
favors the universality of the indircet pump type of mechanism (Kell et al,
198 1a; Nicholls, 1982},

4, Slip is often referred (o loosely as a variable stoichiometry in these
proton pumps; we shall use the terms interchangeably.

Given our intention to treat these protonmotive complexes more or less as
black boxes (i.c,, we take a coarse-grained approach), we may turn to the
problem of the localization of the free-energy transfer and proton current
pathway during electron-transport phosphorylation,

Independently of Mitchell, R. J. P. Williams (see e, Williams, 1961,
1978a,b, 1982) proposed a more general view on protonic coupling in electron-
iransport phosphorylation. Our purpose here, however, 1s not to distinguish
the views of Mitchell and Williams (see e.g., Mitchell, 1977b; Williams, 1978a)
in explicit detail nor historical context. It is because Mitchell's ideas generated
amuch greater number of testable predictions that most workers in the field of
membrane bioenergetics have come to regard them as the more useful
framework for experimental activity. For our parl, we will take it that
chemiosmosis (or delocalized chemiosmosis) constitules a special case of
Williams® more general ideas (Williams, 1978a).

What then is the crucial feature of chemiosmotic coupling? 1t is usually

taken as the central dogma of the chemiosmotic coupling model (Nicholls,
1982) that under stationary-state conditions the proton electrochemical
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potential difference Agty. or protonmotive force (Ap = Ay /IF) possesses the
_properties appropriate to its being the high-energy intermediate of electron-
transport phosphoerylation (and other gﬁf&?ﬁé‘%%&) This concept is illustrated in
Fig. 4a. Quantitative calculations concerning proton diffusion rates indicate
that in the time range of redox or ATP synthetic reactions, no significant
protonic potential differences can be maintained between points in space (in
the same agqueons compartment) at a distance corresponding to the size of a

b
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Fig. 4, (a) The principle of delocalized chemiosmotic coupling. The diagram shows a
: ulxpzd bilayer energy-coupling membrune incorporating two redox-linked proton pumps
* sgenite substrate (8) carrier (symp), snd two ATP synthases (ATPases). The proton
ive petivities of the ETC set up a proton electrochemical potentinl difference (Afi, - yacross the
pling membrane, and this proton electrochemical potential difference acts to drive H* back
the ATP synthases and to carry oul active transport by various means, ete, Since these
are isolated as topologically closed vesicular structures, the proton electrochemical
rence is homogencous, in the sense that free energy released by a particular electron-
hiain passes via Ajl,. and may therefore be utilized by any of the ATP synthases
ed in the same coupling membrane. Membrane leakiness or the presence of ionophoric
unds leads to a decrease in Al , and henee to a decrease in the rate of phosphorylation {or
{rate transport). The membrane itsell is thus viewed, in the chemiosmotic maodel,
an nert, insulating phase that prevents uncoupled proton hackflow and does not itself
e energized during eléctron-transport phosphorylation, (b) The principle of mosaic
coupling, Free-energy coupling is visualized as oveurring in o independently operating,
1e uiits, Each of these units is organized in g fashion broadly comparable to that in Fig, da,
1 that the number of proton pumps per unit is conlined to two, Because the combination of
uinps may be different for each coupling unit, and because there are also leak units (the
unitin Fig 4b), energy coupling is essentiully proposed to be mosaic in nature, The nature of
Wional connections between the different proton pumps, and the relative proton current
9 via the separite pathways, remain as yet undefined.
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bacterium or an intracytoplasmic organelle (Mitchell, 1981; Melandri er al,,
1983; contrast Hong and Junge, 1983 but see Westerhofl, 1983). and
experimental measurements (Gutman e al., 1981, 1982, 1983) confirm this,
Further, as pointed out previously (Kell and Hitchens, 1983; Hitchens and
Kell, 1982a, 1983b), the fact that the P/2¢ ratio is for practical purposes
independent of electron transport over a wide range (e.g., van Dam and Tsou,
1970: Erpster and Nordenbrand, 1974; Ferguson et al.,, 1976; Griiber and Witt,
1976: Graan et al., 1981; Jackson et al., 1981) indicates that any distinction
hetween delocalized chemiosmosis and alternative, more localized energy-
coupling schemes may be regarded as clear-cut. Thus the proton electrochem-
ical potential difference constitutes a macroscopic, delocalized, ensemble
property of the two aqueous phases that coupling membranes serve 1o
separate (Walz, 1983),

In common with Ort and Melandri (1982), it i5 this minimal model (Fig, 4a)
which we use as a “straw man” (o assess the agreement between experimental
results and the predictions of chemiosmosis in the following sections. As we
shall see, the agreement is not good when the experimental tests which are
applied are stringent, and it will be necessary to enquire as to whal minimal
changes we may make to the chemiosmotic model in order to make it accord
more fully with experimental findings,

We begin by considering the protonmotive properties of systems catalyzing
clectron-transport phosphorylation as observable in (phases in equilibrium
with) bulk aqueous phases,

B. Measurement of Proton Translocation by Systems
Catalyzing Electron-Transport Phosphorylation

1. Respiratory Systems

Following pioneering experiments with mitochondria (sce Mitchell &
Moyle, 1967), the oxygen pulse method was applied to suspensions of the
respiratory microorganism Micrococcus (now Paracoceus) denitrificans by
Scholes and Mitchell (1970), In this method (see e.g., Mitchell et al., 1979;
Reynafarje et al., 1979; Wilkstom and Krab, 1980; Kell and Hitchens, 1982;
MNicholls, 1982), a pulse of O, as air-saturated saline, is added to a well-stirred,
weakly buflered, anaerobic suspension of the membrane vesicles of interest, .
and the resultant pH changes in the external agueous phase monmitored with a
sensitive glass elecirode. The ratio of the measured number of HY tran
located across the membrane to the number of O atoms reduced, the - H™*/

K7 /valinomycin that are belicved to cross biological membranes rapidly in
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their charged forms, as are the rates of H™ (ransfer to and from the bulk
_ aqueous phase in equilibrium with the measuring electrode.

~According to the conventional chemiosmatic explanation of this behavior
see ¢, Mitchell, 1967, 1968; Scholes and Mitchell, 1970; Kell, 1979, Archbold
al., 1979; Conover and Azzone, 1981 Kell and Morris, 1981; Heinz et al,,
1951: Kell and Hitchens, 1982, 1983; Hitchens and Kell, 1984}, the relative 1y
ow static electrical capacitance of the membrane means that the transmem-
brane transfer of a rather small number of electrically uncompensated H*
ions leads to the formation of a large bulk-bulk phase membrane potential,
which either inhibits further pumping or drives H' ions back across the
ﬁmmhmm before they can be detected. SCN™ or K /valinomycin acts to
ipate this membrane potential and thus allows all the protons translocated
into (or from) the bulk phase external to the microorganisms to be detected
and to remain there sufficiently long to be measured as a true, limiting
stoichiometric —H™" /O ratio,

A simple prediciion that should be fulfilled if this explanation is correct is as
Hows: in the absence of added “permeant” ions the measured —H' /O ratio
uld be a ﬁ'u"t:fmt«.imicalhf dﬂcr'%;‘iging function of the size of the O, pulse,

a smal l {ram@n of the pummd H is ac:ting m inhibit further proton motive
*1iwiv (aﬂd iwm Lafp tha —H ' /O ratio submaximal) as described above, this

e size of the O, pulsa is increased, and thus lower the = H" /O ratio,
'mwuvcr, nxygan pulse cxperimmﬂs in mitochondria (Archbold et al., 1974,

trd} th(; wa-}i ' /(T? ratio in ttm uhmmg of adrjad "‘pumt,,ani ions :md at low
en concentrations is independent of the size of the O, pulse. This type of
%%umimn lias been interpreted by the above authors to indicate that there
e at least two (ypes of proton circuits in these membranes, only one of
ich, not seemingly coupled to phosphorylation | but presumably concerned
1 pH regulation (Padan er al,, 1981; Booth and Kroll, 1983}], enters the
k aqueous phase external to the membrane vesicles. Further, the half-time
1" ejection under many of these circumstances greatly exceeds the half-
- mf 0, reduction, obviating arguments based on non-ohmic links or slips.
\ converse experiment to the fmemnm studies the —H ' /O ratio under

ions in which the number of O atoms added per cell (vesicle) present is
nall that the maximum membrane potential that could be set up il
miosmotic mechanisms are operative is so small as (o be encrgetically
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insignificant, Under these conditions, the =H" /O ratio should be the same
whether or not “permeant” ions are present. Again, however, experiment
shows that in the absence of added “permeant™ ions the —H " /O ratio remains
submaximal (Gould and Cramer, 19774 b; Hitchens and Kell, 1982b; Kell and
Hitchens, 1982) consistent with the findings described above and with the view
that the H' that are seen are not responsible for inhibiting the transfer of
further protons under the typical conditions used.

2. Photosynihetic Systems

Photosynthetic electron transport in both thylakoid and bacterial mem-
branes is also more or less tightly coupled to the reversible transmembrane
translocation of protons, We will confine our discussion in this section to
studies of chromatophores (inverted cytoplasmic membrane vesicles) from
photosynthetic bacteria, although our remarks are essentially equally valid for
thylakoids, with the exception that thylakoids as isolated generally have a
much greater passive ion permeability than chromatophores, H* uptake by
thylakoids has been reviewed, for example, by Murakami ¢ al, (1975},

The relationship between photosynthetic eleciron flow and concomitant
reversible proton uptake was first reported, in chromatophores for Rhodospir-
illum rubrum (von Stedingk and Balischeflsky, 1966; von Stedingk, 1967). The
extent of uptake was highly pH dependent, being negligible at the alkaline pH
values characteristic of the intact cell interior, This is not inconsistent with a
{eleological view that such proton movements are normally concerned with
the regulation of internal pH, The ¢yclic nature of chromatophore electron
transport has in general (but cf. Jackson e al, 1981) precluded the
measurement of sieady-state rates of electron transport, which might be
correlated with the (quasi-jsteady-state HY uptake which may be observed
under conditions of continuous illumination so as to establish more clearly th
molecular events underlying the macroscopically observable H* uptake,
However, it is now understood (Copdell & Crofts, 1974) hat these H™
movements are clicited by the action of one or more electron-transport-linked
H* pumps that act to move H' across the chromatophore membrane against
their electrochemical potential,

This eyelic nature of chromatophore electron transport has promoted the
use of light flashes 6f a duration sufficiently short to induce single turnovers
the chromatophore eleciron-transport chain and/or its associated phe
phorylation apparatus (e.g., Crofts and Wood, 1978; Dutton and Prince, 1978
Wraight et al,, 1978, Baccarini-Melandri et al., 1981; Junge and Jackson, 1982
Ort and Melandri, 1982, Prince er ol., 1982). However, despite the extensiy
and elegant use of this technique, there is currently a great deal of uncertaint
concerning the exact nature and extent of the relationship between electron
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transfer events and the observible H' movements in (phases in equilibrium
with) the bulk aqueous phase external to illuminated chromatophore
SUSPENSions,

When chromatophores are illuminated with trains of single-turnover
flashes of different frequencies, one can be sure that one is detecting all the HY
purmiped from the external aqueous phase, using the pH electrode technique, if
this number is frequency independent. This was done by Kell and Hitchens
(1983; see also Cogdell and Croits, 1974), with results comparable to those
described above for the measurement of respiration-driven H” translocation:
for small numbers of fashes, the (submaximal) »H™* /Mash ratio observed in
the ubsence of added ionophores was largely mdg;*)@ndcmi of the number of
lashes (and their frequency) applied. Thus the conclusion again is that there
must be at least two types of proton circuit in this type of system, only one of
which enters the bulk phase external to the membrane vesicle of interest. Since
chromatophores are inside out with respect to whole cells, the conclusion may
be drawn that it is permissible to treat the two bulk phases that the coupling
membrane separates as more or less equivalent. The protons which were not
seen must stll have been pumped across the membrane [as judged, e.g., by
electrochromic measurements of membrane-located carotenoids (see e.g.,
Wraight et al., 1978)]; some, however, must eventually have returned across
the membrane without driving concomitant phosphorylation, presumbly via a
p pathway within the primary (clectron-transport-linked) proton pump,
e similiar behavior is observed with isolated electron-transport complexes
Teconstituted into liposomes.

Thus the experiments discussed in this and the preceding section show that
ne musl be very careful to distinguish bulk-phase from non-bulk-phase
roton movements in discussions of energy coupling, since both are coupled to
ectron transport. What we wish to know is which of them act in the entire
nergy-coupling process of electron-transport phosphorylation, It is, of
ourse, a logical absurdity to ascribe a causal status as an intermediate
clween lwo processes (0 a process that is merely concomitant with them
Lastly, it is worth reminding readers, in this section, that wnwmmimm of
‘nophores sufficient to inhibit ;ﬂimg‘vhm‘viatmn completely have relatively
%i»: elfect upon the extent of light-induced H™ uptake in bacterial chroma-
phores (Nishimura and Pressman, 1969; Pressman, 1972),

3. Summary
he discussion in the preceding two sections may be summarized as follows:

I Flectron-transport reactions are coupled to H* movements to and from
Ik agueous phases in contact with the coupling membranes in which the
tron-transport reactions take place,

Supplied by the British Library 17 Jan 2020, 14:02 (GMT)




|
ﬁi
b
5
L

84 DOUGLAS B, KELL AND HANS V. WESTERHOFF

2. The measured kinetics and stoichiometeries of these H' movements, in
the absence of specially added “permeant” ions, and under conditions in
which, were ADP and pho&phﬂu present, they would have suificient free
energy to make ATP, are not casily consistent with the view that the observable
H? movements might serve as an intermediate in electron-transport
phosphorylation.

3. The addition of certain compounds {("permeant ions”) indicates thai
“extra” H' were pumped but were not seen in the absence of such compounds;
it is these protons that must be presumed to be a possible intermediate in
e¢lectron-transport phosphorylation,

Similar statements to the foregoing may be made concerning ATP-linked
transmembrane HY translocation, although all the pertinent experiments do
not appear to have been done explicitly. In addition to the slip concept
discussed earlier, then, one should thus be aware that variable stoichiometry
may be construed to have different pmperﬁﬁ@ dﬁmfzmling upon whether one ig
measuring redox-linked H* movements in bulk phases or more functional
pzoukxm such as pimsph(mlgtwn itself (for excellent examples of the latter,
see, e, Heber and Kirk, 1978; Stucki, 1982),

Such studies on electron-transport-linked H* movements lead naturally to
studies which have attempted to measure the thermodynamic magnitude of
the proton motive force itself, This type of study forms the subject of the
following section,

iV. THE PROTONMOTIVE FORCE AS AN
INTERMEDIATE IN ELECTRON-TRANSPORT
PHOSPHORYLATION!?

“Reality” is what we fuke 10 be true, What we take 10 be true is what we believe, What we
believe is based upon our parceptions, What we perceive depends upon what se look for,
What we look for depends upon whist we think. What we think depends upon what we
perceive. What we perceive detenmines what we believe, What we believe determines what
we take 1o be true, What we take 1o be true is our reality,

Zukay (1980)

A, Introduction

As indicated earlier, it is usually taken as the central dogma of ihe
chemiosmotic coupling model that the proton motive force or [)T(”)it;)fi
electrochemical potential difference between two bulk aqueous phases is “the’
{or at the very least “a”) high-energy intermediate in provesses such as
electron-transport phosphorylation, Thus a greal many studies have hwﬁ
dmntmj to an ax%mammt mf (he amk: oi tlw mmhc Howwi thc
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As shown, the reactions of electron transport (and ATP hydrolysis)
are linked to the vectorial, transmembrane translocation of protons between
the two bulk aqueous phases that the coupling membrane serves o separate, it
is evident that bulk phase pH gradients are produced by such reactions. (This
does not, of course, tell us whether such gradients can serve as an intermediate
between the two processes.) Methods for measuring such pH gradients are
now well established, and the coincidence between different methods in the
same system (e.g., Nicolay er al., 1981) lends confidence to the view that certain
methods such as weak acid/base distribution can measure the transmembrane
pH difference quantitatively. Such methods have been reviewed by a number
of workers (e, Kell, 1979; Rottenberg, 1979; Ferguson and Sorgato, 1982,
Nicholls, 1982; Azzone ¢t al, 1984), and are not here considered further.
A bigger problem arises with the magnitude of the bulk-to-bulk phase
membrane polential which is set up, in the chemiosmotic maodel, as an
accompaniment to proton motive activity, The only absolute method, in
_ principle, is measurement with microelectrodes. These very difficult measure-
_ments have indeed been reported for a number of systems. Tedeschi and
colleagues have, for a number of years, in experiments of increasing
refinement, reported that the metabolically induced membrane potential in
milochondria is energetically insignificant (see Tedeschi, 1980, 1981; Ling
1981) to account for ATP synthesis observed in the same mitochondrion
{Malofl et al., 1978). These important measurements represent the only direct
methods used in mitochondria to date,

Vredenberg, Bulychev, and colleagues have used microelectrodes in giant
chloroplasts (see, e.g.. Vredenberg, 1976), and found again that the potential
did not exceed a few tens of millivolls in the light, even under transient
nditions. They also have given arguments indicating that the process of
nserting microelectrodes did not damage the membrane significantly. Thus in
 system, too, even in the first few turnovers following the initiation of
ination, the bulk-to-bulk phase membrane potential was far too small,
suming an —H"/ATP ratio of 3, to permit ATP synthesis.

Only in giant Escherichiu coli cells did Slayman and colleagues (Felle et al.,
978, 1980) establish some degree of consonance befween the membrane
ential measured with microelectrodes and that caleulated from the
stribution of membrane-permeating lipophilic cations, However, it is by no
cans clear that the membrane potentials measured with the microelectrodes
hese studies resulted from metabolically dependent processes, since (1) the
¢t of uncouplers or other inhibitors was not tested, (2) the dependence of
e measured membrane potential on the external sodiuni concentration was
i-Nernstian (Felle er al., 1978) (consistent with the view that it was at least
Uy a simple diffusion potential), and (3) the coincidence between the
asurements with the microelectrodes and the permeant ion uptake methods
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wis obtained with organisms suspended in wholly distinet, and thus non-
comparable, media. Thus the status of these otherwise crucial experiments,
which regrettably, have not yet been reproduced, is somewhat uncertain,

Partly on the basis of calibration with induced diffusion potentials, a great
many workers (e.g. WesterhotTer al, 1981) have assumed that, under common
experimental conditions, and with appropriate corrections, ion-distribution
methods are successfully measuring the transmembrane electrical potential
difference. Although it s easily possible to envisage mechanisms of ion uptake
that are independent of a bulk-to-bulk phase electrical potential difference, we
may proceed. imttially, by assuming that the generally uvsed methods are
measuring the bulk-to-bulk phase pH gradient and membrane potential
components of the Agiy- . Even with this assumption, we find two major sets of
anomalies between the dafa obtained and those expected upon a com-
monsense reading of the chemiosmotic model, incorporating appropriate
additions such as a slightly variable —H ' /ATP stoichiometry and/or a non-
ohmic leak ol energy-coupling membranes to protons, Since we have co-
authored a number of articles on this topic (e.g., Kell and Hitchens, 1983;
Melandri et al., 1983; Westerhoft ef al., 1983a, 1984b, we confine oursclves Lo
some summary stalements,

B. Limited Correlation beiween the Apparent Aje .
and Rates of Electron Transfer or of ATP Synthesis
It was observed by many wotkers, under a variety of conditions, that rates
of electran transport or of phosphorylaiion are not uniguely dependent upon
the value of the apparent protonmotive force, bul in many cases depend more
upon the number of active electron-transport chains or ATP synthases (e.g,
Yadan and Rottenberg, 1973; Baccarini-Melandri et ol,, 1977, 1981; Casadio
et al, 1978, Sorgato and Ferguson 1979; Kell ¢r al,, 1978a; Melandri o1 al,,
1980; de Kouchovsky and Haraux, 1981, de Kouchovsky et al,, 1982, 1983;
Zoratti et al, 1982; Wilson and Forman, 1982; Mandolino et al., 1983), Some
of these observations have been tuken o indicate that there may exist kinetic
interactions between redox- and ATP synthase-linked proton pumps that are
not free energy transducing, However, there is another type of otherwise
comparable anomaly which is not subject to this type of interpretation,

C. The Force Ratio under Static Head Conditions Is Not
Constant at Different Values of the Apparent A i

If an energy-transducing system is allowed (o synthesize ATP until no net
ATP formation is observed, the maximal free-energy change for ATP synthesi:
may be evaluated and compared with the magnitude of the simultancously
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measured Al Such stationary-state measurements are said to take place at
static head. 10is generally assumed that the ratio of the two free-energy terms
may be used, in the chemiosmotic model, to give a minimal measure of the
—H/ATP ratio, It is found, however, in a varicty of experiments, that this
ratio is heavily dependent upon the magnitude of the apparent pmf, and
achieves wholly unrealistic values when the pmf is severely decreased (e.g.,
Wiechmann e al,, 1975; Kell e al., 1978b,c; Azzone el al., 1978; Gullanti et al.,
1978, 1981; Decker and Lang, 1977, 1978; Westerhofl er al., 1981; Baccarini-
Melandri et al., 1977; Mandolino et al., 1983). Since, at least in some of these
experiments, the reaction catalyzed by the ATP synthase was apparenily in
equilibrivm with the measured pmf, no kinetic arguments may be invoked
{Westerhofl er al,, 1981),

These two main types of anomaly, which have been widely observed, have
led many workers to assess the competence of the Afi,- in encrgy coupling
using methods that do not depend on the accuracy of methods that purport to
be measuring the Ajly. generated by electron transport.

i

D, Indirect Means Used o Assess the Compelence of

the Protonmotive Force in Energy Coupling

1. "Acid Bath" Experiments

Following the pioneering experiments of Jagendorf and Uribe (1966), a
number of workers, in a variety of systems, have demonstrated that the
imposition of an artificial Al « (acid bath), sometimes partly constituted by a
diffusion potential, can drive the synthesis of ATP (se¢ e.g., Thayer and
Hinkle, 1975; Schuldiner, 1977, Griber, 1981; Schlodder et al., 1982; Maloney,
1982: and contrust Malenkova ef al., 1982). Most workers find a sharp value of
he applied pmf, typically 150 mV, below which the rate of ATP synthesis is
iepligible. When the value of the applied Aji,, is very great, the rates of
hosphorylation induced are as great as those driven by electron flow (e.g.,
yer and Hinkle, 1975; Smith er ¢l., 1976), indicating that were the electron-
ansport-induced Ajiyy. as great as the artificially applied one, Afi,;» could
rve as a kinetically competent intermediate in electron-transport phos-
arvlation, Unfortunately, the coincidence of Ajiy,. values under the
ipariable conditions has not yet been tested adequately (see Schlodder e al.,
2} Lo arrive at a conclusion on this point. It is obviously this comparison, of
s of phosphorylation with electron flow causing a properly measured
M- equal 1o that applied in acid-bath experiments, which is the only
ningful one,

Parenthetically, itis worth mentioning that D,O substitution for H,O does
L significantly affeet acid bath-induced phosphorylation in Streptococeus
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V4051 (K han and Berg, 1983), while, atleast in thylakoids, such a substitution
markedly inhibits electron-transport phosphorylation (de Kouchovsky and
Haraux, 1981). This would seem to argue against a pmf being the sole
intermediate in the latier process,

it is usually assumed that the decay of the pmi applied in acid-bath
experiments is concomitant with the phosphorylation, as expected in the
chemiosmotic model. However, in an important series of experiments,
Hangarter and Good (1982, 1984) have strongly called this assumption into
question. They observed that the ability of a preilluminated thylakoid
suspension to phosphorylate ADP decays exponentially, as does the light-
induced HY uptake, and was not, in contrast to acid bath-induced phos-
phorylation, increased by the imposition of a potassium diffusion potential,
The exponential dependence of the decay is actually wholly unexpected given |
the highly pH-dependent bulfering power of the inner thylakoid space and the
threshold pmf demonstrated in- the acid-bath experiments, Thus the
“energized state” set up by preillumination of thylakoids is not the same as
that caused by the imposition of an acid bath. It is the presumed equality of
these staies that has provided for many a convincing demonsiration of the
accuracy of the chemiosmotic model in describing photophosphorylation. It
can only be concluded that the actual pml caused by electron iransport is
lower than the threshold observed in acid bath experiments when it is created
in response to electron flow,

Blumenfeld (1983) also discusses many of the points raised in Section 111 in
his outstanding monograph, which readers are urged to consult for fuller
details,

2. “Antacid Bath” Experiments

If a pH gradient in thylakoids were to be driving ATP synthesis in vivo, then
decreasing it, under conditions of a constant (or, better, negligible) membrane
potential should aflect the ability of such thylakoids to phosphorylate. The
ways in which such experiments have been performed is to study the yield of
ATP as a function of the number of single turnover flashes, Consistent with
chemiosmotic expectations {Mitchell, 1968), given the reasonably signifigant
ion permeability of thylakoids and the low elecirical capacitance relative to
the differential buffering power, it is found that the addition of valinomycin
leads to a lag in the capacity for ATP formation (Ort et al., 1976; Davenpori
and McCarty, 1980; Vinkler e al,, 1980; Graan et al., 1981: Ort and Melandri,

40 mM, indicating that under such conditions the pH gradient should be the

sole contributor to Ajiy. (Graan et al, 1981; but conirast Boork and
Baltschefisky, 1982, for chromatophore experiments of this type). However, il
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is found that if the thylakoids are preloaded with hydrephilic, non-uncoupling
buflers, the lag remains essentially unaffected (Graan er al,, 1981). The pH
gradient that should have been produced in the presence of the bufler can be
caleulated from H™ uptake measurements and may be arranged (o be
significantly less than the threshold required in acid bath experiments. The
conclusion to be drawn from this type of “antacid” bath experiment is that the
protons used for making ATP did not pass through a space in equilibrium with
the internal thylakoid space accessible to the bulfer molecules, Thus this type
of observation complements the findings discussed under the acid bath
_experimental section and indicaies that the localization of the high-energy
intermediate is more microscopic than implied in the delocalized chemiosmo-
_ tic model,

A number of other workers have also sought a functional approach that
_ considers whether the free energy released by electron transport is freely
available to every enzyme molecule of a given type in a given vesicle, as
assumed in the chemiosmotic model (Fig. 4a), approaches which form the
ubject of the next section.

E. The Intermediate Is Not a Pool: Dual Inhibitor Titrations

The principle underlying the general methods of double inhibitor titrations
may be expounded with reference to Fig. 5a, This figure models the process of
electron transport phosphorylation as four redox-linked H' pumps (ETC)
plus four H*-ATP synthases (written ATP in the figure) that arc coupled via a
gh-energy intermediate (~). The box indicates a model in which the free
energy released by a particular electron-transport complex may be used by
any ATP synthase in the membrane vesicle preparation, as in the delocalized

a I L b
ETC 1, @& Ly s AT
I heal
BTC—— o ———ATP
heat
I \\
ETC =Rz #omATP |79 N
> heat P AN
o i“) %\\
ETC e ~ 2 ATH T
hea (T
5 1

Ay (]

;Fig, & Principle of dual inhibitor titrations using inhibitors of electron transport wud ATP
hase enzymes. For discussion and explanation, see text.
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chemiosmotic model, 1, and 1, represent tight-binding and specific inhibitors
of electron transport and the ATP synthase, respectively, "Heat” represents all
free-energy-dissipating processes.

As first expounded by Baum and colleagues (1971; Baum, 1978), a simple
analysis {Fig. 5h) ol this situation would suggest that partial inhibition of the
overall flux of the systerm (i.e. the rate of ATP synihesis, J,) using an 1-type
inhibitor [Fig Sb(i), (i)] should increase the titer of an I,-type inhibitor
initially necessary (o inhibit phosphorylation relative to that in the absence of
the 1, inhibitor il energy coupling is delocalized (i) (and sce Seetion 1X),
Conversely, il energy coupling is fully localized, the titers will be unchanged
(i1} As mentioned earlier, the very common finding of an independence of
the P/2¢" ratio on the rate of electron transport over a wide range in well-
coupled systems indicates that energy leaks are not especially relevant to this
type of analysis. Such a finding also militates against the thoughtful
suggestions of Parsonage and Ferguson (1982) concerning putative Ajiy.
values during such titrations, Experimentally, it was found by several groups,
in a number of systems, that the behavior observed corresponded 1o that
expected for a fully localized system (Baum er ol 1971; Lee ¢ al, 1969; Baum,
1978; Venturoli and Melandri, 1982; Hitchens and Kell, 1982a,0; Kell and
Hitchens, 1983 Westerhoff er al,, 1982, 1983a.c; Westerhofl, 1983 Welch and
Kell, 1985), It is also worth remarking that the selection for une phenotypes in
aerabically grown B, coll, based on aminoglycoside resistance, follows from
the ag:&;mnptimx that their cytoplasmic membranes are less energized than
those of une’ strains, In the case of the wicA phenotype, which should exert a
lower drain on the energized state than the wnld type, this observation is not
easily reconciled with delocalized coupling, but is to be expected from

considerations of the results of 1, /1, titrations discussed above. The finding
(Schreiber and Del Val IuTimon 1982, Blumenfeld, 1983) that there is no
nonzero threshold rate of electron transport necessary to drive ATP synthesis
under level flow conditions has also been taken to indicate a localized encrgy-
coupling interaction between redox chains and ATP synthase enzymes.

A variety of experiments following, in some aspeets, this broad strategy has
also been performed by Dilley and his colleagues {see Dilley et al., 1982}, with
results incompatible with a delocalized energized state caused by eloctron
transport (cf. Haraux er al, 1983), It is also germane to draw atiention to some
beautitully done expositions of this type of approach in relation to the
interaction between electron-transport chains (Heron et al., 1978 Hachnel,
1982 Muar er al,, 1982: Packham and Barber, 1983),

Other dual inhibitor titrations using combinations of uncoupler and 1,-typ
inhibitors may be found in work by the present authors and others (e.g
Hitchens and Kell, 1982¢, 1983a.b; Kell and Hitchens, 1983 Westerhofl er al.,
1982, 1983a.b; Westerhof, 1983; Herweijer et al., 1984), The crucial i}h«
servation in these exporiments was that inhibition of the outpui (secondary)
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proton pump decreased the titer of uncoupler required to uncouple the
energy-linked reastions completely, A similar observation, interpreted some-
what differently, was earlier made in the case of the uncoupling antibiotic
leucinostatin plus the F, inhibitor venturicidin by Lardy er al, (1975) and by
Reed and Lardy (1975).

Cotion et ol (1981} made a similar observation concerning the release of
respiratory control in intact cells of Rps. capsulata, less uncoupler was required
to induce loss of respiratory control in cells which had been treated with
venturicidin, an H-ATP synthase inhibitor, than in cells which had not been
so treated. These authors argued that the uncoupler might have decreased the
pmi in a fashion which would have led to an inhibition of substrate uptake
suflicient to explain the result in terms of delocalized coupling. Unfortunately,
they did not seek to test this hypothesis in cells respiring on endogenous
substrate,

The same group (Cotton and Jackson, 1983) has eriticized some of the
experiments of Hitchens and Kell (1982¢, 1983a,b) in that, especially in the
presence of energy-transfer inhibitors, they were unable to obtain linear
rates of phosphorylation. They argued (Cotton and Jackson, 1983) that such
effects might serve to explain the observations ol Hitchens and Kell (1982¢,
1983a,b). With regard to these criticisms, the following remarks, inter alia,
may be made:

f. Incontrast to the resulis of Cotton and Juckson (1983), linear rates of
photophosphorylation could easily be obtained by Hitchens and Kell; these
_were also observed, with the same resultant uncoupler titers, when uncoupler
itrations were carried oul on a suceession of samples, with the uncoupler
ing added at the same time afier illumination (Hitchens and Kell
unpublished).
2. Figure 1 of Cotton and Jackson (1983) indicates that even in the absence
of oligomycin the apparent uncoupler potencies measured by these authors
tould vary by a factor of approximately two in the same chromatophores;
~according to their Fig. 1, the uncoupler is less potent the longer it is present,
3. Therapid initial proton uptake cannot be due to light-induced vectorial
proton translocation since it is fully sensitive to energy transfer inhibitors
Hitchens and Kell, 1982¢),
4, Thedecreasein H' uptake after 8 min illumination cannot be due to the
uildup of a high phosphorylation potential since the decrease in rate under
hese (latter) circumstances (using ADP, but not UDP) can only be observed
very shortly before the attainment of static head (Hitchens & Kell,
ipublished),
5, Similar trends in uncoupler titrations are also observed in s b-
tochondrial particles using an entirely different assay (Westerholl et al 1982,
da,by Westerhofl, 1983: Herwetjer ef al., 1984).

¥
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Thus these purely functional approaches seem to indicate that electron-
transport phosphorylation cannot be proceeding via a delocalized inter-
mediate, and that some kind ol catalytic facilitation in some Kind of
functonally organized multienzyme complex is an integral part of these
processes, We shall return fo this concept in more general terms at the end of
~this review (Sections 1X and X). Our next task is to look at studies that have
aimed to take apart and reconstitule the enzymes catalyzing electron-
transport phosphorylation,

Y. THE EFFECTIVENESS OF RECONSTITUTED
SYSTEMS IN CATALYZING ATP SYNTHESIS

We find that the theories of physicists constantly undergo modilication, so that no prudent
mian of selence would expect any physical theory 1o be gquite vnchanged a hundred yeurs
hence, But when theories change, the alteration usially has only a small effect so far as
obiservible phenomena are Concerned, :

{Russell, 1966)

A. Mitchondrial Oxidative Phosphorylation

1t is widely believed (see, c.g., Racker, 1976; Tzagoloff, 1982) that the
successful co-reconstitution of purified electron-transport complexes (or
bacteriorhodospin) plus a purified ATPase complex in a liposomal system
capable of catalyzing electron-transport phosphorylation at rates (and with
efficiencies) characteristic of those in vive has been amply demonstrated. In
particular, the experiments of Racker and Stoeckenivg (1974) on co-
reconstitution of bacteriorhodopsin plus an oligomycin-sensitive A'TPase
preparation are regularly cited as the classic demonstration that energy
coupling ocours via a purely (i.e., delocalized) chemiosmotic mechanism, Thig
notion, which we shall here refer to as the simple interpretation, is Hlustrated in
Fig, 6. To what extent does this notion actually fit the available daia?

Kagawa and Racker (1971) isolated amorphous membrane fragment
(*hydrophobic protein fraction”), depleted in phospholipids and cytochrom
oxidase, from beel heart mitochondria, which could be reconstituted with
phospholipids to catulyze ATP-P, exchange activity, In the same year, Racker
and Kandrach (1971) added cytochrome ¢ and cytochrome ¢ oxidase during
the reconstitution of this hydrophobic protein fraction preparation and found
that the new preparation would catalyze oxidative phosphorylation with a
PO ratio of 013, In his 1972 review, Kagawa (1972, p. 330) cautioned, i
should be stressed that the intringic membrane proteins used in the recons
stitution are still erude preparations. Further purification and charact
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Fig. 6. The simple interpretation of reconstitution experimenty involving proton-motivated
ATP synthesis, In this interpretation, it is assumed that pusificd ATP synthases plus a purilied
primary proton pump {bacteriorhodopsin or 2 redox-linked proton pump) have been oo
reconstituted into relatively jon-impermeable liposomes with the agﬁpmpriat:’: mulual polarity,
According 10 a delocnlized chemiosmotic viewpoint, the primiry proton pump sets up a proton-
~ motive foree, which is then used to drive ATP synthesis at a rate characteristic of those in sitn,
Although no special spatial interaction between the complexes is required, whether one in [t
 oopurs is nol usually clarified. The extent to which the available data indicate that such a
preparation catalyzes phosphorylation with turnover numbers akin to that is pive is discussed in
 the text,

o

ization of the proteins essential to phosphorylation or respiration is |[sic]
necessary before we can discuss the molecular architecture of this biomem-
brane and the mechanism of oxidative phosphorylation.” Regrettably, this
advice has not always been followed.

Meanwhile, Racker and Kandrach were oplimizing their technigue, and by
1973 (Racker and Kandrach, 1973) had achieved a P:O ratio of 0.5 with
ascorbate plus phenazine methosulfate (PMS) as electron donor to
i:f;tmhmmu oxidase, and Ragan and Racker (1973) had achieved a similar

°~  ratio using  electron  flow  through the NADH-ubiguinone-

m;cifmdupiase segment of the respiratory chain, Such yields, rather close to
those jn pivo, might be (and indeed are widely) thought to have proven the
simple interpretstion. However, erery one of these studies as well as that of
acker and Stoeckenius (1974) included the hydrophobic protein fraction;
iese  pioneering  reconstituted  particles were not purified (ie., pure)
reparations.

What does the hydrophobic protein fraction contain? We know of only one
tlempt properly (o characterize this material, that of Capaldi er al. (1973),
,,mfc;n,mdthat even a one-dimensional SDS-polyacrylamide gel separated a
assive number of components; their Fig, | (Capaldi ef al., 1973) would seem
indicate, assuming a Gaussian peak shape with the width of the best
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resolved peak, 20 at the very least. How many of these might be ascribed to the
F,F=ATPase {complex V)? There seems to be a general consensus (e.g., Baird
and Hammes, 1979 Galante ef al., 1979; Kagawa, 1979; Senior, 1979: Berden
and Hennecke, 1981; Pedersen er al.. 1981, Pedersen, 1982; Senior and Wise,
1983) that one-dimensional SDS gels can separate approximately 11-13
components in purified beel heart mitochondrial complex V. [Up {o 18 may be
seen in two-dimensional gels (Ludwig e al,, 1980; Capaldi, 1982h), although
the role of many of these remains unknown. |

1t may be concluded that the hydrophobic protein fraction may contain
many polypeplide components that are not part of those of puritied com-
plex V.

B. Reconstitutions Using Purified Systems

How efficient are reconstitutions of phosphorylation performed without a
hydrophobic protein fraction or something analogous from another energy-
coupling membrane? We can give the answer at once: not at all, A few quite
typical examples serve to illustrate this.

Winget et al. (1977) reconstituted bacteriorhodopsin and the chloroplast
CF F-ATPase. Their best (highest) rates of photophosphorylation were
approximately [ nmol ATP min™' mg ' CFF, (their Fig. 6). This is already
very low compared with that in thylakoids in vive, but, as remarked by Haugka
et al. (1980) and by Kell and Morris (1981), what we need to know is the
furnover number of the ATP synthase, since these preparations are enriched
in the sole proteins supposedly required (in the simple interpretation) for free
energy transduction, If we assume a fairly rough molecular weight for the
CFF, of 500,000 daltons (Pick and Racker, 1979), 1 mg CF.F, = 2 nmol
CF,Fy, so that the turnover number of photophosphorylation in the
reconstituted system is approximately 0.5/min, ie., about 0.01/s, Since the
turnover number of the CF_F, during photophosphorylation by thylakoids
in vivo is approximately 100/s (Hauska er al., 1980), and this figure is ess
tially accurate for energy-coupling membranes generally (Kell and Morris,
1981), the reconstituted system has an efficiency of 0.017;, hardly consistent
with the simple inferpretation discussed above!

Ciren er al. (1980) co-reconstituted bacteriorhodopsin and a purified F F,
preparation from Rhodospivilhum rubrum: their highest rates of photophos-
phorylation (their Table 1) were approximately 8 nmol min ™' mg™ ' F F,,
similar to those found by Ryrie er al. (1978) using bacteriorhodopsin plus a
purified yeast I' F, preparation and those of Berden er al. (1981) using
bacteriorhodopsin plus beel heart complex V. Using the assumed mol '
weight for the ATPase complexes given in the previous paragraph, we obtain i
turnover number of about 0.08/s, again less than 0.7% of the in vivo rate. 11
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seems that van de Bend and colleagues may now have somewhat increased this
value {van de Bend ef al, 1984),
Finally, we may consider the detailed experiments of Hauska ef al. (1980),
who carefully studied the ability of liposomes containing a purified photo-
system I preparation and a purified CF F | -ATPase preparation to catalyze
photophosphorylation in the presence of phenazine methosulphate. Their
best turnover number was 047 of that in the thyvlakoids from which the
preparations were obiained, and, as far as we are aware, this is the highest
published rale obtained in any system reconstituted with “purificd” compo-
nents to date. T omay be mentioned that the proton tightness of these
proteoliposomaes was just as preat as that of the thylakoids, as judged, insofar
5 19 possible, by 9-aminoacridine fluorescence measurements (Hauska et al.,

ch are, ol course, aware that unidentified features such as a lack of proper
oricniation of some components may be responsible for the poor rates
observed in these purified reconstituted systems. Nevertheless, it may be
concluded that the simple interpretation of these admittedly difficult and
elegant reconstitution experiments is, on the basis of presently available data,
wholly incorrect and misleading, Further, the success of reconstitutions using
the hydrophobic protein fraction may well indicate, in our view, that “for rapid
and eflicient protonmotivated energy coupling, something else is required in
_addition to the protonmotive sources and sinks [i.e., primary and secondary
proton pumps] and an intact insulating coupling membrane”™ (Kell and
Morris, 1981), We shall return to this shortly, but digress briefly to comment
upon the role of so-called structural protein in mitochondria,

C. Structural Protein
Many early studies (e.g, Criddle e al, 1962; Richardson e al, 1964)

2.8,
indicated the presence of a so-called structural protein, which could be
isolated from mitochondria, which might have a crucial role in oxidative
phosphorylation, and which might yet be distinct from the (now) generally
ceognized protonmotive protein complexes. This concept was effectively
nullified by the work of Schatz and Salizgaber (1970), who showed that these
preparations of structural protein contained, infer alin, large amounts of
denatured F, protein, Since the publication of this article (Schatz and
Saltzgaber, 1970), the literature has been essentially devoid of discussion of the
e of some kind of (quasi-) structural protein (but ¢f. Sjostrand, 1978), We
uspect here that the baby may have been thrown out with the bathwater, since
he studies summarized in the two previous scctions, which are wholly self-
istent, indicate that some uncharacterized proteins imporfant 1o encrgy
oupling are now routinely being neglected. Let us look at some further studies
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which bolster this conclusion still further and indeed may shed important light
upon why energy coupling may not be easily reconstituted in liposomes, using
purified proton pumps alone,

D, Phospholipid-Enriched Mitochondria and Chromatophores

The fusion of liposomes with the inner mitochondrial membrane (as
mitoplasts) to produce lipomitochondria, with the snme protein composition
‘but a greatly enhanced lipid: protein ratio, was reported in two elegant articles
by Schneider et al. (1980a,b). The activities of individual electron-transport
“and ATPase complexes remained unchanged (or were slightly increased),
while the rate of clectron-trangport events between the substrate-linked
dehydrogenases and cylochrome-containing complexes was decreased by a
factor in rough proportion to the diffusional mean free path of the complexes,
This was taken (o indicate (see also Hackenbrock, 1981; Schneider er af,, 1982;
but ¢f. our discussion in Section L4) that there was (at least in lipomito-
chondria) a diffusion-limited step in intercomplex electron transfer, This
limitation could be relieved by the incorporation of lipophilic ubiquinone
homologs (Schneider et al,, 1982),

However, although the ATP hydrolase activity of these lipomitochondria
was unimpaired or slightly increased, and remained oligomycin sensitive, the
activity was insensitive to uncouplers, and the membranes were incapable of
oxidative phosphorylation (Schneider ef al., 1980b; Westerhoff, unpublished).
These workers indicated (Schneider et al., 19804,b) that the lipomitochondria
were rather nonspecifically permeable to charged molecules, We find it a litile
difficult to concur with this conclusion for two reasons: (a) liposomes are
routinely highly ion impermeable; indeed, they are significantly more so than
typical energy coupling membranes; (b) lipochromatophores produced from
Rhodopseudomonas sphaeroides by the incorporation of exira phospholipids
{Casadio er al,, 1982) are just as fon impermeable as their parent chromato-
phores. The finding (Casadio et al,, 1982) that lipid enrichment did not affect
the extent of the spectral carotenoid signal induced by K /valinomycin
diffusion potentials in the dark, but greatly decreased that of the light-
dependent signal, adds weight to the finding (Ferguson et al,, 1979} that ion
distribution and the carotenoid signal monitor different aspects of the
energized stite,

Although there was evidently a certain amount of scrambling (inversion) of
profein complexes in the lipomitochondria, in that their ATP hydrolase
activity was only partially sensitive (o atractylate (Schneider e al,, 1980b), we
wish to mention an alternative explanation for the incapability of this system
to catalyze oxidative phosphorylation: that the normal functioning of the
apparatus of oxidative phosphorylation requires some kind of special,
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supramolecular, topological relationship between the energy-transducing
membrane components additional to an appropriate polarity.

In these sections we have been adducing circumstantial evidence that
encrgy-coupling membranes require (a) some kind of %pu;ml lateral arrange-
ment of the protein complexes known to be involved in electron-transport
~ phosphorylation and (b) one or more proteins distinet from those in the
renerally recognised quasi-reversible proton pumps. We will now turn to
further evidence implicating such additional proteins, which have been termed
protoneural proteins (Kell et al,, 1981b; Kell and Morris 1981),

f. HOW THEN MIGHT ENERGY COUPLING PROCEED?

A. Introduction

In the preceding sections we have given a picture of the properties of energy-
coupling membranes. In Section IV we reviewed the evidence showing that the
electrochemical potential difference for protons between two supposedly
homogeneous, aqueous phases bordering the energy-coupling membrane is
nol competent to acl as the free-cnergy intermediate in free-gnergy trans-
iius::ilun Thus, the (delocalized) chemiosmotic coupling hypothesis pul
forward by Mitchell (1961), which had this implication, would not seem to be a
sufficient account of how free-energy transduction takes placce. A number of
{mhm‘s have proposed modifications of the chemiosmotic coupling hypo-
thesis, In recent reviews (Melandri et al., 1983; Westerhofl, 1983; Westerhofl
et gl., 1983u—c, 1984b) we have discussed these and have distilled a mini-
um hypothesis (called mosaic protonic coupling) for the mechanism of mem-
bBrane-linked free-energy transduction. This hypothesis gives a functional
definition of a device that should be present among the membrane properties
viewed above, In Section VI1 we shall discuss a possible structural identity of
this device, Here we shall summarize the minimum hypothesis and discuss the
consequences that are most relevant in the context of this volume,

B. Mosaic Protonic Coupling: A Feasible Minimum
Hypothesis for Energy Coupling

To be compatible with the results of numerous experiments designed to
we the delocalized chemiosmotic coupling hypothesis (see above), it is
ecessary o retain most elements of the latter in any alternative scheme.
‘onsequently, (see Fig. 4b) the mosaic protonic coupling hypothesis assumes
1at free-energy-coupling membranes contain proton pumps that are driven
v chemical reactions. Important ones are electron-transfer-driven proton
umps and F_F,-type proton-translocating ATP synthases. Just as in the
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delocalized chemiosmotic coupling hypothesis, free-energy transduction is
proposed to materialize as a proton current: a primary proton pump (e.g., an
electron-transfer chain) pumps protons across a membrane, As a conseguence
there is an increase in proton concentration (or rather occurrence) and in
electric potential difference across that membrane itsell. However, in mosaic
protonic coupling, free energy remains stored in the membrane, as well as in
the proton gradient. Thus the average tendency of the pumped protons will be
{o return across the membrane, Through this tendency the protons can reverse
the ATP hydrolysis-driven proton pump (the secondary proton pump). This
then leads to the synthesis of ATP.

The difference between the delocalized and the mosaic chemiosmotic
coupling hypotheses is that the former proposes that there is one single
compartment (domain) into which all individual proton pumps pump (the
high-free-energy protons form a pool), whereas the latter proposes that,
functionally, and on a given turnover, every primary proton pump has its own
wmpdrtmﬁm, which it shares with only one (or a very limited number of)
secondary proton pump(s). For different proton domains to be as functionally
independent as proposed, there should be an isolation between these domains
and the bulk aqueous phase bordering the membrane, This barrier should be
such that it prevents proton equilibration between the local domain and the
bulk agueous phase for at least the turnover time of free-energy transduction
(typically some 1100 ms, but in certain cases for several seconds). Moreover,
there should be a significant proton leakage, draining the proton electrochem-
ical potential difference between the two aqueous bulk phases (e, jiy - “in”
minus “out”). Figure 4b gives a scheme for this mosaic protonic coupling
hypothesis: the coupling membrane essentially contains a multitude of
independently operating and possibly heterogeneous (ie, a mosaic of)
coupling units,

C. Implications of Mosaic Protonic Coupling

1. Explanation of the Incompetence of the PMF (Azy-.)

In terms of the mosaic protonic coupling hypothesis it is readily understood
why observed magnitudes of the proton electrochemical potential diffierence
between the bulk aqueous phases bordering the membrane (Aflyy,, or pmf)
have often been too low to account for the free energy necessary for (the
nbserved) synthesis of ATP:due to leakage of protons through R}$** in Fig. 4b,
there is a continnous dissipation of A, such that the latier wu!! always be
lower than_the proton gradient at the “site” of the proton pumps, which is
denoted Ady. (see Fig 4b). It is this Adgr, and not Afiy., that should be
competent for the observed ATP synthesis,
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2. Some Statistical Aspects of Energy Coupling

H can be estimated (Westerhoff, 1983) that if indeed the proton pumped by
the clectron transfer-linked proton pump remains localized to the coup ling
unit consisting of that proton pump plusan H*-ATPase (i.c., the pumping of
on the order of two protons) would create a local proton potential (or rather,
see below, the energetic uqll!\kﬂ@ni thereol) that would be energetically
sullicient to drive ATP synthesis, The fact that this number is so small has
important cffects on the characteristics of energy coupling. First, a proton
domain is either in the energized state (i.e., contains one or two protons), or in
the unenergized state (i.e., contains no protons), If, say, 50 proton domains are
encrgized and 50 others are not, then this cannot be approximately described
by saying that 100 domains are half energized, The system is not ergodic
(Welch and Kell, 1983),

To illustrate the relevance of this phenomenon, we shall give a briel
description (for a more refined treatment see Westerhofl et al., 1984b) of the
time dependence of energization in a system where the electron-transfer hxzina;
are regularly, and simultaneously, pumping protons al a frequency of 1/ If
the number of coupling units is denoted by n and the probability of escape of
he energized proton is mwmmuc by the rate constant «. then the number of
gized proton domains n* as a function of time is given by Eq. (1),

n¥ (1) = n¥{0)e ™ (for 1 < 1) i

ALt = 7 this number would again jump back to n. The probability that the H " -
ATPase present in an encrgized coupling unit would make ATP may be
described by (ef. Van I")‘im et al., 1983; Westerholl and Van Dam, 1985) the
ate constant K [1 — [(AG, )], which indicates that at increasing magnitudes
of the phosphate pmu‘ximl (AG,) this probability should be reduced. The
amiount of ATP synthesized per muplmg unit can be calculated:

(GATP/n) = (n/)(1 — e K, [1 — [IAG,)] (2)

uation (2) shows that at low turnover rates [compared to the rate at which
the energized proton leaks out of the proton domain, ie., (1/7) <], the ATP
Id per coupling unit per turnover of the eleciron-transfer chain tends (o
come independent of the turnover rate, or, in other words, the P/2¢ ratio
ds to become independent of the rate of electron transfer, In many free-
nergy transducing systems this is indeed observed (e.g., Van Dam and Tsou,
1970; Frnster and Nordenbrand, 1974; Ferguson et al., 1976; Venturoli and
clandri, 1982; and see earlier),

We may also consider what would happen if o f fraction ¢, of the H"-ATPase
fraction o, of the electron-transfer chains would be chnnnated af random,
¥, through the addition of irreversible inhibitors, The ATP vyield per
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turnover of the eleciron-transfer ehain would then become:
(BATP/n) = (k)1 ="K — JAGIE — a )] — ay). (3)

Importantly, both types of inhibition would have the same effect, simply
r&dm:ing the number of coupling units (#). Consequently, inhibition of
electron-transfer chains is not expected to lead to a reduction in the titer of the
inhibitor of the H"-ATPase (nor vice versa), The delocalized chemiosmotic
coupling hypothesis would generally predict such a reduction in titer, The
gx;}eriymemai results seem (o plead in favor of mosaic prolonic coupling (see
Section 1V, E),

If the effect of an uncoupler would be to increase the probability of escape
of a “local proton” (i.c., increase k), then inhibition of the H™-ATPases would
he expecied to have no effect on the titer of the uncoupler in its inhibitory
action on ATP synthesis. If some (F-type) ATPase activity would be present
in the system, then the titer would even be reduced. This is in contrast to the
predictions of the hypothesis of delocalized chemiosmotic coupling, but in
keeping with the experimental results(cf. Section 1V,E).

Thus, it seems that precisely the statistical (or quantal; sce Welch and Kell,
1985) properties entailed by the mosaic chemiosmotic coupling hypothesis
(Westerhofl ef al., 1983a.c, 1984b) can account for most observations that were
at odds with the delocalized chemiosmotic theory. Consequently, mosaic
protonic coupling is a feasible minimum hypothesis. However, it lacks a
definilive postulate concerning the structural basis for the extra device(s) thal
keep(s) the energized proton from equilibrating with the bulk aqueous phase
adjacent to the membrane, and thus from forming a pool with its fellow
energized protons. In the next section we will discuss the indications for the
existence of proteinaceous devices of that kind that are distinet from the
proteinaceous proton pumps themselves,

Vil. PROTONEURAL PROTEINS?

A, Introduction

How odd itis that anyone should not see that all ohservation must be for or against some
view i it is (o be of any service,
(Drarwan, 1903, cited by Howard, 1981)

A commonsense (and usual) reading of the delocalized chemiosmotic
coupling hypothesis indicates that all that is required for electron-transport
phosphorylation is a primary (redox-linked) H* pump and a secondary (ATP
synthase-linked) H* pump embedded with the appropriate polarity in a
suitably ion-impermeable membrane, as indicated in the simple interpretation
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of reconstitution experiments (Fig. 6). In the previous sections, we concluded
that more localized coupling theories permit (and, according to the cal-
culations of H' transfer rates given in Section 1, probably mandate) the
existence of additional, presumably proteinaceous, devices that are required
for enerpy coupling in electron-transport phosphorylation and related
processes,

Hong and Junge (1983) have claimed that high local buffer capacities would
produce localization of the high-free-energy proton. This proposal has been
eriticized (Westerhofl, 1983) as being insufficient to explain indications for
: behavior in steady-state experiments, Van Dam et ol (1983; of
Sjostrand, 1978) proposed that localization effects might be due to close
apposition of the external surfaces of the inner mitochondrial {cristae)
membrane. An uncertainty here is how this proposal could be extended to
intact bacteria and submitochondrial particles, An alternative is the presence
of special proteins in energy-coupling membranes constituting the so-called
protoneural networks (Kell et al., 1981b). Here we shall elaborate on this latter
possibility, which was first explicitly stated, to our knowledge. by Ji (1976).
How complex really are these energy-coupling membranes, then? Have we
already identified all the polypeptides which they contain? The answer again
15 not at all. Lest any doubt remain concerning the very great, if often
unrecognized, complexily of energy-coupling membranes, it may suffice to
draw attention to the number of polypeptides resolvable in SDS pel
trophoretograms of some of these membranes that have been published to
date, Thus, one-dimensional SDS gels of bacterial chromatophores contain at
east 33 polypeptides (Gabellini et al., 1982; Kaufmann et al,, 1982), few of
which have as yet been identified, while two-dimensional gels of thylakoid
membranes (Fig. 3 of Roscoe and Ellis, 1982) and the cytoplasmic membrane
of Escherichia coli{Fig. 6 of Gibson, 1983} indicate numbers in excess of 50 [or
0 (Buetow and Gilbert, 1982)] and 100 polypeptides, respectively. Thus, in
our search to identify the putative protoneural proteins, one can hardly claim
hat all the polypeptides of these energy-coupling membranes have already
been identified and characterized!

To return to mitochondria, then, let us take a leap in the dark, and sce
vhether even those few membrane proteins encoded by the mammalian
tochondrial genome have been identified.

Unidentified Reading Frames in the Mammalian
Mitochondrial Genome

Theentire penomes of a number of mammalian mitochondria, that is, those
human (Anderson et al., 1981; see also Borst et al., 1981), bovine (Anderson
al, 1982), and murine (Bibb ef al., 1981) mitochondria, have been completely
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sequenced, The importance of these beautiful studies to our present con-
siderations is that, in each case, the presence of eight unidentified reading
frames (URFs), coding for rather hydrophobic proteins of unknown function,
was demonstrated, As Davies er al. (1982) have pul it, in our view
prophetically, “the discovery of these putative genes in organisius as different
as man and A/spergillus] nidulans suggests that they code for functional
proteins that play a hitherto unsuspected role in mitochondria.” While one
may imagine many possible indentities for the proteins encoded by the URFs,
such as translocases, or ribosomal proteins, or processing enzymes {(Altardi
el al., 1982), we wish to stress a possibility that our molecular biological
colleagues, who may not be fully aware of the bioenergetic literature, might
otherwise neglect: that these URFs code for proteins with the role of the
protoneural proteins alluded to above (Kell and Morris, 1981), 1t should be
stressed that these URFs do code for functional mRNA molecules. Finally, we
would mention that two-dimensional gel autoradiograms (which, in contrast
o Coomassie Blue staining, do not discriminate against very hydrophobic
proteins) indicate that the mitochondrial transtaiion products of Hela cells
include as many as 26 polypeplides (Ching and Attardi, 1982),

It may be remurked, in conclusion, that the coincidence of the hydrophobic
nature of the proteins coded for by the URFs and the importance of using
Racker's hydrophabic protein fraction rather than more purified H -ATP
synthase preparations in reconstituting oxidative phosphorylation seems
beyond fortuity., We now turn to some studies of plant mitochondrial
molecular biology which give us a more forthright clue as to the role of at
least one unidentified mitochondrial protein in mitochondrial frec-energy
transduction.

C. The Interaction of Helminthosporium T Toxin
with Corn Mitochondria
“Unexpected, shocking and trog”
[P, P. Slonimski, May 17, 1981
deseribing the kind of results he hoped to see in mitochondrial researchy quoted by
Rendich (1982) .

Cytoplasmic male sterility (CMS) is a maternally inherited trait that
prevents the production of functional pollen but does not affeet female fertility
in a number of plants of commercial significance (Edwardson, 1970), The
genctic determinants which control CMS in maize (corn) are located on
mitochondrial DNA (see e.g., Leaver ¢f al, 1982; Leaver and Gray, 1982)
Since certain plant lines carry nuclear fertility-restoring genes, the CMS
phenotype is now widely used in the commercial production of F, hybrid seed
varieties to prevent the sell-pollination of the parent.
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Three types of CMS, namely CMS-T, CMS-5 and CMS-C, have been

described in the maize. Our attention is concentrated on the T (Texas)
cytoplasm, which was used in over 85% of hybrid corn grown in the United
States by 1970 (Leaver and Gray, 1982), In that year, an epidemic of southern
corn leaf blight disease virtually wiped out the maize crop, causing losses in
excess of $1 billion, The disease is caused by a polyketide toxin (T toxin) (for
probable structure see Kono et al,, 1980) produced by the Tungus Helminth-
osporium maydis Race T, which strongly affects corn with the CMS-T trait but
has little eflect on normal fertile (N) or the CMS-8 and CMS-C types (Ullstrup,
1972; Gregory et al., 1977}, A wealth of physiological studies, summarized by
Gregory and colleagues (1977, 1980) and by Leaver and colleagues (Leaver
and Gray, 1982; Leaver ef al., 1982), leaves little room for doubt that the
primary target for the T toxin is a mitochondrially encoded protein resident
in the inner mitochondrial membrane and that the interaction of T toxin with
this protein leads, inter alia, even at a T toxin concentration of 10 pmol/mg
mitochondrial protein (Gregory et al,, 1980), to the “uncoupling” of sensitive
mitochondria. It should be stressed that normal (N) mitochondria are quile
resistant to doses of this toxin at concentrations as much as 1000-fold higher,
What is the nature of the target protein? Leaver and colleagues have studied
the synthesis of proteins by mitochondria isolated from a number of strains of
corn possessing N and the CMS traits (Forde er al., 1978; Forde and Leaver,
1980; Leaver and Gray, 1982; Leaver er al., 1982; Dixon et al,, 1982); analysis
of the radiolabeled produets of mitochondrial translation by one~-dimensional
SDS—polyacrylamide gel electrophoresis and antoradiography shows that at
least 20 polypeptides in the range 8000- 54,000 Da can be resolved, and, with
the exception of a 44-kDa polypeptide, all are normally membrane bound.
Most strikingly, a 21-kDa polypeptide synthesized by N mitochondria is
not seen in T mitochondria, which instead possess, uniguely, a 13-kDa
polypeptide. It seems, therefore, very likely that this 13-kDa polypeptide is the
or at least a) target of the T toxin. Since the result of the interaction of the
loxin with this profein is some kind of uncoupling of the sensitive T
mitochondria, it is evident that the role of the 13-kDa polypeptide normally
lies in energy coupling in such mitochondria, Since this polypeptide is not
thought to be part of complexes T 1o V of these mitochondria, an iniriguing
possibility, in harmony with the considerations in the rest of this section, is
hat this target protein possesses the properties of a4 protoneural protein, as
proposed previously (Kell et al., 1981h).
Although the T toxin is not proteinaceous, the physiological effects of its
hteraction with sensitive mitochondria bear many striking resemblances to
hose elicited by the interaction of a number of proteinaceous membrane-
ctive bacteriocins with their sensitive target bacterial cells, a topic which
orms the subject of the next section,
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D. Effects of Membrane-Active Bacteriocins on Sensitive Cells

Sinee the BLM [black ipid membrane] is an exguisitely sensitive tool with which (o study
the interaction of proteins with bilayers, it is important to keep in mind the possible
molecular mechanisins underlying the observed conductance effects. True channel
formation in o BLM may relleed the actual physiologic role of a pacticolar protein. If, on
the ather hand, a protein is observed to increase conductance in a BLM, but in a manner
suggestve of lipid perturbation, it may be quite misleading to declare it a channel-former
~and 1o suppose its biological action or function is carried owt via diserete channel

formtion,
(Blumenthad and Klausner, 1982)

Thmoizum:m a heterogencous group of proteinaceous bactericidal agents
produced by a variety of bacteria and active against many strains of
Eschervichia coli. Their physiological effects have been described in a number of
reviews (Holland, 1975; Konisky, 1978, 1982; Konisky and Tokuda, 1979; Kell
el al, 1981b; Cramer e al, 1983) Many other bacteriocins have heen
described, such as butyricin 7423 (sec Clarke ef al,, 1982), which is active
against the anaerobe Clostridium pastewrianum, that, like a number of the
colicins, have the ability to deenergize the cytoplasmic membrane of sensitive
cells. Since most of these membrane-active bacteriocins elicit broadly
comparable effects upon sensitive cells, we shall confing our comments to
those studies which have sought to infer the mechanism by which the target
cell membrane is deenergized by membrane-active colicins,

Upon the addition {o a sensitive E. coli suspension ol an appropriate
concentration of membrane-active colicin, the following efiects, inter alia, may
be observed: inhibition of certain respiration-linked active transport pro-
cesses (Fields and Luria, 1969a), a lowering of cellular ATP levels (Fields and
Luria, 1969b; Hirata er al, 1969), a rapid efllux of actively accumulated
intracellular K™ (Luria, 1964; Nomura and Maeda, 1965: Dandeu et ol., 1969;
Feingold, 1970; Wendt, 1970), and inhibition of the energy-linked transhydro-
genase (Sabet, 1976), Respiration is unaffected.

From & chemiosmotic standpoint, it seemed reasonable to suppose i&m%
these colicing might be protonophorous, since the addition of a protenophe
rous uncoupler would be expected to inhibit all proton-motivated bioenergetic
processes in such organisms. However, it was found that colicin E1, a typical
membranc-active colicin, exhibited no protonophorous activity, and its action
could not be mimicked by known protonophores (Feingold, 1970; Luria, 1973;
Konisky er al, 1975} Further, although uncoupling of proton-motivated
energy coupling sysicms oceurred, colicing did not act to dissipate the pH
gradient across the cell membrane (Brewer, 1976; Weiss and Luria, 1978;
Tokuda and Konisky, 1978). This is consistent with other data, discussed
earlier, that may indicate that the role of the pH gradient lies (in bacteria and
mitochondria) in pH homeostasis and not in energy coupling,
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Rosen and Kashket (1978), whose thoughtful article was unfortunately not
noted in an earlier discussion of this problem (Kell ef al., 1981b), concluded
that the available data best fit a model in which the binding of colicin to a
membrane component caused the formation of an anion channel, although in
some of the experimental conditions used, one might then expect a substantial
increase in the pH gradient, which is not observed. Further, ihe low-
molecular-weight anion content of these cells 15 too low to account, in this
model, for a steady-state dissipation of a membrane potential (Gould and
Cramer, 1977a), in the absence of such-a high ApH.,

One of the widely discussed features of the action of membrane-active
colicing is thal they appear to exhibit “single-hit killing,” that is, the fiter of
active colicin necessary 1o kill an entire cell s one molecule. Actually, the
available data (see Holland, 1975; Konisky, 1978) would seem to be just as
consistent with oligo-hit killing, but this particular point is not quantitatively
crucial to the following discussion. In an influential paper, Schein et al. (1979)
demonstrated that the addition of eolicin K 1o a planar phospholipid bilayer
membrane (BLM) could lead to the formation of a rather unselective, gated,
(m permeable channel, These workers (Schein et al., 1979) further drew
iﬁgs ther a pumber of previous observations, including the rates of K* efffux
shserved by Wendt (1970), and suggested that the pathophysiology of colicin
K action could be adequately accounted for by the view that it acts merely
to create a poorly selective ion channel across the baclerial cytoplasmic
membrane. In particular, in a delocalized chemiosmotic model, such a model
might simply explain the single-hit killing property discussed above,

This view, which we will refer 1o as the “orthodox view,” has gained a degree
of currency such that two recent reviews on bacteriocing have been entitled
“Colicing and other bacteriocing with established modes of action” (Konisky,
1982) and “The membrane channel-forming bacteriocidal protein, colicin E27
{Cramer et al., 1983), It is our opinion (see also Kell et al., 1981b) that the
orthodox view is a highly premature baby, and our task here is to draw
altention 1o some of the reasons that we think it is unlikely to survive into
puberty. First, it is highly dﬁp@m‘imt upon findings in artificial liposomes and
planar BLM. However, the data available even with these systems are not self-
-~ consistent, as noted by Cramer et al. (1983). In the original work of Schein et al.
- (1979) the BL.M conductance was found to increase only if the applied voltage
_ had a polarity that was positive in the wmpmtmem to which the bacteriocin
 was added. This was also observed with colicin b (Weaver el al, 1981) and
colicin A (Pattus et al, 1983), However, neither the single-channel con-
ductances measured (Weaver et al,, 1981; Cleveland et al, 1983) in planar
BLM. nor the efflux of radiolabeled substances from liposomes induced by a
variety of colicins (Tokuda and Konisky, 1979; Kayalar and Luria, 1979;
Uratani and Cramer, 1981; Weaver et al, 1981), was significantly dependent
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on the polarity of any applicd membrane potential. Uratani and Cramer
(1981} had 1o incorporate colicin E1 into liposomes in order to see any effect
upon their permeability to low-molecular-weight compounds, which is hardly
consonant with the situation in vivo, The rates of Rb* efflux caused by the
addition of an unspecified amount of colicin K to liposomes (Kayalar and
Luria, 1979) were virtually identical to those of Na' efffux clicited by the
addition of albumin to liposomes (Kimelberg and Papahadjopoulos, 1971);
it is therefore important (o relate the amount of bacteriocin used in these
in pitro experiments 1o that serving as the minimum lethal dose in intac
bacterial cells,

As indicated above, colicing are extremely potent; a typical tiler giving
=092 killing might be 100 ng colicin/mg dry weight cells (or per 5 x 109 cells,
approximately). The surface arca of such a cell mass is well in excess of 10 cm?
it we (conservatively) model the cells as spheres of diameter 1 am. Ina typical
experiment with BLM (Schein et al, 1979) the amount of bacteriocin added
was 700 ng for a BLM of area 0.01 mm?. Thus, it is evident that these in vitro
experiments have been using amounts of bacteriocin far in excess of those
constifuting a minimal lethal dose in bacteria. The excellent review by
Blumenthal and Klausner (1982) lists the proper criteria for deciding whether
a hona fide channel is formed in BLM or not. The available data using colicins
do not suggest that these eriteria are likely to be met with an orthodox result.
Thus, given the self-inconsistency of the BLM and liposome data, and the
inability of these supposedly poorly selective channel formers (o collapse a pH
gradient in vive, one is forced 1o conclude that the primary act of membrane-
active colicins in vive cannot be to knock a rather nonselective hole in the lipid
hilayer portion of the target cell membrane, This conclusion is preatly
strengthened by the studies carried out by a number of groups on mutant
straing which are nontrivially resistant to the membrane-active bucteriocing,
and which for some reason seem not to be considered by the proponents of
the orthodox view.

Parenthetically, some of the studies referred to above as using “colicin K
were actually performed with the comparable membrane-active bacteriocin
colicin A (Luria, 1982).,

If, as we have indicated here, a simple biophysical insertion of a
hvdrophobic channel-forming colicin into the target cell membrane does not
explain the eflects observed in vivo, what then might be the target membrane
~ protein of these deenergizing colicins? Hong er al. (1977) isolated a mutant of
L. coli which was resistant to colicin K (but «iil] sensitive to colicin E1) and
concluded from its properties and those of revertants that the basis for colicin
sensitivity lay in the membrane-located product of a gene termed ecf, which
they had previounsly studied (Lieberman and Hong, 1974, 1976; Hong, 1977;
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Licherman er al,, 1977 sec also Tomochika and Hong, 1978), The properties of
these mutants, when transferred to nonpermissive conditions, including a fall
in intracellular ATP and efflux of intracellular metabolites, were closely
similar to those induced by the addition of colicin K (o the wild-type strain,
Such mutants were pleiotropically defective in the coupling of respirationio a
variety of proton-linked active transport systems and it was concluded that
the defect lay in an inability of the mutant to couple respiration-derived
energy to active transport and ATP synthesis, The mutation maps (Lieberman
et al, 1977) at minute 63 on the recalibrated E, coli inkage map (Bachmann,
1983) and is thus guite distinet from the operon coding for the £. coli ATP
synthase (Gibson, 1983). It should be mentioned that i’if)ﬂfi from that of
Tomochika and Hong (1978) these strains showed no increase in permeability
to protons, Unfortunately, it scems that the original isolates have now been
lost, Thus, these very clegant studies show quite clearly that for energy
oupling to take place in electron-transport phosphorylation and respiration-
linked active transport a factor distinet from the primary and secondary
proton pumps and from proton leakiness is required.
Plate and his colleagues have described a number of other mutant strains of
£. coli which, although selected for resistance to the aminoglycoside neomycin,
are also rather resistant to colicin K, grow poorly on respiratory substrates,
and are impaired in the operation of a number of respiration-linked active-
Aransport systems (Plate, 1976, 1979; Plate and Suit, 1981). The properties of
these strains are similar (o those of Hong described in the previous paragraph
(see also Hengge and Boos, 1983; Booth et al,, 1984), with the exception that
their eup lesion maps al minute 87.5-88, 1t was concluded by these workers
{Plate and Suit, 1981) that the eup locus codes for a protein normally required
for the coupling of H™ movements to solute symport, These mutants were also
juite unimpaired in their ability to maintain a pH gradient (Plate and Sui,
1981). Physiological and genetic studies are consistent with the view that the
eup pene is related to the independently studied genes ssd (Morris and
Newman, 1980; Newman et al., 1981, 1982) and especially e/ B (Thorbjarnar-
dottir e al,, 1978). Finally, it was shown (Hitchens et al,, 1982) that the ability
of an eup mutant to exhibit respiration-driven H' iranslocation was
unimpaired relative to that of its otherwise isogenic wild-type parent. This
iu‘ study confirmed (a) that the lesion lay in an inability to use energized
ons and (b) that the proton (and other 1on) permeability of the mutants, at
st from the external bulk aqueous phase, was no different from that of their
Parents. Studies by C, A, Plate (personal communication) have added some
Complexity 1o the simple interpretation discussed herein, and suggest to us
i, in the absence of any eup penctic locus, yet other proteins may fulfil the
tole normally played by the eup gene product (Kell er al,, 1981b). These studies
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tend to indicate rather sugpestively that there is now fairly abundant, if widely
scatiered, evidence that “energy-transducing membranes normally contain a
number of proteinaceous components whose role is to act co-operatively as
conformationally switchable proton conductors, permitting fast, controlled,
lateral proton transfer along the surfaces of such energy-transducing mem-
branes, and acting as the major energetic links between the various pro-
tonmotive sources and proton-accepting sinks embedded in such membranes™
(Kell eral, 1981b).

We have mentioned uncoupling several times in this section. The orthodox
view would assume, since the membrane potential and pH gradients of
delocalized chemiosmosis act all over the membrane surface, that the more
classical, ionophorous types of uncoupler do not pecessarily Kave to act. at
specific sites in such membranes. More localized views predict the existence of
more or less specific sites of uncoupler action, 1t is therefore important {o
determine the extent lo which such sites may have been demonstraled, a
survey which forms the subject of the next section.

Vil MECHANISMS OF UNCOUPLING

A. Protonophorous Uncouplers

1. Iniroduction

As is now well known, the addition of low concentrations of any of a
number of certain nonphysiological low-molecular-weight chemicals to well-
coupled mitochondria respiring under static head (state 4) conditions leads o
a dramatic increase in respiratory rate, and to a more or less concomitant logs
in the ability to couple the exergonic reactions of electron transport o the
endergonic reactions of ATP synthesis. This respiratory control is only rarely
observed in bacteria (¢.g., Scholes and Milchell, 1970; John and Whatley, 1977;
MeCarthy and Ferguson, 1982) or in submitochondrial particles (e.g., Hinkle
el al, 1975) and is thus probably not crucial to the interpretation of the
compounds; what is most important is that they uncouple electron transport
from ATP synthesis, and they are thus known as uncouplers. Thal concen-
trations of uncoupler necessary to inhibit oxidative phogphorylation in well-
coupled mitochondria do not decrease respiration distinguishes them from
inhibitors of electron flow or energy-transfer (ATP synthase) inhibitors.
Typical phenomena correlative to uncoupling in mitochondria include the
inhibition of various exchange reactions such as ATP-**P; exchange and
stimulation of the apparent ATP hydrolase activity (e.g., Heytler, 1979). The
concentration of uncoupler required for a half-maximal effect in a given
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suspension depends upon the reaction being considered, which is consistent
with the view that one eflect of uncouplers is to cause slip in primary and/or
secondary proton pumps and also not easily reconciled with the classical
chemiosmotic explanation of respiratory control,

“The classical uncoupler is 24-dinitrophenol (DNP) (e.g, Loomis and
Lipmann, 1948), the curious and interesting history of which is discussed by
Racker (1976). One of the most important and (in our view) persuasive
predictions of the chemiosmotic hypothesis was that uncouplers such as DNP
could catalyze the electrogenic transport of protons, to and from bulk
aqueous phases, across biological, and particularly across energy-coupling,
_membranes, by virtue of the fact that they are lipophilic weak acids or bases,
DNP and comparable uncouplers of this type, which are often referred to as
classical or bona fide uncouplers, are therefore known as protonophores or
protonophorous wncouplers, Typical protonophores include DNP, carbonyl
cyanide p-trifluoromethyoxyphenythydrazone (FCCP)  (Heytler, 1963),
4.5.6,7-tetrachloro-2-triflucromethylbenzimidazole (TTFB), pentachloro-
phenol (PCP), S-chloro-3-tert-butyl-2'-chloro-4'-pitrosalicylanilide (8-13),
bis(hexafluoroacetonylacetone (1799), and, the most potent so far discovered
{in published literature), 3,5-di-tert-butyl-4-hydroxy-benzylidene malono-
nitrile (SF 6847) (Muraoka and Terada, 1972; Terada, 1981). Since most in-
vestigations on energy coupling use only these compounds (amongst the
protonophores) we shall in general concentrale our attention on these
compounds. For an overview of protonoj hores, the reader is referred to
five excellent and comprehensive reviews (Hatefi, 1975; Hanstein, 1976a,b;
McLaughlin and Dilger, 1980; Terada, 1981).

Given the well-known and abundant evidence that protonophorous
_uncouplers can indeed catalyze the electrogenic transfer of protons across
natural and artificial bilayer membranes from one bulk agqueous phase to
nother, it might be thought that the mechanism of their action was well
derstood, and indicative that a delocalized chemiosmotic coupling mecha-
iism indeed operates in energy-coupling membranes. However, we shall see
hat a study of the extensive literature concerning the effects of protonophores
in proton motive systems reveals a much more complex state of affairs than
may be adduced from the simple view that uncouplers uncouple simply by
ipating the bulk-phase Afiy,. by catalyzing electrogenic H * gransfer across
e bilayer portions of energy-coupling membranes, Thus we wish to know
’ hether uncouplers uncouple by acting in the bilayer, phospholipid-
ontaining parts of such membrancs or whether some uncoupler—protein
nteraction(s) might be of significance to the uncoupling process. We first draw
ftention to a strikingly comparable problem that is being earnestly debated in
field of general anesthetics. Since a fuller discussion of this will be given
where, some summary remarks will suflice.
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2. A Digression: Where Do General Anesthetics Act?

As is widely understood, the structure—activity relationship among different
volatile narcotics (general anesthetics) is weak almost (o the point of
nonexistence (¢.g., Bowman ef al,, 1969). This and other facts have led to the
view that general anesthetics do not act by virtue of specific molecular
interactions, but act purely by their possession of one or more biophysical
properties (e.g., Halsey, 1974; Miller and Miller, 1975; Kaufman, 1977), in
particular their ability, by insertion into lipid bilayers, to cxpand nerve
membranes above a eritical volume in such a way as (o inhibii neurotrans-
mission (see e.g., Miller et al, 1973; Janofl and Miller, 1982). We refer to the
critical volume hypothesis and other cognate hypotheses as phospholipid
hypotheses. Since, in addition, it has been known for many years that narcotics
can interact with soluble proteins (e.g., White, 1974), some workers, notably
Franks and Lieb (1978, 1979, 1981), have adduced gvidence from a variety of
experimental approaches, especially one involving solvent correlations, thai
the site of narcotic action has both polar and apolar characteristics and may
thus be assumed to be partly proteinaceous in nature, Such protein hypotheses
were lent especially cogent, even conclusive, support by a very elegant, yet
conceptually simple study (Fernandez er al., 1982). This study showed that
while chloroform actually stimulated the rate of translocation of the lipophilic
dipterylamine ion across the bilayer portion of a squid axon (as expected; see
Section VIILA,3,b), it inhibited the gating currents associated with the
opening and closing of the proteinaceous Na™ channel, Lenay (1978) also
summarized extensive work from his laboratory consistent with the view that
the site of general anesthetic action may lie at the interface between lipids and
integral membrane proteins. Thus, there is an interesting parallel in the
narcosis field with a debaie of more immediate interest 1o us in the uncoupler
field, concerning whether the site of action of such xenobiotics in biomem-
branes is lipidic or proteinaceous in nature. In our view, it may be concluded
(see e.g., Hille, 1980; Sandorfy, 1980; Trudell, 1980; Franks and Lieb, 1981:
Fernandez et al,, 1982; but contrast e.g., Janofl and Miller, 1982) that the bulk
of evidence and opinion has swung in favor of the view that the true site of |
ancsthetic action is proteinaccous in nature (Franks and Lieb, 1984; Smit
el al.. 1984},

To return us to our discussion of uncouplers, we draw attention to a very
imporiant article by Rottenberg (1983), who found that the narcotics
chloroform and halothane, at significantly suprachnical concentrations, acted
io uncouple oxidative phosphorylation in rat liver mitochondria, It wa
demonstrated, however, that this uncoupling was ner accompanied by any
diminution in the apparent Ay, (judged by ion distribution methods) and
was ascribed to “interference with delicate intramembrane processes that
mediate direct energy transfer between the electron transport components and
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the ATPase” (Rottenberg, 1983), One might therefore invoke an interaction
between the narcotics and putative protoncural proteins in this system,
However, it was not absolutely excluded that the narcotics might induce a slip
in the H'-A'TP synthages in an otherwise chemiosmotically operating system.,
This general topic is considered further in part C of this section,

3. Where do Protonophores Act? Bilayer
and Protein Hypotheses

The great complexity of energy-coupling membranes has led many
investigators Lo study simpler model phospholipid bilayer systems, of which
the liposome (e.g., Bangham, 1968, 1972; Szoka and Paphadjopoulos, 1980)
and the planar black or bilayer lipid membrane (e.g., Jain, 1972; Tien, 1974)
vstems remain both the most popular and the best characterized. Although,
as widely recognized, studies with such systems cunnot easily be extrapolated
1o the situation i vivo, many useful findings have cmerged,

We take as our starting point the data discussed in the comprehensive
review article by McLaughlin and Dilger (1980). Classical umnup]mg (for a
recent discussion, see Benz and McLaughling 1983) by the A7 class of
‘uncouplers is ilustrated in Fig. 7a. In general, the correlation (at a gawn pH

! + b
HA=A" 4 H e Az HA HA«'CW»*AW%HV;.

HA- A Ay HA
n.i . R k»
H H

Fig. 7, Mechanisms of action of an A~ protonophose such as FOCP, (a) Classical,
weroscopic picture, illustrated with reference to delocalized protonmotive setivity by a single
membrane-located primary proton pump. The chief feature of the uncoupler is that both charged
d uncharged forms are membrane permeable, Mo special sites of action ure reguired for the
nsmembrane passage of HA or of A7 during uncoupling, since the putative driving force is
delocalized. () A more conrse-prained analysis, ilustrated with reference 1o the coneept {for a
ary proton pump) of localized coupling., Loculized charge separation oceurs due 10 the

embrane by the local field in a region of high permittivity st the protein-phospholipid

h had been pumped, The protonophoric eyele is then completed as in (a). Note that the
elocalized coupling model permits preferentiul movement of protonophore molecules neat any
mbrine profein; localized coupling requires the rate-limiting steps of uncoupling to be driven
 pear the energized proteins. Within the framework of localized coupling, uncouplers muy
Iy act to cause molecular slip (Westerhofl er af, 1983¢, 1984b); this is not illustrated in
» ligure, For further discussion, see lext,
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value) between (a) the effectiveness of uncoupling in rat liver mitochondria
and (b) the ability of a compound to increase the conductance of BLM (which
is generally ohmic up o supraphysiological values of transmembrane
voltages), is extremely good (Skulachev, 1971; McLaughlin and Dilger, 1980),
An important apparent exception in this context, however, is picric acid.

a. Uncoupling by Picric Acid.  Hanstein and Hatefi (1974a) found that
picrate could not uncouple mitochondria but was a pood uncoupler of some
submitochondrial particles (SMP, which are topologically inverted). They
proposed that picrate was a (relatively) membrane-impermeant substance that
exerted its effect by binding to the matrix side of the inner mitochondrial
membrane, However, McLaughlin and colleagues (1978) showed that picrate
is indeed protonophoric and permeates BLM in both the neutral and charged
forms. They pointed out that since the presumed membrane potentials of
mitochondria and SMPs are of opposite polarity, consideration of a typical
kinetic model for an A™ -{ype uncoupler can lead, in fact, to an analysis quite
consistent with the chemiosmotic model, However, there are some severe
guantitative problems with this view. In the model of McLaughlin et af. (1978)
detectable uncoupling by picrate {10 M) in SMP is observed (in the model)
under conditions in which the bulk phase membrane potential was taken to be
175 mV and the pH gradient 1 unit. A similar model was used by Michels and
Bakker (1981) in E. coli. However, it would seem that {(a) the bulk-to-bulk
phase proton permeability induced across the membrane of SMPs by thi
concentration of picrate is at least 1.5 orders of magnitude too low to account
for the observed uncoupling in strictly chemtosmotic terms (Hanstein and
Kiehl, 1981) and (b) uncoupling concentrations of picrate (10 M) do decrease
the membrane potential rather markedly, as judged by oxonol-VI fluorescence
in SMP (Hanstein and Kiehl, 1981) or by SCN™ uptake in everted E. coli
vesicles (Michels and Bakker, 1981), Similar remarks may be made concerning
the nonprotonophorous tetraphenyl boraie ion (Phelps and Hanstein, 1977),
which is a significantly more potent uncoupler than is picrate in everted E. coli
vesicles (Michels and Bakker, 1981), Thus examples seem to exist which clearly
indicate that results in BLM are not easily extrapolated to native energy
coupling membranes, and that, by implication, some kind of uncoupler-
protein interaction may be of importance in causing uncoupling,

b. Eifect of Dielectric Permittivity on Uncoupler Fluxes, MeLaughlin
and Dilger (1980) drew attention to {wo inferesting anomalies between the
protonophorous properties of weak acid uncouplers in BLM and their ability
to uncouple in mitochondria. The first is that although the correlation
hetween these two types of property among different compounds is generally
excellent, weak acid protonophores are two orders of magnitude more
effective in mitochondria than in BLM, The second is that a weak acid for
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which the bilayer conductance depends quadratically on the carrier concen-
tration (i.c., an HAS <type protonophore) produces an uncoupling effect that
depends linearly upon concentration (Dilger and McLaughlin, 1979). It was
proposed (Dilger and McLaughlin, 1979, MeLanghlin and Dilger, 1980) that
ihe apparent anomalies are due to “a region of the bilayer component of the
mitochondrial membrane having a higher dielectric constant than that of an
ptificial bilayer (p. 379)" We consider this extremely jmportant and
suggestive idea in some detail,

1t is hoth reasonable and usual 1o treat a BLM as a homogeneous condenser
of static permittivity &,; however, the extent to which this MACTOSCOMC
simplification retains its utility in the heterogeneous milieu of a biomembranc
is far from clear.

As indicated by a number of authors (e.g. Liuger and Neumcke, 1973
Andersen and Fuchs, 1975 Parsegian, 1975; MeLaughlin and i}iigﬁn 1980),
the Born energy W required to transfer a monovalent, spherical, non-
polarizable ion of charge ¢ and radius a from an aqueous phase of permittivity
¢, into the center of a bilayer of permittivity ¢, and thickness d is;

el 4 b 4 # *
. 0 i f e 28, ;
We o ( s e e In ( ’ i Qﬁ,)
Riega \&, 8,/ dmeged  \gy + 8y

where g, is the permittivity of free space, Thus the Born energy depends both
~on the thickness and the permittivity of the membrane, 1t was most elegantly
shown (Dilger and McLaughlin, 1979; McLaughlin and Dilger, 1980; Benz

1d McLaughlin, 1983), by using the somewhat polar chlorodecane in the
BLM-forming procedure, that the protonophore-induced conductivity of the
BLM could be raised by approximately two orders of magnitude; changes in
bilayer thickness played only a minor role. Further, under these conditions,
the HA; uncoupler DTFB (Cohen et al,, 1977} indeed behaved asan A -type
protonophore, since, from the Born charging equation, the relative decrease in
Born energy induced by increasing the BLM permittivity will be greater for the
smaller A~ ion. Similar observations on the membrane permeability were

nade using the membranc-permeable SCN and ClO, ions (Dilger et al.,
1979; McLaughlin, 1981).

MNow, it has of course been known for many years (see e.g., Pauly and
Packer, 1960; Packham et al., 1978; Pethig, 1979; Harris and Kell, 1983) that
the macroscopic static permittivity of biomembranes is greater than that of
LM of comparable thickness by a factor of approximately two. Let us then
lake a coarse-grained approach (Fig. 7b). Given the great heterogeneity of
ergy-coupling membranes, it may then be stated guite clearly that, inview of
he foregoing considerations alone, protonophores will tend to act prel-
rentially in the regions of highest permittivity, that is, adjacent (o membrane
roteins. This does not of itsell require that specific interactions with proteins
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are part of the uncoupling process, nor does it, for instance, indicate of itself
that the high-energy intermediate is confined to these preferential regions. Ta
examine these questions, we must turn away from work with BLM,

c. Uncoupler-Binding Proteins in Fnergy-Coupling Membranes.  We
saw in the last section that there tended to be a preferential partitioning of
charged uncoupling molecules into regions of highest local permittivity,
Might some specific protein—uncoupler interactions be of significance to the
uncoupling process? The structure-function relationships of homologous
protonophores (e.g., Terada, 1981) do not lend much support to the idea that
factors other than hydrophobicity and acid dissociation constant play a
significant role in inducimg uncoupling activity, so that steric effcets, which
might also play a role in putative protein- uncoupler inferactions, are assigned
a rather minor role (but see Biichel and Diraber, 1972),

Now it is, of course, well known that uncouplers can interact with a great
many proteins, and it is worth pointing owt that delipidation of mitochondria
with CHCly-methanol has a negligible effect upon the ability of mitochondrial
proteins to bind a number of uncouplers (Weinbach and Garbus, 1965, 1969;
Hanstein er al., 1979). In general, energy-coupling membranes can bind much
more uncoupler than is necessary to give maximal uncoupling, so that the
question arises as to what fraction of the total bound uncoupler is actually
uncoupling.

Hansicin and Hateli (1974b) initiated an imporiant approach to this
guestion by synthesizing 2-azido-4-nitrophenol (NPA), a photoaflinity ana-
logue of DINP with an uncoupling potency two to three times greater, In the
dark, NPA bound to mitochondria both specifically and nonspecifically, the
number of binding sites approximating one per ATPase, The specific binding

s noncooperative and independent of the degree of energization of the
mitochondria, and was competitively inhibifed by other uncouplers such as
DNP, PCP, CCCP, and 5-13. When radiolabeled NPA was photolyzed in the
presence of mitochondra, more than 20% of the label was associated with
protein, and predominantly with (a) the F-ATPase and (b} one or more
hydrophobic proteins of =21 kDa, located in or near the F-ATPase, and
referred 1o as the uncoupler-binding protein (Hanstein, 1978; Hanstein ¢ al,
1979; Dvosdat er al., 1982). This protein is located in carefully prepared com-
plex V, an FF-A'TPase preparation with ligh ATP-P, exchangeuase activity
(Hatehi, 1975 Kichl and Hunstein, 1981; ¢l Berden and Hennecke, 1981).

The photoaftinity labeling strategy was adopted by Kurup and Sanadi
(19771 using NPA and by Katre and Wilson (1977, 1978, 1980), who
synthesized 2-nitro-4-azidocarbonyl cyanide phenylhydrazone (N, CCP)
These latter workers obtained broadly comparable resulis 1o those of
Hanstein and colleagues (op.cit.). However, the polypeptides labeled with
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photolyzed N,CCP apparently differed considerably from those labeled by
NPA, raising the possibility that ... the ability of the weak acid proto-
nophores to bind to proteins, and indeed to any hydrophobic surface, may be
an epiphenomenon unrelated to their mechanism of action as uncouplers”
(McLaughlin and Dilger, 1980). Competition between NLCCP and NPA does
nol yel seem to have been tested, nor do protease inhibitors seen to have been
included in the labeling experiments. However, it is probable that N,CCP,
being more hydrophobic, is more catholic in its binding to membrane proteins
than is the relatively hydrophilic NPA (Hanstein, 1978). Bince mitochondria
covalently labeled with N,CCP were compleicly uncoupled (Katre and
Wilson, 1978), it scems improbable that the compound could have been acting
as a mobile protonophore under these conditions. Nevertheless, it is probably
fair to conclude that the very interesting observations made with these
compounds do not alone yet allow us to assess the exact importance of
the uncoupler-binding protein(s) in the mechanism  of uncouplng by
protonophores,

d. Resistance to Uncouplers.  Resistance of mutant strains of biological
cell systems to typical protonophores has so far been reporied in Bacillus
subrilis (Decker and Lang, 1977, 1978; Lang and Decker, 1978 Gufianti er al,,
1981), in Escherichia coli (1to and Ohnishi, 1981 Ho et al, 1983), and in the
mitochondria of yeast (Griffiths er al,, 1972, 1974) and of Chinese hamster cells
Freeman ef al., 1980, 1983). In each of these studies, it was shown thai the
resistance was nontrivial, and the mutation seems to affect a protein lying in or
near the F, part of the ATPase as judged by cross-resistance {0 F, inlibitors,
increased ATP hydrolase activity, etc. In some cases (.8, Grifiiths er al, 1972,
Freeman ef al., 1980, 1983) mutant cells are as much as 10 times more resistant
to selected protonophores than their wild-type parents, and Hitchens and Kell
(unpublished observations, 1982) obtained similar data in Rps. capsulata, 1t
eems, therefore, that some type of specific protein—uncoupler interaction,
albeit transient (Hitchens and Kell, 1982¢, 1983a,b), must be of functional
significance in determining uncoupling by protonophorous uncouplers. This
conclusion would be greatly strengthened by comparison of the titer of
uncoupler-binding protein in various strains with the degree of resistance they
possess Lo appropriate uncouplers. 1t may also be worth drawing aliention to
the ability of a variety of respiratory bacteria to grow on pentachlorophenol
{Rao, 1978),

It has been proposed that uncouplers may causc redos-linked proton
pumps to exhibit exacerbated slip (Pictrobon et al,, 1981, 1952, Walz, 1983),a
proposal which is consistent with uncoupler titrations discussed above. These
roposals (Pietrobon et al, 1981, 1982) were based upon experiments

casuring the apparent protonmotive force under various conditions, The
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comparable properties except that uncoupling is sensitive to ATPase inhib

the number of H* translocated in the bulk phase external to the system,
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general coneeption of slip has been further strengthened (Pictrobon er al,,
1983) in experiments which contraindicated a role for a non-ohmic leak acrosg
the inner mitochondrial membrane. However, the latter experiments showed
that since slip is not only a function of the apparent proton motive force then
the energy coupling should not be presumed 1o be proceeding pia the apparent
proton motive force either,

{t may be concluded that uncoupling does require some transient, spe
protein-uncoupler interactions, The substoichiometry of uncoupler-A'l
synthase “binding” is simply explained by the fast lateral mobility of un
couplers (Hitchens and Kell, 1982¢, 1983a,b; Kell and Hitchens, 1983),

B. lonophorous Uncouplers

Most of what we have written in the previous section may be applied to the
ionophorous type of uncoupler. For reasons of space, we will not give a
detailed exposition, save to note that the synergism often found in uncoupling
by electropenic and clectroneural ionophores reflects simply # requirement for
a replenishment of the inner phase of the membrane vesicle suspension with
the appropriate ion. The uncoupling step could be aseribed to a dissipation of
the lvealized tields sct up across the membrane in response to proton motive
activity (Fig. 7b), Far more interesting from our point ol view are a2 number of
compounds, which we shall refer to as decouplers, which exhibit certain
unicoupling propertics yet which are not protonophorous,

C. Decouplers

A number of compounds have been described which, while not energy-
trunsfer (ATPase) inhibitors, have the ability to inhibit ATP synthesis, to
inhibit state 3 but not state 4 respiration, but not to release respiratory control
in the sense that protonophores do. There does not scem to be an adequate
role for such compounds in the chemiosmotic model, and they are thus
generally ignored. We may mention biguanides (Schifer and Rowohl
Quishoudt, 1975; Schifer, 1981), fluorescein mercuric acetate (Southard er al .
1974), tetraphenyl borate (Phelps and Hanstein, 1977; Michels and Bakk

membrane potential across energy-coupling membranes (Higuti er al., 197
1980, 1981, and references therein; Zaritsky and MacNab, 1981), These typ
of compound, which should be distinguished from certain other types with

tors (Mai and Allison, 1983), also, in most cases, have the effect of increasing

Authors who have worked with this type of compound have offered a variety
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of interpretations of their findings, Just as with Rottenberg's (1983) study with
anesthetics, however, we wish o stress the probability, discussed in more detail
elsewhere (Kell and Hitcheng, 1982), that this type of compound is inferfering
with the operation of the protoneural proteins, an interpretation greatly
Arengthened by work with an azido decivative of ethidium bromide (Higuti
' al., 1981) demonstrating specific labeling of certain hydrophobie proteing
in the inner mitochondrial membrane. Unfortunately, however, the protein(s)
dentified by Higuti et al. (1981), which are distinct from the so-called DCCD-
ding protein, have not yet been further characterized, although it may be
mentioned that the apparent molecular weight given in the paper of Hignti
et al. (1981) does not correspond to those putatively encoded by the URFs in
the bovine mitochondrial genome (Anderson et al., 1982),

D, Conclusions and Summary of Uncoupling Mechanisms

The more classical protonophorous types of uncouplers seem (o require
ransient interactions with, inter alia, proteins in or near the F, portion of the
TLATP synthase in energy-coupling membranes, Such interactions are
uired in some localized coupling theories, which are thus consistent with
available data. A variety of nonprotanophorus compounds also “uncouple”
some way; most workers believe that they interfere with the transfer of
ectron transport-derived free energy to the proton motive sinks, but that
1wy cannot do so by aflecting Ajly., and they are not energy-transfer
hibitors sensu stricto. They could function by inhibiting the conformational
sitions of the protoneural proteins which may be required in energy
upling,

X. CONTROL THEORETICAL VIEW OF ENERGY COUPLING

Presently there is a revival of interest (see e.g, Groen et al,, 19682; Porteous,
983; Tager et al,, 1983; Westerhoff, 1983; Westerhofl et al. 1983b, 1984a;
Vesterhofl and Van Dam, 1985) in the metabolic control theories of Kacser
nd Burns (1973) and Heinrich and Rapoport (1974). One important ap-
lication is the analysis of which enzymes control mitochondrial respiration.
toen and colleagues (1982b) demonstrated that this process is not controlled
¥ one enzyme alone, but by at least three of the participating enzymes.
reover, the control (coeflicient) (or flux control) of respiration by, for
stance, the adenine nucleotide translocase varied with the work load
1posed on the mitochondria.

A erucial aspect of this approach is that the flux conirol coefficient is a
athematically defined, but experimentally readily determined, parameter
dicating the percentage of the control on a metabolic flux exercised by a
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certain enzyme (for review, sce Westerhoft et al., 1984a), One operational
definition of this parameter is the percentage by which the flux is reduced upon
a 1% inhibition of that enzyme. Importantly, the sum of the flux control
(coeflicient)(s) by all the enzymes exercised on a given flux, must, in this theory,
equal one, As a consequence, flux control iy shared among enzymes, and
enzymes compete for flux control. This competition is the basis lor the
principle that when one enzyme in a system becomes raie-limiting [ie,
exercises a flux control (coeflicient) close 1o one] the other enzymes must
sacrifice their share of the flux control, Since partial inhibition of an enzyme
nsually increases the Aux control (coefficient) by that enzyme, such inhibition
is expected to reduce the flux control (coeflicient) by the other enzymes in the
system and thus the titers of inhibitors of those other enzymes. 1t is the latter
principle that underlies the predictions of the results of dual inhibitor
{itrations of free energy transduction by the hypothesis of deloculized
chemiosmosis [see Section IV.E and Fig. 5b(ii}].
Here we reach a point of special significance to the present volume, With
respect to dual inhibitor titrations, the predictions of the mosaic protonic
coupling hypothesis are at variance with those of delocalized chemiosmotic
coupling and, as we have just seen, also with the predictions of control theory,
Moreover, the experimental results are in line with the prédictions of the
hypothesis of mosaic protonic coupling (Section TV, E).
Control theory models metabolic systems exclusively as consisting of
enzymes Lhat are mutually independent, except through their interactions with |
common metabolites, which form pools. The pool property of the metabolites-
implies that a metabolite molecule is not confined to react with one individual
enzyme molecule, but can react with all enzymes in the system with a given
catalytic specification (e.g., an ATP molecule can react with all the H*-
ATPase molecules present in the system). In such a system, a 1%, increase in the
activities of all the enzymes will lead to unaltered concentrations of all
metabolites and, consequently, to a steady state that is identical to the original
one, except that all fluxes will have increased by the same 1%,. Consequently,
the sum of all lux control coefficients in such a system is equal to one (as
already stated above),
A mosaic coupling system does not conform to this modeling of a metabol
system; each energized proton can only react with one H'-ATPase molecule,
Consequently, one may wonder whether the (summation) theorem that the
sum of the flux control coefficients must equal one should hold in mosaic
systems (Groen ef al., 1982; Kell and Hitchens, 1983). In fact we can easily
show that this law is not valid in a mosaic coupling systeny from Hq. (3) it
follows that a 1% inhibition of the electron-transfer chains or 17, inhibition of
the H"-ATPase both lead to a 1%, inhibition of ATP synthesis, that is, both
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enzymes exercise a flux control (coefficient) of one, so that the sum of the flux
control {coefficient)s is close to two, rather than (o the one following from
control theory. [1t may be noted that this (in conirast to the case treated in
Westerhofl and Arents, 1984) is not due to the presence of a leak witha control
coefficient of minus one.]

In principle, an assessment of whether the magnitude of the sum of the flux
control coeflicients exceeds one can constitute an fmportant eriterion for
localized. or mosaic, versus delocalized frec-energy transduction or metabo-
lism., Promising as it seems, this approach has not yet been taken by many
authors. It may, however, be noted that in mitochondrial oxidative phos-
phorylation there was in fact a tendency for the total Hux control to exceed one
(Groen et al., 1982b). A similar, though different, example is faund in the work
of Reddy and Pardee (1983), in which a variety of specific inhibitors of
enzymes isolated from an E. coli replicase complex acted additionally to
inhibit other enzymes in the replicase complex,

From the above it will be clear that if localization effects are indeed present
(Welch, 1977; Clegg, 1983a,b) in metabolism, they require thoughtful appli-
ation of the metabolic control theories (cf, Kell and Hitchens, 1983,
Westerhoff et al., 1983b): if two enzymes are operating as a coupling unit, then
their flux control {coeflicients) should be averaged rather than summed when
summing all flux control coeflicients in the sysiem, if one wishes to establish a
total flux control of one.

The implications of localization effects for the control of fluxesin biological

systems are extremely important: rather than having to share the control. so
that each enzyme can only control any flux to a small extent, the enzymes in a
completely mosaic system all have a complete control (i.c., exercise a flux
control coefficient of one) over their “own” flux (cf. Williams, 1978b;
Westerhoff er al., 1983h). If, for instance in a bacterium, the transport rate of a
given substance is increased, because the concentration of that substance in
the external medium increases, then the use of free energy for this transport
process would, in the case of delocalived chemiosmotic coupling, lead to an
inhibition of all the other free-energy requiring process, because Ajiy. would
drop. In the case of mosaic protonic coupling, the other free-energy-reguiring
processes would not necessarily be affected,
From a biotechnological standpoint, however, the metabolic control
theories make one important point: if one wishes to maximize the flux through
a metabolic pathway, there may be more than one bottlencek (rate-limiting
pl, and strategies to enhance productivity, even if semiempirical, should be
irected at a variety of control points. A good example is given in a recent
discussion of strain improvements during the development of commereial
Aysine fermentations (Tosaka et al., 1983),
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X. ONTHE "ORGAMIZATION” OF ENERGY-COUPLING
MEMBRANES AND OTHER ORGANIZED
MULTIENZYME SYSTEMS

There Iy an epoch in the growth of a science during which facts accumulate faster than
theariss can accommaodate them,
Medawar (1982)

A, Introduction
The foregoing, rather extensive survey of current knowledge of electron.
transport phosphorylation has, we regret, been somewhat iconoclastic in
nature. This is due, of course, to the still widespread belief in the simplest,
delocalized chemiosmotic scheme that we set up as a straw man at th
beginning of our survey, Those readers who are still with ns may justifiably
wonder, therefore, where we can go next: obviously, we must endeavor to
provide some kind of more explicit model that accounts for the data we hav
thus far discussed,

As foreshadowed in Section VI, we find it necessary to modify the
delocalized chemiosmotic view in the sense that, while we retain the proton
pumps, their mutual activity is coupled via protons (in concert with some kind
of membranous phonon wave) that do not equilibrate with the proton
electrochemical potential in the bulk phases to which the given faces of the
coupling membrane are adjacent. We have sought to adduce evidence that
there exist, in these coupling membranes, proteinaceous devices whose role is
to transfer the protonic free energy along the plane of the membrane, although
we are not yel in a position to speculate explicitly upon their exact biophysical
mechanism. Let us remind ourselves of the salient structural features of these
energy-coupling membranes,

The key feature is that, although these membranes are organized as fluid
mosaics, there is now a significant amount of evidence that the disposition of
proteins involved in frec-energy transduction, although they are isolatable a
individual complexes, is such that the lateral movement of these complexes is
not easily viewed as occurring by free diffusion under conditions approximat-
ing those in vive,

We have seen that even a single turnover of the primary, redox-linked
proton pumps causes an initial, localized charge separation across the plane of
the membrane. The energetic magnitude of this field may be ealculated from
simple electrostatic considerations (Malpress, 1981a,b) (Section V1) and turns
outl to be more than adequate 1o permit ATP synthesis given reasonable
sumptions about the magnitude of the “local” permittivity, Such a static field
will affect the conformational state of any dipoles to which it is adjacent, the
change in free encrgy being dependent, inter alia, upon the dipole moment of
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the induced protein in a very simple fashion (Schwarz, 1978a,b). Since typical
energy-transducing membrane proteins have very large dipole moments,
typically in excess of 400 D (e.g, Petersen and Cone, 1975, Keszihelyi, 1980;
Todorov ef al., 1982; Tsuji and Neumann, 1983), it is easy to see how localized
ficlds could transfer free energy directly between spatially adjunct protein
complexes. However, life is not so simple; let us consider bacteriorhodopsin,
with which three of these studies were concerned, in more detail.
Tt is assumed, in the chemiosmotic coupling model, that the steady-state
nroton electrochemical potential difference across i working proton pump
itsell is as great as that between the two bulk phases to which the surfaces of
the proton pump are adjacent. In the case of isolated bacteriorhodopsin
sheets, these two aqueous phases are one. Two very interesting studies
measured the average surface potential of such sheeis {Carmeli et al., 1980;
Tokutomi ef al., 1980) using a spin-labeled probe. As expected. the surface
potential measured with this method varied, in the dark, in exact accordance
with the requirements of Gouy-Chapman theory, as the ionic strength was
yaried, However, the light-dependent changes in surface potential were ionl
strength independent, under macroscopically stationary-staie conditions, This
_indicates that free energy is stored in the protein under illuminated conditions
ell and Griffiths, 1981) and is thus not simply dissipated when the protein
s taken from the otherwise insulating membrane in which it is normally
_embedded. Thus, during the photocycle, as elaborated in more detail
elsewhere, this “energized” protein will have the effect of altering the standard
chemical potential of any ligand with which it happens to interact {see Welch
nd Kell, 1985; Somogyi et al., 1984). Welch and Berry (1983 and this volume)
ave considered the consequences of such behavior for modeling the energy
metabolism in cells.
Consider for a moment a protein isolated in a heat bath, in thermal
equilibrium with its surroundings. Such a protein might be an molated
bacteriorhodopsin sheet. The addition of energy fo this system, let us say,
for bacteriorhodopsin, by absorption of a photon of wavelength 570 nm,
evidently leads to some kind of nonequilibrium state of the profein system,
which may then relax “forward” to the ground state via a catalytic eycle {see
¢.o. Westerhoff, 1983; Westerholl and Dancshazy, 1984). In bacteriorhodop-
sin, the half-time for this relaxation is of the order of a few milliseconds,
though certain treatments may prolong this for as much as 305, Mevertheless
{Fig. 1), as discussed, for instance, by Careri et al. (1979), many relaxational
modes, such as H* transfer and thermal exchange with bound and free solvent
molecules, take place on a time scale of nanoseconds to microseconds. How,
then, can an energized protein escape a much more rapid relaxation to ity
ground state via a back-reaction? Obviously, one possible mechanism is that
4 eascade of chemical reactions with rate constants of 100/s and greater. An
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indication for this is the occurrence ol a succession of different spectral forms
of photoexciled bacteriorhodopsin (Lozier et al, 1975). It should be noted,
of course, that visible spectroscopy probes only the environment of the
chramophoric retinal group itsell, while knowledge of the conformations|

state(s) of the entire system is required for true thermokinetic analyses, Iy
cannot therelore be excluded that the actual mechanism s much less classieal
than this,

A number of workers (see e.g., Del Giudice e al,, 1982; Blumenfeld, 1983;
Scott, 1983; Davydoy, 1983, and references therein) have pointed out that
there exist & variety of methods of translerring such free energy by the
formation and utilization of solitary excilations, which exhibit greatly
increased lifetimes and a correspondingly increased ability to transport free
energy over biologically significant distances. The formation of such solitary
waves Is absolutely dependent upon the nonlinear character of interalomic
forces between diflerent parts of the system of interest. In this regard, we
would draw attention to a long-standing general model of Frohlich (see
Frohlich, 1980, for a review) concerning the possibility of long-distance
energy transport (coherent excitations) in biology and dependent upon
appropriate nonlinear interactions between biomembrane proteins and their
surrounding heat bath,

In particular, the considerations of Frohlich (1980, and references therein)
offer us an escape route from the dilemma of why an energized charged
membrane protein may not fulfil the requirements of Gouy-Chapman theory,
Frohlich considered the relationship between the probable velocity of sound
(phonons) in a membrane protein (~ 1000 m/s) and a typical membrane
thickness of 107" m, concluding that interactions between the electrical and
acoustic modes of such a charged, transmembrane protein might have a
frequency of the order of 10" Hz. At these frequencies, electrostatic screening
is of course impossible, Thus, in contrast to what might be expected from static
considerations alone, these “unexpected” findings are perfectly compatibl
with well-known physical laws,

Thus, as Scott (1983) and others have noted, one should expect (o se
important changes upon energization in the spectra of proteins (such as
bacteriorhiodopsin) in the range 10 10 2 = 10" Hz. [t is probably also worth
remarking that the conceptual subdivision between (a) the activities of th
primary proton pump(s) and (b} the subsequent long-range transfer of free
energy along the coupling membrane bear striking analogies to (i) the initial
and (i) later processes discussed in the generation of ferroslectric states in thi

this type of general model is fully consistent with the data presently available

on the systems catalyzing electron-transport phosphorylation. However, we
will not pursue these issues further here, Our purpose is thus only to point out
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the possibility of the excitation of nonlinear transitions in vibrational modes
of membrane proteins during proton motive activity. We may therefore, in
conirast to our earlier, iconoclastic survey, allow ourselves a rather more
optimistic conclusion: that the recognition of these possibilities may usher in a
new and exciting phase of research in membrane bioenergetics,

8. Biotechnological Considerations

The foregoing discussion has concentrated on what we may refer to as "pure
scientific” aspects of membrane bicencrgetics. Tn the spirit of this volume,
however, we wish finally to mention some consequences of the behavior of
such membranous systems for work with immobilized cells and artificial
enzyme membranes.

 The most striking consequence of metabolic microcompartmentation may
be stated as follows, Imagine a permeabilized, immobilized microbial cell
eatalyzing a multistep reaction such as glycolysis. The volume taken up by the
nzymes in relation (o the total volume is negligible. Thus, if each intermediate
s allowed to become “lree,” so that its effective activity approximales the
number of molecules divided by the total volume of the system, the transit
ime of the system will be cnormous, and the number of substrate molecules
xisting as intermediates, rather than products, might form a substantial
raction of the whole. However, if the enzymes are arranged so thal
ntermediate molecules remain bound to the multienzyme complexes, this
number will be equal only to the number of enzymic active sites present.
Evidently, the latter situation is far more ««mtisfuciory from a hi(’;t«;@h‘ﬁmagim]
tandpoint, and an understanding of this type of behavior in viva is of grea
iportance to the design of synthetic and analytical systems based upzﬁm
mmobilized biocatalysts. Kasche (1983) has reviewed the consonance be-
ween the behavior of natural and artificial systems in the diffusion-limited
egime and found it excellent, and the modulation of immobilized enzyme
activities by microenvironmental effects is discussed by several other authors
0 this volume. The improved control structures possible in mosaic systems
ve been discussed in Section IX. From the standpoint of the role of cellular
mbranes in biotechnology, it is worth drawing attention to their role in
wing the egress of products, both of low and high molecnlar weight. A
assic example of this occurs in the glutamic acid fermentation catalyzed by
ornyebacterium glutamicunt, growth of this organism under biotin-limited
nditions markedly enhances the membrane permeability of this organism
‘d glutamate productivity of this fermentation (sce e.g., Dulancy, 1967). The
zans by which this organism catalyzes oxidative phosphorylation under
ese membrane-leaky conditions does not, however, seem Lo be a peint of
scussion in the biotechnological literature.
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Our final purpose is therefore to consider one neglected possible con-
sequence of (he coherent behavior of cellular metabolism and multienzyme
aggrepates,

C. Thermophilic Microorganisms

The idea explicit in the use of the term coherent excitations in the previous.
section is that the motions of particles in one part of g system are dependent
upon the motions of particles in other, spatially separate parts of the system,
sor that there is thus a functional linkage between the two,

MNow, as pointed out, for instance, by Klibanov (1983), by far the most
important means of enzyme inactivation is thermal, and Lapange (1978)
Mozhaev and Martinek (1982), and Sonnleitner and Fiechter (1983) have
given useful reviews of the thermally based routes of enzyme denaturation/
inactivation, Thus, a great many workers have sought to exploit the greater
thermostability shown by most, though not all, enzymes isolated from
thermophilic microorganisms in biotechnological applications. From a
hioenergetic stand point, an excellent example is provided by Kagawa's studies
on the HY-ATPase synthase of the thermophilic Bacillus P53 (see, e.p.,
Kagawa, 1979).

Nevertheless, a consideration of the hta%miuff: on thermophily {
Amelunxen and Murdock, 1977, 1978; Kushner, 1978; Shilo, 1978:
1978; Zeikus, 1979) reveals that aiihuu;ﬁia a variety of maodifications in the
structure of isolated macromolecules have been exploited by thermophiles,
none offers an easy explanation for the remarkable {Baross and Deming, 1983)
thermostability exhibited in vico. Qualitatively, it is obvious that the
organization of enzymes into multienzyme aggregales, involving the forma-
tion of extra noncovalent bonds, can in principle greatly increase the
thermostability of the individual enzymes, provided that the enzymes in the
complexes act as mutual thermal buflers. Thus, it would be predicted from
such considerations that the thermostability of the enzymes and other
macromolecules in thermophiles rests additionally upon the organization of
the miliew intériewr of such organisms., How might one seek (o ié*’ii such a
notion? 1t has been known for many years (e.g., Pauly and Schwan, |
Marquis and Carstensen, 1973) that the internal electrical mnduumw of ;%
variety of cells is significantly less, usually between one-third and one-half, of
that expected {:,mc;i found, upon cell disruption) on the basis of the tonie
content of the cells, We may refer to this finding as the conductance deficit. It
seems, then, to be a logical corollary of the foregoing considerations that the
conductance deficit should be greater in thermophiles than in comparable
mesophiles if the functional linkage between their enzymes is greater than that
expected on the basis that all are freely diffusing in the membranes or
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cytoplasm of such cells, Unfortunately, the relevant experiments to test this
conception do not yet appear to have been performed,

D. Concluding Remarks

One could, without too much exaggeration, say of review articles what Mark Twain is
supposed 1o have said about the weather—everybody talks about it but nobody does
anything shout it
- Garlield (1977)

The evidence for catalytic facilitation through organizing single enzymes
into functional multienzyme aggregates is now very great, as discussed by
other contributors to this volume. We hope that we have been able to show
that the same holds true for enzymes catalyzing free energy transduction in
biomembranes, While we have largely confined ourselves to the process of
electron-transport phosphorylation, the interpretations we have given may be
taken to apply to a variety of other processes oceurring in energy-coupling
membranes, The consequences of this for an integrated undersianding of
cellular metabolism and bioenergetics will provide a most interesting phase in
the evolution of our understanding of the behavior of such systems.
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