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1. Intraduction

in a recent article Mitchell [i] has reviewed at length the origins of my views [2—4} as weil as his own [51 on
proion-driven ATP formation aad has commented on ‘the two imain iypes of biochemical model” for ATP syn-
thesis. T do not wish to atici'nt hare g0 lengthy 2 review hut gince his historical perspective differs from mine. and

I believe some of the scientitic comments on the ‘two bioc

bemical models’ are not correct, I wish to make some

remarks. My higrorical references are contfined to a short statement.

The origin of both our views was the desire {o couple oxidative/reductive reactions to ADF + P; condensation
reactions, My idea of how this might be done using the intermediate enersy of an enerpised proton was statad
first in 1952 [2] and extended in 1961 [3.4]. In the opening paragraphs of the paper [3] { make it clear that
there is a way of storing energy before using if by turning the initial energy into 2 proton concentraiion gralicui.
I Mustrated this with a simple slecirical cell connecting oxidation and proton production and { drew attention to
the fact that ihis is a cell in which energy storage can be likened to a proton concentration gradient between two
regions of space separated by a membrane, the membrane acting as a diffusion bairier. T quote from {3] ‘This
type of cell is particularly significant as one compartment contains the hydrogen ion at an entirely different
activity from the other. In some biological systems this situation is realised.” On the same page I show the sub-
sequent relationship of such charge separations to ATP production. { sugpest that controlled diffusion of the
proton makes ATP. This is also the essence of chemiosmosis. Howsver I claim no priority over Mitchell for this
hypothesis for Mitchell had an abstract in press of wiich [ was unawars {6]. I trust that Mitchs!l does not wish to
claim priority either. In our personal and friendly exchange of views in 1951 it happens that [ initiated the discus-
sion of thase ideas. T leave the rest of history to matiers whici are now in print, see references in f1].

I now want to turn to the scientific differences
between chermiosmosis and local proton theorics
which have become confused. I am not ‘an opponent
of the chemi-osmosis hypothesis’ [1] as the ahove
makes clear but [ aiways wished and wish now to
point out that it is only a special case of 2 more gen-
eral idea. Moreover this special case does not have
acceptable experimental support in my view and (
have therefore stressed at all tirnes the more peneral
approach. I quoic from the passage of my first paper
[3]1 which follows directly the previous guotaticon
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“The restriction of reaction by preventing mixing (ie.
by using a membrane or a sal{ bridge) is only one way
of controlling reactions in space. For substances which
need catalysts in order to react sestriction of diffusion
by a salt bridge or 2 membrane is unnecesary . . .7
This clearly includes consideraticn of what is now
cailed chemi-osmosis but makes it clear that chemi-
asmaosis is not a findamental requirement. I then
gxplain that the fundamental requiiement for reac-
tion systems of the Mitchell/Williams type is just dif-
fusion conirol. In all my subsequent papers I have
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been expioring the use of diffusing control either of
the motions of elecirons (electron transfer} or of
protons and how these motions can be coupled to
ATP formatiocn, other reactions, and transport. Just
as chemiosmaosis is 1 special case of a more general
theory so micro<hemiosmosis is another such special
casz but one which is a localised control of d. fusion.
Tt is & localised control of diffusion which is. [ believe,
the basis of the biological systems of interesi. Micro-
chemiosmosis is very closz 1o my view,see [1]. The
~bvicus advantzges of the local control systems are:

(i) Moi= efficient energy utilisation, see below;

{ii} Better control:

{ii1} Discriminatory coupling of energy to different
processes. .

Before I present the general approach to these
problems so as to show that chemiosmosis is only a
sperial case [ want to remove some other possibie
points of confusion. First the general ideas which are
being discussed do not define the coupling device.
That is a separate problem of enzyme chemisity. The
present primary discussicn is about the pathway of
eanergv not about the molecuiar mechanizm of how
ATP is formed. Again the discussion should not be
confused by the attribution of special features to one
model rather than another, e g., reversibility and vec-
toria! processes. I believe that all the models are
clearly chemicaily reversible, as they must be to
obtain any measure of acceptance. However they are
reversible gnly in the sense that they can be made to
run backwards. All are irreversit:le in the thermo-
dynainic sense. I make no further point about reversi-
bility for both Mitchell and myself have described,
reversible micro-schemes, local protons, and in effect
we agree now on this point. We agreed in 1961 that
chemiosmaosis was 3 tenable hypothesis.

Another scientific point concerns vectors. if we
are dealing with small isolaied regions of space which
are separat2d by a single phase boundary then direc-
tion is in {aci defined [3]. It does not require a mem-
brane to defin2 a vector. This may seem peculiar but
z vector iz as real on the suriace and within the carth
in a planetary system as are the vectoss between the
planets. If the membrane is equated with space the
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Fig 1. The localised model for ATP formation {even ina
particis). The particle is llustrated dy the box and the
diffusioncontrolled paihs of g and H™ are shown. The device
can be convertied to a lecal model in a membrane by putting
the box into a membrane, see dashed vertical lines around
(b), to give two aqueous phases (a} and (c} not in equiiibrinm
with (b}. This becomes the chemiosmosis modal by releas-
inz all H' to {c} and all Q%" to (). These are three models
(there aze many mose) for devices which can use an energised
preton [2—4] to make ATP orf o couple other ensroy-driven

PrOCERSES.

analogy may be useful. When I use the idea of dis-
located charpes there is 2 local vector between the
charges, see fig.1, but if the local region ware to
tumble rapidly this vector could average to zero and
woild not be found when an external device was used
to search for it.

There arc then no such differentiating general
principles as reversibility or vectors which divide the
approaches and they go step by step together {except
2t certain points of diffusion conirol). I have written
the common and the differentiating points in table 1.

2. Pathways: diffusion control

In fig.} I drdw a box to represent the essential
ceniral scheme which I shall now relate to both local
two-phase and chemiosmotic phepomena in a simple
way. I start from the box defined by the full lines
alone of fig.1. This will be the general case from which
ail others follow. The box is a particle (organic) in an

- agueocus phase. Reactants diffuse freely in the single
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Table 1
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Required featnres of energy conssrving protons

Model (a) localised or

‘micro-chemiosmosis’” [1,3]

Model (b)

chemiosmosis {1,3]

Diffusion limitation
Reversibility
Vectorial guality

Qsmotic term

Aqueous capacity
Bound charges
Capacity
Stoicheiomeiry
alfATP

Electron transfer

ATP formation

Coupling mechanism
of ATP formation

Source of charge

separation

Agueous pH in each
wates phase

Potential 2cross ATP
site

Sioicheinmetry nef/H™

Chemical intermediates

Osmotic gradients of
other ions and neuwtral

sugars etc. across membranes

Two phases
Chemically reversible
Trans-interface
Nomn-exisient {or small)
I-defined

Totally dominant

Bound chaiges (organic phase)
and concentrations

Not required
(no posiulaic made)

Meial ions in
non-aqueous phase

Proton-driven

Exiza posiulate
(idea provided)@

H,— 2H*2¢
he— (F)ie

Not at equilibzium
with memnbrane

Local scross ATPase

Not required
(nao postulate made)

Mot required but
noé exclisded

indirect connection
{see fig.1)

Membrane (three phases)
Chemically reversible
Trans-memmbrane

Totzlly dominant
Well-defined
Non-existent

Osmotic charges and
concentration

Not required (extra
postulate of two)

Metal ions in membrane

Proton-driven

Extra postulate
{idea provided)®

H,— 2H™+2e
he—ij4+e

Two aguilibria with
different membrane faces

General across membzane

Not requiced (extia
postulate of one)

Wot regnived but
not excluded

Direct obvious conaection
with exchange

% Several other authors have quite other ideas than those of Mitchall or Williams

surrounding aqueous phase but react only at ceriain
catalyst centres. The initial products react through

prescribed diffusion restricted paihs,

Provided that the protons and oxide ioas in fig.1
cannot diffuse iogether through water at a raie greater

than the rate of diffusion of H to 0%~ through the
prescribed ATPase path of fig.1, redox ensrgy is not

reach the left hand side of the above parficle rapidly
without moviig along a path. Note the proton and

oxide ions could remain absorbed at all times within

1ost before ATP is formed. Local vectors exist in the [31.

fequired path for the proton, and the proton can not

the square box, which at this stage is not in & mem-
brane and there is only one aqueous phase and one
organic phase, the box. It is the separation in space
of the catalysts which decides the diffusion control

The figure shows the reactions on opposite sides
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of the box but this is not esseniial. They can be
placed on adjarent sides for example. The catalysis
can even be placed side by side when H., O, and
ADP + P, all react on one surface of the box. If the
box is now placed at the interface of two bulk phases,
inorganic and organic then the inierface could be as
effective as any particle in ATP synthesis. Many bic-
logical reactions go at inierfaces. This makes the
point that biological systems could make ATP on the
same side of a membrane {organic phase) as the one
at which they pick up O, and ;. The consiraint
remains that the energised ions, H* and OH " from O,
and H, (i.e., 0% and 29" must not diffuse together
faster through the aqueous phase than ihrough the
coupling device. There s a model device of this kind
which makes ATP 7] . This device can be cffective
in vectorial ttansport [£F.

Before generalising the device further oth:r
examples are worth noting. Nitrogenase is a particulate
system of enzyme which uses the enerpy of hydrol-
ysis of ATP. P450 cytcchrome systems work both in
membranes and in particles. The energetics of these
reactions are not clear but the diffusion paths of the
electrons and protons (for nitregenase) are well con-
troiled. We do not yet know much about diffusion
paihs of protons since they do not travel through
simply observable chromophores but it wenid be very
rash 10 presume that biology had not Jcarnt to control
proton diffusion. The ¥y part of A7Pas» seems to be
such a control, not just a charael.

It may be useful to elaborate the parallels & little
further for they show how diffusion of the elecron
particularly is controlied. In the P450 cytochromes
the control of diffusion is governed by a seguence of
reactions:

(i} Substrate uptake, diffusion of electrons aoes not
cccur without substrate; -

(ii) Reduction (eleciron diffusion to the site), Fe(III})
goes to Fe(II):

(iii) O, uptake which doss not occur without reduc-
tion;

(iv) Proton raaction to give MO + H.O (proton dif-
fusion to the site but no further electron diffu-
sivn or proton diffusion is allowed;

FEBS LETTERS

January 1278
(v} Oxidation of subsirate;
{vi} Diffusion of product from the site.

in nitrozen fixation the reaction sequence is not
yvet known in equal detaijls bui again electrons enter
first to react with N, and the diffusion of protons
folicws to give Nil;. The diffusion is controlled by
the required binding and hydrolysis of ATP. In the
reverse reaction of mitochondriz in which succinate
drives the reduction of NAD io NADH the hydrolysis
of ATP is required in an analogows manner. Whether it
is possible for biclogical systems to make ATP by
1eversing the nitrogenase reaction is not known and
wheiher this method is how ATP is made in any bio-
lagical system is for experimentusl dacision. Theeries
describe the possible. Experimentalists find it very
difficult to make lipid/water phase systems of the
above kind but of course the same diffusion paths can
be present in thice phase systems too, ie., in mem-
brane-containing systems.

One step (there is a second) that is needed to go to
a cherniosmosis model from fig.1, is to put the exact
box of fig.1 into 2 membrane, see dashed lines of
fig.1. This new mode! could be what Miichell calls
micro-chemiosmosis {sec later} but for me it is a dis-
located reaction system of [2]. It is ciear that this is
still a local proton model and that its description has
no osmotic terms. All charges remain on localised
paths in the membrane box.

The model still has the features that it can be
coupled o transmembrane gradients of other chemni-
cals but it does not have irans-membrine osmotic
proions {8] . There could be local controls in the
membrane so that energy is not indiscriminately spent
on ali casrier systems. The system works with a very
smali capacity. It is a very effective sysiem and it is
not easily distinguished from chemi-osmosis, see
table 1.

Here 1 make an aside i a criicism pui by Mitcheli
(1] who remarks that the proton energy in these
models is 100 kcal. {This I take to be the ionisation
energy of 2 hydrogen atom in a phase of dielectric = 3,
a step which has o connection with any model
previously described.} The actual energy required can-
not exceed the redox poteniial difference between
the couples which generate ilie proton, ie., 1020
kcal, and of course the proton is stabilised by inter-
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action with charge centres of opposite charge within
the membrane phase [4]. As as aside the production
of 0% in Mitcheil’s own reaction schemes {1} isnot
of lower energy cost than 100 xcal in a dielectric = 3.

A fundamental misconception in [1] is then that a
profonin & membrane phase is a dehydrated proton.
This is quite conirary to experimental studies of
protons in organic solvents where any water is present
and it has no connection with the local proton hypo-
thesis. Nowhese in [2—4] is such 2 proton described.
it is explicity said “We would suggest that using oxi-
dative phosphorylation pH equilibrium can noi be
established between these phases (lipid membrane
and agueous) and that hydrogen ions generated atl a
hish equivalent agueous activity inside the membrane
phase diffisse slowly through the membyrane phase (o
the cutside’ [4]. The naxt lines make it absolutely
clear that these protons must pass through a series of
hydrogen honds, e.g., with oxygen, to reach the ATP-
ase, giving energy captured as' ATP. {In my own
defence T add that paper [4] was submitted before
any paper on chemiosmosis iaad been published. In
{4] 1 chank Mitchell and staic clearly that | had had
an exchange of letters with hirs about profon-driven
ATP formation) I teust that it is clear that the dif-
fersnce between ihe two models is not based on any
of the distinctions, reversibiity, vectors or hydio-
phobicity raised in {1] but solely on the resiric.
tion to the diffusion path of the protons.

ft is convenient now to define the membrane phase
sather than to draw it as a2 box in a membrane. The
membrane phase is that volume associated with the
membrane which is kinetically distinguishable by
measurement of proton movement. The definition
deliberately avoids the impossible task of defining a
membrane by a line structure and leaves a clear cut
experimental distinction between membrane and
aqueous phases.

A wide variety of energy transducing devices based
on diffusion control have now been elaborated and 1
can turn to a final ope — cherniosmuosis - - which is
only a special extension of diffusion conirol.

The second step which generates chemiosmosis
from the above is the compleie liberation of the
protons 2nd hydroxide ions from the box in the
membranes io two different aqueous phases. If the
ions are so liberated then these ions give osmotic
terms. In the bound form they did not. Diffusion
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control is now due to the membrane, not ithe box.

If the bound and unbound ions (protans) equilibrate
then the equations of chemiosmcsis will give a corrert
numerical value for the vector energy both trans-
membrane {agueous phase to agueous phase) and in
the membrane (across the box) since the two are in
equilibrium. Thermodynamic analysis of this kind
does not lead to a2 mechanism and cannot distin-
guish these cases. However only if the ions are totaily
snbound will chemiosmosis give the correct charging
capacity. Again if there is no equilibrivmn between
bound and unbound ions then the experimental terms
Aplk and i {chemiosmosis) will be incorrect and will
not he adequate for ATP formation.

There are different degrees of localisation of proton
gradienis beiween the extremes of a stricily bound
proton model and a strictly unbound proton model
(chemiosmnosis) but only in the cases of an equili-
prium within each of the aqueous phases is an osmotic
term meaningfully related to true measurement
of Ap¥ and ‘osmotic’ potentials. Once part of the
systern 1s not at equilibrivm due to local {miciol
evenis the word osmoiic loses meaning. Thus micro-
chemiosmosis is not an expression which has meaning
different from a localised proton model and neither
ave related to csmotic terras as chemiosmaosis is. Thig
means that only chemiosmosis can be undersicod
from simiple ApH and trans-membrane potentials, ¥,
Thisis one experimental poin{ which decides if chemi-
osmaosis is correct or if a localised model is correct.

It has always been clear therefore that chemi-
osinosis is more open to numerical analysis {1] but it
has alse been over-¢laborated. Thus in any of the
above systems vhich converts chemical energy to one
form of electrical energy and then back to chemical
energy i another form, there is no requirement for
stoiciiciometry. The chemiosmotic staichelometries
proposed by Mitchell are interesting but gquite un-
necessarv {and apparently incorrect). I have deliber-
ately avoided the writing of such schemes. My work
is Iess explicit [1], siimply because there is no logica
thinking that kas lead me ner one that could have
leag Miichell to 2 defined sicicheiometry . We shall
have to be guided by experimenis as far as stoicheiom-
etry is concerned. This is of the very essence of our
dizgavowal of chemical coupling. All reference to
stoicheiometry is from extra postulates, table 1.

While trying to incorporate the experiments of
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Junge and Ausldnder {10] and Ort, Dilley and Good
[11] within the framework of chemiosmosis Mitcheil
[1] breaks the rules of chemiocsmosis. It is noi per-
missible within chemiosmosis to shoit circuit the bulk
zqueous phase by proion paths closer to the mem:-
brane than the bulk piiases. By so doing there is no
equilibrium with bulk phases and the equation proto-
motive force = ¥ + ApH is then incorrect. There is no
ronger an osmotic term at equilibrium. It is also quite
untrue to say that the solvent activity near the mem-
“brane is not affected by these local charges [1}.
Finally if the local circuit is in the kinetic confine of
the membrane then this is part and parcei of a
localised theory.

In what follows I direct attention to the differences
between the extreme forms of the two hypotheses,
table I, and I turn to points which are not just related
to the pathway of pratons. Some points will be
commen ground within the framework of Mitcheil/
Williams schemes. )

3. Encrgetics

It will now be recognised that the two extreme
forms of ths ATP-syvuthatase systemns have different
energy states. In chemissraosis the general energy
across the whole membrane is given by

AG = + ApH

{in approoriate units}. & and ApH are measurable
using electrodes in the two aqueous compartments.
All chemical methods of making such measurements
musi be suspect as they can cause an equilibrium
between any membrane bound charges and aqueous
solutions which would be absent but for the presence
of the added chemicals.

In the extreme local models the local ensrgy acros:
the ATP-forming site is

AG = A(AG®) + &

where I have separated bound charges effects ()
i.e., electric potential from chemical potential A(AG®)
and I have omilied concentration dependence within
the particles. This imodel has no aqueous phase
pratons. Thus it should be observed that although
the system occurs in a membrane no ApH is required
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to form ATP and that any potential will be thought
to be too small when measured with elecirodes. The
examination of the biological systems with pH and
potential determining electrodes feads me to suppose
that this is so and that chemiosmeosis is not operative
{15} . {This does not mean that it fs an invalid hvpo-
thesis.} Note that when the model box of fig.1, local
system, is put in a membrane it will tend io leak
toward chemiosmosis and it will discharge under the
influence of chemicals towards the chemiosmaotic
energy . If excess encrgy is applied before ATP is
allowed to be made it could yield osmotic gradients.

The capacity per ATPase site before ATP can be
made is very small in the local modeal depending upon
the sites which can absorb protons. As Mitchell [1]
points out the capacity of the chemiosinogis system. is
relatively large. Its minimum capacity (no bound
charges), if ApH atone is operative in making ATP, is
given by bufiering equations. Biolagical systems are
well buffered and can absorb or release CO,; on pH
change. The formula given in [1] shows as has been
stated earlier that the effect of the large external buffer
volume of say a bacterial cell {the Pacific Ocean
effect) is to impose a rigid externzl pH which means
that half the proton/hydroxide energy gradient is lost
since one side is an infinite buifer. The inside is also a
good buffer and it now must go to pH>> 10 or
pH << 4 to give an adeqguate ApH ATP formation.
The capacity of the inside of mitochondria or thyla-
koids for H' ions on going from pH 7—10 can be
determined and is undoubtedly large. Again, is it
really necessary (o saturzie the capacity of in vivo
bacterial, mitochondrial, and thylakoid membranes
which are very extended in 2 vast reticulum befors
any ATP is made?

The ca»acity for ATP synihesis dependent on W
alone {chemiosmaosis) is not smzil if the internal
volume is large. There are large mitochondria. How-
ever it is experimentally observed that the protons are

bound by the membrane of thylakoids and mitochon-
dria {see more localised models) which makes the cal-

culation of  just from known internal volumes of
doubtful value in these systems. Do the surfaces of
mitochondria need to be saturated before ATP is
formed? The same question aaplics to bacieria. Some
bactzeria make ATP in a medium of pH > 10. OUthers
do not make ATP in the absence of oxygen at pll 1.0.
How?
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The measured total capacity of the thylakoid
membrane is equivalent to 0.5 H/chlorophyll mole-
cule which would give a pH drop to about 1.C from
70 [121 . Even allowing that dyve measurements do
not represent dye binding, the lowest pH found is
around 3—4. Thus there is ¢ massive proton binding
on the thylakoid proteins. A local model is then
extremeiy probably. Chemiosmosis would mean that
ATP was not produced in any quantity until the
membrane was saturated. This scems to be contrary
to flash experiments [13], which gencrate ATP.

There is another objection to chemiosmosis in vivo
as applied to the chloroplasts. The thickness of the
inner thylakoid phase leads me to doubt whether there is
an aqueous phase present at all. Certainly it is laced with
proteins and possible these hoid the inner suttaces
together. The capacity of the inner surface of the thyla-
koid for protons greatly exceeds the predictions of
chemiosmosis due to the surface binding of these
charges. My overall view of this structure is that the
inner agueous phase is not regaired at all and that a
completely functional system could be obtained with-
out any osmaotic pratons in chioroplasts vsing the dif-
fusion of charge as in fig.1 . The negative charges in
thes membrane would retain the positive charges in
their own vicinity making a system which is effec-
tively a local pasticle. Note should be taken too of
the high density of ATPases — roughly one per active
site in both chloroplasts and mitochondria. While this
is nto proof of a localised model it makes a generalised
osmotic system improbable.

4. The movement of the proton in the meinbrane

The rate of proton transfer along a net of hydrogen
bonds which contain acid/base centres can be much
faster than the rate of proton transferin waterat pH 7.
This is weil lusirated by the proton transfer on the sur-
face of carbonic anhydrase [14].Wiit [15] isinemror
when he states that proton transfer in 2 membrane, which
here is largely composed of proteins and some water,
must he stower than through the bulk phase. It is likely
that it is considerably fater. This leads me to suppase
that Witt’s experiments, which show there is no
reguirement for ApH in ATP formation, support the
general notion that ATP is formed by protoas which
do not leave the membrane phase [15] . The potential

FEBS LETTERS

Jantry E978

Witt discusses is then trans-ATPase and not trans-
membrane in Mitchell’s sense. Parlier indications of a
kinetic barrier between the membrane and the bulk
phase were given by Junge and Auslinder {10].
Further support comes from Ort, Dilley and Good
{11} and from Van Dam [16]. As a large number of
experimients show (st ApH is not a requirement it
1s the nature of ¥ which must be discovered.

If movemeant of a proton occurs in the membranc
then a proton channel is required which cannot be
just an alamethicin-type channel formed by 2 (n = 6}
helical linear polypeptides [17] . More likely it isa
channel of fixed water molecules as showrn in fig.2 and

[ redox ’! HO0 protan AlP_ nce
systemn HO -
R i
bound-!:’H-’ HZO 1 P-Os» HO-P
p 1
L8 HO 1
[ SRR e S
fecox HZO poten AlP-ase
sysieamn Hzo" <l L_ﬁ;ﬁ+‘7 -
i
e | P—a-—-F
]
[ HZO 1
N N !
e
€ F 0y oHT
teda: H 2O P—ﬁr;tzm ATF ase
systzm (-1”0'F
HQO <55 ! =
H2 0 { P—Q0—P
H, O
] i /
OH Z_
redax H2 [o] pratain AIP-ase
sysiem H 0 e _
: r
%0 r
o !

v/ I S S

Ot &, OB ZH O + PO ~P

Fig 2. A coupling device {41. This davice can be related 1o
any of the coupling modefs degived from fig. 1. [t Is a5 suit-
able for chemiosinosis (with minor modification) as fora
lacal model. [t dalibarately stresses the role of water in the
reacrions.
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it is this channel of water in the membrane which must
be connected to the ATPase. Thus the proton wouid
have 10 be held in th= channel and since there is the
requirement for 71 protons ROt cne, k protons must be
accumulated before the protons drive the reaction
ADP + P; —» ATP + H,0. The local proton hypothesis
for coupling is that the protoans are held in the mem-
brane altering its energy and adiusting the activity of
water in the ATPase revion. The protons then move so
as to drive the reaction forward by pulling additional
water from the polvphosphate conndensation site into this
diffusion channel. The studies of Kagawa [18] are
fully consistent with such a model for protons are
bound at a site in a specific channel leading to the
ATPase though as yet we do not know if there is a
channel of fixed water molecules bui its advanrtage is

that it is specific for protonimovement in and through
a membrane and it is fast. Moreover it can be regu-

lated by conformational changes in the proteins
forming the walls of the channel. Note that the chemi-
osmotic model does not have these features but if the

aqueous ,hases are treated as just a store of excess
energy then it is possible to connect this local model

for proton movement with the stores. As I explained
in the article proposing the water channel, if it is open
at both ends, as shown deliberately in fig.2 (see also
fig.1 in {11), then the connection to chemiosmotic
store 18 readily made. The distinction between the
models is one of diffusion barriers, gates.

In halobacteria the protons released upon dllumina-
tiun of the pigment are certainly retained by the
membrane initially and I consider that they travel
within the membrane phase to the ATPase. They
would be retained in this phase by rapid diffusion and
chargz/charge interaction. The ability of halobacteria
to make ATP with no or an invertad Apk is then
explicsble {19].

5. Control

One of the considerable advantages of the binding
of protons tc the membrane is control over the
praperties .7 the membrane by the staie of energisa-
tion. The following possibilities exisi:

(a) Allosteric controi of the ccmponents of the
energy capture devices;
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(b) Release of bound metal ions, e.g., Mg®” or ather
positive charges fromn the membrane and the sub-
sequent use in the activation of metabolism;

{c) Release of bound proteins from the membrane into
the medium so that new catalysis are generated.

No such controls exist in chemiosmosis for there
are no bound proions. The control could be exsrcised
locally or generally over the whoie of the membrzne,
Let us suppose that the chemiosmotic store is put in
equilibrivin with the bound protons (which does not
mean that ihe chemiosmosis pathway is correct b it
is indistinguishable from such a situation}. This implies
that all paris of the membrane are activated and there
is no locil control, and (a), (b} und (c) above would
all respond equally and simultareously with the
generation of ATP since we need an afl embracing
steady state. Is this the case?

Alternatively under local giffusion contsel there
are regions of the membrane which are activated and
(a). {b) and {c) can be adjusted by their localisation
and adjusted in degree so that as the level of ATP
production rises so the membrane surface is gradually
changed. Thus the switch-on of external mctabolism
is linked gradually to ATP levels and is mot on a
sudden-rise basis. [t would appear that Iocal conirel
through proton binding has been observed at the
level of the cytochrome oxidase by Wikstrom et al.
{20]. It remains 2 moot point wheiher uncouplers
act by generally adjusting the flow of protons across
a membrane or if by local binding they affact the
lacal proton states.

6. BElectron transfer

The weight of concemn with proton movement in
some discussions of ATP formation [1] seems to ms
to be disproportionate. Of equal concern is the
movement of elecirons, fig.1. Here we know that the
membrane coniains a large number of metal binding
cenires and quinones which retain charge. (This is
proven by many spectroscopic methods. The paths of
transfer of electrons are much betic- nown than
those of protens since they can be followed so easily.}
The electron cannot enter the agquecus phase. [t is my
contention that the charging of the membrane by
clectron flow is an esseniial feature of the ATPR-
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Tabie 2
Contrel features of slectron ransfeg
Pratein Features allowing cenirol Ref.
Cytochrome ¢ Fe—meitnonine bond length changes {23}

adjust redox poteniials

Cytochrome Spin-state switches adjust redox [206,22]
oxidase potentials and rates of reaction
FgfS proteins Charge effecis adjust redox potentials {22]
Copper centres Gecmetric switches altow {22}
coupling to external events
Quinenes Redox reaciions have compulsory 4]

coupling with proton transfer

forming reactions and of their control. The electran
and proton transfers are coupled for certain in hydro-
quinones, table 2. I do not wani to review this topic
here for it involves a major part of my resezrch effort
and is reviewed elsewhere in extenso [21.22], bui
there is a danger in chemiasmasis that the stress on
the energised states of aqueous ians hides the jnint
role of protons and elecirons and the membramne,
Today some experimentalists do not even examine
the membrana, treating it as an inert barrier. We
kaow that the membrane is ensrgised by both a2 change
of electron charge distribution and z change in the
number and distribution of bound protons.

Electron transfer in the membrang is localised and
has some very special features of interest [21]. Table
2 gives some examples of ths control of electron
transfer which are to be seen in the mitochondrial
elcctron-transfer chain. They are vsually linked io
conformation changes. Repeatedly we and others
have stressed the in-membrane events, dus to electron
passage, wiich can be coupled to in-membrane clec-
tron proton, or ATP reactions but noi to chemi-
osmosis, see {21231,

7. Coupling maedels

Another arez in which experiments do not lead to
direct test of tize different hypotheses is in the nature
of coupling. The Mitchell/Williams models both have
the pathway characteristic

Redox energy(light) -+ charge separation{protons)
- ATP

Both modeis do not use ckemical ‘ntermediates as
written hut neither excludes them of necessity. The
point of depariure beiween ihe old chemical theories
and ibe newer views is the role of charge separation.
Their difficulty is that it is harder to write 2 coupi-
ing between charge separation and ATP than between
a chemical intermediate and ATP. There has been =
proliferation of possible schemes all of which are
now being tesied. Any one of these models can be
attached to the high energy proton and their validity
does not aifect the general truth of this energised
protoa approach. Some required features of this
bypotihesis which nead stressing ava:

1. The coupling has no compulsory stoicheiometry.

2. The coupling will require the binding of protons.

3. Chemical intermediates in the ATPase are not
excluded.

4. Confonnazationzl changes must occur during the
coupling.

In my view any aitempt under the heading of
chemiosmosis to ignore 1.4, is unnecessary and con-

fusing. Again the further points that:

5. The coupting must be vectorial and
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6. The coupling must b2 reversible

g0 without saying {see above). In {1} Mitchell states
that my coupling scheme fig.2, is irreversible. (Lat me
stress that even if this were so it does not affect the
local proion versus chemiosmeotic proton discussion.)
¥t i3 clear however that the scheme is reversible for it
has an obligatory return of H30" to the channel when
ATP is bound for only ATP can remove the water
from the interior of the channel. At the zame time
this removal of water vields a proton in the membrane
which will drive the reversible reaction

H+e2H

toward reduction. All proposed coupling schemes are
chemicaliy reversible and vectorial, through the ATP-
ase, but we do not know how the ATP synthetase
works. This is to be decided by cxperiment but the
appropriateness of the experiment as a test of the
ideas can only be scen by examining a!l the ideas. For
exampie, I think Miichelt®s scheme for ATP formation
is highly improbable. (This statement is consistent
with the statement that chemiosmeosis in totality is
one possibie valid hypoibesis.)

8. Conclusion

It woulG appear to me that a range of experiments
which have been partially exploined by chemiosmosis
are more convincingly covered by a more localised
i:uroton model. However, as both ideas belong in a
general spectrum of possible models, a clear-cut deci-
sion beiween them is difficult.

ft is worth stressing that the general ideas developed
here do not just apply to proton aad electron diffu-
sion but can be generalised to anv coupled energy-
driven process. The suificient and necessary condition
are diffusion control. For groups other than I ore
special channels must be devised which can be likened
to specific ring chelates for diffugion of iens or mole-
cules or can be made of series of selected chemical
honds such as thiols for handling acetyl groups. in
every case the ceneration of an energised agent at a
point in space by a catalysed reaction plus a restric-
tion on diffusion, of any of the above kinds, can bs
the basis of zn encrgy capiure device providing that
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the diffusion path leads the energised group to a
(catalysed) coupling centre. Apart from ATE forma-
tion, and transport we should examine mechanical
davices and the syathesis of polymeric materials in
biclogy . The fundamental feature is not 2 membrans
and there is no requirement for osmotic gradients but
a single boundary akin to a phase boundary in a
Macroscopic system is a minimum requirement,
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