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| .  I n t r o d u c t i o n  

In  a r e c e n t  a r t i c le  Mdtche!l  [-t~ has  r e v i e w e d  a t  l e n g t h  the  origLns o f  m y  views [2 - -4 ]  as wel l  as his  o w n  [5] o n  
p r o t o n - d r i v e n  A T P  f o r m a t i o n  avid has  c o m m e n t e d  o n  ' t h e  t w o  ,na in  t y p e s  o f  b i o c h e m i c a l  mode l "  fo r  A T P  syn-  
thes is .  [ do  n o t  w i sh  to  attez'_-~pt h e r e  so l e n g t h y  a rev iew b:_'.t s ince  his  h i s t o r i c a l  p e r s p e c t i v e  d i f fe r s  f r o m  m i n e ,  a n d  

[ be l ieve  some  o f  t he  sc i en t i f i c  c o m m e n t s  o n  the  "two b i o c h e m i c a l  m o d e l s '  are  n o t  c o r r e c t ,  I wish  to  m a k e  s o m e  
remarks_ M y  h i s t o r i c a l  r e f e r ences  are  c o n f i n e d  t o  a s h o r t  s t a t e m e n t .  

T h e  or ig in  o f  b o t h  o u r  v iews was the  des i re  t o  c o u p l e  o x i d a t i v e / r e d u c f i v e  r e a c t i o n s  to  A D P  + Pi c o n d e n s a t i o n  

reactions:My idea of  how this might be done using the intermediate energy of  an energised proton was stat,~d 
f i rs t  in  1959  [2~ a n d  e x t e n d e d  in 1961 [ 3 , 4 ] .  In  t h e  o p e n i n g  p a r a g r a p h s  o f  t he  p a p e r  [3]  I m a k e  i t  c l ea r  t h a t  
t he re  is a w a y  o f  s to r ing  e n e r g y  b e f o r e  us ing  i t  b y  t u r n i n g  t h e  in i t i a l  ener=~¢ i n t o  a p r o t o n  c o n c e n t r a t i o n  gra  i i e , , t .  
I i l l u s t r a t e d  th is  w i t h  a s imp le  electrical cel l  c o n n e c t i n g  o x i d a t i o n  a n d  p r o t o n  p x o d u c f i o n  a n d  [ d r e w  a t t e n t i o n  t o  
the  fac t  t h a t  th is  is a cel l  in w h i c h  e n e r g y  s t o r a g e  c a n  be  l i k e n e d  t o  a p r o t o n  c o n c e n t r a t i o n  g r a d i e n t  betwee.n  t w o  

regions of  space separated by a membrane, the membrane acting as a diffus,,.on barrier. [ quote from [3] "This 
t y p e  o f  cel l  is p a r t i c u l a r l y  s ign i f i can t  as o n e  c o m p a r t m e n t  cov_tains t h e  h y d r o g e n  i o n  a t  an  e n t i r e l y  d i f f e r e n t  
a c t i v i t y  f r o m  t h e  o t h e r ,  i n  s o m e  b io log i ca l  s y s t e m s  th is  s i t u a t i o n  is r ea l i sed . '  O n  t h e  s ame  page  I s h o w  t h e  sub- 
s e q u e n t  r e l a t i o n s h i p  o f  s u c h  charge  s e p a r a t i o n s  t o  ATD p r o d u c t i o n .  [ sugges t  t h a t  c o n t r o l l e d  d i f f u s i o n  o f  t he  
p r o t o n  m a k e s  A T P .  This  is a l so  t h e  essence  o f  c h e m i o s m o s i s .  Howe~,er I c i ahn  n o  p r i o r i t y  o~-er Mi t che l l  fo r  tb_is 

hypothesis for Mitchell had an abstract in press o f  w~qch [ was unaware [6].  [ trust that Mitchell does not wish to 
c la im p r i o r i t y  e i t he r .  In  o u r  p e r s o n M  a n d  f r i e n d l y  e x c h a n g e  o f  v iews in 1961 i t  h a p p e n s  t h a t  I i n i t i a t e d  t h e  d i scus-  
s ion  o f  these  ideas .  I leave the  res t  o f  h i s t o r y  *:o m a t t e r s  w h i c h  are  n o w  in p r i n t ,  see r e f e r ences  in  [ 1 ] .  

[ now want to turn to the scientific differences 
between chemiosmosis and local proton theories 
w h i c h  have  b e c o m e  c o n f u s e d .  | a m  n o t  "an o p p o n e n t  
o f  t h e  c h e m i - o s m o s i s  h y p o t h e s i s "  [1 ] as t he  a b o v e  
m a k e s  c l ea r  b u t  [ a l w a y s  w i s h e d  a n d  w i sh  n o w  t o  
point out that it is only a special case o f  a move gen- 
eral idea. Moreover this special case does not have 
a c c e p t a b l e  e x p e r i m e n t a l  s u p p o r t  in  m y  v iew a n d  I 

have  t h e r e f o r e  s t r e s sed  a t  al l  t i m e s  t h e  m o r e  gene ra l  
a p p r o a c h .  I q u o t e  f r o m  t h e  passage  o f  m y  f i rs t  p a p e r  
[3]  w h i c h  f o l l o w s  d i r e c t l y  t h e  p r e v i o u s  q u o t a t i o n  

"The restriction of  reaction by preventing raLvdng (i.e. 
by using a membrane or a salt bridge) is only one way 
o f c o n t r o U i n g  reactioJ~s in  space .  F o r  s u b s t a n c e s  w h i c h  
n e e d  ca t a ly s t s  in  o r d e r  to  r eac t  r e s t r i c t i o n  o f  d i f f u s i o n  
b y  a sal t  b r idge  o r  a m e m b r a n e  is u n n e c e s a r y  . .  2 
This clearly includes consideration o f  what is now 
called chemi.0sm0s~s but makes it clear that chemi- 
o~rnosis is n o t  a f t ! n d a m e n t a !  r e q u i r e m e n t .  I t h e n  
e x p l a i n  t h a t  fl~e f u r ~ d a m e n t ~  r e q u h e m e n t  f o r  reac-  
t i o n  s y s t e m s  o f  t h e  ~ t c h e U / W i U i a m s  t y p e  is j u s t  d i f -  
f i l s ion  c o n t r o l .  I n  a~ m y  subsequer_.t p a p e r s  I have  
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been exploring the u ~  o f  diffusion control  e~ther o f  
the mot ions  o f  electrons (electron transfer) or  o f  
protons  and h o w  these mot ions  can be coupled to 
ATP format ion,  o ther  reactions, and transpo~_ Just  
as chemiosmosis is a special case o f  a more  general 
theory  so micro-chemiosmosis is another  such special 

case but  one which is a localised control  o f  dZfusion.  
It is a localised control  o f  diffusion which is, Y believe, 
the basis o f  the biological systems o f  interest. Micro- 
chemiosmosis is very close to  m y  view, see [1 ] .  The 
- ~ b v i o u s  a d v a n t a g e s  o f  t h e  l o c a l  c o n t r o l  s y s t e m s  a r e :  

(i) M o ~  efficient energy utilisation, see below; 
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(ii) Better control ;  

(iJi) DiscrimLnatory coupling o f  energy to  different 

processes. 

Before I present the general approach to  these 
problems so as to  show that  chemiosmosis is only a 
special case I want  to  remove some other  possible 
points o f  confusion.  First the general ideas which are 
being discussed do not  define the coupling device. 
That  is a separate problem o f  enzyme chemistry.  The 
present pr imary discussion is about  the pa thway  o f  
energy no t  about  the molecular mechanism o f  how 
ATP is formed.  Again the discussion should no t  be 

confused by the at t r ibut ion o f  special features to one 
model  rather than another ,  e.g., reversibility and vec- 
torial processes. I believe that  all the models are 
clearly chemically reversible, as they must  be to 
obtain any measure o f  acceptance.  However they are 

reversible only in the sense that  they can be made to 
run backwards.  All are irreversible in the thermo-  
dynamic s e n s e .  I m a k e  n o  f u r t h e r  p o i n t  a b o u t  r e v e r s i -  

b i l i t y  for both Mitchell and mysel f  have described, 
reversible micro-schemes, local protons,  and ha effect  
we agree now on tbJs pohnt. We agreed in 196i  that  
chemiosmosis was a tenab!e hypot_hesis. 

Another  scientific- point  concerns vectors. I f  we 
are dealing with small isolated regions o f  space which 
are ~;eparated by  a single p h a ~  boundary  then direc- 
tion is in fact de~med [3 ] .  It does no t  require a mem- 
brane to define a vector. This may  seem peculiar but  
a vector is as real on  the surface and within the earth 
in a planetary system as are the vectors between the 
planets. I f  the membrane  is equa tes  with space the 

F i g . ! .  T h e  local ised m o d e l  f o r  A T P  f o r m a t i o n  (even in a 
part ic!~) .  T h e  par t i c le  is flluseArated b y  the  b o x  a n d  the  
d i f f u s ion - con t r o l l e d  p a t h s  o f ~  tu~d H + are  s h o w n .  T h e  device 
can  be  c o n v e r t e d  to  a local  m o d e l  in a membroa le  b y  p u t t i n g  

the box into a membrane~ see dashed vertical lines around 
(b), to gflge two aqueous phases (a) and (c) not in equilibrium 
with (b). This becomes the chemiosmosis model by rebas- 
hag all H ÷ t o  (c) a n d  all O= 2- t o  ca). T h e s e  a re  t h r ee  m o d e l s  
( the re  are m a n y  m o r e )  f o r  devices  w h i c h  can  use  an  energ i sed  
proton [2-4]  to make ATP ot to couple other energy-driven 
processes .  

analogy may  be useful. When [ use the idea o f  dis- 
located charges there is a local vector between the 
charges, see f ig. l ,  but  i f  the local region were to  
tumble rapidly this vector  could average to  zero and 
would no t  be found when an external device was u~ced 
to search for it. 

There are then no such differentiating general 
principles as reversibility or  vectors which divide the 
approaches and they go step by  step together  (except  
at  certain points  o f  diffusion control) .  I have wri t ten 
the c o m m o n  and the differentiating points  in table 1. 

2 .  Pathways:  dfffusior~ cor~ tro l l  

In fig.! I dr~w a box  to  represent the essential 
central scheme which I shall now relate to bo th  local 
two-phase and chemiosmofic  phenomena  in a shuple 
way.  I start f rom the box  defined by  the full lines 
alone o f f i g . t .  This wLLt be the general case f rom which 
all others follow. The box  is a particle (organic) in an 

• aqueous p h a ~ .  Reactants  diffuse freely in the single 

!0  
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Table 1 
Required features of  energy conserving protons 

January 1978 

Model (a) locatised or Model (b) 
"micro-,chemiosmosis" [ 1,3] chemiosmosis [1,3 i 

Diffusion limitation 

Reversibility 

Veetoriel quality 

Osmotic term 
Aqueous capacity 

Bound charges 

Capacity 

Ntoicheiometrg 
nH+/ATP 

Electron transfer 

ATP formation 

Coupling mechardsm 
of ATP formation 

Source o f  charge 
separation 

Aqueous pH in each 
water phase 

Potential across ATP 
site 

Stoieheiometry n ~ H  + 

Chemic~! intermediates 

Osmotic gradients of  
other ions and neutral 
sugars etc. across membranes 

Two phases 

Chemically reversible 

Trans-interface 

Non-existent (or small) 

IU-def'med 

Totally dominant 

Bound charges (organic phase) 
and concentrations 

Not required 
(no postulate made) 

Metal ions in 
non-aqueous phase 

Pro ton-driven 

Extra postulate 
(idea provided) a 

H,~  zH T2e 

hv-- (+)+e 

Not at equilibrium 
with membrane 

Local across ATPase 

Not required 
(no postulate made) 

Not required but 
not excluded 

indirect connection 
(see fig.~ ) 

Membrane (three phases) 

Chemically reversible 

Trans-membrane 

Totally dominant 

~,VeltL-defined 

Non-existent 

Osmotic charges and 
concentration 

Not required (extra 
postulate of  two) 

Metal ions in membrane 

Proton-driven 

Extra postulate 
(idea provided) a 

H~-+ 2H++2e 

hv-~ (+)+e 

Two equilibria with 
different membrane faces 

General across membrane 

Not required (extra 
postulate of  one) 

Not required but 
not excluded 

Direct obvious connection 
with exchange 

a SeverM other authors have quite other ideas than those of  Mitchell or Williams 

s u r r o u n d i n g  a q u e o u s  phase  b u t  r eac t  o n l y  a t  c e r t a i n  
ca tMys t  cen t res .  T h e  in i t ia l  p r o d u c t s  r eac t  t h r o u g h  

prescribed diffusion restricted paths. 
Provided that  the pro tons  and oxide  ions in fig.1 

cannot  diffuse together  through water  at a rate greater 
than the rate o f  diffusion o f  H + to  0 z-  through the 
p r e s c r i b e d  A T P a s e  p a t h  o f  f ig .1 ,  r e d o x  e n e r g y  is n o t  
lost  before  ATP is formed.  Local vectors exist in the 
required path  for the p ro ton ,  and the p r o t o n  can no t  

reach  the  l e f t  h a n d  side o f  t he  a b o v e  pa r t i c l e  r ap id ly  
w i t h o u t  m o v i n g  a long  a pa th .  N o t e  the  p r o t o n  and  
o x i d e  ions  c o u l d  remMn a b s o r b e d  a t  all throes w i t h i n  

the square box ,  w ~ c h  at this stage is no t  in a mem- 
brane and the_re is on ly  one aqueous phase and one 
organic phase, the box .  It  is the separation in space 
o f  the  ca ta lys t s  w h i c h  dec ides  t he  dLffusion c o n t r o l  

[31. 
The  f igure shows  t h e  reac t ions  on  o p p o s i t e  sides 
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o f  the box  but  this is no t  essential. They can be 
placed on adjacent sMes for example.  The catalysts 
can even be placed side by  side when H2, O2 and 

ADP + Pi all react on one surface o f  the box. | f  the 
box  is now placed at the interface o f  two bulk phases, 
inorganic and organic then the interface could be as 
effective as any particle in ATP synthesis. Many bio- 
iooca l  reactions go at interfaces. This makes the 
point  that  biological systems could make ATP on the 

same side o f  a membrane  (organic phase) as the one 
at which they pick up O2 and Ha. The constraint  
remains that the ener#sed  ions, I-~ and O H -  f rom 02 
and He (i.e., O 2- and 2H*) must  no t  diffuse together  

( j r  ~ faster throug~a the aqueous phase than through the 
coupling device. There 5s a model  device  o f  this kind 
which makes ATP [7 ] .  Tlfis device cap_ be effective 

vectorial t~ansp~rt [~;]. 
Before generalising the device further o thzr  

examples are wor th  noting. Nitrogenase is a particulate 
system o f  enzyme which uses the energy o f  hydrol -  
ysis o f  ATP. P - 4 5 0  cy tochrome  systems work  bo th  in 
membranes and in particles_ The energetics o f  these 
reactions are not  clear but  the diffusion paths o f  the 
electrons and pro tons  (for  mtrogenase) are well con- 
trolled. We do no t  yet  know much  about  diffusion 
paths o f  protons  sLnce they do no t  travel th~ ough 
simply observable ch romophore s  but  it wc~dd be very 

rash to presume that biology had not lcar.nt to control 
pro ton  diffusion. The Fo part  o f  A~'Pas~; seems to be 
such a centrol ,  no t  just  a chanuel.  

It may  be useful to  elaborate the parallels a little 
further for they show how diffusion o f  the electron 
particularly is controlied.  In the P 4 5 0  cytochrome,,; 
the control  o f  diffhsion is governed b y  a sequence o f  
reactions: 

(i) Substrate uptake,  diffusion o f  electrons aoes not  
occur  wi thout  subs"crate; 

(ii) Reduct ion  (electron diffusion to the site), Fe(III)  
goes to Fe(II) ;  

(fii) O2-uptake which does no t  occur  wi thout  reduc- 
t ion;  

(iv) Pro ton  reaction t9 give MO + H , O  (pro ton  dif- 
fusion to  the site but  no further electron diffu- 
sion or p ro ton  diffusion is allowed; 

(v) Oxidat ion o f  substrate; 

(vi) Diffusion o f  p roduc t  f rom t h e  site. 

In  nitrogen fixation the reaction sequence is no t  
yet  known  in equal details bu t  again electrons enter  
first to  react with N2 and the diffusion o f  p ro tons  
fo1]ow~ to  give NH 3 . The diffusion iS control led by  
the required binding and hydrolysis  o f  ATP. In the 

reverse reaction o f  mi tochondf ia  in which 5uccinate 
drives the reduct ion o f  NAD to  N A D H  the hydrolysis  
o f  ATP is required ha an analogous mariner. Whether  it 
is possible for biolo~cal  systems to  make ATP by  

reversing the nRrogenase reaction is no t  k n o w n  and 
whether  this me thod  is how ATP is made in any bio- 
lo~eal  system is for experLmentM decision. Theories 
describe the possible. E×pefimentMists fred it very 
difficult to make lipid/water phase systems o f  the 
above kind but  o f  course the same diffusion paths can 
be prescott in three phase systems too,  i.e., in mem-  
brane-coataipAng systems. 

One step (there is a second) that  is needed to go to 
a chemiosmosis model  f rom r i g a ,  is to  put  the exact  
box  o f  fig. 1 into a membrane ,  see dashed lines o f  
rigA. This new model  could be what  Mitchell calls 
micro-chemiosmosis (see later) bu t  fo r  me it is a dis- 
located reaction system o f  [2 ] .  It  is clear that  this is 

still a local proton model and that its description has 
no osmotic terms. All charges remain on loca!ised 
paths in the membrane  box.  

The modeI  still has the f ea tures  that  it can be 
coupled to t ransmembrane gradients o f  other  chemi- 
cals but  it does no t  have trans-membrane osmotic  
pro tons  [8 ] .  There could be local controls  in the 
membrane  so that  energy is no t  indiscriminate!y spent 
on aii carrier systems. The system works with a very 
small capacity.  It  is a very e f f e c t i v e  system and it is 
not  easily distinguished from chemi-osmosis, see 
table 1. 

Here I make an aside to  a criticism put  by  Mitchell 
[1 ] who remarks that  the p ro ton  energy in these 
models  is 1O0 kcaI. (TbAs I take to  be the ionisation 
energy o f  a hydrogen a tom m a phase o f  dielectric = 3, 
a step which has no  connect ion  with any  model  
previously described.) The actual energy required can- 
no t  exceed the redox potential  difference between 
the couples which generate the p ro ton ,  i.e., 10--20 
kcal, and o f  course the p ro ton  is stabilised by inter- 

i 2  
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action wi th  charge centres o f  opposite charge within 
~he membrane phase [4 ] .  As a~ aside the p roduc t ion  
o f  Oe-in  MitcheWs own reaction schemes [ 1 ] is noa 

o f  lower energy cost than 100 kcal in a dielectric = 3. 
A fundamental  misconcept ion  in [ 11 is then that  a 

p ro ton  in  a membrane  phase is a dehydra ted  pro ton .  
This is quite contrary  to experimental  studies o f  
pro tons  in organic solvents where any  water  is present 
and it has no  connect ion  with the local p ro ton  hypo-  
thesis. Nowhere in [ 2 - 4 ]  is such a p ro ton  described. 
It  is explieiW said °We would  suggest that  using oxi- 
dative phosphoryla t ion  pH equigbrium can no t  be 
established between these phases (lipid membrane  
and aqueous) and that  hydrogen  ions generated at a 
high equivalent aqueous activity inside the membrane 
phase diffuse slowly throuNl the membrane  phase to  
the outside '  [4 ] .  The next  fines make it absolutely 
clear that  these protons  must pass through a series o f  
hydrogen bonds,  e.g., with oxygen,  to reach the ATP- 
ase, giving energy captured a sATP .  (In m y  own 
defence [ add ~hat paper  [4] was submit ted  before 
any paper on chem~2osmosis had been published. ]In 
[4] [ thank Mitchell and state clearly that  I had had 
an exchange o f  letters with him about  proton-driven 
ATP-formation.)  I trust that it is d e a r  that  the dif- 
ference between the two models  is no t  based on  any 
o f  the distinction% reversibility, vectors or hydro-  

phobiei ty  raised in [1] but solely on  the restric- 
t ion to  the diffusion pa th  o f  the protons .  

It  is convenient  now ~c~ define the membrane  phase 
rather than to draw it as a box  in a membrane .  The 
membrane  phase is that  volume associated with the 
membrane  which is kknetically distinguishable by 
measurement  o f  p ro ton  movement .  The definitiozt 
deliberately avoids the impossible task o f  defining a 
membrane  by  a lin_e structure and leaves a clear cut  
experimentM distinction between membrane  and 
aqueous phases. 

A wide variety o f  energy transducing devices based 
on diffusion control  have now been elaborated and [ 
can turn to  a fma! one -- chemiosmosis -- which is 
only a special extension o f  diffusion control .  

The second step which generates chemiosmosis 
f rom the above is the complete  liberation o f  the 
protons  and hydroxide  ions from the box  in the 
membranes to two different aqueous phases, t f  the 
ions are so i~berated then these ions give osmotic  
terms. In the bound  form they did not .  Diffusion 

control  is now due to the membrane ,  no t  the box.  
I f  the bound  and unbound  ions (protor~s) equilibrate 
then the equations o f  chemiosmesis will give a corre, ' t  

numerical value for the vector energy bo th  trana- 
membrane (aqueous phase, to aqueous phase) and in 
the membrane (across the box)  since the tv¢~ are in 
equilibrium. Thermodynamic  analysis o f  this kind 
does no t  lead to a mechanism and camiot  distin- 
guish these cases. However only if the ions are total ly 

unbound  will chemiosmosis  give the correct  charging 
capacity.  Again if  there is no  equilibrium be tween  
bound  and unbound  ions then the experimental  terms 
ZkpH and g* @hemiosmosis) will be incorrect  and will 
not  be adequate for  ATP formation.  

There are different degees  oflocal isat ion o f  p ro ton  
gradients between the extremes o f  a strictly bou~d  
pro ton  model and a strictly unbound  p ro ton  model  
(chemiosmosis) but  only in the cases o f  an equili- 
brium within each o f  the aqueous phases is an osn otic 
term meaningfully related to true measurement  
o f  ApH and 'osmotic" potentiMs. Once part o f  the 
system is not  at equilibrium due to local (micro) 
events the word osmotic  loses meaning. Thus m~cro- 
cb_emiosmosis is not  an expression which has meaning 
different f rom a locahsed pro ton  model  and neither 
are related to osmotic terms as ehemiosmosis is. This 
memos that only chemiosmosis can be unders tood 

from simple ~ p H  and trans-membrane potentials,  ~.  
This is one experimental  point  which decides i f  choral- 
osmosis is correct or if a localised model  is correct .  

I t  has always been clear therefore that  ehemi.- 
osmosis is more  open to numerical analysis [ I ]  but  it 
has also been over-elaborated. Thus in any o f  the 
above systems which converts chemical energy to  one 
form o f  etectricM energy and then back to chemical 
energy in another form,  there is no requirement for 
s toicheiometry.  The chemiosmotic  stoicheiometries 
proposed by Mitchell are interesting bu t  quite ~an- 
necessary (and apparently incorrect).  I have deliber- 
ately avoided the writing o f  such achemes. My work  
is less explicit [1 ] ,  sh-nply because there is no  logical 
thinking that t:as lead me nor  one that could have 
lead Mitchell to  a defined s toicheiometry.  We shall 
have to  be guided by  experiments as far as stoicheiom- 
e t ry  is concerned.  This is o f  the very essence o f  our 
disavowal o f  chemical coupling. All reference to  
s toicheiometry is f rom extra postulates,  table 1. 

While trying to incorporate the experiments o f  
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Junge and Ausi~lder  ~!0] and Oft ,  Dilley and G o o d  
[1 1 ] within the f ramework o f  chemiosmosis  Mitchell 
[ 1 ] breaks the rules o f  chemiosmosis.  It  is no t  per- 
missible withio chemiosmosis to  short  circuit the bulk 
aqueous phase by  p ro ton  paths closer to  the mem- 
brane than the bulk phases. By so doing there is no  
equilibrium with bulk phases and the equat ion pro to-  
motive force = ~ + ApH is then incorrect .  There is no  
longer an osmotic  term at equilibrium. I t  is also quite 
untrue to say that  the solvent activity near the mem- 

b r a n e  is not  affected by  these local charges [ 1 ] .  

Finally i f  the local circuit is in the kinetic confine o f  
the membrane  then this is part  and parcel o f  a 
localised theory .  

In what  follows I direct a t tent ion to  the differences 
between the extreme forms o f  the two hypotheses ,  

table I ,  and I turn to points which are no t  just  related 
to the pa thway o f  protons.  Some points  will be 
c o m m o n  ground within the f ramework o f  Mitchell/ 
Williams schemes. 

3. Energetics 

It wi)l now be recogrdsed that the two extreme 
forms o f  th-- ATP-sy~ithetase systems have different 
energy states. In chemic, sraosis the general energy 
across the whole membrane  is given by 

AG = ~ + ApH 

(in appropriate units). ".& and ApH are measurable 
using electrodes in the two aqueous compar tments .  
Pdl chemical methods  o f  making such measurements 
must  be suspect as they can cause an equilibrium 
between any membrane bound  charges and aqueous 
solutions which would be absent but for the presence 
o f  the added chemicals. 

In the extreme local models the local energy acros.' 
the ATP-forming site is 

LXG = , ' ,(~G ~) + ¢," 

where ! have separated bound  charges effects (fit) 
i.e., electric potential  f rom chemical potential  A(AG °) 
and I have omit ted concentra t ion dependence within 
the particles. This model  has no aqueous phase 
protons.  Thus it should be observed that  a l though 
the system occurs ha a membrane no zXpH is required 

to form ATP and that  any  potentiM wfl! be thought  
to be too  small when measured with electrodes. The 
examinat ion o f  the biologicM systems with pH and 

potential  determining electrodes leads me to suppose 
that this is so and that  chemiosmosis is no t  operative 
[15 ] .  (This does not  mean that  it is an invalid hypo-  
thesis.) Note  that  when the model  box  o f  f ig. / ,  local 
system, is put  in a membrane  it will tend to leak 
toward chemiosmosis and it will discharge under  the 
influence o f  chemicals towards the chemiosmot ic  
energy. I f  excess energy is applied before ATP is 

allowed to  be made it could yield osmotic  gradients. 
The capaci ty per ATPase site before ATP can be 

made is very small in the local model  dependLng upon  
the sites which can absorb protons .  As Mitchell [1 ] 
points  out  the capacity o f  the chemiosmosis system is 
relatively large. Its min imum capaci ty (no bound  
charges), if ApH alone is operative in making ATP, is 
given by buffering equations.  Biological systems are 
well buffered and can absorb or release CO2 on pH 
change. The  formula given in [ 1 ] shows as has been 
stated earlier that the effect  o f  the large external buffer  
volume o f  say a bacterial cell (the Pacific Ocean 
effect)  is to impose a rigid external pH which means 
that half  the p ro ton /hydrox ide  energy gradient is lost 
since one side is an iniLnite buffer.  The inside is also a 
good buffer  and it now must  go to  p H > >  10 or 
pH < <  4 to give an adequate ApH ATP format ion.  
The capacity o f  the inside o f  mi tochondr ia  or  thyla- 
koids for H ÷ ions on going f rom pH 7--10 can be 
determined and is undoub ted ly  large. Again, is it 
really necessary to saturate the capaci ty  o f  m vivo 
bacterial, mitochondfial ,  and thylakoid membranes  
which are very extended in a vast ref iculum before 
any ATP is made? 

The c~gacity for ATP synthesis dependent  on  
alone (chemiosmosis) is no t  small if  the internal 

volume is large. There are large mi tochondf ia .  How- 
ever it is experimentally observed that  the protons  are 
bound  by the membrane o f  thylakoids and mi tochon-  
dria (see more  Ioca!ised rr.odels) which makes the cal- 
culation o f  ~0 just f rom kalown internal volumes o f  

doubtful  value in t,hese systems. Do the surfaces o f  
rai tochondria need to be saturated before ATP is 
formed? The same question aap~es to bacteria. Some 
bacteria make ATP in a medium o f p H  "~> ~0. Others 
do no t  make ATP in the absence o f  oxygen at pH 1.0. 
How? 

14 
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The  measured  total capac i ty  o f  the thy lako id  
m e m b r a n e  is equivalent  to 0.5 H+/cblorophyll  mole-  
cule which would give a p H  drop  to  abou t  t .0 f rom 
7.0 [121. Even allowing tha t  dye  measuremen t s  do 
no t  represent  dye  binding, the  lowest  p H  found  is 
a round  3--4 .  Thus  there is ~" massive p r o t o n  binzting 
on the thy lakoid  proteins .  A local mode l  is then  
ex t remeiy  p robab ly .  Chemiosmosis  would  mean  tha t  
ATP  was no t  p roduced  in any  quan t i ty  until the  
m e m b r a n e  was saturated.  This seems to  be con t ra  W 
to flash exper iments  [13 ] ,  which generate  ATP.  

There  is ano the r  ob jec t ion  to  chemiosmosis  in vivo 
as applied to the chloroplasts .  The  thickness o f  the 
inner thy lakoid  phase leads me to  doub t  whe ther  there is 
an aqueous phase present  at all. Certa inly it is laced with  
proteins  and possible these hold the inner surfaces 
together .  The capaci ty  o f  the inner surface o f  the thyla- 
koid for  p ro tons  great ly  exceeds  the predic t ions  o f  
c h e m i o s m o s i s  d u e  t o  t h e  s u r f a c e  b i n d i n g  o f  t h e s e  

charges. My overall view o f  this s t ructure  is that  the 
inner aqueous phase  is no t  required at aH and tha t  a 
comple te ly  funct ional  sys tem could be ob ta ined  with- 
ou t  any  osmot ic  p ro tons  in chloroplasts  using the dif- 
fusion o f  charge as in f igA. The negative charges in 
tile m e m b r a n e  would  retain the positi 'Je charges in 
their  own vicinity making  a sys tem which is effec- 
tively a local particle.  Note  should be  taken  too  o f  
the high densi ty  o f  ATPases -- rougl-dy one per active 
site in b o t h  chloroplasts  and  mi tochondr ia .  While this 
is no  p r o o f  o f  a locMised mode l  it makes  a gen-ral ised 
osmot ic  sys tem improbable .  

4. The  m o v e m e n t  o f  the  p r o t o n  in the  m e m b r a n e  

The  rate o f  p r o t o n  transfer  along a net  o f  hydrogen  
bonds  which contain  acid/base centres can be m u c h  
faster ,than the rate o f  p r o t o n  transfer  in water  at  pH 7. 
This is weil i l lustrated b y  the p r o t o n  t ransfer  on the sur- 
face ofcarbo~Ac anhydrase  [141. Witt  [ 15] is in error  
when he states tha t  p ro t on  t ransfer  in a membrmle ,  which 
here is largely compos ed  o f  prote ins  and some water ,  
mus t  be slower than  through the bulk phase.  [t is likely 
tha t  i t is considerably fater .  This leads me  to  suppose  
t h a t  W i t t ' s  e x p e r i m e n t s ,  w ~ c h  s h o w  t h e r e  is  n o  

requi rement  for  ApH in ATP fo rmat ion ,  suppor t  the 
general no t ion  tha t  ATP  is fo rmed  by  p ro tons  which  
do not  leave the m e m b r a n e  phase t 1 5 ] .  The  potent ia l  

Witt  discusses is then  trans-ATPase and no t  trans-- 
m e m b r a n e  in Mitchell 's  sense. Earlier indicat ions o f  a 
ldnetic barrier  be tween the m e m b r a n e  and the bulk  
phase were given by Junge and Auslgnder [10] .  
Fur ther  suppor t  comes  f rom Oft ,  Dilley and G o o d  
[1 I ]  and f rom Van Dam [16] .  As a large n u m b e r  o f  
exper iments  show that  A p H  is no t  a requi rement  it 
is the nature  o f  ff w,hich mus t  be discovered.  

[ f  m o v e m e n t  o f  a p r o t o n  occurs in the m e m b r a n e  
then a p r o t o n  charmel is required which cannot  be  
just  an alalnethicin- type channel  fo rmed  b y  n (n ~- 6) 
helical linear po typept ides  [ 17] .  More likely it is a 
channel  o f  f ixed water  molecules  as shown in fig .2 and 
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Fig.2.  A coup l ing  device {4] .  Th i s  device can be re la ted  to 
a n y  o f  t he  coup l ing  m o d e l s  der ived f r o m  fig. i .  I t  is as su~t- 
able  fo r  c h e m i o s m o s i s  (wi th  m i n o r  m o d i f i c a t i o n )  as fo r  a 
local  mode l .  I t  de l ibera te ly  s t resses  the  role  o f  wa t e r  in the  
reac t ions .  
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it is this channel o f  water in the membrane which must 
be connec ted  to the ATPase. Thus the p ro ton  would  
have to be held in the channel and since there is the 
requirement for n protons  no t  one.  n pro tons  must  be 
accumulated before the protons  drive the reaction 
ADP + Pi -~ ATP + H~O. The local p ro ton  hypothesis  
for coupling is that  the pro tons  are held in the mem- 
brane altering its energy and adjusting the activity o f  
water in the ATPase r e , o n .  The protons  then move so 
as to drive the reaction forward by pulling additional 
water f rom the polyphosphate  cog~densation site into this 
diffusion channel.  The studies o f  Kagawa [18] are 
fully consistent with such a model for pro tons  are 
bound at a site ir~ a specific channel leading to the 

ATPa~e thouoch as yet  we do not  know if there is a 
channel o f  fLxed water molecules but  its advantage is 
that  it is specific for p ro ton  movement  in and through 
a membrane and it is fast. Nloreover it can be re~a- 
fated by confornmtional  changes in the proteins 
forming the wails o f  the channel. Note  that  the chemi- 

osmotic model does no t  have these features but if  the 
aqueous chases are treated as just  a store o f  excess 
energy then it is possible to connect  this local model  
for p ro ton  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 connect ion  to chemiosmotic  
store is readily made.  The distinction between the 
models is one o f  diffusion barriers, gates. 

In hatobacteria the protons  released upon illumina- 
tit, n o f  the pigment are certainly retained by the 
membrane initially and I consider tfiat they travel 
within the membrane phase to the ATPase. They  
would be retained in this phase by  rapid diffusion and 
charge]charge interactiQn. The ability o f  halobacteria 
to make ATP with no or an inverted ApH is then 
explicable [ ! 9 ] .  

5. Control  

One o f  the considerable advantages o f  the binding 
of  protons  to the membrane is control  over the 
properties ~7 the membrane by the state o f  energisa- 
tion. The following possibilities exist: 

(a) Alloste.,-/c control  o f  the components  o f  the 
energy capture de~5ces; 

(b) Release o f  bound  metal  ions, e.g., Mg 2÷ or  o ther  
positive charges f rom the membrane  and the sub- 
sequent use in the activation o f  metabolism; 

(c) Release o f  bound  proteins f rom the membrane  into 
the medium so that  new catalysts are generated. 

No such controls exist in chemiosmosis for  there 
are no bound  protons .  The control  could be exercised 
locally or generally over the whole o f  the membrane.  

Let us suppose that  the chemiosrnotic store is put  in 
equilibrium with the bound pro tons  (which does no t  
mean that the chen-iiosmosis pa thway  is correct  but  it 
is indistinguishable f rom such a situazion). This hnplles 
that all parts o f  the membrane  are a,~tivated and there 

is no local control ,  and (a), (b) a~d (c) above would  
all respond equally and simultar~eously with the 
generation o f  ATP since we need an al!-embracL~g 
steady state. Is this the case? 

Alternatively under  local diffusion cont ro l  there 
are regions o f  the membrane which are activated and 
(a), (b) and (c) can be adjusted by their locafisafion 
and adjusted in degree so that  as the level o f  ATP 
product ion  rises so the membrane  surface is gradually 
changed. Thus the switch-on o f  external metabolism 
is linked gradually to ATP levels and is no t  on  a 
sudden-rise basis, it would appear that  local control  
t h : o u ~  pro ton  binding has been observed at the 
level o f  the cy tochrome  oxidase by  Wflcstrom e ta l .  
[20] .  It remains a m o o t  point  whether  uncouplers 
act by  generally adjusting the flow o f  p ro tons  across 
a membrane or i f  by  local binding they  affect  the 
local p ro ton  states. 

6. Electron transfer 

The weight o f  concern with p ro ton  movement  ~n 
some discussions o f  ATP format ion [I  ] seems to  me 
to be disproport ionate.  Of  equal concern is the 
movement  o f  electrons, rigA. Here we know that  the 
membrane contains a large number o f  metal  binding 
centres and quinones which retain charge. (This is 
proven by  m a n y  spectroscopic methods.  The paths  o f  
transfer o f  electrons are much  bette m o w n  than 
those o f  protons since they can be followed so easily.) 
The electron cannot  enter the aqueous phase. It  is m y  
content ion  that the charging o f  the membrane  by  
electron flow is an e~sential feature o f  the ATP- 
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Table 2 
C o n t r o l  f ea tu re s  o f  e l e c t r o n  t~ansfer  

P r o t e i n  F e a t u r e s  a l l owi ng  c o n t r o l  Ref .  

C y t o c h r o m e  c F e - m e t h ~ o n i n e  b o n d  l eng t h  changes  [ 23 ] 
ad jus t  r e d o x  potent i~ds  

C y t o c h r o m e  Sp /n - s t a t e  s w i t c h e s  ad jus t  ~edox  [20 ,22 ]  
ox ida se  p o t e n t i a l s  a n d  ra tes  o f  r e a c t i o n  

Fe/S proteins Charge effects adjust redox potential~ [23 ] 

C o p p e r  c e n t r e s  G e o m e t r i c  sw i t ches  aUow [ 22 ] 
c o u p l i n g  to  e x t e r n a l  even t s  

Q u i n o n e s  R e d o x  r e a c t i o n s  have  c o m p u l s o r y  14] 
c o u p l i n g  w i t h  p r o t o n  t r an s f e r  

forming reactions and o f  their control .  The electron 
and pro ton  transfers are coupled for certain in hydro-  
quinones,  table 2. I do no t  want to review this topic 
here for it involves a major part 0fray research effort 
and is reviewed elsewhere in extenso [21 ,22] ,  but 
there is a danger in chemiosmosis that the stre.,;s on 
the energised states of aqueous ions hides the ~oknt 
role o f  pro tons  and electrons and the membrane.  
Today  some experimentalists do  no t  even examine 
the membrane,  treath,.g it as an inert barrier. We 
know that the membra~-xe is energ~ed by both a change 
of  electron charge distribution and a change in the 
number and d~stribution of bound protons. 

Electron transfer ha the membrane is localised and 
has some very special features o f  interest [21 ] .  Table 
2 gives some examples o f  the control  o f  egeetron 
transfer which are to be seen in the mitochondrial  
electron-transfer chain. They are usually linked to 
conformat ion  changes. Repeatedly we and others 
have stressed the in-membrane events, due to electron 
p a s s a g e ,  w b e c h  c a n  b e  c o u p l e d  t o  i n ~ - q e m b r a n e  e l e c -  

t r o n  pro ton ,  or ATP reactions bu t  no t  to chemi- 
osmosis, see [2 ! - 2 3 ] .  

7. Coup~ng mod¢~  

Another  area ha which exFerLments do no t  lead to 
direct test o f  ti-~e different hypothezes is in the nature 
o f  coupling. The ~fitchell/Wit~Jams models bo th  have 
the pa thway characterist ic 

Redox energy(|ight) -+ charge separat ion(protons)  
--> ATP 

Both models do not  use c|-emical :!ntermediates as 
writ ten but  neither excludes them o f  necessity. The 
point  o f  departure between the old chemical theories 
and the newer views is the role o f  charge separation. 
Their difficulty is that  it iz harder to write a coupl- 

/rig between charge separation and ATP than between 
a chemical intermediate and ATP. There has been a 
proliferation o f  possible schemes ~ o f  which are 
now being tested. Any  one o f  these models can be 
at tached to the high energy p ro ton  and their validity 
does no t  affect the general t ruth  o f  this energised 
pro ton  approach.  Some required f~atures o f  this 
hypothesis  which need stressing a"e: 

1. The coupling has no c.ompulsoiy stoicheiometry.  

2. The coupling will require the bhading o f  protons .  

3. Chemical intermediates in the ATPase are not  
excluded. 

4.  Conformational  changes must  occur  during the 
coupling. 

[n my  view any a t tempt  under the headfiag o f  
chemiosmosis to ignore 1 . - 4 .  is unnecessary and con- 
fusing. Again the further points that:  

5. The coupling rrmst be vectorial and 
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6. The coupling must  be reversible 

go wi thout  sayhng (see above). I n  [ 1 ] Mitchell states 

that my coupling scheme fig.2, is irreversible. (Let me 
stress that even if  this were so it does no t  affect  the 
local p ro ton  venus  chemiosmot ic  pro to~ discussion.) 
It is clear however  that  the scheme is reversible for it 
has an obtigato~-y return o f  H30  ÷ to the china_net when 
ATP is bo :md  for only  ATP can remove the water  

f rom the interior o f  the channel.  At  the ='-ame time 
this removal o f  water yields a p ro ton  in the membrane  
which will drive the reversible reaction 

H + + e  : H  

toward reduction..All proposed coupling schemes are 
chemicaliy reversible and vectorial, th rough the ATP- 
ase, but  we do no t  know h o w  the ATP synthetase 
works. This is to be decided by  experiment  but the 

appropriateness o f  the experiment  as a test o f  the 
ideas can only be seen by examining all the ideas. For  
example,  I think Mitchell 's scheme for  ATP format ion 
is h igbJy/mprobable .  (This s ta tement  is consistent 
with the statement that  chemiosmosis /n  total i ty is 
one possible valid hypothesis .)  

g.  Com:lusion 

It would appear to me that  a range o f  experiments 
w,hich have been partially expl~,ined by  chemiosmosis 
are more convincingly covered by  a more localised 
p ro ton  model .  However, as bo th  ideas belong in a 
general spectrum o f  possible models,  a clear-cut deci- 
sSon be tween them is difficult. 

It is wor th  stressing that the general ideas developed 
here do not  just  apply to p ro ton  and electron diffu- 
sion but  can be genera!ised to any coupled energy- 
d r i v e n  p roce s s_  T h e  s u f f i c i e n t  a n d  n e c e s s a r y  c o n d i t i o n  

are diffusion control .  For  groups o ther  than H ÷ or e 
special channels must  be devised which can be likened 
to specific ring chelates for diffusion o f  ions or  mole- 
cules or can be made o f  series o f  selected chemicM 
b o n d s  s u c h  as  t h i o t s  f o r  h a n d l i n g  a c e t y l  g r G u p s .  In  

every case the generation o f  art energised agent at a 
point  in space by a catalysed reaction plus a rest~c- 

tion on diffusion, o f  any o f  the above kinds, can be 
the basis o f  an energy capture device providing that  

the diffusion pa th  leads the energised group to  a 
(catatysed) coupl/ng centre.  Apar t  f rom ATP  forma-  
tion, and transport  we should examine mechanical  

devices and the synthesis o f  polymeric  materials in 
biology. The fundamental  feature is no t  a membrane  
and there is no  requL--_ement for  osmotic  gradients bu t  
a single bounda~-y akin to  a phase boundary  ha a 
macroscopic system is a m/n imum requirement. 
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