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SUMMARY 

The proton circuit devised by Mitchell in the chemiosmotic theory was sub- 
jected to analysis using the formalism of irreversible thermodynamics. The phenome- 
nological coefficients and the degree of coupling relating co-permeant flows were 
derived for anion/H +, substrate/H ÷, cation/H ÷ and anion/anion biporter models. 
Linearity and equality of  the cross-coefficients in Onsager relations were always 
satisfied. Macroscopic flows leading to charges splitting, such as oxido-reduction, 
hydro-dehydratation and transhydrogenase, are driven by a composite thermodynamic 
force which includes the proton-motive component. Multiple coupling occurs in the 
circuit when it is assumed that the net inward flux of protons becomes zero, i.e. when 
the circulation of protons reaches a stationary state. Under these conditions, oxidative 
phosphorylation, ATPase- or respiration-linked transhydrogenase and uptake of 
anion or cation against their electrochemical gradient may be predicted, in agreement 
with known experimental evidence. 

INTRODUCTION 

The chemiosmotic theory formulated by Mitchell [1] has attracted many 
workers in the field of energy-conserving and energy-transducing mechanisms taking 
place within biological membranes. Originally devoted to elucidation of an example 
of coupled processes in mitochondria (oxidative phosphorylation), concepts were 
extended to interpret transport phenomena [2-6]. Increasing evidence has been 
accumulated for the translocation of  numerous substrates and ions to be connected in 
some way to the electrochemical potential difference cf  protons (A/]H) across mito- 
chondrial, chloroplast and bacterial membranes [7-10]. The vectorial functioning 
of  the membrane-bound redox chain and of the ATPase complex was shown to be 
responsible for the generation of such a proton-motive force. Specific carrier mole- 
cules (symporters and antiporters) were further postulated so that the flow of protons 
and the flows of  neutral molecules, cations and anions may be coupled [2]. The overall 
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proton circuit may then be visualized as a multiple-flow system fuelled by a reversible 
proton pile and is analogous to electrical networks. 

The present paper attempts to analyze such a circuit using the methods and 
notations of non-equilibrium thermodynamics [11-14]. The main problem to be 
dealt with is how the diffusion flux of a solute can be connected to all the driving 
forces operating in the complex system under consideration so that large concentra- 
tion gradients can be obtained (i.e. active transport). In order to obviate a too general- 
ized thermodynamic treatment, as already undertaken by others [14, 15, 25], a 
number of simple carrier models were chosen to illustrate the complexity of resulting 
equations. We have restricted our purpose to the following. (1) Derivation of carrier- 
mediated flux equations in terms of linear Onsager relations and the evaluation of the 
corresponding phenomenological coefficients. Calculation of the degree of coupling 
between the flows of two co-permeant species, as defined by Kedem and Caplan [16] 
was easily deduced. (2) The "quasi-chemical" notation used by Heinz [15] served to 
describe the charge-splitting reactions catalyzed by the redox chain, the ATPase 
complex and the transhydrogenase. (3) The total circuit was reconstituted and thermo- 
dynamic conditions leading to coupling between unrelated fluxes were sought. 

ANALYSIS OF CARRIER - MEDIATED FLOWS 

The systems to be studied consist in a membrane separating two aqueous 
phases of infinite size. Carrier molecules are specific components incorporated within 
the membrane, involved in the recognition of substrates and in their transfer from one 
side to the other. We adopted the thermodynamic approach given by Katchalsky and 
Spangler [13] for the treatment of carrier-mediated flows. We will examine in 
detail only the symport model, since the general procedure remains valid for any 
other model. Common assumptions are the following. 

(a) We assumed ideal behaviour for all components present either in the 
solutions or within the membrane, so that activities were replaced by concentrations. 
The expression for the electrochemical potential of a component i, at constant 
pressure, takes the usual form: 

Pl = P°+RVln  Ci+ziFO (1) 

Symbols used are listed at the end of the paper. 
(b) The empty carrier and the membrane as a whole are electrically neutral. 
(c) Suffix o stands for external or facing outwards and suffix i for internal or 

facing inwards. By convention: A/~ i = (fil)o--(fil)i and AO ---- ~bo--~b i. 
(d) Positive diffusional net fluxes (per unit membrane area) are directed from 

outside to inside, perpendicular to the membrane interfaces. They were computed 
according to the Nernst-Planck equation: 

Ji = tol Ci (--grad fii) (2) 

the thermodynamic driving force being: 

grad fii - d / ~ i  - -  RT d C  i +ziF d~i (3) 
dx Ci dx dx 
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(e) The microscopic fluxes J~ are not coupled to other driving force than 
(--grad fii). 

(f) We used the Goldman constant field assumption [17] to describe the flux of 
electrically charged species: 

d~i  A~ 
- ( 4 )  

dx Ax 

so that the fluxes of a neutral component (z = 0), a monovalent cation (z =- ~ 1), 
a monovalent anion (z ~ --1) are described by Eqns 5, 6 and 7, respectively: 

J = P(Co--C~) (5) 

j = F_ zlCP C i - - C ° e V ~ ! R T  (6} 
R T  1 - - e  FAq~/RT 

F C i - C o  e-rA*;Rr 
J - A c e  (7) 

R T 1 - e-  V~/RT 

The anion/H + symport 
Since the exact mechanisms of a symport system is unknown at present, we 

were led to include in the model depicted in Fig. 1 both fragmental experimental 
evidence and additive postulates. However, it looks basically similar to the Na ÷- 
dependent amino acid transport reviewed by Schultz and Curran [18] and further 
examined by Heinz and colleagues [26]. 

t' 
X o - 

S° ~ J° 

cxs)~ 

Ho~ J° 
xs~- 

Jx~ 

J.sh 

X i 

Ji ~ Sl- 

, (x  s/~ 

• XSH i 

--1 
Fig. 1. The anion/H + symport  model. X is the symbol for the symporter,  S -  for the anion, H + for 
the proton,  o stands for external or facing outwards,  i for internal or facing inwards. Jo Jl J 'o J'~ are 
chemical flows occurring at the interfaces and J,  Jx, Jxsh are diffusion flows of  the carrier complexes• 



201 

(1) The substrate molecule is supposed to exist as a fully dissociated anion. 
This may correspond to the situation of a monocarboxylic acid being translocated at a 
physiological pH well above its pK a. The consideration of the partially dissociated 
substrate leads to more complicated equations. 

(2) The carrier molecule takes three different forms exclusively: neutral and 
free (X), negatively charged binary complex (XS-), and neutral ternary complex 
(XSH). In view of the low intrinsic conductance of biological membranes to protons, 
we exclude the possibility of the complex (XH ÷) being formed [1, 7]. 

(3) There is an ordered sequence for binding and dissociating steps of the two 
ions. The carrier molecule bears two non-interacting sites with dissociation constants 
Ks and K h, respectively. No asymmetry is introduced into the model, such that these 
constants have equal values on both sides of the membrane. 

(4) The co-permeant species are not allowed to penetrate the membrane by 
free diffusion, so that the reactions with the carrier take place at the interfaces only 
(see Blumenthal and Katchalsky [19] for continuous models). 

(5) For the sake of convenience we will assume in first approximation that all 
three carrier forms diffuse across the membrane with the same permeability coeffi- 
cient. 

The starting point is to define explicitely the dissipation function for the system 
(see Fig. 1), which under isothermal condition takes the form: 

= JoAo+JoA'o+JiAi+JiA'i+JxAltx+JxsAfixs+JxshAllxsh (8) 

with the set of driving forces: 

A0 = t, x o + ~ s o - ~  7 . . . .  

A i = ~xi~-fiSi--f iXiSl 

a o  = ~ . . . .  "J-~ho--~XoSoho 

AI = fi .... +fih,--P~,h, 

(9) 
(10) 
(11) 
(12) 

A/tx = ~tXo-/~xl 

A~xsh = l.LXoSoho--~/xisihl 

When imposing the steady-state conditions for the membrane: 

d[Xo] _ 0 = - J o - J  x d[X~] - -  0 = Jx--Ji 
dt dt 

df-X°S°] = 0 = J o - J ' - J x ~  d[~Xi S J  - 0 = J~+Si -J~  
dt dt 

d[X°S°H°]- = 0 = J'-Jx~h d[XiSiHi]  -- 0 = J~+Jxsh 
dt dt 

(13) 

(14) 

(15) 

(16) 

the following relations result: 
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Jx = Ji = - J o  

Jxsh = J'o = -J'~ (17) 

Jxs = Jo-J 'o  = J ' i - J i  

From Eqn. 17 we deduce the equation for the circulation of the carrier: 

J,,+Jxs+Jx~h = 0 (18) 

The dissipation function becomes: 

d~ = J , , ( A i - A o +  Alax)+ gx~A~,,s+ Jx~h(A#x~h + A o - A ' i )  (19) 

Taking into account the expressions of the affinities and electrochemical gradients 
Eqns 9-15 and rearranging terms we get: 

= (Jx + Jxs + dxsh)Afixs + J x s h ( f i h o  - -  f i h i )  - -  J x ( f i S o  - -  f i s i )  (20) 

In view of Eqn. 18 the first term on the right in Eqn. 20 vanishes and when we further 
introduce the relations: 

j~ L Jxs+Jxsh -- --Jx (21) 

Jh -- Jxsh (22) 

A/2~ = /2So-fi~ i ( 2 3 )  

Afih = ~ h o - - / . ~ h i  (24) 

the steady-state dissipation function takes the final form: 

¢ --  JsAfis-~-JhAfih (25) 

Two macroscopic flows contribute only to the dissipation function. 
The problem we are concerned with now is to try and formulate the fluxes 

Js and Jh according to the Onsager linearized relations: 

.Is : L 11A~ls~-L,2A~IIa (26) 

Jh = Lz lAf i s+LzzAf ih  

We are led to impose another restriction on the system by supposing that chemical 
reactions taking place at the membrane interfaces are in local equilibrium. The reason 
is that carrier diffusion flows are expected to be rate-limiting steps. Consequently we 
have the relations: 

Ks -- [Xo]ESo] _ EXi][Si] 

[Xo So] [-Xi Si] (27) 

Kh --  IX°  S o ] [ H o ]  _ EXi S i ] [ H i ]  

EXo SoUo] [xl Hi] 

According to Eqns. 5 and 7 we can write: 

Jx = Px([Xo]-- [X~]) (28) 
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(29) 

(30) 

[Xo] _ XK~ Kh 

Ao 

[XoSo] - XKhESo] 
Ao 

[Xo So Ho] - X[H°][S°] 
Ao 

with: 

Ao = a e-V'to/arKh[So] + Ks Kh + [Ho][So] 

a i = a Kh[Si]+K~Kh+[HI] [Si] 

[ X i ]  - XK~ K h 
Ai 

[XiSi ]  -- X g h [ S i ]  
Ai 

IX, S, H,] - X[Hi][Si] 
Ai 

Recalling Eqn. 22 and inserting Eqn. 32 into 29 we get: 

([So][Ho] [S,][Hi]] 
Jh = P X  \ L Ai ] 

Symplifying and gathering terms leads to: 

AoAi \[S,] [Ho]] [Ho] 

Similarily, by inserting Eqn. 32 into 28 the equation: 

leads after simplification to: 

d s -  PXK~ Kh[Si] {[Ho] ([So] [H,]~ +aKh ([So] e-Vnomr_ 1)} 
AoA, \[S,] [no]/ 

Since: 

(32) 

(33) 

(34) 

= &  ([XoSoHo]- [XiS,H,]) 

Jx, = aVxs(EXo Sol e -va0mr-  [Xi Si]) 

with 

FA~ 
a = 

R T(1 - e-  raq,/RT) 

Inserting Eqns. 28-30 into Eqn, 18 and assuming Px = Pxs = P,sh = P, we get 

[Xo]+[XoSoHo]+a[XoSo]e -Fzlq~/RT = [Xl ]+rx i s iHi ]+a [XiS i ]  = X (31) 

X appears to be proportional to the total concentration of the carrier within the 
membrane. Using Eqns. 27 and 31 we are now able to express the different carrier 
concentrations in terms of X: 
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Afis = R T  In [S-o-] - F A ~  
[s , ]  

= RT in [Ho] +FAq, 
[H,] 

we get the equivalences: 

[ S o ]  __ eA#~/RTeFAqJ/RT 
[Si] 
[Ho] _ ed~./Rr e -  Fa*/RT 
[H,] 

(35) 

(36) 

Inserting Eqns. 35 and 36 into Eqns. 33 and 34 and gathering terms gives: 

Js ~ L I t X I - ~ - L I 2 X 2  

Jh ~ L E l X L - L L 2 2 X 2  (37) 

with 

XL = e ~ / R r - 1  (38) 

X2 = l - e  -a~h/~r (39) 

PXKs K h S K 
L11 - -Ao~- [ - [ i](a h + [Ho] erAq'/"T) (40) 

LI 2 = L2 ' _ PXKs  Kh [Ho][Si]eW~,/,~. (41) 
AoAi 

L22 _ PXKh [Ho][S,](KseFd'Pmr +a[So] ) (42) 
AoAi 

We reach the conclusion that the fluxes Js and Jh are not linearly related to the driving 
forces Afis and Afin but to exponential functions (X1 and )(2) comprising Afis and 
Aft h. But close to equilibrium (IAfis/RT { << 1) and IAfih/RTI << 1), by expanding the 
exponentials in Eqns. 38 and 39 we get: Xt '~ Afi~ and X2 ~ Afih, sO that Onsager's 
relations (Eqn. 26) are born out when the restriction of proximity to equilibrium is 
admitted. However, the phenomenological coefficients remain unchanged whereas the 
system is close to equilibrium or not. At this step of our treatment several points 
deserve discussion: 

(1) The requirement of equality of the cross-coefficients is fulfilled (L12  ~ L 2 t ) .  
The fact that Ll2 is positive indicates a mutual drag between J~ and Jh, characteristic 
of a symport system. The inequality (L12)122 << L t 1L22 resulting from the condition 
q~ >/ 0 is also satisfied. 

(2) The phenomenological coefficients depend upon the characteristics of the 
carrier (through Ks, Kh and P), the concentration of the carrier (through X), on A¢ 
and upon the concentrations of the co-permeant species. They are not time indepen- 
dent. For A~ < 26 mV at 25 °C, the term FA~O/RT tends to 1, so that simplifications 
obtain: 
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L, ,  - PXKs KH [SI](Kh+ [Ho]) 
AoAi 

PXKs Kh 
Lt2 = L21 -- [Si][Ho] 

AoAi 

L22 -- PXKh [Si][Ho](Ks+ [So]) 
AoAi 

with 

(43) 

Ao = KsKhq-/~[So]q- [Sol [Ho] 

al = K s G + G [ s 3 + [ s d  [Hd 

(3) The dimensionless coefficient expressing the coupling between Js and Jh 
can be calculated according to Kedem and Caplan [16]: 

q s y m  - -  

with 

, Ks[H°] (44) 
L12 _ [/(bKh+[Ho])(Ks+b[So]) x/Lx i L22 

b = FA~p 
RT(e Fac'/RT- 1) 

For A~ < 26 mV Gym reduces to: 

V Ks[Ho] 
qsym = (K h q- [Ho])(Ks + [So] ) 

(45) 

The interesting conclusion is that qsym depends only upon the affinities of the carrier 
molecule for H ÷ and S- and upon the external concentrations [Ho] and [So]. If  we 
assume that the external medium is of infinite size such that [Ho] and [So] can be 
considered as time-independent values, this means that the coupling between Js and 
Jh is constant with time for a given set of [Ho] and [So]. Now at fixed [Ho], Gym will 
tend to zero (complete uncoupling) when [So] becomes very large, i.e. when the carrier 
is saturated. On the other hand Gym will tend towards + 1 (complete coupling) when 
both conditions [Ho] >> K h and [So] << Ks are fulfilled. 

(4) Eqn. 26 may be written into the equivalent form: 

Afis : Rl lJs+ R12Jh 

Aft h = R21Js-~- R22Jh (46) 

If  the system is maintained at "static-head" [16] by allowing Afih to remain constant, 
when Js = 0, then: 

R12 L12 [Ho] 
Afiscss=o,aah) = - -  Afih = Afih= Afih (47) 

R22 LI 1 bKh + [Ho] 

Since the driving force Afih may be splitted into an osmotic component (ApH = 
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pHo--pHi) and a purely electrical component (A~) according to: Afih = --2.3 RT 
ApH + FAt~ 
The concentration ratio ( f  = [S i]/[So] ) that can be developped under these conditions 
can be derived from Eqn. 47: 

l n f  = LI22.3ApH+ ( L ' 2 - 1 )  F AO (48) 
L11 \L11 

The validity of such a relation can be experimentally tested in cases where it is possible 
to monitor independently ApH and A~, as was attempted, for instance, by Kashket 
and Wilson [20]. 

(5) The dissipation function (Eqn. 25) may be written into another equivalent 
form by inserting new driving forces: A/~sh = Afisq-Afih the gradient of neutral sub- 
strate and Ap = A~th/F the proton-motive force as defined by Mitchell [1 ]. New flows 
are the substrate flux Jsh = Js and the total electrical current I = F(Jh--J~). The 
proton-motive force can be determined by introducing a pair of reversible electrodes 
to protons and by measuring the potential difference [21]. The dissipation function 
becomes: 

q~ = J~nAl~sh + IAp (49) 

The Onsager relations become: 

J~h = ll tAP~h +I12Ap (50) 

I = 121AlJsh+122A p 

with the new phenomenological coefficients: 

lil = Ll l  

/22 = F2(L, l+L22)  (51) 

lt2 = lzl = F(Lt2- -L , I )  

Since L 11 > Lt2 as predicted from Eqns. 40 and 41, then lt2 is negative so that d~h 
and I are driven in mutually opposite directions. The degree of coupling between 
Jsh and I is given by: 

bKh q = - (52) 

b [Ho][So]) (bKh+[Ho]) V ( [ H o ] +  ~ 

Other carrier - mediated flows 
Following the general treatment detailed above for the anion/H + symporter, 

other carrier models have been analyzed in Table I, where the pertinent information 
is given. In any case the linearity and the symmetry of the Onsager relations are 
satisfied close to equilibrium. Contrary to symporter cases where the fluxes of the 
co-permeant species are dragged in the same direction (qsym > 0), for antiporters the 
fluxes have obviously opposite direction (q,.t < 0) [15]. 
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A. Neutral substrate/H + symporter 

X o ~ X  ! 

XSo~ ~ XS I 

f bK~[Ho] 

q~ym = + ( K h + b [ H o l ) ( K . + [ S o ] )  

B. Anion/anion antiporter 

xs3 ~ ~ xs~ 

X o ~ X I 

R5 ~ ~ R/ 
x %  - -  ~ XR~ 

[Ro] [So] 
qa.t  : - - b  l /  

[ (Ks +b[So])(K~ +b[Ro])  

C. Cation/H + antiporter 

X H~) .,"" ~XH~" 

X o ~  ~ X 1 

qant = - -b  f l  [Ro][Ho] 
(Kt, +b[Ho])(K~ +b[Ro])  

t .Is : Ll lAI~s+L12A~H 

[ JH = L z l A t ~ s + L 2 2 A p .  

P(SYM) 
L l l  - - -  g s K . [ S i ] ( g .  + b [ H o ] )  

RTAoAt  

P(SYM) 
Lz2 -- bKh [Ho] [SI](Ks+ [So]) 

RTAoAt  

P(SYM) 
L 1 2  : L X l  - -  KsKhb[Ho][St] 

RTAoAI  

F A ~  
b =  

RT(1 --exp -- FAtlI /RT) 

Ao : K~Kh + Kh[So]+b[Ho][So] 

- - F A ~  
A t  = K s K h + K h [ S l ] + b  exp RT- - -  [HI][Si] 

.Is : L l l A~s+LI2A f i r  

Jr = LziA,fis + L22Apr 

P(ANT) 
Lx l  -- KsKrb[So](K~+b[Ro]) 

RTAoAI  

P(ANT) 
Lz2 - -  KsKrb[Ro](K~+b[So]) 

RTAoA,  

--R(ANT) 
L12 = L21 = - K~K~b2[So][Ro] 

RTAoAI  

F A ~  
b =  

R T(exp FA ~ / R  T -- 1 ) 

Ao -- KsKr+bKr[So]+bKs[Ro]  

FAT J 
At  = K~Kr+bKr exp ~ -  [SI]+bK~ exp FA~S [RI] 

R T  

{ 3"r = L l lA f i rq -L l zAf ih  

Jia = L21A~r -~L2 zA/~h 

LH -- P(ANT) K~Khb[Ro] (Kh+b[Ho]) 
RTAoAI  

P(ANT) 
L22 -- - -  KrKhb[Ho](Kr+b[Ro])  

RTAoAI  

L l z  = L2t -- P(ANT) b2K, Ktt[Ho][Ro ] 
RTAoA* 

F A ~  
b :  

R T ( 1  --exp -- FA ~/R T) 

Ao = KhKr+bK~[Ho]+bKh[Ro]  

FA ~P 
Al = KhKr+bKr[Ht]  exp -- R T -  +bKh[Rt]exp -- - -  

F d ~  

R T  
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C H A R G E  - S P L I T T I N G  R E A C T I O N S  

The biochemical reactions leading to oxygen consumption (respiration) and to 
the synthesis or hydrolysis of ATP (reversible ATPase) are responsible for the 
chemical conversion of particular reactants into products and for the simultaneous 
vectorial transfer of protons from one side of the membrane to the other. The asym- 
metric localization within the membrane of the components that catalyze such reac- 
tions is thought to allow such a dual function to occur (for details see refs. !-3). 
Whatever the number, the nature and the sequence of the microscopic steps involved 
may be, a steady-state treatment similar to that used above for carrier-mediated 
flows leads to a dissipation function of the form: q~ = JA, corresponding to a macro- 
scopic reaction [15]: 

kl 
vsS+vhH~ ~ vpP+vhHo + (53) 

where S and P stand for reactants and products, respectively, and where k t and k2 
are apparent rate constants. The expressions for the macroscopic flux and affinity are: 

d r = k l  [S ]V ' [H i ]  T M -  k2[P]VP[Ho] TM (54) 

A = (v, Ps - Vp/Zp)- Vh Afih (55) 

Close to equilibrium the flux J is proportional to its chemical affinity (J : LA)  and 
the phenomenological coefficient is simply: 

L - k'[S]V'[HilVh - k2[P]VP[H°]'~ (56) 
R T  R T  

As shown in Eqn. 55, the overall affinity can be splitted into a purely chemical 
component: VehAeh----Vs#~--Vp/~ p and an electro-osmotic component given by 
--VhAfih. We can derive the equation which describes the proton translocation flux as: 

Jh ~- --VhJ (57) 

and that of the associated purely chemical flux: 

deh = VehJ (58) 

In the absence of side reactions Jh and Jeh are completely coupled (q = --1): 

Jeh ---- L c e A e h + L c h A f i h  

Jh : ZheAeh + thhh~h (59) 

with 

Lee = ~,eh2t 

Zeh  : Lhe : --VchVhL 

Lhh ----- Vh2L 

The negative sign in Leh indicates that when the chemical flow Jeh proceeds in the 
direction given by Aeh, the proton flux Jh is directed outwardly. 
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Following the general scheme given above, the phenomenological coefficients 
were derived for the redox chain, the ATPase reaction and the transhydrogenase 
reaction by respecting the stoichiometry associated with each process (Table II). 

C O U P L I N G  P H E N O M E N A  IN T H E  P R O T O N  C I R C U I T  

We will consider a very general case in which several processes take place 
simultaneously as depicted in Fig. 2. Ten macroscopic flows contribute to the dissipa- 
tion function of the system. Close to equilibrium, each flow is linearly dependent upon 
its conjugated driving force and upon Afih, the electrochemical potential gradient of 
protons: 

j~x  = _ 2nLOXAOX + 4nZUXAfih 

Jox = L°XA°X-2nL°~Afih 

jATP = __ 2LATPAATP + 4LATPA ]'~h 

jATP = LATPAATP__2LATPA~h 

Jh NAD = -- 2LNADANAD + 4LNADA ~h 

jNAD = LNADANAD2LNADAfih 

jsym ---- L12 Afis + L22 Afi h h 

Js = LltAfis+L12Afih 

j~Nr = El 2 Aftr + E22 Afih 

Jr = EllAfir+E12Afih 

(60) 

jox 

j~tp 
jatp 

j ~  
jnad 

~o - s;- Ht Us 

G j,~r" 

R ~  J~ 

Fig. 2. A general  p ro ton  circuit. The  circuit  is made  o f  the redox chain  (jo~, jhox), the ATPase  com-  
plex (jArP, ./ATe), the t r anshydrogenase  (JNAO, Jr NAt)), one sympor te r  (J~, Jh sym) and one ant iporter  
(Jr, jhant). 
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The expressions for the coefficients L1 1, L,, and L,, are given in Eqns. 40-42 
and for L’, 1, LIZ2 and Lllz in Table I. However, in such a system none of the individual 
proton flows can be measured independently and only the total proton flux is observ- 
able : 

JF = J;+Jy+Jy+Jslym+Jy (61) 

Consequently the IO-flow system is equivalent to a 6-flow system, one of them being 
the circulation of the protons: 

J ox = L”“A”” - 2nL”“Aji, 

J ATP = LATPAATP _ ~LATPA/& 

J NAD = LNADANAD _ ~LNADA~, 

JS = L,, 4%+~,,4, 
J, = L’, 1 A/7, + Ii, 2 A&, 

tot J, = -2nL”XAo”-2LATPAATP-2LNADANAD+L1ZA~s+L!12A~r+pA& 

with 

(62) 

p = 4n2_LY+4LATp+4LNAD+L22+L;2 

It is seen that Jhtot is the unique flow of the system which is dependent upon all the 
driving forces operating in it. Each flow will depend upon the other forces when a 
first-order stationary state is reached, given by a constant proton circulation: 

Jy = 0 (63) 

In that case: 

pA&, = 2nL”“A”“+2LATPAATP+2LNADANAD- L,, A,&-L’,, Afi, (64) 

By replacing Eqn. 64 in Eqn. 62 we get in matrix formulation: 

= ( lik)(AoXAATPANADAfis A,&) (65) 

Explicit li, phenomenological coefficients are listed in Table III. It can be seen that 
the symmetry of all cross-coefficients is respected. Recalling that L’i2 is negative (see 
Table I), the signs of the coefficients in Table III allow trivial conclusions. 

(a) II2 = 12r < 0 indicates that Jox and JATP are driven in opposite directions 
so that respiration is coupled to ATP synthesis (oxidative phosphorylation) and 
ATP hydrolysis is reciprocally coupled to oxygen production from water (reversal of 
the electron chain). The partial coupling coefficient relating Jo” to JATP is given by: 

qox/ATP = Jl;:21; 

4nLO”LATP 
(66) 

=- 
&xLATP(~LATP+ 4LNAD +L,,+L>,)(~F?L”“+~L~~~+L~~+L~~) 
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Complete coupling (qox/A'rP- 1) occurs only when either the transhydrogenase 
reaction and tbe carrier-mediated flows are absent from the system (L NAp ---- L22 = 
L'22 ~ 0) or the particular situation 4L~AD+L22-}-L'22 ---- 0 is realized. There is a 
competition between ATP synthesis and other processes in normal conditions for the 
energy available from the redox chain and the value of the coupling coefficient 
qox/ATa will depend upon the magnitude of the term 4LNAD-~-L22-~-L'22 before 4L ATP 
and 4n2L °X. 

(b) The reduction of NADP + by NADH, catalyzed by the energy-linked 
transhydrogenase, may be driven by respiration (131 < 0), ATP hydrolysis (/32 < 0) 
and also by the net efflux of an anion (134 > 0) or the net influx of a cation (135 < 0). 

(c) The symporter-mediated net inward flux of an anion may be driven by 
respiration (141 > 0), ATP hydrolysis (/42 > 0), reduction of  NAD + by N A D P H  
(143 > 0) or net influx of  a cation through an antiporter (145 > 0). It can also be 
predicted that, conversely, the net outward flux of the same anion should lead, to the 
reversal of the electron chain, to ATP synthesis, to energizing of the transhydrogenase 
and to drag of the outflux of  a cation. Experimental evidence for the occurrence of 
some of these coupled processes in vivo has been established (see the critical survey 
given by Greville [6]). 

(d) We will consider a particular case of the proton circuit which received 
much experimental attention during the past few years. It concerns the transport of a 
substrate (say an anion) through a symporter in bacterial membranes. Closed mem- 
brane vesicles that conserved the original right-side-out orientation can be easily 
prepared. Respiration can be induced by supplying an electron donnor such as 
D-lactate and it was observed that a great number of molecules are accumulated 
inside against a concentration gradient [22]. The situation is described by the set of  
equations: 

jox = ii 1AOX+ll4Afis (67) 

Js = 14.l A°X +144 Afis 

when the total proton flux reaches a stationary state. The coefficients are: 

/ 1 1  - -  
L°XL2 2 

P 

L1 144 _ l (68) 
P 

/14 = 14x -- 2nL°XLl2 

P 

with p ---- 4n2L°X-~-L22 . 
The coefficient expressing the coupling between jox and J~ is: 

_ 114 _ 2nx/L °~ LI2 
qox/sym X/ll 1 144 4L11L22 

1/- kox[ R H  z][ O 2]½[ Ho] Ks 
_ _  -- 2n[ni ]"  [ /  

R T [ b K  h + [Ho]][  K s + b[So]] 

(69) 
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Eqn. 69 shows the dependence of the coupling upon n, the number of oxido-reduction 
loops in the chain, and upon the concentrations of the feeding substrates RH2 and 02. 
The factor of concentration f = [Si]/[So] can be computed when a static-head situa- 
tion is maintained: 

11 * AOX = L°XL d,us(a°~= .. . .  t, js=o~ -- --2n - 12 AOX (70) 
144 Lt 1 

The chemical affinity can be equated to: 

A °x = 2FAE' 

where AE'  represems the oxido-reduction potential span between the first and the 
terminal electron acceptor in the chain, so that we get at last a linear relation similar 
to Eqn. 48: 

In f - 4nF L°~L12 A E ' -  F__ A¢  (71) 
R T  L11 R T  

DISCUSSION 

Concepts in irreversible thermodynamics have already served to describe 
puzzling problems such as oxidative phosphorylation [14], carrier-mediated flows 
[13, 19] or the coupling between a diffusion flux and a chemical reaction [15, 231. 
Active transport phenomena involving a membranous carrier were interpreted rather 
unsatisfactorily until the chemiosmotic theory was proposed by Mitchell [1 ], because 
of the difficulty to attribute a physical meaning to the required energy. The description 
given here attempted to illustrate the fact that active transport can simply result from 
the thermodynamic coupling between unrelated driving forces operating in a given 
system under defined conditions. It was not used to help in proving or invalidating the 
theory, but rather to derive a number of consequences from admitted premises. The 
basal postulates of the chemiosmotic theory that we started from were the occurrence 
in the proton circuit of [1 ] (i) particular chemical reactions leading virtually to the 
transfer of protons from one side of the membrane to the other (electron-transfer 
chain, ATPase complex, transhydrogenase) and (ii) biporter molecules able to trans- 
locate H + simultaneously to another chemical species in the same or opposite 
direction. Our contribution, as compared to similar thermodynamic approaches in the 
field of transport [ 13, 15 ] was to avoid deliberately a too highly generalized description 
of the carrier-mediated processes, ignoring the parameters of the carrier molecules 
(affinity, mobility), and of the charge-splitting reactions abstracting their stoichio- 
metry. Phenomenological coefficients appearing in the computed Onsager relations 
were then explicitly formulated so that their properties have been scrutinized. 

The validity of the conclusions to be drawn is dependent upon a number of 
primordial conditions, restrictions and simplifying assumptions that we were led to 
introduce in the course of the mathematical treatment. (1) The contribution of the 
solvent (water) was not taken into account, so that further studies are open to include 
in the model osmo-osmotic and electro-osmotic phenomena. (2) In the Nernst- 
Planck equation used for computing the microscopic fluxes of charged carrier com- 
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plexes, we assumed a constant electric field across an uncharged membrane [17]. 
Any other hypothesis concerning the distribution of fixed charges within the mem- 
brane should lead to different conclusions. (3) The treatment was applied at steady 
state so that only macroscopic flows appear in the dissipation function. We neglected 
the possibility for microscopic flows to be coupled to non-conjugated driving forces. 
(4) The permeability coefficients of the different carrier complexes were taken to be 
equal. It can easily be shown that the removal of such a restriction leads to more 
complicated equations without modifying the conclusions. (5) The reactions taking 
place at the membrane interfaces between the carriers and the ligands were assumed 
to be in local equilibrium. (6) Macroscopic chemical and diffusional fluxes are linearly 
connected to the driving forces only close to equilibrium. The extension of the treat- 
ment in the non-linear range [24] is open to further investigation. (7) The proton 
circuit has been idealized in the sense that we neglected all side reactions such as the 
free diffusion of protons and other ions across the membrane, as well as the trans- 
location of Pi, ATP and ADP through specific transporters. It is expected that such 
processes participate in the modification of the efficiency of coupling between the 
remaining fluxes [15]. 

A conclusion already reached by several authors [11, 13] is that Onsager's 
phenomenological coefficient appearing in carrier-mediated flux equations depends 
upon state parameters such as internal and external concentrations of the co-permeant 
species. We found in addition that the degree of coupling between the fluxes mediated 
by the same carrier is completely governed by dissociation constants and by the 
external concentrations of the species. It was shown that the increasing saturation 
of the carrier with one of them leads to a corresponding reduction of q. On the other 
hand, q increases when the species are at very low external concentrations. Self- 
uncoupling is therefore an interesting property of biporter carriers. This kind of 
coupling modulation should give to the cell the ability to save energy when the 
concentration of  a particular substrate is not limiting for growth or development. 

In the multiple-flow system, the dependence of each flow upon all driving 
forces present emerges only when a first-order stationary state, given by a zero net 
inward proton flux, is reached. This is a well known case of"s ta t ionary state coupling" 
between diffusion processes and chemical reactions discussed by others [12, 23]. 
It remains to be tested experimentally whether a constant circulation of protons is 
rapidly established in vivo [6]. 

As shown, the translocation of a substrate against its electrochemical gradient 
(active transport) is made possible at the expense of a variety of other processes: 
examples of osmo-osmotic and chemico-osmotic couplings were illustrated in the last 
section. In agreement with the chemiosmotic model of Mitchell [2, 3], we predicted 
only "secondary active transport" [15], in the sense that we need not postulate two 
or more conformations for the carrier, one being the result of a specific chemical 
reaction between the carrier molecule and some energy-rich compound. The carrier 
function is restricted to the recognition and capture of a particular solute but the 
mediated fluxes are controlled by numerous forces operating within the system. If  the 
carrier possesses interacting binding sites or subunits, new regulatory properties will 
emerge (see for instance the allosteric model of Blumenthal and Katchalsky [19]). 

The treatment given in this paper may be easily extended to other circuits. 
Because of numerous analogies, the transposition is immediate for the Na + and K ÷ 
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circuit in eukaryotic cells where the reversible pile is the (Na+ + K +  )-activated 
ATPase of the plasmatic membrane and where Na + plays the role of protons in 
symporters [18, 15]. 

LIST OF SYMBOLS 

Vectorial flows are given per unit membrane area 

P~ fii chemical, electrochemical potential of component i 
pi ° standard chemical potential of component i 
z i valence of  component i 
F Faraday constant 
R gas constant 
~, A~b ---- @o--~O i electrical potential, electrical potential difference 
Lii,/ii 
Lik, Ilk 
Rii 
Rik 

Ap 
K 
k 
A 
I 
q 
T 

Pi 
(D  i 

Ji 
Ax 

straight coefficients relating the ith flux to the ith force 
cross-coefficients relating the ith flux to the kth force 
resistance coefficient relating the ith force to the ith flux 
resistance coefficient relating the ith force to the kth flux 
dissipation function, entropy production under isothermal conditions 
proton - motive force 
equilibrium constant 
rate constant 
chemical affinity 
electrical current 
degree of coupling between two fluxes or two forces 
absolute temperature 
stoichiometric coefficient 
carrier ith complex permeability coefficient 
molar mobility of component i 
flux of  component i 
membrane width 
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