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Summary 

A model  of  active ion transport  is analyzed in which an essential part  of  the 
pump molecule is an ion channel. Ion translocation in the channel is described 
as a series of  jumps between binding sites which are separated by  energy 
barriers. Pumping action results from a transient energy<iependent modifica- 
tion of  the barrier structure of  the channel and requires only minor confor- 
mational changes of  the pump molecule. This model  is applied to the light- 
driven proton pump of  Halobacter ium and to redox-coupled proton pumps in 
the mitochondrial  respiratory chain. Similar considerations may be used to 
describe ATP-dependent  ion transport.  

Int roduct ion 

Transmembrane ion transport  against an electrochemical potential  gradient 
may be driven by a number  of  different energy sources, such as ATP hydrol- 
ysis, redox energy, or light. Well-known examples of  ATP-dependent active 
transport  systems are the Na÷/K ÷ pump [1],  the Ca ~÷ transport  system in the 
sarcoplasmic reticulum [2] and the H ÷ transport  system in Neurospora [3]. 
In chloroplasts of  green plants and in mitochondria,  electron flow driven by 
redox-potential  differences is coupled to active H ÷ transport  [4,5].  Light, 
besides being the primary energy source of  the electron transport  chain in 
chloroplasts, may also drive proton transport  directly (without  intermediate 
redox reactions) in the purple membrane of  halophilic bacteria [6--8].  In most  
(or all) of  these systems the transport  is electrogenic, i.e. the translocation of  
the ion is accompanied by  a net  transfer of  electrical charge across the mem- 
brane. So far, the molecular mechanism of  coupling between energy input and 
ion translocation is poor ly  understood.  One possibility which has been 
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frequently discussed in the past [9,10] is a mobile carrier which is chemically 
modified (for instance, by phosphorylation) on one side of  the membrane.  In 
this way, the carrier acts as a pump if the chemical modification leads to an 
asymmetric change of  binding strength of  the transported ion. In recent years, 
however,  evidence has been accumulated that  many transport  systems are rela- 
tively large proteins spanning the entire thickness of  the membrane.  Such a 
protein is unlikely to act as a mobile carrier and it is more probable that 
pumping is brought  about  by some conformational  change of  the protein while 
the molecule as a whole remains more or less fixed within the membrane [45, 
10,11].  For  instance, bacteriorhodopsin which acts as a light-driven proton 
pump is organized in a two-dimensional crystalline array in the purple mem- 
brane [7,8].  Bacteriorhodopsin exerts its pumping function despite the fact 
that  the rigid lattice virtually prevents any translational or rotational mot ion of  
the protein [12].  

In this paper, a model  is analyzed in which active ion translocation requires 
only minor conformational  changes of  the transport systems. The model is 
based on the assumption that the transport  system has a number  of  ion-binding 
sites which are arranged in a sequence bridging the thickness of  the membrane. 
Ion translocation may then be visualized as a series of  jumps between energy 
minima (the binding sites), which are separated by  activation-energy barriers. 
This concept  has been widely used to describe passive ion transport  across trans- 
membrane channels [13--17].  Such an ion channel functions as a pump if the 
barrier structure of  the channel is transiently modified by  an energy-supplying 
reaction. For  instance, absorption of  a light quatum or transition to another 
redox state may alter the pK of a proton-binding site in the channel and, at the 
same time, change the height of  the adjacent barriers. In this way a proton is 
preferentially released to one side of the membrane;  during the transition back 
to the original state of  the channel, another proton is taken up from the 
opposite side. In the following, such a barrier model  is applied to light<lriven 
proton transport;  in a later section application to redox pumps is discussed. 

Basic properties of the barrier model: application to light~lriven proton trans- 
port 

We consider a transmembrane proton channel consisting of  a series of 
binding sites separated by energy barriers (Fig. 1). In the ground state a proton 
occupying the channel is assumed to be located most  of  the time in the deepest  
energy minimum (the main binding site). This binding site is easily accessible 
from the left (cytoplasmic) phase bu t  separated from the right (external) phase 
by a high-energy barrier (Fig. 1). Absorption of  a light quantum shifts the 
energy level of  the binding site upward (corresponding to a decrease in binding 
strength) and changes the height of the neighbouring barriers in such a way, 
that  the protein is released preferentially to the right (external) medium. In the 
case of  bacteriorhodopsin there is evidence that  excitation of  the retinylidene 
chromophore  leads to dissociation of  a proton from the Schiff base [18--22].  
A modification in the height of  an activation-energy barrier may result from a 
small conformation change in the ligand system of the proton channel. The 
idea that  bacteriorhodopsin contains a proton channel consisting of  a sequence 



145 

energy I~ 

i*l i-I i÷l 

i 

Fig. 1. Trans~aembrane ion channel  consisting of a series of ion-binding sites separated by energy barriers. 
The barrier structure of the channel  is modif ied by an energy-supplying reaction.  

of  binding sites has already been discussed in the literature [20 ,23 ,25] .  
A reaction scheme for the whole  pumping cycle is depicted in Fig. 2. 

Absorption of  a photon in the ground state (HP) leads to a short-lived excited 
state HP** which relaxes to the activated state HP* from which the proton is 
released to the external medium {phase"). The state HP** {which may repre- 
sent a higher vibrational level of  the chromophore)  is introduced here in order 
to account for the limited reversibility of  the pump (see below).  For generality 
we assume that there is a finite probability for thermal deactivation of  state 
HP* directly back to the ground state HP (rate constant k"). After release of  
the proton from state HP*, a dark transition back to the conformation with a 
low barrier on the left {cytoplasmic) side may take place (P* -* P). The original 
state is restored by uptake of  H ÷ from the cytoplasmic side {P-~ HP). The 
whole cycle is equivalent to the net transfer of  one proton from the cytoplasm 
to the external medium. State HP* may be tentatively assigned to the Lss0 
intermediate, state P* to the deprotonized M412 product and state P to the 
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Fig. 2. Transitions be tween  the different states of  the proton channel  during the pumping cycle .  Only the 
main proton-binding site and the two  neighbouring energy harriers are shown.  N, N*, N**, N O and N~ are 
the number  of  channels  in states HP, HP*, HP**, P and  P*, respectively.  
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0640 product  which is reprotonated to give the original RsTo protein [23,24, 
26--28] .  It should be emphasized that  this kinetic scheme does not  account  for 
all photo-chemical  intermediates observed so far with bacteriorhodopsin,  bu t  
has to be regarded as a minimal model  of  a light<lriven proton pump.  Such a 
model  may be useful for an approximate description, since the kinetics of  the 
overall process are mainly determined by a limited number  of  relatively long- 
lived intermediates. 

For  the formal analysis of  the model,  we introduce the following assump- 
tions: 

(1) The bandwidth of  the incident radiation is sufficiently narrow so that  
light is absorbed by species HP only (Fig. 2). 

(2) The rate-limiting barriers for proton transport  are the two barriers on 
either side of  the main binding site (i). The outer  barriers are low enough so 
that  binding sites (i -- 1) and (i + 1) are always in equilibrium with the respec- 
tive aqueous phases (Fig. 1). Furthermore,  the binding strength in all energy 
minima besides the ith minimum is so low that  these minima are rarely 
occupied. 

(3) In the ground state (HP) the barrier to the right of  the main binding site 
is of  virtually infinite height and in the activated state (HP*) the barrier to the 
left. This means that,  in the ground state, the binding site may exchange a 
proton only with the left-hand solution and in the activated state only with the 
right-hand solution. 

(4) In the primary excited state (HP**), proton dissociation from the binding 
site may be neglected, either because of  the height o f  the barriers or because of  
the low concentrat ion of  species HP** (or both).  

(5) Transition between HP** and HP* are fast compared with the other  reac- 
tions so that  species HP** and HP* are always in equilibrium with each other. 

These assumptions have been introduced here mainly for mathematical con- 
venience and may  be omit ted  in the framework of  a more general treatment.  

If Np is the total  number  of light-activated proton channels in the mem- 
brame, the number  Ni-1 of  channels with a proton in the (i --  1)th binding site 
is given by  (according to assumption 2): 

N i - 1  = N p O ' a '  (1) 

a' is the proton activity in the left-hand aqueous phase (phase') and 0' a 
constant.  Denoting the rate constant  for jumps from the ( i -  1)th minimum 
into the binding site by k~-i and the number  of  channels with unoccupied 
binding site by No, the rate of  association between protons from phase' and the 
binding site may be writ ten as 

k ' i - lg i  1 No = k~-lO'a'Yo = kaa'Yo (2) 
- Y p  

No/Np is the probabil i ty that  the binding site is empty  and k a = 0'k[--1 is the 
association rate constant.  If N is the number  of  channels with occupied binding 
site and kd the dissociation rate constant ,  the dissociation rate is given by kdN.  
In the equilibrium state both  rates are equal, so that  

a'/V0_ _ hd _ g (3) 
N ha 
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N and No are the equilibrium values of  N and No and K is the equilibrium 
constant  of  dissociation. Introducing the number  N$ and N* of  activated 
channels with empty  and occupied binding site (states P* and HP* in Fig. 2) 
and using an analogous argument as above, the equilibrium constant  of  disso- 
ciation in the activated state, K*, is obtained as 

- - K *  ( 4 )  

a" is the proton activity in the right-hand solution and k~ and k~* are the rate 
constants of dissociation and association in the activated state. 

If the system is irradiated with light of intensity J the rate of transition from 
the ground state HP to the excited state HP** is equal to rN, the rate constant 
r being given by 

r = r0 + 7 J  (5) 

where r0 is the rate constant  for spontaneous excitation in the dark (J  = 0) and 
~/is the absorption cross-section. 7 is related to the molar extinction coefficient 
e by the relation 7 = l O 0 0 ( e / L ) l n  10, where L is Avogadro's constant.  The rate 
constant,  s, for the reverse transition (HP** -~ HP) may be writ ten as 

s = So + ~'J (6) 

The term ~J  accounts for the possibility of  induced emission which has, at a 
given light intensity, the same probabili ty as absorption [29].  (Although the 
actual rate 7JN* * of  induced emission is usually very low, the term -yJ has to be 
included in order to make the model  internally consistent.) For  the representa- 
tion of  the final results, it is useful to introduce the following equilibrium con- 
stants: 

N * *  _ r 0 

- A  (7) 
N So 

N** f 
- -  - - B ( 8 )  
N* g 

N* k' 
- - S ( 9 )  

N k" 
- -  t 

N 0_ ho 
,, - S o  ( 1 0 )  

No ko 

The equilibrium values of  N, N*, etc. are denoted by  a bar. In general, the rate 
constants ro, So, f, g, k', k" ,  k~ and k~' (Fig. 2), as well as the equilibrium con- 
stants A, B, S and So, are functions of  voltage. It is seen from Eqns. 7--9 that  
the following relationship holds: 

A = B S  (11) 

Furthermore,  Eqns. 3, 4, 9 and 10 together yield S K * / S o K  = a" /a ' ,  where the 
ratio a"/a '  refers to the equililibrium state (vanishing proton flux and vanishing 
light intensity). An equilibrium state for J = 0 and a' ¢ a" is only possible if a 
voltage Vm = ~ (the equilibrium potential for H ÷) is present across the mem- 
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brane, which is given by the Nernst equation (the index e denotes the equilib- 
rium state): 

r ,  

exp(ue) = ~ (12) 
a 

V~m _ (~ '  -- ~")e (13) 
ue - kT/eo kT/eo 

k is the Boltzmann constant, T the absolute temperature, e0 the elementary 
, 0  • . . , , ,  charge and ~'  and ~ are the electrmal potentlals in the aqueous phases and , 

respectively• This yields the relation SK*/SoK = exp(ue ). However,  as any value 
of  ue may be obtained by a suitable choice of  the ratio a"/a' and as S, So, K 
and K* are independent  of  a' and a",  we have, at arbitrary voltages u = VmF/ 
RT,: 
SK* - exp(u) (14) 
SoK 
In the following we consider the stationary state of  the transport  system in the 
presence of  a constant  light intensity J. Absorpt ion of  photons raises the 
number  of  activated pump molecules (state HP*) above the equilibrium value 
(which may be close to zero) and thus creates a driving force for the reaction 
HP* -~ P* -~ P-~ HP during which a proton is released to phase" and another 
proton is taken up from phase' (Fig. 2). The stationary proton flux ep from 
phase' to phase" is equal to the rate of  transition from HP* to P* minus the 
rate of  reverse transition (P* -~ HP* ): 

• . . . .  * (15) = - -  k a a  No ka N 

By determining the stationary values of  N* and N~, the following result is 
obtained (Appendix A): 

Np k' 
~ b = ~ - [ ( r 0 +  ) ( 1 - -  w) + T J ( 1 - -  Aw)] 

tr a 
w -- --r exp(--u) = exp(--APH/RT) 

G 

1 + So k,)[1 + So p -  l + wS(l  + B) + ~ + (ro + k a-~ 

(~-~d a " / K " - ~ d )  ( l + l / S 0 e ~ ) ]  • wS +--~o + + w a"k* 

(16) 

(17) 

xwo  
+ + ~ - ~ +  , + T J  1 +So) ~ k0 

+ (I + 2B)(WS a"/K* ~-~d)l 
k d + ~ k 0  + (18) 

R is the gas constant  and A~H = ~ -- ~ is the difference of  the electrochemi- 
cal potentials for H ÷ between phase' and phase". Eqns. 16--18 describe the 
proton flux qb as a function of  the external variables a', a", u and J (the mem- 
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brane voltage u is also impl ic i t ly  con ta ined  in ra te  cons tan ts  and the  equilib- 
r ium cons tants ) .  It  is seen tha t ,  in the  absence o f  an e lec t rochemica l  po ten t ia l  
gradient  (w = 1), the p r o t o n  f lux d) is a l inear func t ion  o f  light in tens i ty  J at  
small values o f  J.  On the  o the r  hand,  (P becomes  i n d e p e n d e n t  o f  light in tens i ty  
in the  l imit  J -*  oo since/3 is a l inear  func t ion  o f  J .  In expe r imen t s  with purp le  
bacter ia ,  sa tura t ion  o f  p r o t o n  f lux is observed at  l ight intensi t ies  o f  the  order  o f  
10 mW/cm 2 (at  a wavelength o f  575 nm) or  3 • 10 le q u a n t a / c m  2 • s [30] .  With 
a peak  ex t inc t i on  coef f i c i en t  o f  e ~ 5 • 104 M -1 • cm -1 [7] ,  or  an absorp t ion  
cross-sect ion o f  3 ~ ~ 2 • 10 -.6 cm 2, this cor responds  to  an absorp t ion  rate o f  
3'J ~ 6 s -1. 

Short-c ircui t  current,  turnover  rate and reversal po ten t ia l  
A simple s i tua t ion  arises when  the  p r o t o n  activities on b o th  sides of  the  

m e m b r a n e  are the  same (a '=  a")  and when  the  m e m b r a n e  voltage vanishes 
(shor t -c i rcui t  condi t ions) .  In this case, w = 1 holds. Eqn.  16 t he re fo re  yields: 

Np(1  - - A )  TJ  (19) 
~Ps¢ = -ti- 

The  co r re spond ing  electr ical  shor t -c i rcui t  cu r ren t  Isc is given by  Is¢ = e0dPsc 
(e0 is the  e l e me n ta ry  charge).  

In p h o t o c h e m i c a l  expe r imen t s  wi th  suspensions o f  isolated purp le  mem- 
branes,  the so-called t u rnove r  ra te  p is de t e rmined  u n d e r  the  cond i t ion  a '=  
a"  = a, u = 0, J -~  :¢. p is the  n u m b e r  o f  p h o t o c y c l e s  p e r f o r m e d  by  a single 
p u m p  molecu le  in 1 s at  sa tura t ing light in tens i ty .  F r o m  Eqns.  14, 18 and 19, 
the  t u r nove r  ra te  is ob ta ined  as 

P = \ - ~ p l j _ . ~  

1 - - A  

( l + S 0 )  + .B  + - - +  ( l + 2 B )  + 
ko Voo + 

(20) 

In expe r imen t s  with isolated purp le  m e m b r a n e  f ragments  the t u rnove r  ra te  was 
foun d  to  be p ~ 100 s -1 [8] .  On the  basis o f  Eqn.  21 this would  mean  tha t  at  
least one  o f  the  quant i t ies  S/kd,  k~ and ko' is o f  the  o rde r  o f  100 s -I (while the  
o t he r  two m a y  be m u c h  larger). 

The  reversal po ten t i a l  u0 o f  the  p u m p  is the  m e m b r a n e  voltage for  which,  at  
a given light in tens i ty  J ,  the  p r o t o n  f lux th rough  the  p u m p  vanishes. F r o m  

p = + ~ + ,, (21) 
kd ko 

It  is seen f rom Eqn.  20 tha t  the  pH d e p e n d e n c e  o f  p m a y  be ra the r  compli-  
cated.  Eqn.  20 assumes a m u c h  s impler  f o rm  if  the  fo l lowing tw o  addi t ional  
assumpt ions  are i n t roduced :  (a) The  energy o f  the  exc i ted  state  is so high tha t  
N** < ~ N  and N** < < N * ;  this means  tha t  A < <  1 and B < <  1 (Eqns.  7 and 
8). (b) The  rate  cons tan t s  o f  p r o t o n a t i o n  (a'ka, " * a ka) are m u c h  larger than the  
o t he r  ra te  cons tan ts .  Unde r  these cond i t ion ,  Eqn.  20 reduces  to  
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Eqns. 16 and 17 one finds 

a" k' u0 = In -7 + In ro + + A T J  (22) 
a r o + k ' + T J  

At u = u0 electrochemical potential  gradient for  protons across the membrane 
exactly compensates the driving force of  the pump. According to Eqn. 17, 
Eqn. 22 may be writ ten in the equivalent form 

ro + k '  + A T J  
(Afs)o  = R T  In (23) 

r0 + k' + 7J  

where (Af  H)0 is the electrochemical potential  difference for which the proton  
flux through the pump vanishes. If the pump starts to work under  the initial 
condit ion u = O, a ' =  a"  (Af  H = 0), an electrochemical potential  difference 
gradually builds up, which consists partly of  a voltage u and partly of a pH dif- 
ference. With increasing absolute value of  A f  H, the rate of  the reverse process 
(P* + H ÷ -~ HP*) is enhanced. In this condit ion and in the absence of  leakage 
pathways, the electrochemical  potential  difference reaches the limit (A~H)0 
at which the forward and backward rates become equal (¢P = 0). Thus, (Af  H)0 
is the maximum electrochemical  potential  difference which may be built  up by 
the pump at a given light intensity J. The quant i ty  (Aft H)o/F = ( R T / F ) ( u o  + 
In a ' / a " )  is sometimes called the pro tonmot ive  force of  the pump [38].  

In a real membrane with finite leakage conductance,  the stationary state is 
determined by the condi t ion that  the fluxes through the pump and through the 
leakage pathways cancel each other.  This condit ion is already reached at 

I~ fHI  < J (~fH)ol .  
Under most  experimental  condit ions the term A T J  in Eqns. 22 and 23 is 

negligibly small. With a molar  ext inct ion coefficient  of  e ~ 5 • 104 M -1 • cm -1 at 
560 nm [7],  the absorption cross-section of  bacteriorhodopsin at 560 nm is 
7 = 1000(e/L)ln 10 ~- 2 • 10 -16 cm 2. In an exper iment  with steady illumination, 
the light intensity is usually less than 1 W • cm -2, corresponding (at 560 nm) to 
a quantum flux density of  J ~  3 • 1018 cm -2 • s -1, so that  the rate of induced 
emission, 7J, is of the order  of  103 s -1 or smaller. On the other  hand, the rate 
So = ro/A of sponteneous deactivation of  an excited singlet state is many orders 
of  magnitude larger. This means ~ ' J < <  So, or A T J < <  r0, so that  Eqn. 23 
reduces to 

ro + k' 
(AfH)O ~ R T  ln- k' (24) 

r0 + + ~'J 

On the other  hand, it is seen from Eqn. 23 that  (Aft ~)o never exceeds the value 
R T  lnA. The equilibrium constant  A between the excited state and the ground 
state is related to the energy h v  of  the incident light quanta: 

A = e x p ( - - h v / k T )  (25) 

Thus, (AfH)O obeys the relation 

I(Afn)ol ~< L h v  (26) 

where L = R / k  is Avogadro's constant .  Eqn. 26, of  course, has to be expected 
a priori from energy considerations and from the s toichiometry of  the model.  
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It is interesting to note  that  the expression for (A~ H)0 (Eqn. 23) does not  
contain the pro ton  dissociation constants K and K*. This means that  a pK 
difference between the ground state and the excited state is not  critical for the 
thermodynamic  efficiency of  the pump. The essential feature of  this pumping 
mechanism is the light-induced change in the barrier structure of  the channel 
which switches the proton-binding site from a left exposed to a right-exposed 
state. On the other  hand, it is seen from Eqn. 21 that a low pK of the excited 
state (K* > >  a) is favourable for a high turnover rate of  the pump.  

Current-vol tage characterist ic  
Further  information on the kinetic parameters of  the pump may be obtained 

by measuring the proton flux • (or the corresponding electrical current I = 
e00) as a function of  voltage u. Although, in general, all rate constants may 
depend on voltage, it is reasonable to assume that the main voltage dependence 
results from field effects on the translocation rate constants of  the proton in 
the channel. Accordingly, we regard all other  rate constants as voltage indepen- 
dent. If alU is the voltage dropping between the left-hand solution and the (i -- 
1)th energy minimum (Fig. 1) and a i - l u  the voltage between the (i --  1)th and 
the ith minimum, then, according to the theory of  absolute reaction rates [ 13], 
the quantities 0' (Eqn. 1) and k~_l (Eqn. 2) are given by 0 ' =  O' exp(~lU), 

t ~ t  t t 
~'  e xp (a i_ l U / 2 ) ,  where O' and ki-1 are the values of  0 and ki-1 at k i _  1 = k i _  1 

u = 0. Therefore, 

ka = ka exp[(a l  + ° q - 1 / 2 ) u ]  

kd = kd exp[ - - (a i - -1 /2 )u]  

K = k exp[--(au)]  

(27) 

(28) 

(29) 

(compare Eqns. 1--3). au = (al + a i -1)u is the voltage between the left-hand 
solution and the main binding site in the ground state. According to Eqn. 27 
the pK value of  the binding site is a function of  external voltage. Similarly, one 
obtains for the activated state: 

k* = k~ exp[-- (~;  + ~*/2)u] (30) 

k~ = k~ exp(a*u/2) (31) 

K* = ~:* exp(~*u) (32) 

a*u is the voltage between the (i + 1)th minimum and the right-hand solution, 
a*u the voltage between the ith and the (i + 1)th minimum and a*u = (a* + 
a*)u the voltage between the main binding site and the right-hand solution. As 
S = k ' / k "  and So = k'o/k" have been assumed to be voltage independent,  we see 
from Eqn. 14 that the relation a + a* = holds. 

The current-voltage behaviour of  the pump is described by Eqns. 16 and 18 
together with Eqns. 27--32. It is seen from the form of  these equations that 
I (u )  approaches voltage-independent limiting values both  for large positive and 
large negative voltages: 

i(+oo) = eoNpko ro + k '  + ~,J 
ro + k' + ko + 7 J  (33) 
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soB + k" + B~/J 
I ( - - -~)=--eoNpko  - -  ~ ,, . . . . . . . .  

s o B + k  + k o ( l + B )  B T J  
(34) 

The current-voltage characteristic is represented schematically in Fig. 3. 

Ef f ic iency  and q u a n t u m  yield 
The quantum yield Q of he pump may be generally defined by 

(I:) - - ( I ) d  (35) Q ~ . . . . . .  . . . . .  

J 

where (I) d is the proton flux in the dark and j is the rate of  net  uptake of  light 
quanta. In the following, we apply Eqn. 35 to the case of  vanishing electro- 
chemical potential  gradient (A~ H = 0) where (I) d is equal to zero. For  the 
representation of the result we first introduce the relation 

So = s o + s~ (36) 

which expressess the fact that  the rate So of  transition from state HP** to state 
HP is the sum of  the rate of  radiationless transition, s °, and the rate of  spon- 
taneous emission, s~. The quantum yield is then obtained in the form (see 
Appendix B) 

1 
Q = (37) 

B-)(~d d R 0 1  a"/K*] 1 + (k" + s  o + + 

It is seen from Eqn. 37 that Q approaches uni ty when the rate constants k"  and 
s o became small, k "  and s o determine the rate of  thermal desactivation of  state 
HP* which may occur either directly (rate constant  k")  or via state HP** (rate 
constant  s°); as we have assumed that HP* and HP** are always in equilibrium 
with each other, the rate constant  for the transition HP* ~ HP** does no t  enter 
explicitly into the expression for Q. Experimental quantum yields range 
between 0.5 and 0.8 translocated protons/absorbed photon  for the purple 
membrane [8].  

It is well known that  the Na*/K * pump,  as well as the Ca 2÷ pump,  in the 
sarcoplasmic reticulum may be operated in the reverse direction, i.e. an ion 
concentrat ion difference of  sufficient magnitude may drive the pump back- 
wards, resulting in net  synthesis of  ATP from ADP [32,33] .  In the case of  a 
light-driven ion pump,  backward operation of  the pump should lead to 

ii(,,~ ) 

Uol 

Fig. 3. Cur ren t -vo l tage  charac te r i s i t i c  of the  p u m p .  /so is the  short-ci~cui t  cu r r en t  and  u 0 the  reversal  
po t en t i a l .  
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emission of  light, at least in principle. Such a light emission has not  been 
observed from purple membranes so far. Nevertheless it is interesting to calcu- 
late the quantum yield Qe of the emission process for the transport model  con- 
sidered here. Qe is defined as the ratio of  the photon  emission rate, divided by 
the proton flux under the condit ion J = 0. As shown in Appendix B, Qe is given 
by 

J=O So + k"/B (38) 

The primary excited state HP** probably has a much higher energy than the 
activated state HP* so that  the equilibrium constant  B is much less than unity. 
This means that  Qe is likely to be very small. 

The efficiency 72 is defined as the ratio of  the electrochemical power--(~P -- 
Od)A~H which is generated by the pump,  divided by the net  rate jhpL of  light- 
energy absorption: 

~7 = -  jhvL = -  hvL Q (39) 

(It should be noted that  (¢P -- ¢Pd)A~H is negative when A~ H is generated by a 
light<iriven proton flux.) An explicit expression for ~ (not  given here) may be 
obtained from Eqns. 16, 39, and B4. Theoretically, the efficiency may 
approach unity in the limit of  small values of  k', k", r0, and So, bu t  experimen- 
tally observed efficiencies with Halobacterium cells are only of  the order of  
5--10% [8]. 

The p u m p  in the vicinity o f  equilibrium 
We now consider the case that  both  the light intensity and the electrochemi- 

cal potential  difference of  H ÷ are small, so that  the pump operates close to 
equilibrium. This means that 

t r  a 
u ~ Ue = in --r (40) a 

A~H -- ]u --Ue[ < <  1 (41) 
R T  

and w ~ 1 -- A~H/RT (compare Eqns. 12 and 17). Eqn. 16 then reduces to: 

= ~0  (r0 + k') ~ + (1 - - A ) T J  (42) 

where fl0 is the value of/3 for w = 1 and J = 0. In Eqn. 42 the proton flux ¢P is 
represented by a linear function of  the 'driving forces'  A~ H and J. Thus, Eqn. 
42 has the form of  the phenomenological  equations used in the thermo- 
dynamics of  irreversible processes [34,35].  

It can be seen from Eqn. 42 that the pro ton  pump,  in general, acts as a pas- 
sive proton channel in the dark (J  = 0) unless the rate constants r0 and k' are 
small. The dark conductance Ad of  the single channel is given by  

1 e0O e02 ro + k' 
A~ Np V m - -  ~m k T  Go (43) 
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Eqn. 42 further shows that differences in pH and electrical potential always 
enter into the relationship for ¢P in the combinat ion 

~ H  a' - In -~, + u = --2.30A(pH) + ( F / R T ) V m  (44) 
R T  a 

In this sense, a pH difference and a voltage may be considered to be kinetically 
equivalent. This, however,  is only true for small values of  A(pH) and V m. In the 
general case, where Eqn. 42 has to be replaced by Eqn. 16, a pH difference 
A(pH) and a voltage Vm of magnitude ..... 2 . 3 0 ( R T / F ) A ( p H )  may have different 
effects on • although they are thermodynamical ly equivalent (in terms of  
Eqn. 23). Another  case, where an ion-concentration difference and a voltage 
have different kinetic effects, has recently been analyzed for an electrogenic 
cotransport  system [36].  

Redox-coupled pro ton  p u m p s  

In the respiratory chain of  mitochondria and bacteria, redox energy is con- 
verted into an electrochemical potential difference of  protons [37].  An early 
proposal for the mechanism by  which A~H is generated was based on the 
assumption that  the transfer of  an electron across the membrane in one direc- 
tion is coupled to the transfer of  neutral hydrogen in the opposite direction, 
resulting in proton uptake on one side and proton release on the other [38].  
An alternative possibility is a proton pump which is driven by the redox reac- 
tion [39,40,46] .  This second mechanism, which has been termed 'vectorial 
Bohr effect '  [39],  has recently gained support  from experiments with cyto- 
chrome c oxidase [40--42] and with transhydrogenase [46].  From the results 
of  these experiments,  it has been proposed that  the oxidized and the reduced 
state correspond to different conformat ion states of  the enzyme and that the 
conformational  changes associated with the redox cycle are coupled to the 
translocation of  H* across the membrane.  

HP N , .  ~" = (N*) 

red 1 ox I . . 

r 2 (N~) p ~ 2 )  x Xo= 

(No) ,~ ~ xo 
red 2 ox 2 

Fig .  4.  C o u p l i n g  b e t w e e n  c h a n g e s  in  t h e  r e d o x  s t a t e  o f  t h e  p u m p  a n d  t r a n s l o c a t i n n  o f  H + a c r o s s  t h e  m e m -  

b r a n e .  H P  a n d  P are  o x i d i z e d  s t a t e s  o f  t h e  p u m p ,  HP*  a n d  P* are  r e d u c e d  s t a t e s .  T h e  p u m p  o p e r a t e s  

b e t w e e n  t w o  r e d o x  s y s t e m s  r e d  I / o x  I a n d  r e d 2 / o x  2. 
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Such a redox-coupled proton pump may operate by a similar mechanism to 
that  proposed above for bacteriorhodopsin.  The redox enzyme (e.g. cyto- 
chrome c oxidase) itself may have the property of  a proton channel or it may 
be closely associated with a proton channel in the membrane.  Donation of  an 
electron to one of  the heme groups of  cytochrome c oxidase may result in a 
change of  barrier structure of  the proton channel leading to vectorial proton 
release [41].  In the reaction scheme depicted in Fig. 4, it is assumed that, in 
the oxidized state (HP/P) of  the redox pump, the proton binding site is 
exposed to the left, whereas in the reduced state (HP*/P*) the binding site is 
exposed to the right. During the pumping cycle, the pump accepts an electron 
from redox system 1 and donates an electron to redox system 2; at the same 
time a proton is translocated from left to right. We again assume that the outer  
barriers are not  rate limiting and that, in state HP/P, the main binding site can 
exchange a proton only with the left-hand solution and in state HP*/P* only 
with the right-hand solution (assumptions 2 and 3 of  the preceding section). 
Furthermore,  we assume that the protonated form of  the channel (HP/HP*) 
reacts only with redox system 1 and the unprotonated form only with system 
2. This means that  the ratio of proton flow to electron flow is unity (complete 
coupling). 

Redox systems 1 and 2 may be present in the external aqueous phases or 
they may be components  of  the electron transport chain in the membrane. In 
the later case, they are connected either directly or via other  components  of  
the chain to external redox pools. If the average concentrations of  the oxidized 
and the reduced form of  system i (i = 1, 2) are denoted by  [oxi] and [redi], 
the redox potential  Ei of system i is given by 

~F ~ [°x~] - El0 + ~F~ In 1 - P----~ (45) 
E i = E i o  + In [re~i ] P i  

Eio is the standard redox potential  and Pi = [redi]/([oxi] + [ red/]) is  the prob- 
ability of  finding system i in the reduced form. The difference E 2 -  E, is 
related to the difference A#e in the chemical potentials of  the electron in 
system 1 and 2: 

Ape - pe(1) -- pe(2) = F(E2 - -E , )  (46) 

In order to calculate the difference Ape in the electrochemical potentials of  the 
electron, one has to take into account  that the transition of  an electron from 
system 1 to system 2 involves, in general, a transfer across part of  the mem- 
brane dielectric. Denoting by a,2u the fraction of  the external membrane vol- 
tage u which drops between systems 1 and 2, one obtains: 

A]-I e = F(E2 --  E, ) --  R Ta, :u (47) 

1 
u 

~, and ~2 are the (dimensionless) electrical potentials which are created by the 
external voltage at the sites of systems 1 and 2. Depending on the relative posi- 
tion of systems 1 and 2, ~,2 may be positive or negative (--1 ~< ~ <~ 1). It should 
be noted that u is the externally applied voltage, so that any contribution of an 
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intrinsic electrical field strength in the membrane (which may result from a dif- 
ference in the surface potentials) of  the membrane is contained in {E2--E,) .  
The redox reactions between the pump and systems 1 and 2 may be described 
by the rate constants K', ~",  ~0 and ~0' (Fig. 4). Denoting again the number  of 
pump molecules in states HP, HP*, P, and P* by N, N*, No and N~, respectively, 
the rates of the transitions HP -~ HP* and HP* ~ HP may be written as ~'p,N 
and K"(1 --pl)N*. In the equilibrium state (i.e. at vanishing proton flow) the 
following relations hold: 

( 1 - -p i )N*  _ ~' 
- H ( 4 8 )  p~/V ~" 

- -  t (I --p2)N~ ~o 
- - H 0  ( 4 9 )  

p2No K.o 

As shown in Appendix C, the equilibrium constants H, Ho, K and K* are con- 
nected by the following relation: 

HK* FE2o -- El0 1 
- exp[ RT/F + (1 --a,2)u.~ (50) 

The stationary proton flux (I) is again obtained from Eqn. 15 by calculating 
the steady-state values of N* and N~ (Appendix C); this yields 

q) = ~ ~'p~(1 -- v) (51) 

°" u] ( ) v = ~ e x P L ~ T -  ~ (1-o~,2) = e x p  --~j~ ~e (52) 

. . . .  ( vHpl +K 1+ + ~.'p~ 1+ 
- l + l _ p l  a 1 - - p : !  l - - p 2 ]  

( 1--p11[ vHp,  a " /K*  1 ] 1 + 1 + + ,, + 
+ K0(1 --P2) p ,H ]Lkd(1 - - p , )  ~:0(1 --P2) kd* 

+v[~ (l+l--P2t+Hop: ! ~ ' 1  ]} (53) 

Implicit in the derivation of Eqn. 51 is the assumption that  the quantities Pl 
and P2 which describe the redox state of  systems 1 and 2 are maintained at con- 
stant values, irrespective of the magnitude of  the proton flux ~b. This condition 
is met  if systems 1 and 2 are buffered by redox pools in the external phases 
(for a discussion of the steady-state kinetics of the respiratory chain, see Ref. 
44). 

According to Eqns. 51 and 52 the proton flux vanishes for A~ H + A~e = 0. 
The reversal potential Uo and the proton-motive force (A~fin)o/F of the pump 
are then obtained from Eqns. 44 and 47 as 

~mF ln(a"/a') + F(E, --E2)/RT (54) 
Uo- R T -  1--c~12 

(A~n)o/F = E~ --E: + •12Vm (55) 
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In the simplest case, where an electron transfer from system 1 to system 2 is 
voltage independent  (a12 = 0), the protonmotive  force is equal to the difference 
E1 " E 2  of  the redox potentials.  This situation arises, for  instance, when both  
redox systems are present in the same external solution. On the other  hand, 
when systems 1 and 2 are located on opposite  sides of  the membrane,  an elec- 
tron transition from systems 1 and 2 involves a transfer of  the electron across 
the entire membrane dielectric so that  either a ~  = 1 or ~ 2  -- --1. Under these 
circumstances, the protonmotive  force becomes voltage<iependent (Eqn. 55). 
When system 2 is located on the side of  the solution into which protons are 
pumped,  the charge transport  by H ÷ is cancelled by a simultaneous transfer of  
e-  in the same direction (~2 = 1); according to Eqn. 54, this means that  in this 
case the pump can operate against arbitrarily high membrane voltages (lu01 -+ 
oo). In the opposite  limiting case (~ 1~ = --1), the reversal potential  u0 has half 
the value as under the condition ~,2 = 0 [40,41] .  

The pump is driven by the difference E , - - E 2  in the redox potentials of  
systems 1 and 2. If this driving force becomes large, i.e. if system 1 is near the 
fully reduced state (pl ~ 1) and system 2 near the fully oxidized state (P2 ~ 0), 
the pump approaches a constant  limiting rate. The maximum turnover rate may 
be obtained by inserting Pl  ~ 1, P2 ~ 0 and v ~ 0 (El - -E2 < <  --RT/F) into 
Eqns. 51--53: 

P 2 ~ 0  

o) 1 111 
k aka 

According to Eqn. 56, a high pK value in the oxidized state of  the pump (K < <  
a') and a low pK value in the reduced state (K* > >  a") are favourable for a 
high transport  rate. On the other  hand, the proton dissociation constants K and 
K* do not  enter  into the expression for the protonmotive  force (Eqn. 55). 

If the pump operates close to equilibrium (APe ~ 0, A~ n ~ 0), the proton 
flux becomes a linear function of  APe and ApH (Eqn. 51): 

c~ ~ Np~'pl 
[JRT ('APH + Ape) (57) 

Thus APH and APe have the same effect  on the pump rate ~ .  This is, of  course, 
a consequence of  the assumption that  the flows of  proton and of  electrons are 
completely coupled. 

Conclusion 

A mechanism of  active ion transport  has been described in which an essential 
part  of  the pump molecule is an ion channel. Pumping action results from an 
energy-dependent change in the barrier structure of  the channel. This model  of  
an 'activated channel '  has been explicitly applied to light~lriven proton trans- 
por t  and to redox-coupled proton transport.  Similar considerations could be 
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used to describe ATP-dependent  ion transport.  Modifications of  the potential 
energy profile of an ion in the channel (as required by  the model)  may result 
from minor conformational  changes, or even from changes in the dipolar 
moment  of  a functional group close to the pathway of the ion [43].  In the 
t reatment  of  the model,  a number  of  assumptions have been introduced {such 
as the strict coupling between electron and proton transport  in the case of  the 
redox pump) in order to simplify the formal analysis. These assumptions are 
not  essential for the model  and may be easily omitted,  if necessary. A direct 
comparison of  the prediction of  the model  with experimental data is still dif- 
ficult, but  should become possible as soon as detailed information on kinetic 
parameters from reconst i tuted systems become available. It is interesting to 
note  that  this mechanism is intermediate between a 'pure'  carrier and a 'pure'  
channel mechanism. A carrier may be generally defined as a transport  system in 
which the binding site is alternately exposed to the left and to the right 
external phase. This requirement is fulfilled by the proposed model  in the limit- 
ing case, where, in the ground state, the barrier to the right of  the main binding 
site is impenetrable and, in the activated state, the barrier to the left. On the 
other  hand, in the more general case where all barriers are of finite height, the 
model  approaches a channel mechanism sensu stricto. 

Appendix 

( A )  D e r i v a t i o n  o f  E q n s .  1 6 - - 1 8  
If N, N*, N**, No and N~ are the numbers of  pump molecules in states HP, 

HP*, HP**, P and P*, respectively, then the total number  Np is given by 

N p  = N + N* + N** + N o  + N~ (A1) 

According to assumption 5, the reaction between species HP* and HP** is 
always in equilibrium so that  

N** = B N *  (A2) 

(compare Eqn. 8). In the stationary state the time derivatives of  N, N*, etc. 
vanish: 

dN 
- 0 = - - ( r  + k '  + k d ) N  + sN** + k " N *  + kaa 'No (A3) 

d t  

a N O  
- 0 = --(k'o + kaa ' )No + koN~ + k d N  (A4) 

d t  

aN* , i1 , 
- 0 ~- - - ( f  + k" + k~ )N*  + gN** + k ' N  + kaa No (A5) 

d t  

aN*  * 

= 0 = - - ( g  + s ) N *  * + f N *  + r N  (A6) 
d t  

Addition of Eqns. A5 and A6 and introduction of Eqn. A2 yields 

0 = (k '  + r ) N  - -  (k"  + k d + sB)N*  + kaa No (AT) 
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From the five equations A1--A4 and A7 the five unknown quantities N, N*, 
N**, No and N~ may be obtained. 

The solution reads 

3, N* - 32 33 N= Np-~ ; -Np-~- ;  No = Np--~ (A8) 

31 1 + (  r ° + k '  ][wS a"/K* + 1 )  = + B~'J] i - -  + ~ (A9) 
S \kd  ko 

32 wS + (ro + k' + To')( wS a"/K* 1)  
= + ~ + (A10) \ kd ko 

K ( ~  1 ~0~) 33 = a + (ro + k') + Sk~a '~  + 

+ T J  + k ~ a ~  + k0 / ( A l l )  

N**=BN* ; N ~ = N p - - N - - ( I  +B)N*--No (A12) 

The quantities w and 3 are given by Eqns. 17 and 18. 

(B) Derivation of Eqns. 37 and 38 
The rates ro and So of transitions between states HP and HP* * (Eqns. 5 and 6) 

may be written as 

r o = r  ° + r ~ ;  So =s  °+s~ (Sl)  

r ° and s o account for radiationless transitions {thermal activations and desacti- 
vations) and r$ and s$ for transitions involving the exchange of a photon with 
the surroundings at equilibrium (J = 0). According to the principle of micro- 
scopic reversibility, the relations r~/V = s~/V**, rSN = s~N**, hold at equilibrium. 
This gives, together with Eqn. 7: 

r ° _, ro _ ro 
- A ( B 2 )  

So ° So 

The rate j of net  photon uptake may then be written as 

j = (r~ + 7J )N- -  (s~ + 7J)N** (B3) 

The term 7JN** accounts for induced emission. Using Eqns. 11, A2, A8--A10 
and B1--B3 yields 

Np{ I 1 o / w S  l a " / K * , 7  } ]=-3- TJ - - A w + ( 1 - - A ) ( k "  + s o B ) [ ~  +k-~d+--~o ]j + r ; ( 1 - - w )  (B4) 

By combining Eqns. 16 and B4 under the condition A~H÷ = 0 (w = 1), Eqn. 37 
is obtained. In a similar way Eqn. 38 is derived from Eqns. 16 and B4 under the 
condition J = 0. 

(C) Derivation of Eqns. 50--53 
Combining Eqns. 3, 4, 48 and 49 yields 
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, , < .  = 1 _ , ,  . 

HoK Pl 1 eq 

whereas the subscript 'eq' denotes the equilibrium state. From the equilibrium 
condition 

A#H + A~e = 0 (C2) 

together with Eqns. 17, 45 and 47, one obtains 

P l  1 ~ - P 2  eq : expL RT/F + (1 - . , 2 ) U e q  . 
( c 3 )  

No and N$. The solution reads: 

-/~, . /72 . 173 
N = N p - ~ ,  N * = N p - ~ ,  N o = N p - ~  

f- VHpl I~(la"/K*--p2) ~1 ~1 
t~, = 1 + ~"(1 - - p , ) L k d ~ - p l  ) + + 

[. VHpl a"/K* -k~] _ _ v H p l .  + , p ~  + + 

~: = 1 - -P,  Lkd(1 --Pl)  ~0(1 --P2) 

~3 -~+ ~ ' p l  + # , 
a a Hp,k  d ~oP2 

The quantities v and fl are given by Eqns. 52 and 53. 

(C9) 

(C10) 

(Cll) 

(C12) 

Introducing Eqn. C3 into Eqn. C1 yields 

HK* VE2o -- El o 1 
HoE - expL RT~-F + (1 -- al2)ueq_ • (C4) 

As any value of the equilibrium voltage ueq may be obtained by a suitable 
choice of a"/a', p, and P2, and as H, Ha K and K* do not explicitly depend on 
a', a", Pi and p2, Eqn. C4 holds for arbitrary voltages u. This proves Eqn. 50. 

For the calculation of the stationary proton flux, we use the condition that 
the time derivatives of N, N* and No vanish in the steady state: 

dN 
- 0 = --(l~'pl + kd)N + ~"(1 --p~)N* + kaa'No (C5) 

dt 

dN* , rr 

- 0 = --[~"(1 - -p , )  + k~l]N* + ~'plN+ kaa N+go (C6) 
dt 

dN0 
- 0 = --(~'oP2 + kaa')No + ~ ( 1  --p2)N~o + kdN (C7) 

dt 
These equations require that the probabilities pl and P2 are constant, irrespec- 
tive of the state (HP, HP*, P, P*) of the pump molecule. This assumption is 
reasonable as long as systems 1 and 2 are buffered by external redox pools. 
Eqns. C5--C7 together with 

N,  = N + N* + No + N~o (C8) 

represent a system of four equations for the four unknown quantities N, N*, 
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