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For two models of biological free-energy transducers, it is investigated how free-energy dissipation and efficiency vary as (i) the 

demand for output free energy, (ii) the input free energy or (iii) the propertk of the transducers themselves, are varied. One model is 
representative of near-equilibrium free-energy transducers in general, the other is a special case of far-from-equilibrium free-energy 

transduction, reminisc+nt of proton pumping by bacteriorhodopsin. It turns out that the relationship between efficiency and 

free-energy dissipation depends strongly on what varies. In some cases, free-energy dissipation increases as the efficiency increases. It 
is suggested that this is one reason why biological evolution has not resulted in high efficiencies and low rates of free-energy 

dissipation. For the near-equilibrium fresenergy transducer, the free-energy dissipation at the static head steady state is minimal with 
respect to variations in the output force. For the far-from-equilibrium model (of bacteriorhodopsin), the static head does not 
correspond to such a minimum, if that free-energy transducer slips. 

1. Introduction 

Biological freeenergy transducing systems dis- 
sipate free energy at a significant rate. In some 
cases this free-energy dissipation may be high 
enough to make the availability of free energy in 

the environment a limiting factor for the function- 

ing of the organism [1,2]. Examples include micro- 
bial growth under catabolic limitation [2,3], and 
oxidative phosphorylation under conditions where 
the supply of redox substrates is limited [4]. Gibbs 
free energy is a nonconserved property that can- 
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not be produced, only imported. It is a necessary 
commodity, for to allow processes to occur at a 
nonzero rate, Gibbs free energy must be dis- 
sipated. From a functional point of view one 
might therefore expect biological systems to save 
as much free energy as possible, i.e., minimize 
their rates of dissipation of free energy. 

Also, Prigogine [5] has shown that at least for 
systems that are close to equilibrium, entropy 
production (which is equal to the free energy 
dissipation divided by the absolute temperature) is 
minimal in the steady state. Since most biological 
systems operate about steady states, this may once 
again suggest that their free-energy dissipation 
would be very small. 

Earlier considerations of optimization of bio- 
logical free-energy transducers [1,2,6-91 have 
shown that expectations based on the considera- 
tion of a single characteristic of such systems, such 
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as their thermodynamic efficiency, are not likely 
to be realistic. Biological free-energy transducing 
systems may have additional functions for which 
they have been optimized and these very optimiza- 
tions may have required compromises with respect 
to other criteria of their performance, such as their 
thermodynamic efficiency. 

To see if we can understand the significant 
free-energy dissipation (entropy production) of ac- 
tual biological systems along similar lines, we here 

investigate how a number of other functions of 
model biological free-energy transducers would 
vary along with the variation in entropy produc- 
tion, under a number of circumstances. We shall 
show that near equilibrium, optimal values for 

most other functions (where we shall focus on 
efficiency) require significant (i.e., nonminimal) 
rates of entropy production. By analyzing the 
specific model of bacteriorhodopsin as a slipping 
proton pump, we shall demonstrate that similar 
considerations apply farther from equilibrium. We 
shall conclude that the possible reason for signifi- 
cant rates of free-energy dissipation in biological 
free-energy transducers is the fact that they have 
not (only) been optimized for minimal entropy 
production, but (also) for other, more mundane, 
functions, such as efficiency. 

2. Results 

In this study we shall consider two different 
models for incompletely coupled free-energy 
transducers. The first model would be appropriate 
for the free-energy transducers that catalyze 
oxidative phosphorylation and are localized in the 
inner mitochondrial membrane of eucaryotic cells 
as well as in the plasma membranes of most 
bacteria [2,10,11]. The input here consists of an 
oxidation reaction (e.g., that of NADH + H+), the 
output being the phosphorylation of ADP. We 
shall consider the free-energy dissipation (i.e., the 
product of the absolute temperature and the en- 
tropy production) C$ and efficiency Q of the free- 
energy transduction. It should be noted that the 
free-energy dissipation by processes that may re- 
generate ADP from ATP will not be included in 
the evaluation of C#I and 9. We shall resort to this 

model system to attain general conclusions per- 
taining to systems that operate near equilibrium, 

The second system considered is the light-driven 
proton pump bacterlorhodopsin [2,12-U]. Here 
the input is the absorption of photon free-energy 
[2,15,17,18] by bacteriorhodopsin, whereas the 
output is the pumping of protons across the mem- 
brane against an electrochemical potential dif- 
ference for protons, -Aj& [19]. This model will 
serve as the special, farther from equilibrium case 
for which we study the relationship between ef- 
ficiency and free-energy dissipation. The source of 
uncoupling will be the slip in its proton pumping 
[2,14,16,20]. 

2.1. Near-equilibrium systems 

For simplicity we shall confine this study to 
processes in which an ‘input’ reaction runs down 
its own free-energy difference ( AGi , which is taken 
to be positive at a rate Ji) and an ‘output’ reaction 
runsagainst its free-energy difference (AGO, which 
also is taken as positive) at a positive rate -J,. 
Reactions i and o have no necessary chemical 
connection (such as glucose phosphorylation and 
ATP dephosphorylation in the hexokinase reac- 
tion would have). 

The overall efficiency n is defined as [1,2,6]: 

17 = -J,AG,/( JiAGi) (1) 

If the system is in a steady state such that all other 
reaction rates and transmembrane fluxes are zero, 
the total rate of free-energy dissipation is given by 
the dissipation function + [1,2,21]: 

u,T = 9 = JiAGi + J,AG, (2) 

us is the entropy production function. It is seen 
that the input reaction contributes a positive term 
to the dissipation function, whereas the output 
reaction contributes a negative term (because J, is 
negative). The second law of thermodynamics re- 
quires that 77 -C 1 and + > 0 [1,2,5,21]. One may 
eliminate the output reaction from eqs. 1 and 2 to 
obtain a relationship between overall efficiency 
and free-energy dissipation: 

11=1 -~/(JiAGi) (3) 

In many, though not all, of our considerations the 



D. Jut&, H. V. Westerhoff/Ffee-energv dissipation in energy-transduction modeIs 23 

free energy of the input reaction will be a fixed 
parameter (cf. refs. 6 and 7). Eq. 3 then testifies to 
an intuitive notion we had, i.e., that by increasing 
the free-energy dissipation one will tend to de- 
crease the efficiency. However, this testimony is 
strict only if Ji, i.e., the rate of the input reaction, 
remains constant (in oxidative phosphorylation 
this would correspond to the absence of respira- 
tory control). Therefore, the answer to our question 
as to whether efficiency decreases when the free- 
energy dissipation is increased must depend on 
the extent to which Ji increases with free-energy 
dissipation. For systems where both AG, and AG, 
are significantly smaller than RT (i.e., 2.5 lcJ/mol) 
the relations between the flows (reaction rates) 
and forces (free-energy differences) are propor- 
tional and symmetrical allowing for the following 
phenomenological description [1,6,7,22]: 

Ji/( L,AGi) = 1 + qZAG,/dGi (4) 

JO/( L,AG,) = qZ + Z2AGJAGi (5) 

Here L,, q and Z are determined by the equi- 
librium state in the vicinity of which the system 

operates and are independent of AG, and AG,. q 
and Z have been called the coupling coefficient 
and the phenomenological stoichiometry, respec- 
tively. In our sign convention [2], Z is positive, 
whereas q lies in between - 1 (complete coupling) 
and 0 (no coupling). With eqs. 4 and 5 the overall 
efficiency and the free-energy dissipation func- 
tion, respectively, can be written as [1,2,6]: 

9=-x(4+xM1+4x] (6) 

+/( Lii(AGi)*) = 1 + 2qx +x2 

with 

(7) 

x = ZAG,/dG, (8) 

2.1.1. Vaying the output free-energy difference 
As one way of varying the free-energy dissipa- 

tion one may consider varying the free-energy 
difference of the output reaction [6,7]. At constant 
values of Z and AG,, this corresponds to varying 
x. As shown by Kedem and Caplan [6] the ef- 
ficiency goes through a maximum at 

xOrt=(-1 +KT)/)/q (9) 

1.0 -. 
\ 

‘L 
08’ 

“\ 
i 

0.0 0.z 0.4 0.4 0.8 1.0 

Farce ratio 

Fig. 1. Free energy conversion for linear relations between 

flows and forces. Dependence of efficiency v (- ) and 
normalized free-energy dissipation +/( La(AGi)*) (- - - - -) on 

force ratio x (Z = 1; AG, constant). Plots of eqs. 6 and 7 for 
the degree of coupling q = - 0.95. The shaded area between 
two vertical limes intersecting the r-axis at x - 0.95 (q 3 0), 
and at x = xopc (7 = v_), displays both increased efficiency 
and increased dissipation when the force ratio decreases from 

its maximal value: x = - 4. 

On the other hand, + decreases monotonically 
with AG,, until it reaches a minimum at x = -4, 

where the efficiency has already returned to zero. 
Fig. 1 shows the efficiency 11 (full line) and (nor- 
malized) free-energy dissipation c&‘(L,(AG,)~) as 

a function of the normalized force ratio x for a 
degree of coupling of -0.95. Clearly with this way 
of varying the free-energy dissipation, the ef- 
ficiency of free-energy transduction can increase 
(at xopr < ZAG,/AG, < -q), or decrease (at 0 < 
ZAG,/AG, < xopt) with an increase of overall 
free-energy dissipation. The region of increased 
efficiency and free-energy dissipation for de- 
creased force ratio is the shaded area in fig. 1. We 
conclude that, if the free-energy transduction is to 
be optimal with respect to efficiency, and if the 
output force is a parameter than can be varied to 
improve the efficiency, then the best state is not 
the state with the lowest possible free-energy dis- 
sipation. 

As pointed out by Kcdem and Caplan [6], 
biological free-energy transducers may be opti- 
mized for functions other than efficiency. We have 
calculated how, under conditions of varying out- 
put force, output functions like output flow (-Jo), 
flow ratio (or yield - JO/Ji), output power 
(- JOAGO), efficiency q, economic output flow [2,7] 
(- J,q) and economic output power [2,7] 
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Fig. 2. The variation of several output functions with normalized free-energy dissipation. (A) Normalized output flow - J,/(L,iAGj) 

(- ),flowratio -Ja/Ji (------ ), and normal&d output power - JOAGO/(Lii(AGi)2) (-----) as functions of +/(t,(AGi) ) 
forZ=landq = -0.95. (B) Efficicrkcy 7 ( -), normalized economic output flow - JOq/(L,AGi) (- - - - - -) and normalized 
economic output power - J,AGoq/(Li(AGi)‘) (----- ) as functions of +/(Lti(AGi)‘) for Z -1 and q = -0.95. Eqs. 4-8 were used 

to plot these functions for the case in which AGO was varied. 

(- JoAGoq) would vary with free-energy dissipa- 
tion. For the former three, the results are shown in 
fig. 2A; the latter appear in fig. 2B. Like efficiency 
(full line in fig. 2B), output power (---- - in fig. 
2A), economic output flow and economic output 
power (fig. 2B) would also exhibit a maximum, 
each at a different magnitude of the rate of free- 
energy dissipation. The output flow and yield (full 
and dotted lines, respectively, in fig. 2A) increase 
monotonically with the rate of entropy produc- 
tion. Significantly, none of these output functions 
exhibits its maximum at the lowest rate of free-en- 
ergy dissipation that is attainable at this degree of 
coupling. 

2.1.2. Varying the degree of coupling 
Varying the output free-energy difference means 

that the demand imposed on the free-energy trans- 
ducer is varied. Thus, one may search for the 
optimal ‘work load’. This strategy, however, does 
not reveal whether the transducer itself is config- 
ured so as to perform optimally under given de- 
mands. To uncover this, one needs to vary proper- 
ties of the transducer at constant magnitude of 
AC,. The most obvious property of the transducer 
to be varied is its degree of coupling. A problem 
arises at this point: in general 2 and Lii will vary 
with q (refs. 2 and 23; see also below). Since there 
are (special) ways of varying q such that 2 and 
Lii remain constant [2], we may first consider the 
academic possibility of varying q at constant Z 

and Lii. Fig. 3 (cf. eqs. 6 and 7) shows that under 
these conditions efficiency increases monotoni- 
cally with 1 q 1 whereas the normalized free-energy 
dissipation decreases monotonically with 1 q I. 

Thus, if q is varied at constant Z and Lii, ef- 
ficiency increases with decreasing free-energy dis- 
sipation. 

In general however, Z and L,, will vary as q is 
varied [2,23]. A mosaic nonequilibrium thermody- 
namic (‘MNET’) [2,24] description of the system 
allows us to be more specific with respect to what 
we mean if we say we vary the coupling in the 
system. We shall consider the case [ll] where the 
input reaction (i) is a nonslipping proton pump 
generating a transmembrane electrochemical 
potential difference for protons: APH. The output 

Fig. 3. Dependence of efficiency q (eq. 6) ( -) and 
normalized free-energy dissipation (eq. 7) (- - - - -) on 1 q 1 for 

the force ratio y_ - 0.7 (2 = 1). 
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reaction is a second nonslipping proton pump (0) 
driven by this A& As uncoupling element we 
shall consider a proton leak e in the membrane. 
Since we confine the discussion to the near-equi- 
librium domain, the MNET relations [2] reduce 
to: 

Ji = Li ( AGi + n~dii,) 00) 

J& = t&J, (10 

JfI = L&A& (12) 

J; = n”H Jo 03) 

Jo = L,( AC, + n”,Afi,) (14) 

Here JA and Ji are the proton fluxes directly 
coupled to the chemical input and output reac- 
tion, respectively, at stoichiometries na and PIN 
( > 0) respectively. Jk is the proton flux through 
the leaks. Lk is proportional to the activities and 
total number of proton leaks. Li and L, are 
proportional to the activities and concentrations 
of the input and output proton pumps, respec- 
tively. In mitochondria Ji, -Jo, -J&, AGi, AGO 
and -A,& are positive under the usual conditions 
[2]. L,, L, and L& are positive definite. 

We shall only be considering steady states in 
which net proton flow: JH= JA + Jk + Ji has 
dwindled to zero. This condition allows us to 
express -A&, with respect to the other two free- 
energy differences: 

[(nH)2Li+L&+(n$L,](-AfiH) 

= n&L,AG, -I- nLLiAC; (15) 

Substituting this value for A& into eqs. 10 and 14 
we obtain: 

Ji/( LiiAGi) = 1 - x/(1 + A,) (16) 

J,/(LtiAGi) = [ (nL/n”,)/ 

(l+no)][x(l+ni)-ll Cl71 

where: 

x = (n,AG,,)/( nO,AG,) (18) 

ni = L$/(( “$Li) 09) 

A, = LC,/((n~)2L,) (20) 

and: 

Lii = Li(l -t l/A,)/(l + l/A, + l/Ai) (21) 

These equations are analogues of eqs. 4 and 5. The 
Lii is now an explicit function of the activities of 
the input enzyme (Li), the output enzyme (L,) 
and the leak (LL). When the coupling coefficient 
q and the ‘phenomenological stoichiometry’ coef- 
ficient 2 are introduced in order to make eqs. 16 
and 17 formally identical to eqs. 4 and 5, respec- 
tively, q and 2 also become specific functions of 
Li, L,, and LG. For 4 this expression reads [2]: 

l/q= -/(l +A,)(1 +A,) (22) 

It follows that, even in the simple model we 
discuss here, where leakage is the only cause of 
uncoupling, there is more than one way to vary 4. 
One can increase -q by reducing the proton 
permeability of the membrane (L”,), by increasing 
the activity or concentration of the input or out- 
put proton pumps, or by increasing the proton 
pumping stoichiometries of these pumps. The ex- 
pression for 2: 

2 = (nl,/no,)\i(l + A,)/(1 + A,) (23) 

shows that only if (n~)2Li happens to equal 

(nL)*L, (such that Ai =A,) can one vary 4 at 
constant 2 by solely varying the proton permea- 
bility of the membrane. 

Using eqs. 16 and 17, the expressions (eqs. 1 
and 2) for the overall efficiency and free-energy 
dissipation become, respectively: 

q= [x(1 + Ai) - l]/[l - (1 + A&x] (24) 

+/(Lii(AGi)*) = 1 -2x/(1 +A,,) +x2(1 +A,)/ 

(1 + A,) (25) 

We may now vary C#I in any of a number of 
defined ways and see how n varies with it. It can 
be shown that I$ is a monotonically increasing 
function of Lo, Li and L$, . 7 is a monotonically 
increasing function of both Li and L,, but a 
monotonically decreasing function of L(H. Conse- 
quently, if proton leakage is varied, efficiency will 
decrease with an increase in free-energy dissipa- 
tion, but if the activity or concentration of either 
proton pump is varied the free-energy dissipation 
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Fig. 4. Variation of efficiency with frcsenergy dissipation for a near-equilibrium free-energy transducer. (A) Efficiency variation with 
frrc-energy dissipation when (a) output force AG,, is varied ( -), (b) degree of coupling q is varied (here eqs. 6 and 7 were used; 

- - - - -) and (c) leakage coefficient L& is varied (- - - - - -). (B) Efficiency variation with free-energy dissipation when (a) input force is 
varied (- ), (b) Li is varied (---- -), and (c) Lo is varied (- - - - - -)_ Curves are not drawn past the points at which the 
parameters would achieve forbidden values: negative for L parameters, 1 q 1 > 1. Free-energy dissipation was not normalimd here; it 

is in RT units/unit time per unit material. Two nonslipping proton pumps and a proton leak are included in the free-energy 

transducing proton circuit. The parameters considered are activities and concentrations of the input and output proton pumps and 

proton leaks, Li, LO, and L$, respectively, force ratio x =(t&AG,)/(nO,AGi), and degree of coupling q (eq. 22). Chosen 
standard-state values for the input and output proton stoichiometries are nh = 6 and n& = 3, mspectively, for force ratio x = 0.8, 

while L coefficients in the standard state are Li =l, L, = 2, L$ - 0.5. Each parameter was varied in the expression for efficiency 
(eq. 24) and dissipation (eq. 25). while maintaining the other parameters constant. 

Fig. 5. Model of a light-driven proton pump. (A) Five-state kinetic scheme. Light absorption rate constant a is proportional to the 
flux density of incoming photons that are reaching the surface of the bacteriorhodopsin-containing membrane. Relaxation of the 
excited state 2* occurs either through the internal slip pathway 2* - 2 + 1, or through the productive photocycle 2* - 2 + 3 - 4 -1 

coupled to proton release (to the external compartment) and proton uptake (from the internal compartment). The equilibrium proton 

dissociation constants in reactions 2 P 3 and 1 # 4 are assumed to have such a dependence on proton electrochemical gradient APut 
that build-up of the A& in absolute magnitude (due to photocycling) tends to slow down clockwise cycling. (B) Reduced twostate 
model. Assuming fast equilibrium for protonation-deprotonation reactions (2 P 3 and 1# 4) and for relaxation from a short-lived 
excited state (2* # 2), the five-state kinetic scheme of A can be reduced to this two-state scheme with the state probabilities 

P*~=P~++Pz+P~M~~AI-~-PA~ = p1 + p4 (appendix A). Here pl, p2, pp, p4 and p2+ are probabilities of corresponding states 

in the five-state kinetic scheme. The connection between reduced rate constants a and original rate constants in the five-state model 
is given in appendix A. 
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will increase with increasing efficiency, In fig. 4 

we have plotted for a given set of parameter 
values how efficiency q would vary with free-en- 
ergy dissipation as AG,, (full line), L$, q (at 
constant 2 and Lii, see above) (fig. 4A), or AGi 
(full line), L,, Li (fig. 4B) are varied. Signifi- 
cantly, (cf. fig. 4B and full line in fig. 4A), the 
relationship between 9 and + can be such that to 
increase q one would also increase $. 

2.2. Farther from equilibrium 

The farther away from equilibrium, the more 
the thermodynamic properties of systems are de- 
termined by the kinetic parameters [2]. One conse- 
quence is that completely general statements be- 
come rarer. Since the farther-from-equilibrium case 
is more of interest for actual biological free-energy 

transduction, it is important to see if the trends 
observed above in the near-equilibrium case may 
persist in farther-from-equilibrium cases that are 
expected to mimick closely actual biological free- 
energy transducers. 

The kinetics of steady-state, free-energy-trans- 
ducing systems can be handled by the use of the 
diagrammatic method [2,25,26]. It is often possible 
to use a simple, effective diagram, such as that 
represented in fig. 5B. We show in appendix A 
that this two-state-three-cycle diagram can be ob- 
tained by the process of reduction of the original 
five-state diagram (fig. SA) which may model the 
free-energy transduction by bacttiorhodopsin. 
The reduction of a diagram [25] takes advantage 
of the fact that some states of the macromolecule 
are in reality the transient intermediates and as 
such have negligible probability, while some 
neighbouring states are in rapid equilibrium with 
each other. Our pseudo-two-state model (fig. 5B) 
can arise from various more complex (and more 
realistic) kinetic models. For instance, both kinetic 
models for electrogenic ion pumps (bacteriorho- 
dopsin and H+-ATPase) described recently by 
Lguger (271, have equivalent representations in 
Hill’s diagram of fig. 5B [18]. 

We are concerned with systems that are incom- 
pletely coupled. In section 1 this uncoupling con- 
sisted of leakage of protons, which partly dis- 
sipated the free-energy difference (-A&) linking 

the input enzyme to the output enzyme. A differ- 
ent cause of uncoupling is slip [2,14,16,20,26]. For 
the case of bacteriorhodopsin this would mean 
that [2,14,16,25] either the photochemical reaction 
would occur without protons being pumped, or 
(reverse) proton movement would occur without 
the photochemical reaction being reversed. The 

distinction between the latter type of slip and leak 
is that slip is, but leak is not catalyzed by 
bacteriorhodopsin [2]. 

Bacteriorhodopsin embedded in a membrane 
across which there exists a A,!&., is an incompletely 
coupled free-energy transducer [14,16,18] and so 
are mitochondrial electron transfer-linked proton 
pumps and, H+-ATPases [20,28]. In the following 
we shall be interested in relating the free-energy 
dissipation by bacteriorhodopsin to the thermody- 
namic efficiency at which it operates. 

2.2.1. Efficiency and free-energy dissipation 
Near equilibrium an important property of the 

static head state is that it is the state with minimal 
free-energy dissipation [5]. Such a characterization 
in terms of free-energy dissipation may not be 
possible farther away from equilibrium, but we 

can still regard such a state as a reference state 
and take it as an origin for the measurement of 
effective forces that operate in the system (cf. ref. 
29). 

The definition of the thermodynamic driving 
force (AG, > 0) associated with photon absorption 
has been discussed elsewhere [2,15]. The output 
force is the proton electrochemical gradient (AC, 
= A&_, -e 0). Two effective forces can be intro- 
duced (appendix B): 

X = AG. - AGsK (26) 

X0 = AG, - AG$‘O (27) 

that vanish when corresponding static head states 
sho and shi are realized (cf. the appendices). For 
bacteriorhodopsin the shi state would correspond 

to the theoretical situation when an equal number 
of photons is absorbed from the illumination as is 
reemitted under the influence of the electro- 
chemical proton gradient. (In actual practice the 
AF,., needed to reach the condition of zero input 
flow, Ji = 0, condition would be so large, in its 





D. Juretic!, H. V. Westerhoff/Free-energy dissipation in energy-transduction models 29 

functions of the force ratio 1 AG,,/AG; ], when 
only AG, is varied. The freeenergy dissipations 
have been normalized with the constant factor 
NOk12(AGi)2/RT, where N, is the number of 
bacteriorhodopsins in the membrane and k,, one 
of the internal slip rate constants (fig. 5A). Minima 
in the total (normalized) free-energy dissipation 
do not coincide (in general) with the static head 
state condition (indicated in fig. 6A by the second 
vertical line passing through the point of zero 
efficiency and by the end of the full line). Here we 
find a deviation from the property near-equi- 
librium systems have, i.e., that their state of 
minimal free-energy dissipation coincides with the 
static head steady state [S]. Interestingly (see, for 
instance, fig. 6B), the free-energy dissipation as a 
function of the output force exhibits multiple 
minima in some cases. 

In practice, the output force (in this case the 
electrochemical proton gradient) can be decreased 
(in absolute value) by adding a ‘load’, i.e., an 
enzyme that would consume part of A&. As 
1 A& 1 would thus decrease, its back pressure 
[16,19] on the proton pump would be alleviated 
and -J, would increase rather strongly. This 
would tend to diminish the dissipation of free 
energy. However, if (as is the case in fig. 6A) the 
input flow is also sensitive to back pressure, an 
increase in the term J,AG, may outweigh the 
decrease in JOAGO, such that the free-energy dis- 
sipation increases with decreasing ]APn I. This is 
illustrated by the dashed line; the normalized 
JiAGi (- - - - - -) in fig. 6A increases more than the 
normalized (p as 1 A&+ ] is lowered. 

Back pressure of the output force on the input 
flow is found at least in some proton pups, such as 
the mitochondrial respiratory chain [2,30]. How- 
ever, it does not seem to be a strong attribute of 
all proton pumps: the E. coli electron transfer 
may be much less sensitive to A&_,. Also, for 
bacteriorhodopsin it has been suggested [2,16] that 
its input flux (i.e., the rate at which it absorbs 
photons) may be hardly affected by A& Of such 
proton pumps fig. 6B would be representative. 
Here it is seen that one minimum in the free-en- 
ergy dissipation occurs at A,& values below the 
static head value. The difference between the cases 
of fig. 6A and B lies in the values for the kinetic 

0.00 ‘, , , , 0.0 

0.1 0.z 0.3 0.4 0.5 06 0.7 0.S 0.0 lo 

Light absorption rate 

Fig. 7. Simulation results for the proton pump model (fig. 5) 
when light absorption rate D is varied. Efficiency 7 ( ---) 
(eq. 30) and net free-energy dissipation (- - - - -) (cq. 31 nor- 
malized by N,(AG,)2/RT) are plotted for the same choice of 
parameters as in fig. 6A. Output force was maintained at 

-7RT. 

constants of the catalytic cycle of the proton pump. 
For the second type of proton pump, the 

free-energy dissipation decreases as ] APn ] is 
lowered starting from its static head value. Thus, 
the variation of free-energy dissipation with ef- 
ficiency appears to depend on the strength of the 
back-pressure effect. It should be noted that in the 
case of fig. 6B there is a second minimum in the 
free-energy dissipation near a normalized force 
ratio of 0.7 and a maximum close to but not at the 
static head. When the rate constants for the slip 
pathway are reduced, the minima in free-energy 
dissipation shift to the static head (fig. 6C). 

Instead of varying AG, with AG, constant, it is 
also possible to vary AGi (by varying the light 
intensity) and to keep AG, clamped at a desired 
value giving nonzero efficiency. The results for n 
and +/(NO(AGO)2/RT) are shown in fig. 7. The 
minimal light intensity needed to have n z= 0 de- 
pends on the choice of AG,. Both 4 and normal- 
ized free-energy dissipation increase for increased 
light intensity. 

In fig. 8 we have plotted the variation of the 
free-energy dissipation with efficiency for the 
above two ways of varying the properties of the 
system; (- ) for varying AG, and (- - -) 
for varying AG;. The same figure also includes the 
relationships obtained when the catalytic proper- 
ties of the pump are changed in two different 
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Fig. 8. Variation of efficiency with free-energy dissipation for 
the bacteriorhodopsin model when (a) output force AG, is 

varied ( -) from -11.55 to 0 (in RT units), (b) Qht 
absorption rate a is varied (- - - - - -) from 0.1 to 20.5, (c) the 
equilibrium constant for the protonation reaction, k,,/k,,, is 
varied (-----) from 3 to 10m8 (with, because of microscopic 

reversibility (Aa), k&k,, being varied by the same factor), 
(d) rate constant k,, or k, is varied (- - -) from 10W5 to 
0,009 and from lo6 to 1, respectively, in such a way that ratios 

k&k*, - lo-r2 and k&k,, -lo4 did not change. Free-en- 
ergy dissipation is normalized with iV,. Rate constants and 

forces kept constant in this simulation are: a == 10, B = 10ez6, 
b =109,_k,, = lo-“, k,, = lo*, k,, = 104, k,, = 1, &/c = 
10-2, K,/c=106, AG, = -1.0 (in RT units). Free-energy 

dissipation is in RT units/unit time per unit material. 

ways, i.e., by varying the acid dissociation con- 
stants (- - - - -), or by varying the pump’s propen- 
sity to slip (- - -) (cf. fig. 5A). We conclude 
that also for the case of the farther-from-equi- 
librium proton pump free-energy dissipation can 
increase with increasing efficiency, i.e., in the case 
where the output force is varied and in the case 
where the input force is varied. 

3. Discussion 

We have shown that the way in which effi- 
ciency varies with free-energy dissipation depends 
on how the properties of the free-energy transduc- 
ing system are varied. When, within a free-energy 
transducing system consisting of two separate en- 
zymes (such as is the case in chemiosmotic cou- 
pling [2]) leakage is increased, efficiency tends to 
dwindle with increasing free-energy dissipation. 
However, when the freeenergy transducing en- 
zymes (the proton pumps in chemiosmotic cou- 

pling) are fortified, the increase in efficiency tends 
to be accompanied by an increase in free-energy 
dissipation. 

Also, with the model for the slipping proton 
pump we observed that free-energy dissipation 
and efficiency increased together either when 
changing the input force, or when changing the 
output force. We conclude that minimum free-en- 
ergy dissipation and maximum efficiency are gen- 
erally not attained simultaneously (cf. figs. 4 and 
8). Thus, to have maximum efficiency, a freeen- 
ergy transducing system will have to forsake the 
possibility of having minimal free-energy dissipa- 
tion, Vice versa, to have minimal free-energy dis- 
sipation, a free-energy transducer will have to 
function at an efficiency smaller than it might 
otherwise achieve. Conceivably, an organism 
would find a compromise with neither the ef- 
ficiency nor the free-energy dissipation being opti- 
mal. 

These conclusions are entirely consistent with 
the analyses by Stucki [7]. He proposed that, in 
order to optimize with respect to two output func- 
tions, two parameters (in ref. 7; the output force 
and the degree of coupling) should be considered 
adjustable. Thus, Stucki [7] found optimal states, 
which would have the maximal value for any out 
of four output functions (e.g., the output flow) at 
optimal efficiency, the latter optimum being kept 
by continuously adjusting the output force to the 
varying degree of coupling. Also, there the result 
was a compromise; although the output function 
and the efficiency would be maximal within the 
optimization strategy considered, higher magni- 
tudes for either separately could be attained [2,7]. 
The correspondence between experimental results 
[2,7,8,31] and the calculations [7] suggest that in 
nature this type of compromise may be what is 
achieved. 

The conclusion that in the near-equilibrium 
system the free-energy dissipation (and hence the 
entropy production) would not be minimal at the 
steady state, may seem to be at variance with the 
theorem of minimal entropy production in 
near-equilibrium steady states [5]. This is merely a 
paradox, however; entropy production in near- 
equilibrium steady states is at a minimum only 
with respect to variation of variable thermody- 
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namic forces, not with respect to variations in 
parameters (such as the phenomenological coeffi- 
ciknts Lii) [5,21]. When we varied the output force 
we did find a minimum free-energy dissipation at 
the (static head) steady state (where J, = 0; fig. 1). 
It was only as we varied catalytic properties of the 
free-energy transducing system (such as q; fig. 3) 
that the minimum free-energy dissipation no longer 
coincided with zero output flux (see, for instance, 
fig. 3). 

Prigogine’s theorem of minimum free-energy 
dissipation in the steady state [S] was limited 
explicitly to near-equilibrium situations. The re- 
sults of our calculations for the far-from-equi- 
librium free-energy transducer (which might come 
close to modelling bacteriorhodopsin) demon- 
strate that far from equilibrium the free-energy 
dissipation may be minimal (with respect to varia- 
tions in the output force) away from the steady 
state (cf. fig. 6A and B). Fig, 6C shows that this 
result is not always obtained; also far from equi- 
librium minimum free-energy dissipation may be 
attained at the static head steady state. Fig. 6C, 
however, is a case where there was relatively little 
slip in bacteriorhodopsin. Thus, the static head 
there corresponds to something rather similar to 
equilibrium (cf. ref. 29). 

The present considerations may be relevant for 
various metabolic contexts in suggesting that one 
should not expect metabolism to be maximally 
efficient and minimally wasteful of free energy. As 
we have shown, these two properties tend to ex- 
clude each other. Moreover, processes that expend 
extra free energy can be useful in improving the 
extent to which metabolism can be regulated 
[2,32,33]. 

For the cases where the growth of organisms 
was strongly limited by the supply of free energy, 
optimization in the sense of reducing free-energy 
dissipation and increasing the thermodynamic ef- 
ficiency may have been a criterion for evolution 
(cf. ref. 8). From the present analysis one may 
deduce that in such a case selection pressure would 
have worked so as to decrease leakage. When this 
possibility reached its limit, however, variation of 
the activity of input or output free-energy trans- 
duction catalysis would have had the result of 
either decreasing free-energy dissipation or de- 

creasing efficiency. The only attainable result 
would thus have been the status quo with both a 
significant free-energy dissipation and a submaxi- 
mal efficiency. 

Appendix A: Tbe model for tbe light-activated pro- 
ton pump and its reduction to a two-state Hill 
diagram 

We shall use here Lauger’s [27] model (fig. 5A) 
for the bacteriorhodopsin cycle (represented in the 
form of a Hill diagram [25]). States 1, 2, 3 and 4 
can be tentatively assigned to BR,,, L5s,,, M,,, 
and the O,, intermediates. It is thought that the 
proton-release step from the chromophore takes 
place between L,,, and Md12 and the proton-as- 
sociation step between O,, and BR,,O [12]. Pro- 
tons are pumped outward if pathway 2 + 3 + 4 
+ 1 is used. The free energy of the excited state 
2 * , can also be dissipated through the internal slip 
pathway 2* + 2 + 1. 

The overall excitation rate constant a for the 
transition 1 -+ 2* is 

a=a,+a(J,+J) (Al) 

where a, is the rate for the radiationless transi- 
tion, a the absorption cross-section of bacterio- 
rhodopsin in state 1 for radiation of frequency Y, 
J, the flux density of quanta emitted by the radia- 
tion source and impinging on the surface of the 
bacteriorhodopsin-containing membrane, and J 
the total ambient flux density of ambient tempera- 
ture T. An equivalent black-body source with a 
well-defined radiation temperature T, can be as- 
signed to the radiation source by using Plan&s 
treatment [34] of nonequilibrium radiation 
[2,15,27]. When the radiation source with the ef- 
fective temperature T, * T is switched on, uJs 
becomes the dominant term in eq. Al. 

The overall rate constant b for the 2* + 1 
transition is [2,15,27]: 

b=b,+b,+a(J,+J) 642) 

where b, is the rate for the radiationless process, 
bt that for spontaneous emission of photons and 
u( J, + J) the rate for induced emission (for which 
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the rate constant must be equal to that for in- 
duced absorption), which can be neglected in this 
equation at normal light intensities: b - b, f b,. 

In the dark, equilibrium at ambient ternpera- 
ture T requires that 

a,/b, = exp( -hv/kT) = Q 643) 

where k is Boltzrnann’s constant. 
When all nonradiative and nonproton-pumping 

transitions between states 2* P 1 and 2 ti 1 can 
be neglected (a, = b, = k,, = k,, = 0) the proton 
pump becomes completely coupled. In this case 
(an isotropic radiation source is also assumed) 
light free energy can be transformed with maximal 
yield. 

In this model proton trauslocatioa through the 
membrane causes a conformational change, which 
lowers the potential energy barrier for the release 
of a proton to the external compartment. The 
deprotonation reaction (2 & 3) is assumed to be 
fast with the equilibrium constant: 

(A4) 

where c” is the proton concentration in the exter- 
nal compartment. Protonation reaction 4 in? 1 is 
also assumed to be fast with the equilibrium con- 
stant: 

(A5) 

c’ being the proton concentration in the internal 
compartment. Rate constants k,, and k,, are the 
pseudo-unimolecular rate constants, i.e., they are 
proportional to c” and c’, respectively. K, and 
K, are, as usual, independent of pH. Fast equi- 
librium is also assumed between the short-lived 
states 2* and 2: 

B = k22./k2.2 (A6) 

Rapid equilibrium (eqs. A4-A6) has the effect 
of reducing five states in the model (fig. SA) to 
only two (fig. 5B) with effective rate constants: 

LY,, = k,,B’; at, = k,,B” 

a,=aB’; a; = bBB” 647) 
al = k34KEt?‘t/c”; ai= kd3(1 - 0’) 

where 

e’ = (I + ~,/d)-l; B”=(l+B+KJc”)-l 

(A@ 

For each couple of ‘fast equilibrium’ states we 
now have a single intermediate state. This reduc- 
tion procedure has been described by Hill [25]. 

For simplicity we have assumed that there is 
only one proton-binding site. The only A flu-de- 
pendent quantities are assumed to be the equi- 
librium dissociation constants K, and K,: 

K, = K, exp( - FA+/2RT); 

K, = gE exp( FA#/2RT) 
6-w 

,_ 
where K, and Ku are the values of K, and K, 
for FAt,b = 0. This implies either a symmetric pro- 
ton-well situation [35] where A$ is locally trans- 
lated to ApH, or the complete absence of the AJ/ 
component as in the presence of valinomycin and 
excess K+, or in bacteriorhodopsin liposomes in 
KC1 [19]. 

Appendix B: The flux-force relationships 

In Hill’s formalism [25] the thermodynamic 
driving forces are associated with the products of 
rate constants in closed circles of the basic di- 
agram (fig. 5): 

a,ah/a,a,’ = a/bQ = exp(AGi/RT) 

oL,,cyl/a~a; = (c’/c”) exp( FAt/t/RT) 

(Bl) 

= exp(AG,JRT) (B2) 

We have used here the principle of microscopic 
reversibility, which requires that in the absence of 
driving forces: 

Q/B = Wk,, @3) 

and 

&k&s, = %&, (B4) 

Note from eqs. A3 and Bl that the input driv- 
ing force AGi is: 

AGi = N,hv + RT ln( a/b) 035) 

where N8 is Avogadro’s number. As in refs. 2 and 
15, we find that the ‘light force’ per absorbed 
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photon is less than the ,photon energy (for, a < b). 
Eq. 6 from ref. 15, for AG, associated with photon 
absorption, becomes approximately equal to eq. 
B5, when transitions uJsk,,k,4k,, and (b, + 
b,)k,,k,,k,, are dominant contributions to the 
occupational probabilities p2. and pl, respec- 
tively. 

The net proton flux is: 

J,=N,[(Cy,+(YI)(Y*--OL;((Y;+(Y;))I/C 
where 

c= ao+al+a*+a;+a;+a; 

Using eqs. Bl and B2 we find: 

J, = &I;( a; + a&)(exp( XJIZT) - 1)/c 

with X0 defined in eq. 27. 
The net absorption rate for photons is: 

Ji=N,[a,(a;,+cr,)-a,‘(cro+cr;)l/C 
As above we find: 

Ji = N,Cr;(cY, + a;)(exp( X,/RT) - 1)/c 

with Xi defined in eq. 26. 

W) 

(B7) 

(B8) 

(B9) 

(BlO) 

From eqs. B6 and B9 reversal potential values 
in static head steady states sho (Jo = 0) and shi 
( Ji = 0) are, respectively: 

AGoSh = RT ln( (S, + l)/( S, + exp( AG;/RT))) 

(Bll) 

AGBhi = RT ln((S, + l)/(Si + exp(AG,/RT))) 

(Bl2) 

with the ‘slip coefficients’ S, and Si defined by: 

S, = ah/a; = k,,/bB (W 

and 

Si = &,/a; = k,,c’/k,, K, (B14) 

The coefficients L, and Li in eqs. 28 and 29, 
respectively, can be expressed in terms of rate 
constants by using eqs. A7, A8, B7, B8, BlO, B13 
and B14: 

L, = N,bBk,,(l + S,)/S$I 

L; = N,bBk,,(l + l/&)/D 

@W 

@W 

where 

D = (1 + B + KJc”)(a + k,* + k,,Kl/c’) 

+ (1 + K,/c’)( k,, + bB + k&Jc”) 

W7) 
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