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The initial rate of light-induced proton uptake into bacteriorhodopsin liposomes was analyzed for its quantitative 
dependence on system parameters. All relevant parameters were varied: the proton pump activity of bacterio- 
rhodopsin (by varying the light intensity), the electrophoretic proton permeability of the liposomal membrane 
(by adding protonophore), the electroneutral proton permeability (by adding nigericin) and the non-proton 
electric permeability of the membrane (by adding valinomycin). The results are in strict, quantitative agreement 
with the predictions of a theoretical description of bacteriorhodopsin liposomes based on mosaic non-equi- 
librium thermodynamics (Westerhoff, H.V., Scholte, B.J. and Hellingwerf, K.J. (1979), Biochim. Biophys. Acta 
547,544-560) .  Furthermore, the analysis showed that bacteriorhodopsin is inhibited by the membrane potential 
it develops. 

Introduction 

Thanks to the concept and experiments of Mit- 
chell [1] and many others, it is now clear that 
protons play an important role in energy trans- 
duction in biological systems [2]. Two important 
aspects remain unsolved: is the bulk phase-to-bulk 
phase difference in the proton electrochemical 
potential the only high-energy intermediate in 
processes such as oxidative and photosynthetic 
phosphorylation [3-7]?  And: what is the quan- 
titative impact of the chemiosmotic processes on the 
cellular metabolism? Both questions should be 
tackled by quantitative analysis. 

Early quantitative approaches to membrane- 
mediated biological energy conversions were only 
of limited use, because they made use either of 
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equilibrium equations for a non-equilibrium system 
[8], or of irreversible thermodynamic equations 
that are devoid of mechanistic parameters [9-11] .  
The former type of theory has never been developed 
far enough to include the effect of the main coupling 
agent, the proton. The latter theory can describe 
processes in terms of rather abstract parameters, 
such as the degree of coupling, q, but its potential 
help in elucidating a mechanistic problem is limited. 
Quite early, different authors [12,13] set out to try 
to find the mechanistic meaning of these abstract 
parameters. The approach that resulted (for a review 
see Ref. 14) consisted in first describing the ele- 
mental processes in terms of the forces that drive 
them, the flows that result and the mechanistic 
coefficients that relate the two types of parameters. 
Using the appropriate steady-state conditions, the 
large set of elemental equations can be reduced to a 
much smaller set of equations relating the experi- 
mentally determinable output and input flows to the 
output and input forces [15,16]. In contrast to the 
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equations of the above-mentioned type of irreversible 
thermodynamics [11], the proportionality coeffi- 
cients in these equations are explicit functions of the 
'mechanistic' parameters that define the elemental 
processes [15,17,18]. After and in addition to other 
applications to experimental systems (e.g., Ref. 19), 
this method was recently elaborated for oxidative 
phosphorylation [17,18,20,21 ]. 

Theoretical [22,23] and experimental [24] studies 
showed that the form of the elemental flow-force 
relationships may vary depending on the type of pro- 
cess considered and its degree of kinetic reversibility 
[23,25]. The latter aspect led Westerhoff and Van 
Dam [25] to rename the method as 'mosaic non- 
equilibrium thermodynamics'. 

In order to allow optimal testing of the practical 
correctness and power of the mosaic non-equilibrium 
thermodynamic method, it was also elaborated [26] 
for the well defined system of purified bacterio- 
rhodopsin (the light-driven proton pump [27]; 
for reviews see Refs. 28 and 29) reconstituted with 
pure lipids. A first semi-quantitative look at the 
quality of the predictions of the theory for the 
latter system [30] gave confirmatory results as well 
as interesting conclusions about bacteriorhodopsin 
itself. This paper shows that the theory quantitatively 
predicts the (combined) effects of light intensity and 
ionophores on the initial rate of light-induced proton 
uptake into bacteriorhodopsin liposomes. 

Materials and Methods 

Bacteriorhodopsin liposomes were prepared as 
described [30] by sonication for 60 periods of 
15 s (each time followed by 45 s silence, at room 
temperature). Light adaptation was induced by a 
series of 10 periods of 15 s illumination followed 
by 15 s darkness. In control experiments it was 
checked that after such a pretreatment the initial 
rate of proton uptake could be measured reproduc- 
ibly. The initial rate of proton uptake is expressed 
either in #mol/min per g bacteriorhodopsin or in mol 
H÷/mol bacteriorhodopsin per s. 

Proton uptake into the bacteriorhodopsin vesicles 
was assayed either with the pH meter described by 
Hellingwerf et al. [30] (pH meter 1), or in a 1 ml 
vessel, equipped with a magnetic stirrer (pH meter 
2). In the latter case, illumination was carried out 

with a 150 W, 20 V xenon lamp (Osram), equipped 
with two heat filters and using a flexible light guide. 
Light intensity was varied with neutral density filters 
(Oriel Corporation, Stanford, CT). Light intensities 
were at 100%: 0.65 and 0.17 kW/m 2 for pH meters 
1 and 2, respectively. The number of protons cor- 
responding to a measured pH shift was determined 
by adding known amounts of oxalic acid, essentially 
before ionophores had been added. Routinely, 
ethanol concentrations were kept below 1% (v/v). 
At least up to this concentration ethanol by itself 
had no significant effect on the initial rate of proton 
uptake. 

L-a-Phosphatidylcholine (type V-e from egg yolk, 
or from soybean, 100 g/l in chloroform/methanol, 
9 : 1, v/v) was purchased from Sigma Chemical Co. 
Nigericin and valinomycin were gifts from Dr. W.C. 
Pettinga, Eli Lilly and Co., Indianapolis; chlorpro- 
mazine was purchased from Serva, Heidelberg. All 
other reagents were of analytical grade. Twice-dis- 
tilled water was used. 

Results 

Although the quantitative description of ion move- 
ment in bacteriorhodopsin liposomes should in prin- 
ciple be capable of describing the ion fluxes under 
all conditions, two conditions are easily accessible to 
experimental analysis. These are the conditions 
in which the light-driven pH gradient has come to a 
steady-state value and the condition in which the pH 
gradient has not yet been built up (the condition 
occurring just after the light has been switched 
on). Equations describing the steady-state pH 
gradient as a function of light intensity and the 
activity of different ionophores have been developed 
and tested [31 ]. The present article will concentrate 
on the latter condition: the effects are analyzed of 
light intensity and ionophores on the initial rate of 
proton uptake occurring during the first 30 s [26] 
after the light has been switched on. Generally, 
during this period the proton flux was essentially 
monophasic and almost constant. When valinomycin 
was added, proton influx became more rapid, 
remained monophasic, but decreased already signif- 
icantly during the first 30 s. In those cases tangents 
were drawn to the initial parts of tile proton influx 
trace. Again, for as many as 0.5 protons per bacterio- 



rhodopsin molecule, no significant difference 
between tangent and actual curve was visible. This 
apparent monophasicity of proton movement is in 
contrast to observations by Caplan and coworkers 
(see, for example, Ref. 32), who interpreted their 
observation of biphasicity as being the result of the 
presence of scalar Bohr protons in addition to the 
vectorial protons [33] (for a review see Ref. 29; 
cf. Ref. 28). Recently, however, Govindjee et al. 
[34], using a preparation similar to ours, also found 
no evidence for the occurrence of such scalar protons 
(see also Ref. 28). Possibly the occurrence of scalar 
protons is linked to the degree of purity of the bac- 
teriorhodopsin and lipids used or the degree of 
trimerization of the protein. 

The appropriate equation has already been derived 
[26]: 

n(1 - 2cOLvA v 
JH,i = 1 + (nZLv + LIH)/Le (1) 

describing the dependence of the initial rate of 
proton uptake (--JH, i) on light intensity (Lv), the 
proton permeability of the membrane (L~), the 
membrane conductance for cations and anions 
(Le), the number of protons pumped per cycle 
(n) and the size of the fraction of bacteriorhodop- 
sin that pumps its protons to the inside of the vesicle 
(cO. Av represents the (constant) energetic impact 
of the absorbed photon. Only because their exact 
values are not yet known with certainty (for the 
value of n, see Refs. 34 and 35; for that of a, see 
Ref. 36), and because their exact value is irrelevant 
to the purpose of this article (cf. Eqn. 1), we shall 
eliminate n and a from the equations by making 
both equal to 1. 

The effect of  an increase in electric (non-proton) 
conductance 

Since bacteriorhodopsin pumps protons only 
[27,37], the onset of illumination does not only 
cause a pH gradient across the liposomal membrane, 
but generally also a membrane potential [27]. Simi- 
larly to other bioenergetic systems [38], the electric 
capacity of the liposomal membrane can be estimated 
to be less than the internal buffer capacity [26]. 
The result is that the membrane potential increases 
more rapidly than the pH gradient [30]. It can even 
be estimated that already after a few seconds a sig- 
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nificant membrane potential can develop which can 
give rise both to proton back-leakage and 'product 
inhibition' ('back pressure') of the proton pump 
itself [30,39]. Such initial membrane potentials 
can be measured [30]. Their relevance can be 
demonstrated by determining the effect of an 
increased electric conductance of the membrane 
on the initial rate of proton uptake. Thus, valino- 
mycin, the K*-specific ionophore, has been shown to 
increase the initial rate of proton uptake in systems 
that contain K + [40]. Eqn. 1 states what the exact 
effect of valinomycin on the initial rate of proton 
uptake would look like. To stress this we rewrite 
the equation as follows: 

A v 1 [  L I ~  1 
1 - + - -  "1---. 

--JH,i Le Lv J Lv (2) 

According to this description, the inverse of the rate 
of proton uptake should depend linearly on the 
inverse of the electric (non-proton) conductance 
of the liposomal membrane. Fig. 1 shows what the 
effect of valinomycin on the initial rate of proton 
uptake looks like experimentally. At first sight 
the correspondence between theory and experimental 
practice seems poor: what could have been a linear 
relationship between 1/initial rate and 1/[valino- 
mycin] lies within a range of valinomycin concen- 
trations where valinomycin inhibits the initial rate of 
proton uptake (the high concentrations) and a range 
in which valinomycin has hardly any effect on the 
initial rate of proton uptake (the lowest concentra- 
tions). However, both non-linear parts were expected: 
at high concentrations valinomycin does not only 
act as an ionophore, but it also directly inhibits the 
turnover of bacteriorhodopsin [41], thereby decreas- 
ing Lv. The valinomycin/bacteriorhodopsin ratio 
at which this inhibition starts (i.e., 0.09, cf. Fig. 1) 
is similar to the ratio at which valinomycin begins 
to be inhibitory to the kinetics of the photocycle 
[41]. We verified this explanation by looking at the 
effect of such valinomycin/bacteriorhodopsin ratios 
on the steady state of proton uptake (not shown). 

The other concentration range in which the 
experiment seems to contradict the theoretical 
prediction is at low valinomycin concentrations. 
Here the electric conductance of the liposomal mem- 
brane induced by the added valinomycin is still of 
the same order of magnitude as the endogenous 
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Fig. 1. The effect of valinomycin on the initial rate of proton uptake. Bacteriorhodopsin liposomes (1.0 g/1 bacteriorhodopsin, 
10 g/l soybean phosphatidylcholine, 150 mM KC1) were prepared as indicated in Materials and Methods. 1.0 ml of this prepara- 
tion was added to pH meter 2. Its pH was brought from 5.4 to 6.5, the sample was then preincubated until there was no further 
pH change. Short periods of illumination (with 63% light intensity) were alternated with dark periods long enough to allow for 
full proton reappearance into the medium. During the dark periods valinomycin was added to reach the concentrations indicated. 
The ho:izontal dashed line indicates 1/initial rate of proton uptake at zero valinomycin. 

electric conductance of  the liposomal membrane:  
the term L e in Eqn. 2 is only linearly related, and is 
not proport ional ,  to the valinomycin concentrat ion:  

dL e 
Le(val) = Le(0) + × [val] . (3) 

d[vall 

That electric conductance is linear with the valino- 
mycin concentration in this system at the concentra- 
tions used, i.e., that 6L¢/6 [val] is a constant, has been 
verified by inspection of its influence on the rate of 
proton eff]ux from bacteriorhodopsin ]iposomes (acid 
inside) at a certain pH gradient (not shown). If we 
substitute this expression (Eqn. 3) for L e in Eqn. 
2, we obtain: 

A v 1 [ LI~  1 
= ~l  + ~ |  + - - .  (4) 

-JH,i Le(0) + dLe/d[val] X [val] L v ] L v 

This equation is in full accordance with the right- 
hand part of  Fig. 1. To illustrate the importance 
of  the already existing electric conductance of  the 
l iposomal membrane for the valinomycin effect on 
the initial rate of  proton uptake,  it may be of  use 
to confine the discussion to low values of  total elec- 
tric conductance as compared to the light intensity,  

Lv, plus the proton conductance,  LtH. Eqn. 2 can be 
rewritten as: 

~ t = L e / ( I + L I I  Le <<Lv+LIH . (5) 
A v ! \ L v I 

At low electric conductance,  the initial rate of  proton 
uptake should be proport ional  to Le and therefore 
linear to the concentrat ion of  valinomycin. Fig. 2A 
shows plots of  the initial rate of  proton uptake vs. 
valinomycin concentration.  At low valinomycin 
concentrations the plots are indeed linear. They 
are, however, not proport ional :  at zero valino- 
mycin concentration there is already some electric 
conductance of  the membrane which by this way of  
plott ing can be estimated from the abscissa inter- 
section point .  It is equivalent to about 0.05/J.g valino- 
mycin per mg lipid. 

Fig. 2A is also relevant to the question as to 
whether part of  the proton flux observed may have 
been due to the rapid association of  scalar Bohr 
protons to bacteriorhodopsin (for a review see Ref. 
29; cf. Ref. 28). The rate of  disappearance from the 
medium of  the rapid protons (interpreted as scalar 
Bohr protons by Caplan and coworkers, cf. Ref. 
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Fig. 2. The effect of valinomycin on the initial rate of proton uptake at different light intensities. 0.1 ml of bacteriorhodopsin 
liposomes (25 g/l egg phosphatidylcholine, 0.5 g/1 stearylamine, 2.5 g/1 bacteriorhodopsin, 250 mM K2SO4, 1 mM EDTA (po- 
tassium salt), pH 5.8), sonicated for 40 periods of 15 (+45) s each, was added to pH meter 1 and supplemented with 3.8 ml of 
0.25 M K2SO4. Light intensities were (X) 15%, (+) 25%, (zx) 50%, (o) 100%. Total ethanol concentration was always below 
0.15% (v/v). A and B, normal and double reciprocal plots, respectively, of the same results. A, linear least-squares lines were 
drawn using the five points with the lowest valinomycin concentration at any light intensity. Correlation coefficients were 0.995, 
0.991, 0.998 and 0.992, respectively. B, linear least-square lines were drawn using the five points with the highest valinomycin 
concentrations. Correlation coefficients were 0.984, 0.994, 0.999 and 0.997, respectively. 

29) has been shown not to be influenced by valino- 
mycin [42]. The proton influx measured by us can 
be stimulated approx. 15-fold by the addition of 
excess valinomycin (Fig. 2A). (The potential 
stimulation by agents that dissipate membrane 
potentials is even larger, in view of the inhibitory 
effect of valinomycin on bacteriorhodopsin.) This 
again indicates that the proton 'flux' we measure 
cannot consist, to a significant extent, of rapidly 
associating scalar Bohr protons. 

The experiment of Fig. 2 was carried out for an 
additional purpose, i.e., to examine in more detail 
what variations in light intensity would do to the 
effect of valinomycin on the initial rate of proton 
uptake. Eqns. 2 and 5 imply that, independent of 
light intensity, at low valinomycin concentrations 
the initial rate of proton uptake should be linear 
with the valinomycin concentration, whereas at high 
(but not yet inhibitory) valinomycin concentrations 
the inverses of the two parameters should be linearly 
interrelated. Moreover, in the double-reciprocal plot 
(Fig. 2B), an increase in light intensity (Lv) should 
decrease the slope, whereas the reverse should occur 

in the straightforward plot (Fig. 2A). Fig. 2 con- 
firms these theoretical predictions. 

It is useful to look at Fig. 2B in some more detail 
in view of the earlier contention that bacteriorhodop- 
sin is inhibited by the proton-motive force it develops 
[30,39]. One of the important arguments for this 
contention was that both the initial rate of proton 
uptake and the steady-state pH gradient show satura- 
tion behaviour with respect to the intensity of the 
illumination. For the former of these two parameters 
this is confirmed by the experiment: replotting of the 
data shows that there is a hyperbolic relationship 
between initial rate of proton uptake and light 
intensity (not shown). An important question is 
whether the observed saturation effects could also 
be due to saturation of the photochemical cycle 
itself, independent of a proton-motive force. It was 
estimated that the light intensity required for 
half-saturation is much lower than that expected 
to saturate a photochemical cycle with 8 ms duration 
[30]. The evidence would, however, be more con- 
clusive if the saturation effect could be shown 
actually to depend on the presence of the proton- 
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Fig. 3. Detailed analysis of Fig. 2B. (A) The initial rate of proton uptake at infinite valinomycin concentration as a function of 
light intensity. Extrapolation was carried out in Fig. 2B. (B) The slope in Fig. 2B as a function of light intensity. Correlation 
coefficients of the linear least-squares lines shown are 0.987 and 0.997, respectively. 

motive force. Eqn. 2 and Fig. 2B allow us to extra- 
polate to a situation where there can be no more 
back-pressure effect of a proton-motive force on 
bacteriorhodopsin: the extrapolation to inf'mite 
valinomycin concentration (zero 1/Le). The mem- 
brane potential will then disappear and, since initial 
rates are measured, the pH gradient will equal 
zero as well. Considering the points at zero 1/Le 
in Fig. 2B, we can conclude that in the absence of a 
proton-motive force an increase in light intensity 
can still induce an increase in the initial rate of 
proton uptake. Fig. 3A shows that this increase is 
even linear. We conclude that at light intensities 
where the saturation effects are observed, the photo- 
chemical cycle itself is still far from saturation 
and that the observed saturation depends on the 
presence of the proton-motive force, in this case 
the membrane potential. 

Further analysis of Fig. 2B shows that the slope 
in this figure is indeed linear with the inverse of the 
light intensity (Fig. 3B, cf. Eqn. 5). The half-saturat- 
ing valinomycin concentration should (cf. Eqn. 2) 
increase linearly with light intensity. The low 
accuracy with which these Km values can be deter- 
mined in Fig. 2B limits the confirmation. 

The effect o f  nigericin on the initial rate o f  proton 
uptake 

Our mosaic thermodynamic description [26] also 
took into account the effect of electroneutral proton 
permeation (either as symport with an anion, or as 
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Fig. 4. The effect of nigericin on the initial rate of proton 
uptake. Exactly as the experiment of Fig. 2, except that 
0.10 mg valinomycin/g lipid was continuously present. 
The amounts of nigericin indicated were present due to 
addition during the dark periods. At 8 and 16 /zg/g lipid, 
initial rates of proton uptake of 95 and 52 /zmol/g bacterio- 
rhodopsin per min were measured. At these high concentra- 
tions the extent of proton uptake was, however, too low 
to consider these measurements as initial-rate measurements. 
In an experiment with a similar preparation, 0.8 /zg/g lipid 
of nigericin reduced the steady-state proton uptake from 
0.17 to 0.107 mmol H÷[g bacteriorhodopsin. The straight 
line shown is a linear least-squares fit with slope - 8  (-+9 
S.D.) pmol H÷X g lipid/g baeteriorhodopsin/min per pg 
nigericin, and correlation coefficient 0.35. 



antiport to a cation) on the energetic and flux para- 
meters. These processes could be represented by one 
parameter, Ln, a conductivity coefficient typically 
increased by an ionophore like nigericin [43]. In Eqn. 
1 this coefficient is absent and therefore the initial 
rate of proton uptake is expected to be independent 
of the electroneutral proton conductivity of the 
liposomal membrane. Nigericin was indeed used to 
vary Ln. Fig. 4 shows that at concentrations where 
nigericin already decreases the steady-state pH 
gradient by more than 40% [30], its effect on the 
initial rate of proton uptake is still insignificant. 
However, at much higher nigericin concentrations 
the initial rate of proton uptake seems to be dimi- 
nished by the addition of nigericin. Truly initial 
rates of proton uptake, however, can no longer be 
measured at these high nigericin concentrations. 
Even the very low pH gradient that exists shortly 
after the onset of illumination may then cause a 
significant back-flow of protons via nigericin, induced 
by ApH. An alternative explanation is the reported 
property of nigericin at high concentrations to act, 
by dimerization, as a K ÷, and probably also as an H ÷, 
carrier [44], rather than as an H+/K ÷ exchange cata- 
lyst. 

The effect of  increased proton permeability of  the 
liposomal membrane 

Since an increase in proton permeability decreases 
the initial rate of proton uptake to a magnitude 
that is only detectable with much scattering in the 
points, we decided to increase first the initial rate of 
proton permeability by increasing the K ÷ 
permeability of the membrane. To this purpose 
valinomycin was added in the experiments to be 
discussed below. Since it has been shown [45] that 
valinomycin may interact directly with anionic 
protonophores, we chose a cationic protonophore, 
chiorpromazine [46], to vary the proton perme- 
ability of the membrane. Fig. 5 shows the relation- 
ship between the initial rate of proton uptake and the 
concentration of chlorpromazine. Eqn. 1 rewritten 
in the form of Eqn. 6: 

Av L 1 1 1 
- -  - - -  + - -  + - -  (6) 
-dH,i LuLe L~ L e 

tells us that the relationship between the inverse of 
the initial rate of proton uptake and the chlorpro- 
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Fig. 5. The effect of the protonophore chlorpromazine on 
the initial rate of proton uptake. 0.1 ml of the bacterio- 
rhodopsin liposomes of Figs. 2 and 4 was incubated in pH 
meter 2 and supplemented with 0.70 ml of 250 mM K2SO 4 
and 0.20 mg valinomycin per g lipid. Light intensities were 
(o) 25% and (o) 100%. Correlation coefficients of the linear 
least-squares fits shown are 0.999 (0.986 ff the point with 
the highest chlorpromazine would have been included) and 
1.000, respectively. 

mazine concentration (proton permeability) should 
be linear. This is confirmed, as can be concluded from 
the quality of the fit of  the linear least-squares lines 
drawn. We may also check that the slope and the 
l/(JH, i)-axis intercept are indeed decreased by an 
increase in light intensity. 

To examine the combined effects of light intensity 
and proton permeability on the initial rate of proton 
uptake in more detail, essentially the same experi- 
ment was carried out at four different light intensi- 
ties. As Eqn. 7 shows: 

A v _ 1 ( 1 +  L[-II+ 1 

-JH,i Lv ~ ] -~e (7) 

the inverse of the initial rate of proton uptake 
should be linear not only with proton permeability 
(at constant light intensity), but also with the inverse 
of light intensity (Lv). This was already confirmed in 
an earlier article for the case where a protonophore 
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Fig. 6. The effect of light intensity on the initial rate of 
proton uptake at different concentrations of  protonophore. 
Experiment as in Fig. 2, except that 30 /zg of  valinomycin 
per g lipid were continuously present. Chlorpromazine: 
(o) 0, (~) 15 #M, (+) 30 g_M, (X) 45 /AVl, (o) 60 #.M. Cor- 
relation coefficients of the linear least-squares fits are 0.997, 
0 .975 ,0 .996 ,0 .998  and 0.997, respectively. 

was absent [30]. Fig. 6 shows that this linearity 
is essentially still present when protonophore has 
been added. 
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Fig. 7. Detailed analysis of  Fig. 6. (A) Its slope vs. protono- 
phore concentration. (B) The half-saturating light intensity 
as a function of protonophore concentration. Correlation 
coefficients 0.98 and 0.96, respectively. 

Fig. 6 can be analyzed in more detail. Eqn. 7 
predicts that the 1/(J~i)-axis intercept is independent 
of the proton permeability of the membrane. Fig. 
6 confirms this within the limit of experimental 
error. Eqn. 7 also predicts that the slope in Fig. 6 
will increase linearly with proton permeability 
of the membrane. Moreover, also the half-saturating 
light intensity ' g  m for light' should bear such a 
relationship to the proton permeability. Although 
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Fig. 8. Analysis of  the experiments o f  Fig. 6 plotted as in Fig. 5. The slope (A), the rate of  proton uptake at zero chlorpromazine 
concentration as calculated from the linear least-squares lines (B), and the concentration of  chlorpromazine that reduces the 
initial rate of  proton uptake by 50% (C), as a function of  light intensity. 



experimental error limits the possibilities for such 
a free analysis of Fig. 6, the essence of these state- 
ments is confirmed (cf. Fig. 7A and B). 

The data of the experiment of Fig. 6 can also be 
used to make a plot like that in Fig. 5. When such 
a plot is made, the conclusions are identical to those 
drawn from Fig. 5, except that they can be 
elaborated in more detail. The slopes 1/L)Le of the 
linear least.squares lines through the points of such 
a plot should be not only linear, but also even propor- 
tional to the inverse of light intensity. The 1/(JH, i)- 
axis intercept (1/maximum initial rate of proton 
uptake at any light intensity) should be linear with 
the inverse of the light intensity. For the dose of 
chlorpromazine that reduces the initial rate of proton 
uptake by 50%, linearity with light intensity should 
hold. That all of this is confirmed within the limits 
imposed by experimental error is shown by Fig. 
8A-C. 

Discussion 

In this article it has been shown that mosaic non- 
equilibrium thermodynamics [12-26] quantitatively 
describe how the initial rate of proton uptake into 
bacteriorhodopsin liposomes depends on light 
intensity and on the permeability characteristics 
of the liposomal membrane. In a parallel paper [31] 
we show that the same is true for the effect that 
changes in these parameters have on the steady- 
state pH gradient. Although the two conditions 
considered are only two out of a theoretically infinite 
number of conditions that may be analyzed, they 
are the most extreme ones, i.e., one of maximum and 
one of zero net proton flow. We may, therefore, 
have some confidence that the mosaic non-equi- 
librium thermodynamic method is equally applicable 
to the intermediate conditions. 

Concomitantly, the theoretical advantage of 
mosaic non-equilibrium thermodynamics [12-26] 
over the earlier type of non-equilibrium thermo- 
dynamics [9-11] has been shown to have practical 
value. The effects of changing the characteristics 
of the energy-transducing systems are no longer 
hidden in the black box of phenomenological coeffi- 
cients, but deafly manifest themselves as variations 
of permeability and activity coefficients, which in 
turn result in the variations in proton uptake rate 
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actually measured. Non-equilibrium thermodynamics 
are no longer limited to relationships between input 
and output flows and forces, but also gives relation- 
ships between the parameters characteristic of the 
biological energy transducer and these input and 
output flows and forces. 

Considering what new insights into the functioning 
of the energy-transducer bacteriorhodopsin and the 
ion movements in bacteriorhodopsin liposomes 
the new theoretical method has brought us, we may 
begin with the experiments shown in this article. 
The initial rate of proton uptake s/tturates with 
light intensity. This had already been shown by 
Hwang and Stoeckenius [40]. Our quantitative 
method of interpretation allows a speculation, 
followed by the suggestion of an experimental test 
and then a conclusion concerning the cause of this 
effect. Rephrasing the above equations, the specula- 
tion is that the saturation may arise from the fact 
that at higher light intensities the membrane potential 
will be higher, and that this membrane potential 
inhibits the proton pumping activity of bacterio- 
rhodopsin. The supposition that bacteriorhodopsin 
is inhibited by the membrane potential it develops 
leads to the prediction (cf. Eqn. 2) that the Km 
for illumination intensity will vary with the degree 
of dissipation of the membrane potential and thus, 
for instance, with the amount of added valinomycin. 
This prediction was confirmed in the experiment of 
Fig. 2B. A second effect predicted by the back- 
pressure concept is that (cf. Eqn. 7) the chlorproma- 
zinc concentration necessary for 50% reduction of 
the initial rate of proton uptake increases with light 
intensity. This point is also confirmed by the experi- 
ments (Fig. 8C). An alternative explanation for 
saturation with light intensity would be that the 
photochemical cycle itself would be saturated. Since 
a turn of a cycle takes a certain amount of time, 
there is a certain 'dead' time in which no photon 
can be absorbed. To inspect this possibility, we extra- 
polated the initial rate of proton uptake to infinite 
valinomycin concentration, i.e., zero membrane 
potential. This extrapolation was carried out in 
a double-reciprocal plot, as was suggested by the 
mosaic thermodynamic theory. When this extra- 
polated initial rate of proton uptake was plotted 
as a function of light intensity (ef. Fig. 3A), there was 
no sign at all of a saturation effect: even if the error 
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in the determination of the initial rate of proton 
uptake at 100% light intensity were 10%, the half- 
saturating light intensity would be over 600%, which 
is much higher than the light intensity at which 
saturation behaviour of the initial rate of proton 
uptake is observed in the absence of excess valino- 
mycin. Thus, the saturation effect, is dependent on 
the membrane potential. This conclusion has been 
proposed earlier [30,39] after a more qualitative 
interpretation of some experimental results in terms 
of the same theoretical description [26] and was 
confirmed 13y measurement of the dependence 
of the kinetics of the photochemical cycle of 
bacteriorhodopsin on the addition of certain iono- 
phores to bacteriorhodopsin liposomes [30,39]. 
The mosaic thermodynamic description cannot only 
be used to assess the effect of  added agents that 
change the permeability characteristics of the system. 
Likewise, the endogenous permeabilities can be 
measured. The most obvious example is the endo- 
genous permeability of the liposomal membrane to 
K ÷ and/or C1- that can be read from Fig. 2 to be 
equivalent to 0.06 p.g of added valinomycin. We 
analyzed the experiments of Figs. 2 and 6 with the 
following results. The endogenous electric per- 
meability for ions other than protons is equi- 
valent to 0.06 mg valinomycin/g lipid. In the presence 
of 30 pg valinomycin per g lipid the total electric 
permeability of the liposomal membrane is equi- 
valent to 0.04 bdVl chlorpromazine. Le(0)Au, Lh(0)- 
Av and LvA~ (at 100% light intensity, pH meter I)  
were approximately equal to 0.02, 0.3 and 0.6 s -1, 
respectively: the bacteriorhodopsin liposomes are 
relatively leaky towards protons, but much less to 
other ions (cf. Refs. 28 and 47). The proton pump 
activity parameter induced by the light intensity used 
does not vastly exceed the other conductivity para- 
meters. These experiments were, however, directed 
at proving the correctness of the theoretical rela- 
tionships rather than finding the values of the per- 
meability parameters. Determination of the 
parameters given here requires extrapolation in a 
plot already derived from another plot. They may, 
therefore, be liable to relatively large experimental 
error. 

The use of the present quantitative method to 
characterize and compare different preparations 
of bacteriorhodopsin (e.g., reconstituted with lipid 

in different manners) appears to be a promising appli- 
cation of the quantitative method developed here 
(cf. Refs. 30, 31, 48 and 49). Application of the 
same method to other bioenergy-transducing systems 
has already given interesting mechanistic information 
[24]. 
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