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Summary 

A comprehensive description of light-induced ion transport in bacterio- 
rhodopsin liposomes is presented. Linear irreversible thermodynamics and the 
chemiosmotic theory serve as theoretical bases for the formulation of a limited 
number of fundamental equations. In these equations mechanistic parameters 
characterize the dependence of ion movement and flux through the photo- 
chemical cycle of bacteriorhodopsin on electrochemical potential differences 
and a so-called light affinity. By making appropriate steady-state assumptions 
and carrying out mathematical reduction experimentally testable expressions, 
still containing the mechanistic parameters, are obtained. In the accompany- 
ing article rigid trials to falsify these expressions are shown to be unsuccessful. 

Glossary 

Many of the symbols used refer to the nomenclature used in Ref. 1. 

Sub/supersc r ip t s :  Refer r ing  to :  

u l ight  dr iven 
H p r o t o n  
K po t a s s ium ion 
Cl chlor ide  ion 
HC1 hyd r och l o r i c  acid 
KOH p r o t o n / p o t a s s i u m  ion exchange  
S e n t r o p y  
* s t eady  s ta te  of  e l ec t roneu t r a l  ne t  to t a l  f low 
** s teady  s ta te  o f  zero p r o t o n  f low and  * 
i leakage 
r chemica l  r eac t ion  r 
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Symbol Definition Formula First used in: 

Jx  

÷ 
Jv 

J; 
Jv 

JY 

Av 

Px 

*~R x 

a6  

Lx 

& 

LKOH 

LHC1 

n 

O" • 

JS 
Ji 
Jchem,r 

Ar 

Outward transmembrane flow of sub- 
stance X 
The flow through the photochemical 
cycle of the bacteriorhodopsin 
molecules if they would all be oriented 
in the in vivo orientation 
Idem in the inverted orientation 
The flow through the photochemical 
cycle 
The outward protonflow coupled to 

The outward protonflow coupled to 
J~ 
The outward protonflow coupled to 
photochemical flow 
The outward leakage of ion X 
The outward flow of ion X coupled to 
a flow of ion Y 
The thermodynamic force on bac- 
teriorhodopsin exerted by illumina- 
tion 
The chemical potential of substance 
X, excluding the temperature depen- 
dent part 
The gradient of Px across the mem- 
brane 
The electrical potential across the 
membrane, ~out  ~ 0 
The electrochemical potential of 
substance X, excluding the tempera- 
ture dependent part 
The gradient of ~x  across the 
membrane 
Proportionality constant relating flow 
to force of an independent reaction 
involving substance X 
Proportionality constant of electrogenic 
leakage of ion X 
Proportionality constant of H÷/K ÷ 
exchange 
Proportionality constant of HCL per- 
meation 
Number of protons pumped]turn 
of the photochemical cycle of bac- 
teriorhodopsin (n > 0) 
Local entropy production 
Local dissipation function, i.e. 
local Gibbs free energy consumption 
Local flow of entropy 
Local flow of substance i 
Local flow through chemical reac- 
tion r 
AG of chemical reaction r 

(1 --~)J; + Oa/~ 

~H- +J~t + 

# x + F ' ~  

win ~out 
Px - - # x  

Eqn. 3 

Fig. 2 

Fig. 2 
Eqn. 5 

Fig. 2 

Fig. 2 

Fig. 2 
Fig. 2 

Fig. 2 

Eqr.  13 

Eqn. 13 

Fig. 2 

Fig. 2 

Fig. 2 

Fig. 2 

Fig. 2 

Fig. 2 

Fig. 2 

Eqn. 1 
Eqn. 1 

Eqn. 1 
Eqn. 1 
Eqn. 1 

Eqn. 1 
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Symbol Definition Formula First used in 

®o 

AT 

8~x 

Sx 
Jchem,r 

1 - - ~  

Rm 

C 

Ri 

fe 

Leg 

Le 

Ln 

JHi 

7~ 

Dissipation function in the discontinu- 
ous system of bacteriorhodopsin 
liposomes 

The 'average' transmembrane entropy 
flow 

Transmembrane temperature difference 
Electrochemical potential difference 
of substance X across the membrane, 
including the temperature-dependent 
part 
Partial molar entropy of substance X 
Total flow through chemical reaction r 
The part of ~0 not containing the 
water and heat permeation terms 
The fraction of bacteriorhodopsin 
molecules in in vivo orientation 
Electrical resistance of the lipo- 
somal membrane 
Electrical capacity across the lipo- 
somal membrane 
Internal electrical resistance of 
bacteriorhodopsin regarded as a 
voltage source 
Fraction of proton flow that is not 
electrically compensated for 

The sum of all electrogenic perme- 
ation coefficients 
The sum of all, except proton, electric 
permeation coefficients 
The sum of the electroneutral proton 
permeation coefficients 
The truly initial protonflow (Ap H 
still equal to zero) 
The initial rate of proton uptake 
after onset of illumination 
Steady-state Ap H in the absence of 
added or endogenous neutral proton 
permeation 
Sum of the parallel proton conduc- 
tances by straight proton conductance 
and the permeation via electroneutral 
H ÷ permeation and electrogenic 
permeation of the coupled ion in 
series 

f CdV 
system 

f JS grad(--T) dV 
membrane 

AT 

T in __ TOUt 

- xAT 

~ 0  - -  J-s  " A T  - -  J r I :  O 

• A~H 20 

JH + J K- J c l  
JH 

n2Li, +L 1 +L k + E l l  

Lk 

LHCl + LKOH 

--n(1 --  2a)LvAv 
n2Lv + L 1 

LnLe 
L1 + Ln + Le 

Eqn. 2 

Eqn. 2 

Eqn. 2 
Eqn. 2 

Eqn. 2 
Eqn. 3 

Eqn. 5 

Eqn. 9 

Eqn. 9 

Eqn. 9 

Eqn. 11 

Eqn. 14 

Eqn. 15 

Eqn. 15 

Eqn. 16 

Eqn. 17 

Eqn. 34 

Eqn. 39 
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Introduct ion 

The postulate [2] that  proton transport  is an essential process in at least 
some energy-conserving biochemical conversions has not  only led to numerous 
critical experiments in Popper 's  sense [3],  but  also to a new paradigma [4] in 
biochemical sciences. Today bioenergetics is closely related to the s tudy of  
transport  across biomembranes.  Oxidative phosphorylat ion can be considered 
a central example. The identity of  the proton-motive force as high energy 
intermediate in this process is hardly doubted  [5]. Yet on a more refined scale 
objections exist against the validity of  the two phase chemiosmotic hypothesis 
as formulated by Mitchell {[2], for review see [6]). Insteady of  two bulk 
phases separated by a membrane phase lacking internal electric and concentra- 
tion capacitance, several authors (e.g. Refs. 7--9) need three phases, in which 
protons can dwell, to explain their results. To be able to describe these results 
theory must be refined. It will be clear that equilibrium thermodynamics 
cannot  accurately describe the more complicated chemiosmotic schemes, but  
the theory of  irreversible thermodynamics [10,11] as applied to biological 
systems [1] may offer certain possibilities. Mitchell [12] developed some equa- 
tions interrelating thermodynamic flows and forces of  different ions across 
biomembranes;  he did, however, not  present a full analysis in terms of  
irreversible thermodynamics of  the coupling of  ion permeation and chemical 
reactions. After earlier application of  linear irreversible thermodynamics to 
oxidative phosphorylat ion [13],  Van Dam and Westerhoff [14] using a black 
box approach proposed a description that  bears close relation to mechanistic 
coefficients such as stoichiometric numbers and proton permeability.  Using this 
terminology they could define the extent  to which Mitchell's chemiosmotic 
theory fails to describe the oxidative phosphorylat ion,  in a thermodynamic 
sense [8].  

The use of  linear irreversible thermodynamics has been criticized (e.g. 
Ref. 15) and therefore it is important  to test its predictive value in a system 
that is biochemically well-defined. Bacteriorhodopsin reconst i tuted with puri- 
fied lipids [ 16,17] offers an attractive test system. 

Yet another consideration is reflected in this article: whereas the discription 
of  chemically driven proton pumps in terms of  irreversible thermodynamics is 
relatively trivial [12,14],  such a description of  a light-driven proton pump as 
inducer of  ion movements  lacks precedence in the literature. Questions like: 
how is an increase in light intensity described in terms of  a change in a thermo- 
dynamic parameter: the thermodynamic 'force'  exerted by light or more 
directly in a light flow, have to be answered. 

In this article linear irreversible thermodynamics,  elements of  the chemi- 
osmotic hypothesis,  and a few evaluated assumptions together with some addi- 
tionai postulates are used to derive relations between experimentally testable 
parameters. In the accompanying article [18] these relations are shown to 
survive relevant critical tests. Thus the system can be described in terms of  
flow-force relations based on fundamental  assumptions like full coupling and 
linearity. Moreover, this strategy of  experimental testing of  theoretically 
derived equations turns out  to be of  great help in setting up those experiments 
that  are relevant for the full definition of  light-induced transport  in bacterio- 
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rhodopsin liposomes. Together the two papers will provide a basis for further, 
more quantitative, critical testing and elaboration of the proposed description. 

The model 

1. The elements considered 
In our description the system of bacteriorhodopsin liposomes is idealized as 

is shown in Fig. 1. From a thermodynamic point of view the idealized system 
consists of an aqueous compartment enclosed by a membrane. This membrane 
is freely permeable to water [19], but much less so to ions [20]. It contains a 
light-energized proton pump, which may generate an electrochemical potential 
difference for protons across the membrane [21,22]. This A ~ H  will generally 
consist of both a membrane potential and a pH gradient. Electrophoretic move- 
ment of other ions may result from the former, electroneutral exchange or 
symport of protons and other ions may be caused by the latter thermodynamic 
force. 

A fundamental equation of irreversible thermodynamics [1,10,11,23] 
expresses the consumption of Gibbs free energy, a characteristic of irreversible 
processes, in terms of the products of thermodynamic forces and their conju- 
gate flows: 

To = ¢ =Js grad (--T) +~Ji grad ('--~i) + ~ Jchem,r Ar (1) 
i r 

Clearly not all processes that take place within the membrane, can be analyzed 
in full detail with the present techniques. Since at present interest is confined 
to the in- and output parameters of the membrane system, the lack of detailed 
knowledge can be circumvented by integrating Eqn. 1 over the bacterio- 

P ~ P  orotordeo kage 

HCI I O" leakage 

H'IKt exchange 

Fig. 1. The idealized bacteriorhodopsln liposome containing a light-d_~iven proton pump in a membrane 

with some proton, K ÷, Cl-, HCI conductance and allowing some H+/K + exchange. Water and heat con- 

ductance of the membrane axe vezy high. The membrane does not exert elastic forces on the liquid. K + 

and Cl- represent the bulk cation and anion, respectively, of the incubation medium. For non-coupled 

processes arrows are drawn in correspondence with the sign convention (see legend to Fig. 2). 
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rhodopsin liposome. The following expression results: 

@0 = J--s AT + ~ JiA~i + ~  Jchem,rA~ (2) 
i=1 r 

To obtain this result it has been assumed that chemical reactions that produce 
any of the described substances, are absent inside the membrane and that 
within the aqueous phases on both sides of the membrane concentration and 
electric potential gradients can be neglected. Further simplification is possible 
in view of the high heat conductance of lipid bilayers [24]. This allows neglec- 
tion of the coupling of the non-heat fluxes to the temperature gradient (see 
also Ref. 25). The high permeability of lipid bilayers to water, and the rela- 
tively small osmotic effects of the processes to be considered (see below) allow 
for the same conclusion with respect to the coupling of non-water fluxes to the 
difference between pressure and osmotic gradient. Elimination of the two 
essentially non-coupled processes leaves: 

n--1 

{][~ = ~ J iA~i  + r ~ g c h e m , r A r  (3) 
i = l  

Thus the dissipation of free energy in ideal bacteriorhodopsin liposomes has 
been split into independent parts. One of these (Eqn. 3) is defined by the sum 
of the products of transmembrane flow of ions times their electrochemical 
gradient plus the chemical flows times their chemical affinities. 

Fig. 2 enumerates the processes that are taken into consideration, together 
with the equations they are assumed to obey. In all cases the equations derive 
from the assumption that fluxes through a process are approximately propor- 
tional to the total thermodynamic force across the process. Such an assumption 
is quite common to the theory of irreversible thermodynamics developed by 
Onsager [26] and can be proven to hold for near-equilibrium systems [1]. 
Experimental practice showed that at least some diffusion processes [27,28] 
obey the linear phenomenological equations. For enzyme-catalyzed reactions in 
addition to a range of chemical affinities of about R T  around equilibrium, in 
which the flow through the reaction is proportional to the chemical affinity 
(At or AG) of the reaction, other ranges of substrate concentration exist where 
this proportionality is replaced by linearity [29,30]. 

The so-called light affinity Av (see Fig. 2) deserves further comments. At this 
point it may be taken as a phenomenological parameter linked to the amount 
of photon energy that can be used to drive the photochemical cycle of 
bacteriorhodopsin. Since at any one photochemical cycle a bacteriorhodopsin 
molecule presumably absorbs only one photon, A, is expected to be indepen- 
dent of light intensity. If every bacteriorhodopsin molecule undergoes a photo- 
chemical cycle driven by a certain thermodynamic force only after a photon 
has been absorbed, then it seems straightforward to suppose that the total flow 
through all photochemical cycles is proportional to the number of bacterio- 
rhodopsin molecules that absorb a photon: L, will be proportional to both the 
bacteriorhodopsin concentration and the intensity of illumination. 

The third important assumption expressed in Fig. 2 derives from the con- 
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~_ J~" J~': nL  (A,+na.,,~j 

Ji J,: = h~ ,~- nA/,:~) 
-J~ J~=-nL, I/%-nz:M3.} 

J'. J'. = L'. A?3. 

I :,. J; J: : L: 
J'o : q, AA, 

, ~ =  h~o. (z::~-z:M-~_', } 

Fig.  2. A s c h e m a t i c  r e p r e s e n t a t i o n  o f  t he  p roces se s  a n d  the i r  e q u a t i o n s  c o n s i d e r e d  in t he  m o d e l .  Sign 
c o n v e n t i o n s  a re :  A~X--/~x?:in ~oUt#x  a n d  J X  > 0 if  o u t w a r d s  d i r e c t e d .  F o r  n o n - c o u p l e d  p roces se s  the  
a r r o w s  are  d r a w n  in c o r r e s p o n d e n c e  w i t h  th i s  s ign c o n v e n t i o n .  F o r  f u r t h e r  e x p l a n a t i o n  see t e x t .  

sideration that, if during a turn of  the photochemical cycle n protons are trans- 
ported across the membrane,  the total thermodynamic  force does not  equal A,,  
but rather A v -  [nI i A~nl. (Due to sign conventions this formula turns out  to 
be: Av + nA~n for bacteriorhodopsin in in vivo orientation). This idea, which is 
based on the expression for the AG of a four molecular reaction, is equivalent 
to the idea of Onsager's reciprocity at the single reaction level. As a conse- 
quence the flux of pumped protons is expected to be sensitive to the magni- 
tude of the A~ H across the vesicle membrane.  Although with other  proton- 
translocating enzymes, such as the mitochondrial  [31], bacterial [32] and 
chloroplast [33] ATPases and the mitochondrial  respiratory chain [34] this 
phenomenon,  basically originating from the second law of thermodynamics,  
has been amply observed, it has not  yet  been proven to occur in bacterio- 
rhodopsin. Recent  experiments (Hellingwerf, K.J. et al., unpublished results) 
do, however, indicate that  the flux through the photochemical  cycle of  bac- 
teriorhodopsin is inhibited by an electrochemical proton gradient. Models of 
bacteriorhodopsin without  back pressure by A~ H can as easily be translated 
into testable equations, as the model presented in Fig. 2. In the accompanying 
article [18] experiments will be shown to reject the former models in favour of 
the latter. 

2. Derivation of  some testable equations 
2.1. Basal equations and the effect of  electroneutral flow. The explicit form 
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of Eqn. 3 for the ideal bacteriorhodopsin system is: 

(]) = JH A~H + JK A~K + JcIAPCl + JvA~ 

with : 

J~ = (1 -c~)J; +C, Jv 

JH = ( 1 - - a ) J ~  + +aJ~- + J I  + jK+ JCHI 

gg = J ig  + jH 

Jcl = J~l + JCH1 

(4) 

(5) 

Here (1 - - a )  is defined as the fraction of  bacteriorhodopsin molecules oriented 
in the in vivo orientation. Clearly the first three terms of  Eqn. 4 correspond 
with the first term of  Eqn. 3; also the last terms of both equations correspond 
with each other, both measuring energy dissipation in (photo)chemical reaction 
sequences. One may now postulate the existence of linear and symmetrical 
phenomenological equations under near-equilibrium conditions [1] leading to: 

"Iv I L ~  LvH 

JH [ LH~ LHH 

JK LKv LKH 

Jcl Lclv LC1H 
with 

Lij = Lji for all i and j 

LvK Lvcl 

LHK LHC1 

LKK LKCl 

LC1K Lc1c1 

Av 1 APH 

/ 
Ahc,'  

(6) 

(7) 

This has the disadvantage of losing insight in the influence of identifiable para- 
meters such as the proton permeability of the membrane (L 1) on the different 
flows. We therefore choose to combine Fig. 2 and Eqn. 5 to yield: 

J~ | L~ n(1 -- 2a)L~ 0 0 

JH / = n(1 -- 2a)Lv n2Lv + L1H + LKO H + LHC 1 - -  LKO H LHC l 

JK 0 --LKoH L~ + LKOH 0 

Jc, 0 LHCl 0 L~, + LHC l 

x AhK / (8) 
/ 

Ahc,J 

After  measurement  of  the concentrat ion gradients and the electric potential 
across the vesicle membrane at constant  light intensity and therefore at con- 
stant L~ and A,  the magnitudes of the flows can be predicted from the above 
equations and compared to the experimental results. In the experiments with 
bacteriorhodopsin liposomes reported up till now not  all flows and forces were 



552 

measured simultaneously. Although in the accompanying paper [18] measure- 
ments of  ApH and A~ will be reported,  the probe molecule relaxation time 
may not  have been quick enough and permeability constants are not  known 
well enough, to allow careful testing of  Eqn. 8. An approach already known to 
be effective in studying normal enzyme kinetics, will now be of  much help: our 
measurement  conditions are of ten such that some steady-state condition is met. 
Here we will discuss merely two steady-state conditions, firstly the steady state 
of  electroneutral total f low (marked by one asterisk} and secondly the steady 
state of  zero proton flow (marked by two asterisks; here also the electro- 
neutrality condit ion is valid). To find out  whether a steady-state condition is 
essentially met, two approaches can be followed: one is to verify the disappear- 
ance of  the relevant net  flow, the other is to estimate by calculation the time it 
takes for the conjugate force to reach its steady-state value. In the following we 
will follow the latter strategy to discuss the steady-state of electroneutral flow. 

To check whether a steady-state condition is obligatorily met  in a system, 
one must  compare the total uptake of  the relevant species to the building up of  
its conjugate forces using an estimated value for the capacity of  the system. 
Discussing the electroneutral f low steady state the relevant capacity is the elec- 
trical capacity of  the membrane.  Assuming a concentric bispherical capacitor 
with an interior having a relative dielectric constant  of  about  3 [35],  a mem- 
brane thickness of  3 nm [36],  and a membrane thin relative to the diameter of  
the vesicle, a membrane electrical capacity of  about  1 • 10 -2 F/square meter  of  
external surface area can be calculated. This is in fair agreement with the values 
reported in literature [37].  Using a surface area/lipid molecule of  70 • 10 -:0 m: 
[37],  an average lipid molecular weight of  700 g • mo1-1, and the assumption 
that bacteriorhodopsin does not  contr ibute much to the surface area, a total 
electrical capacity of  3 F/g phospholipid is found. At our usual protein to lipid 
ratio of  0.05 (w/w) the uptake of  100/~mol of  protons/g bacteriorhodopsin,  
which is usually observed after some minutes of  illumination, would, if not  
compensated by the flow of  other  ions, cause a membrane potential of  about  
0.16 V. For  biomembranes dielectric breakdown voltages of  about  30 • 106 V • 
m -z have been reported [38] which in the present system amounts  to 0.1 V. 

Bacteriorhodopsin (BRh) liposomes in 150 mM KC1 (our usual incubation 
medium) are examples of  preparations exhibiting proton uptake above the 
75 ~zmol H ÷ . g BRh-~ level. This can be accounted for, since electrical resis- 
tance of  phospholipid bilayers in this medium is probably as low as 102 ~2 • m2: 
in comparable protein-free liposomes Papahadjopoulos and Watkins observed 
an electric resistance of  103 ~ • m 2 [39]; the incorporation of  protein and a 
decrease in the degree of  saturation of  the hydrocarbon chains generally lower 
the electric resistance of  a phospholipid bilayer [37].  When the bacterio- 
rhodopsin electrogenic proton pump is set into action by switching on the 
light, a membrane potential will be built up with a tl/2 characterized by: 

t i n  = + - -  C ln 2 < R,~C ln 2 (9) 
Rm 

This can be unders tood after inspection of  Fig. 3. This figure shows an electric 
analogue for bacteriorhodopsin liposomes. It is valid for as long as Ap H can be 
considered insignificant. From the values for the electrical capacity and resis- 
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I i  

rnembrc]ne 

BRh : 

a: ~ ~ ( v . s . )  

b: " (i.c.s.) 

5 5 3  

Fig. 3. Electr ical  ana logue  of  a m e m b r a n e  con ta in ing  b a c t e r i o r h o d o p s i n .  The  b a c t e r i o r h o d o p s i n  can  be 
r ega rded  as a vol tage source  (a, vs), or  as an ideal c u r r e n t  source  (b, ics). BRh,  bac t e r io rhodops in .  Rm+ 
m e m b r a n e  res is tance.  C, m e m b r a n e  capac i t ance .  

tance of  the membrane given above one can conclude that 

tl/2 < 1.1 s (10) 

Using the same electric analogue, the degree to which the pumped proton flow 
is electrically compensated by ion movement ,  can be estimated: 

1 + RmR:  [' 
fe = exp(t  In 2/t~/2 ) + R m R (  i (11) 

This equation quantitates the degree to which the pumped proton flow is 
electrogenic, i.e. not  electrically compensated by the back leakage of  ions. 
Under these conditions with relatively high electric conductance of  the mem- 
brane proton flow will be over 95% electrically compensated 4 s after the onset  
of  illumination. If the membrane would have a high electric resistance (Rm) 
relative to the internal resistance (Ri) of bacteriorhodopsin,  then not  only the 
t~/2 of  the charging of  the membrane's  capacitance would be higher, bu t  also 
the degree to  which pro ton  flow is electrogenic. Using data given in the 
accompanying paper [18],  estimates of R i / R m  vary between 2 and 40 so that  
effectively the former of  the two situations is met.  This allows us to describe 
the system after 4 s of  illumination as one essentially obeying the steady-state 
condit ion of  electroneutral total flow. 

This rather detailed discussion of  the correctness of  using the steady-state 
approximation of  electroneutral total f low has been given to show that the 
total electrical conductance of  the membrane is a very important  factor in such 
a discussion: if the electric conductance of  the membrane would be two orders 
of  magnitude lower, electroneutrality would not  be approached until after 
5 min. In the present description of  bacteriorhodopsin liposomes we will focus 
upon the high conductance (i.e. quick electric relaxation) systems, so that  
already after a few seconds the steady-state condition of  electroneutral total 
f low can be applied. 
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Electroneutral total f low is expressed as follows: 

Jn + Jg - -Jc l  = 0 (12) 

Using this equation and Eqn. 8, F A ~  can be expressed in the other  forces: 

- -  LK ApK + C1 t~C1 FA~* = - n L v ( 1 -  2c~)Av (n2Lv + L l ) A p h - -  ' * L 1 A '* 
Leg (13) 

with 

Leg = n2Lv + L1H + LIg + Llcl (14) 

Insertion of  this expression in.to Eqn. 8 and some rearrangement yields four 
equations, which are still interdependent.  Removing this interdependence one 
gets the following independent  set: 

J; I I (Lh + Le)Lv + 4(~(1- 2~)n2L2 nLvLe(l -- 2°O 

J~-II= 1/LeglnLv'l -- 2(~)L e Le(n2Lv + LII.t)+ LnLeg 

J~[) \--nLvL1K(1 -- 2.) --L1K(n2Lv + L1) --LKOHLeg 

1 2 1 
--LK(n Lv+LH)--LKOHLeg l A#~I + APS1 (15)  

1 2 1 1 LK(n L v+ L H+Lcl  ) +LKOHLeg ) (A~u~+ Att~l ) 

with: Le = L~ + L~l, and L ,  = LHCl + LKOH. 

2.2. The initial proton flow. A readily accessible experimental variable is the 
proton uptake occurring soon after the onset  of  illumination. The true initial 
proton flow, ~Hi, will depend on the activity of  the bacteriorhodopsin and on 
the energetic input into the system, but  not  on any back pressure of  Afiu, as 
the latter is still equal to zero. Accordingly from Eqn. 8 it is derived that: 

~Hi = n(X - 2a)L~A v (16) 

In experimental practice the reaction time of  the proton uptake measurement 
is often larger than 10 s, so that  not  so much ~Hi, but  rather ~ f0 3° Jg i  dt is 
evaluated and called initial rate. As was shown in section 2.1. it is estimated 
that under our usual experimental conditions (see the accompanying paper, 
Ref. 18) the electrical capacity of  the bacteriorhodopsin liposomes is so small 
as to allow the appearance of  a significant electrical potential within 3 s: to 
describe the results obtained in proton uptake experiments,  Eqn. 16 cannot  be 
used as a good approximation. Therefore we should use: 

J } I i  = n ( 1  - -  2a)L.A~ + (n2L. + L 1 ) F A ~  (17) 

The experimental check of  this equation is hindered by the lack of  quickly 
responding and trustable probes of  membrane potential. In view of  the discus- 
sion in the preceding section an alternative approach is possible: using the 
electroneutral steady-state condition and hence Eqn. 15 and again neglecting 
the chemical potential differences for all ions, we obtain: 

n(1 -- 2a)LvA~ 
J~Ii = n2Lv + E1 (18) 

1 +  
LlK + n~l 
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As protonophores ,  valinomycin and nigericin are expected to increase L~, 
L~ and LKOH, respectively, their effect  on the observed initial proton uptake is 
predicted to be negative, positive and nil, respectively. 

2.3. The steady-state o f  zero proton uptake. In proton uptake measurements 
carried out  with bacteriorhodopsin liposomes the velocity of  proton disappear- 
ance from the medium decreases from a high value, when the light is switched 
on, to zero in an asymptot ic  fashion. 

The t,j2 of  this process varies with different system parameters, but  lies 
usually around 2 min. It follows that after some 10 min the approximation of  
zero net proton flow will be operative; the steady state of zero proton uptake 
can be considered to be reached. In abstract terms: 

~n* = 0 (19) 

Of course this equation does not  necessarily imply that  bacteriorhodopsin has 
stopped its pumping activity; the protons still pumped through the bacterio- 
rhodopsin leave the intraliposomal space via the endogenous proton leak of  the 
membrane,  via the endogenous H÷/K ÷ exchange mechanism(s), and/or  via the 
endogenous HC1 permeation through the membrane.  Again in more exact form 
(cf. Fig. 2): 

0 =~H* = (1 --a)~H + +a~H- + J ~  +~n  +JCH' (20) 

Steady-state condition (Eqn. 19) allows the expression of  (Apn + Apcl) in 
terms of  the other thermodynamic forces of  Eqn. 15: 

(APH + Apcl)** 

_ --n(1 - - 2 a ) L , L e A ,  + [L~gLKoH + L1K(n2Lv + LIH)] (ApE + APcl)** 
- ( 2 1 )  

LnLeg + Le(n2Lv + L1H) 

Physical considerations now lead to further simplification of  this formula. It 
has already been mentioned that bacteriorhodopsin liposomes show steady- 
state total proton uptake values of  the order of 100 tLmol/g bacteriorhodopsin. 
Using the concentrat ion value of  I g bacteriorhodopsin/20 g lipids, an intralipo- 
somal volume of  0.7 ml/g phospholipids [18],  a medium of  150 mM KC1 in 
water, and zero equilibrium values for dip x and Apc~ it can be calculated that  
zero proton uptake steady-state values of  APK and Attc~ cannot differ by more 
than 1.5 mV from zero. A second consideration might be that, apart from 
water, K ÷ and Cl- are the main determinants of  the osmolarity of  both the 
inner and the outer  compartment ,  so that  a change in value of  (At~K + Attc,) by  
1% would probably be followed by  a change of  the internal volume by  5% due 
to osmotic swelling or shrinking of  the liposomes so that  the final (APK + APCl) 
would still equal zero. A third consideration is that  electrocompensatory flows 
of  K ÷ and C1- will have opposite effects on (Ap x + APc~). Clearly for not  too  
small values of  (A]2H)** 
[(APK + Apc1)**[ < [(Apcl)**$ < <  ](A/.tH)**] (22) 

SO that Eqn. 21 can be approximated by: 

--n(1 -- 2a)L~A, 

(n2L, + L~) 1 Le ] + nn 
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Also (A~)** can be evaluated: From Eqns. 13, 22 and 23 we derive 

--n(1 -- 2c~)LvA~ 
F(A ~)** = (24) ( +L0 (n2Lv + LIH) 1 Ln ] 

And to be complete, from Eqns. 23 and 24: 

--n(1 -- 2a)LvAv 
(A~H)** = (25) 

(n:L,~ + LIH) -,- LnLe 
L n + L e 

The changes brought about  by valinomycin and nigericin are instructive. If for 
simplicity it is assumed that: 

L H C  1 < <  LKO H (26) 

L~, < <  L~ (27) 

then Eqns. 23--25 reduce to: 

--n(1 -- 2a)LvA, 
(ApH)** = (28) 

LKOH] 
(n2Lv+ LIn) 1+ LIK ] + LKoH 

--n(1 -- 23) L~Au 
= - -  (29) 

(FA~)** (n2L, +L~)(I + L~ )+ L~ 
LKOH 

--n(1 -- 23) LvAv 
(A~IH)** = LKoHLI (30) 

n:Lv + L1H + LKOH + L~ 

Now if the proton conductivity of  the H÷/K ÷ exchange and K + leak in series can 
be neglected relative to the proton conductivity of  membrane and bacterio- 
rhodopsin, i.e. if 

LxoHDx 
< <  n2Lv + L~ (31) 

LKO n + LIK 

then the above equations can all be equally well approximated by 
A~l~ ax 

(ApH)** ~ (32) 
LKOH I + - -  

L1K 
A h ~  ax 

(FA@)** ~ L~ K (33) 
I + - -  

LKOH 

(A~/.)** ~ A~t~ ax (----- 
/ 

n:Lv + L1H ! (34) 

Thus at low valinomycin or nigericin concentrations, the effect  of  these iono- 
phores on (AfiH)** can be neglected, as their effect  on (Apn)** is balanced by 
their effect  on (FA ~)**. At higher concentrations the antagonistic effect of  the 
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two ionophores should be accompanied by an effect of lowering (A~H)**. 
2.4. Time-dependent changes in membrane potential and pH difference 

across the membrane. Membrane potential and pH difference are caused by the 
proton pump activity of the bacteriorhodopsin and only secondarily influenced 
by the passive processes also described in Fig. 2 and by possible feedback of 
APH on the pump. It follows that for some time after illumination is started, 
membrane potential and pH difference can be calculated from the number of 
protons accumulated inside the liposomes. For this calculation the electrical 
and buffer capacities of membrane and internal space, respectively, must be 
used. In steady-state measurements of ApH in our standard preparation 
(Arents, J.C. et al., unpublished results) it was observed that a ApH of 1.0 unit 
is caused by the uptake of about 100 ~zmol of H*/g bacteriorhodopsin. This 
enables us to calculate an average buffer capacity ~ of about 2.5 mol H ÷ • mol 
BRh -1 • pH unit-l, which is equivalent to about 6 F/g phospholipid. Remem- 
bering the electrical capacity of the system calculated earlier (3 F • g-I phos- 
pholipid) and using a value for a truly initial (i.e. A~ H = 0) JH the first part of 
Fig. 4 can be drawn. This Fig. 4 is to represent the present model's prediction 
of the time dependence of ApH and A~ induced by illumination. Of course 
this prediction is only valid for a period much shorter than a second as already 
after 3 s compensatory ion movement abolishes about 98% of the increase in 
FA~ (see section 2.1.). Luckily after 3 s of illumination the electroneutral flow 
condition approximately holds, so that Eqn. 13 becomes valid. Neglecting 

• /k  * 
/k]2 K and PCl and using Eqn. 25 this equation can be put into the following 
form: 

(FA~*) - n2Lv + L1H [(ApH)** - -  ( A p H ) *  ] "b LnLe (A~H)** (35) 
Leg (Ln + Le) Leg 

t- 
O 

J 
# 

S 

, t . . o ° .  

" ° ° . . ° ° o  
10 ° ° . .  

° ° ' ° ° * ° ° o ° . , o  . . . . . . . . . . . . . . .  

time (min) 

Fig.  4.  P r e d i c t e d  t i m e  d e p e n d e n c e  o f  A ~  H ( ), A/~ H ( . . . . . .  ), a n d  FAt~ ( . . . . . .  ) in s t a n d a r d  
b a c t e r i o r h o d o p s i n  l i p o s o m e s .  F o r  t h e  in i t i a l  p h a s e ,  p H  a n d  e l ec t r i ca l  c apac i t i e s  o f  6 a n d  3 F / g  p h o s p h o -  
Hpid, r e s p e c t i v e l y ,  were assumed,  t o g e t h e r  w i t h  a t r u l y  in i t ia l  proton  uptake  o f  8 5 0 / ~ m o l  H+/g bacterio-  
r h o d o p s i n  p e r  m i n .  The  b lack  b a r s  in  the upper part o f  the f igu re  i n d i c a t e  the assumed steady-state  c o n -  
d i t i o n s ;  *, the s teady  s t a t e  o f  e l e c t r o n e u t r a l  f l o w ,  a n d  **,  the s teady  state o f  ze ro  n e t  p r o t o n  uptake.  
F u r t h e r  de ta i l s  are  g iven  in  t h e  t e x t .  
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By adding (APH)* one finds: 

Le LnL e 
(A/tH)* = (A/tH)**--Le - [ ( A / t n ) * * - g  (Apn)*] + (Ln + Le)L~  (A/tR)** (36) 

The implications of  these equations become clear, if the (usual) case is con- 
sidered, in which: 

LnLe 
(Ln + Le) 

<< n2Lv + L1H (37) 

(cf. Eqn. 31). For  not  too  low values of  [(A~H)** -- (Afis)* ] the last term in 
Eqn. 35 can then be neglected. It can be concluded that during the electroneutral 
steady state a (A~)* exists which decreases with increasing (ApH)* for as long 
as protons are taken up. The size of  this initial membrane potential relative to 
the final proton-motive force depends on the permeability of  the membrane for 
K ÷ and C1- relative to the permeability for protons: only at low permeability 
of  K ÷ and C1- a large initial A ~ is expected.  In view of the predicted decrease in 
(FA~)* paralleling the increase in (A].tH)* the question may arise whether 
(AfiH)* has already reached its maximal value at the beginning of  the electro- 
neutral steady state. Eqn. 36 without  its last term shows that this is not  the 
case, unless the permeability of  the membrane for K ÷ and C1- is much smaller 
than that for protons.  

Assuming that no gross changes in buffer capacity of  the intraliposomal 
space occur, we can now construct  the part of  Fig. 4 to the right of  the 1--3 s 
gap: since protons are still being taken up, though at a slower rate, (Apn)* 
keeps increasing after t = 3 s. Its rate of  increase, however, slowly decreases due 
to back leakage of  protons and feedback pressure of  (A]~H)* on the pump, 
which results in a lowered Jn- As the leakage of  ions other than protons has 
reached a high level due to the high membrane potential and because the 
proton influx dwindles, A~ slowly diminishes. During the whole period after 
illumination is started the proton-motive force itself continuously increases, 
with as asymptote  (Alan)** given by Eqn. 25. 

2.5. Feedback on photochemical cycle velocity. As mentioned in section 1 
the model  presented assumes a feedback effect of Aft n on the rate at which 
bacteriorhodopsin pumps protons across the membrane. As this rate is sup- 
posed to be coupled to the flow through the bacteriorhodopsin photochemical  
cycle by a fixed stoichiometric number  n, an interesting experiment would be 
to show the inhibitory effect of  Aft H on Jr. However, it is technically difficult 
to measure Jr, ApH and A~ at the same time, so that a different approach 
should be chosen. 

To find out  which experiments may be conclusive and which will not,  it is 
useful to apply the calculation method to a slightly altered model. This model, 
presented in Fig. 3b will be called the ideal current source model (ics model), 
whilst the model described in Figs. 2 and 3a and section 1 will be called the 
voltage source model (vs model). Derivation of  the analogues of  Eqns. 8 to 37 
can be accomplished following the recipe presented in section 2.1--2.4. In the 
following these analogues will be used without  derivation. 
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The first distinction between the ics and the vs models is: 

vs: Jv = Lv(Av + n(1 -- 2a) A~tH) 

ics: ,Iv = L v A ,  

(8) 
(8)' 

but  these variables are difficult to measure. It may be more convenient to 
measure under steady-state conditions. One possibility is the measure J ,  as a 
function of  protonophore,  or valinomycin plus nigericin concentration during 
the JH = 0 steady state. Inserting Eqn. 25 for Afin into Eqn. 8 we derive: 
(using for simplicity a = 1) 

* = L~A~ n2L~ 
+ 

")'H 
with : 

"~H = L1H + L n L ~  (39) 
Ln + Le 

For the ics model: 

~ *  -'- LvA~ (38)' 

Also Eqns. 18 and 23 for the initial rate of proton uptake and the steady- 
state transmembrane pH difference, respectively, take a different form in the 
model without  proton back pressure: 

n(1 -- 2a) L vA ,  
~Hi = L~ (18)' 

l + - -  
Le 

(A~H), . = --n(1 -- 2a )L ,A,  (23)' 

L 1(1 + L°I + 
L¢ ! 

The absence of L~ (the proton pump's activity parameter) in the denominators 
of  these equations is characteristic. 

Further derivation of  equations relating the fluxes of C1- and K ÷ to the 
thermodynamic forces in the system are not  given here, since no experimental 
tests on these equations have been carried out. With the use of  the appropriate 
ion-selective electrodes also those equations can, in principle, be subjected to 
critical tests. 

In the following article [18] results will be presented of the critical tests to 
which the above-derived equations were subjected. It will be shown that  the 
description of bacteriorhodopsin vesicles, given here, can survive these tests. A 
clear thermodynamic picture of  bacteriorhodopsin will evolve from these 
experiments: bacteriorhodopsin acting as a voltage source, switched on by 
illumination. 
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