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The electrical potential across the cytoplasmic membrane of bacteria can be calculated from the distribution 
of the lipophilic cation tetraphenylphosphonium between the bulk phases of the medium and the cytoplasm. 
In order to determine the bulk phase concentrations, information about the binding of the probe to the 
cellular components is required. In de-energized cells of Rhodopseudomonas sphaeroides the binding appears 
to be proportional to the free probe concentration. The bulk phase concentrations can only be determined 
when knowledge is available about the distribution of the binding of the probe over the different cellular 
components. In this report, models for binding are presented which are based on the assumption that the 
binding is an energy-independent process. These models allow a proper calculation of the electrical potential 
when the binding of the probe to the different cellular components is known. 

I. Introduction 

The  chemiosmot i c  theory,  as p r o p o s e d  by  
Mitchel l  [1], s tates that  b iological  energy con-  

* To whom correspondence should be addressed. 
Abbreviations: TPP + , tetraphenylphosphonium ion; TPMP +, 
triphenylmethylphosphonium ion; TPB-, tetraphenylborate 
ion; Mes, 2-(N-morpholino)ethanesulphonic acid; Hepes, N-2- 
hydroxyethylpiperazine-N-2-ethanesulphonic acid. 
Glossary: A/2H+, proton-motive force; A~, electrical trans- 
membrane potential difference; A pH, transmembrane H + con- 
centration gradient; Co, probe concentration in the medium 
before adding the cells; C i intracellular free probe concentra- 
tion; Ci b, intracellular bound probe concentration; Ccm, cyto- 
plasmic membrane probe concentration; Corn, outer membrane 
probe concentration; C e, extracellular probe concentration; V, 
volume of the system; x, fractional internal volume; y, frac- 
tional cytoplasmic membrane volume; z, fractional outer mem- 
brane volume; f~,.~, ratio of fractional cytoplasmic membrane 
and intraceilular volume; fore, ratio of fractional outer mem- 
brane and intraceUular volume; Ki, binding constant for bind- 
ing to intracellular components; Kcm, cytoplasmic membrane 
partition coefficient; Kom, outer membrane partition coeffi- 
cient; k, first-order proportionality constant between flux and 
concentration; Nb(f)  , number of bound (free) probe molecule. 

verters  l ike bacter ia ,  m i toc hond r i a  and  chloro-  
p las ts  are able  to t rans form chemical ,  redox or  
l ight  energy into  the e lec t rochemical  energy of  a 
p r o t o n - m o t i v e  force (A/ in+) .  In  bac te r ia  this con- 
vers ion is ca ta lyzed  by  p r ima ry  H + pumps ,  local- 
ized in their  cy top lasmic  membrane .  Var ious  
processes  are energet ical ly  l inked to the free en- 
ergy of  the p ro ton -mot ive  force. F o r  instance,  
solute  t r anspor t  in to  bacter ia l  cells is ca ta lyzed  by  
secondary  t r anspor t  systems,  which couple  the 
t r anspor t  of  the metabo l i t e  across the cy top lasmic  
m e m b r a n e  to the s imul taneous  movemen t  of H + 

[21. 
Recent  invest igat ions  on quant i t a t ive  aspects  of  

the chemiosmot ic  theory  have ind ica ted  a role of  
' loca l ized '  chemiosmot ic  p h e n o m e n a  [3-6]  in bio- 
energetics.  These  exper iments ,  as well as de- 

t e rmina t ions  of H + : so lu te  s to ichiometr ies  in sec- 
o n d a r y  t r anspor t  [7,8], depend  heavi ly on the 
quan t i t a t ive  re l iabi l i ty  of  current  me thods  to de- 
t e rmine  the magn i tude  of the p ro ton -mo t ive  force. 
Two  c ompone n t s  con t r ibu te  to this e lec t rochemi-  
cal H + gradient :  the concen t ra t ion  grad ien t  of  the 
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ion (ApH) and the difference in electrical poten- 
tial between the two aqueous phases (A~). In the 
formula: 

A~H+ =A4,-- Z ApH (1) 

Z = 2 . 3 R T / F ,  and R, T and F have their usual 
meaning *. 

At present, no reliable method is available for a 
direct determination of the total proton-motive 
force. Therefore, quantitation via separate mea- 
surements of ApH and A~k is required. Distribu- 
tion measurements of membrane-permeant indica- 
tor molecules or ions (the so-called 'probes') have 
been found to be most reliable [9-11]. Several 
techniques can be used to measure the transmem- 
brane distribution of these probes, such as filtra- 
tion assay [12], silicon-oil centrifugation [13], 
potential measurements  across black lipid mem- 
branes [14] and flow dialysis [15,16]. Each tech- 
nique has its own advantages and disadvantages, 
and a specific application area, and these have 
been extensively discussed (e.g., see Ref. 17). 

Less attention has been paid to the properties 
of the probes used to measure ApH and A~. It is 
generally assumed that these probes show an ideal 
behaviour. For measurements of ApH, with an 
inside alkaline polarity, and benzoic acid as a 
probe, this assumption turned out to be correct. 
We demonstrated that the ApH values, measured 
with two completely independent methods, 31p. 
N M R and the distribution of benzoic acid, are 
essentially the same [18]. Measurements of A# 
appear to be more problematic. Frequently, it has 
been observed that binding of the indicator probe 
to, e.g., bacteria occurs (see Section V). However, 
proper corrections for this binding have not been 
made mainly because it is generally (and erro- 
neously [8]) assumed that binding of these A~p 
probes to membranes a n d / o r  proteins is already 
saturated at the applied probe concentrations (be- 
tween 1 and 100 #M). In this paper, the demands 
for application of a probe for A~ k measurements 
will be discussed with special emphasis on the 

* Electrochemical potential (g,H+) is defined as tIH ÷ =#H + 
+ F,,b, where #8 + is the chemical potential. In this equation 
the electrochemical potential AtiH+ = AgH+/F and is ex- 
pressed in mV. 

most commonly used A~k probe in bacteria, TPP ÷ . 
A model for a quantitatively correct calculation of 
A~ will be presented which can be used if probe 
binding occurs. 

I1. Demands on A ~  probes in distribution methods 

In distribution measurements the magnitude of 
m~ is calculated from the Nernst equation: 

A~k = z log[Ali,/[A]out (2) 

in which [A] represents the activity of the indicator 
probe in either one of the two aqueous bulk phases. 
Usually, the activity of the probe is taken to be 
equal to its concentration (see below). An ideal A~ 
probe should have the following properties. 

(i) It should pass rapidly energy-transducing 
membranes in the ionized form, either passively or 
facilitated, but in the latter case only in response 
to A~k. Preferentially, the resistance of the mem- 
brane to probe permeation should be very low. 
Ideally, the free energy of probe ions in the hydro- 
phobic interior of biological membranes should be 
equal to or lower than the free energy of the probe 
in the bulk aqueous phase. However, this require- 
ment will often be in conflict with the next prop- 
erty. 

(ii) It should not bind to the membrane or to 
intracellular or extracellular constituents. All inter- 
actions which lead to an apparent accumulation 
into the cells under de-energized conditions will be 
considered as binding. According to this defini- 
tion, binding includes association of the probe 
molecules with cellular constituents, partitioning 
into the cellular membrane(s) and the effects due 
to differences in the activity coefficient of the 
probe in the aqueous bulk phases. 

(iii) It should be detectable at very low con- 
centrations. As A~k probes are membrane-per- 
meant ions they may contribute to an interconver- 
sion of A~ into ApH [15,19,20]. The A~b probe 
should be used at that concentration at which the 
apparent A~k is maximal [21]. 

(iv) It should be biologically inert. The probe 
should not be metabolized, nor should it be toxic 
for growth of the cells in the concentration range 
used. 

Requirement ii is the main subject of this report 



because binding of A~ probes to biological struc- 
tures is a quite common property (see Section V). 

II1. Results 

I l iA.  Binding of TPP + to intact cells of Rhodo- 
pseudomonas sphaeroides 

Binding of TPP + to intact cells of R. sphaeroides 
is proportional to the free probe concentrations up 
to concentrations as high as 100 jaM (Fig. 1). In a 
binding experiment the internal and external free 
probe concentrations are equal (de-energized cells). 
However, under energized conditions the probe 

TPP~ 
6 

protein 
.nmol. 

2 

0 ; - ; : " ; "_ 

o 20 80 
rP ;eeC."l 

Fig. I. Concentration-dependent binding of TPP + to cells of 
Rps. sphaeroides. Cells were grown as described in Ref. 16, 
harvested and washed twice in a buffer containing 100 mM 
KCI, 20 mM Mes, 20 mM Hepes, 2 mM EDTA, 5 mM Mg 2÷ , 
15 g g / m l  chloramphenicol, pH 7.8. Cells were de-energized 
with 1% toluene during an incubation for 1 h at 37°C. The 
change in TPP + concentration upon the addition of the cells 
was measured with a TPP+-sensitive electrode constructed 
according to Shinbo et al. [50]. The protein concentration was 
2.3 mg/ml .  Using a conversion factor of 3 pl internal volume 
per mg protein (Ten Brink, B., unpublished observation), a 

value for K i + fcmKcm + fomKom of 25 can be calculated (see 
text). 
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will accumulate in the cells, making the internal 
concentration different from the external one. It is 
necessary, therefore, to know whether the internal 
concentration, the external concentration or both 
determine the amount of binding before A6 can be 
calculated. We will now investigate sequentially 
the effect of probe binding on the A6 calculation 
for these three possibilities in the case where the 
distribution is followed by changes in the external 
probe concentration. 

IV. The model 

IVA. Binding dependent on the internal free probe 
concentration 

In this case, binding consists of binding to 
macromolecules such as ribosomes or nucleic acids 
or a lower activity of the probe in the intracellular 
aqueous compartment compared to the external 
medium. For the time being, we will take the 
bound concentration (Ci b) to be proportional to 
the free concentration of the probe inside the cells 
(C~), although at probe concentrations higher than 
100 ttM some saturation can be observed (see 
Section V). With a proportionality c o n s t a n t  g i we 
obtain: 

cy :  ~,c, (3) 

We will call C e the external probe concentration 
after adding the cells and C O the probe concentra- 
tion before addition of the cells but corrected for 
the dilution caused by adding the cells. C O and Ce 
are the measurable parameters. From the Law of 
Mass Action it follows that (see also Fig. 2A): 

co=(1-x)Co + x(C, +C~) 

in which x is the fractional internal volume of the 
cells [20]. Together with Eqn. 3 this 'can be re- 
arranged to: 

Co=(l-- x)Co + x(l+ K,)C, 

or: 

- l -  x + x(l+ Ki)-~¢ (4) 

Insertion of this expression in Eqn. 2 shows that 
A~b can now be calculated correctly from C o and C, 
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Fig. 2. Schematic diagram of the different models for binding 
of TPP + to bacteria: (A) binding to intracellular components, 
(B) partitioning in the cytoplasmic membrane and (C) parti- 
tioning in the outer membrane (or binding to extraceilular 
components). V, total volume of the system; x, y and z, volume 
fraction of the intracellular compartment, t h e  cytoplasmic 
membrane and the outer membrane, respectively. Ci, Ci b, C~, 
Ccm and Corn represent the concentration of TPP + in the 
intracellular aqueous bulk phase, bound to intracellular con- 
stituents, in the extracellular aqueous bulk phase, bound to 
intracellular constituents, in the extraceilular aqueous phase, 
partitioned in the cytoplasmic membrane and partitioned in the 
outer membrane, respectively. The arrows indicate the various 
ways of probe transfer in the system. 

if x is known: 

l 

This equation demonstrates that binding of the 
probe to intracellular components leads to an ap- 
parent increase in the fractional internal volume of 
the cells by a factor 1 + K~. The value of K~ can 
easily be calculated from a binding experiment 
(with C i -- C~) and Eqn. 4. In that case: 

If binding is due to adsorption to cytoplasmic 
components, K~ has the meaning of an apparent 
binding constant; when, on the other hand, the 
underlying mechanism is loss of activity of the 
probe in the intracellular aqueous phase, K i is the 
reciprocal of the activity coefficient. The experi- 
ment depicted in Fig. 1 yields a K i of 25, which 
would mean that, if all binding occurs to intracell- 
ular constituents, only 4% of the intracellular probe 
is free in solution. 

IVB. Binding dependent on both the internal and 
external probe concentrations 

A second possibility is that probe binding oc- 
curs at the cytoplasmic membrane, at both its 
intracellular and extracellular side. Apart from 
saturation and asymmetry effects, this is mathe- 
matically indistinguishable from a partitioning of 
the probe between the aqueous bulk phases and 
the hydrophobic membrane phase. If we ignore the 
fact that the surface of the inner half of the 
membrane is somewhat smaller than that of the 
outer half, then the unidirectional flux ( J )  through 
a membrane/water  interface will be J = k ~.oC, as- 
suming this is a simple first-order process (cf. Fig. 
2B). Under steady-state conditions, the net flux 
into the membrane, being the sum of the four 
unidirectional fluxes through the membrane/water  
interfaces, equals zero: 

Jnet = - 2koCem + kiCe + kiCi : 0  

where k o and k~ are the first-order rate constants 
of probe transfer through the membrane/water  
interfaces and Ccm the probe concentration in the 
membrane, for which it follows: 

Ccm = Kem/2(Ce + Ci) (6) 

ki . 
in which g c m =  k---~ gcm is the partition coefficient 

for the probe between the aqueous and membrane 
phase. The Law of Mass Action can be used to 
derive: 

C o = ( l -  x -  y)Ce + yCcm + xCi 

Co _-1+ (5) 
ce where y is the fractional volume of the membrane. 



With Eqn. 4 this results in: 

- - =  c~ c* +1) -1}  (7) C°Ce l+x( '~c--l)+Y(-~-~( '~ 

Since there will only be a significant effect of the 
partitioning phenomenon on the calculation of A~p 
if the term containing y is of the same order of 
magnitude as that containing x and y <<x, we 
make the assumption that K~m >> 1. Furthermore, y 
is expressed in x, since for a specific bacterium, 
grown under well defined conditions, there is a 
constant factor between x and y, f~m = y / x ,  which 
means that fcm can be regarded as the fractional 
volume of the cytoplasmic membrane in the 
bacterium. This simplifies Eqn. 7 to 

fcm Kcm Ci (1-t- ~ )  c° = l - x ( l  ) + ~ - -  
co y c~ (8) 

Together with the Nernst equation (Eqn. 2) this 
results in: 

CO --l+x(1--1:fcmKcm) l 

The term fcmKcm can be determined from a bind- 
ing experiment, using Eqn. '8: 

C° = 1 + Xfcmrcm (9) 
Co 

IVC. Binding dependent on the extracellular free 
probe concentration 

The binding of the probe may as well be due to 
partitioning in the outer membrane of gram-nega- 
tive bacteria or to adsorption to bacterial cell 
walls. Again there is no phenomenological dif- 
ference between these two possibilities (cf. subsec- 
tion IVB) and we will derive the equations for a 
correct Aft calculation, for the case of partitioning 
of the probe in the outer membrane (Fig. 2C). As 
we assume that the probe external to the cyto- 
plasmic membrane is homogeneously distributed 
in the aqueous bulk phase we can define the 
partition coefficient of the probe in the outer 
membrane (Kom) as Kom --- Com//Ce in which Corn is 
the probe concentration in the outer membrane. 
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Similar to subsection IVA and IVB, the Law of 
Mass Action gives: 

Co=O- x -  z )co + zCom + xc, 

in which z is the fractional volume of the outer 
membrane. Using fom = z / x  and Kom ~ 1 it follows 
that: 

Co =l-x(1 Ci -/o,,,Ko~)+ x ~  (10) 

This equation can be used to correct the calcula- 
tion of A~k for binding of the probe to sites exter- 
nal to the cytoplasmic membrane in the form of: 

( ~ -- 1 + x(l-- fomKom) 
A+ = Z log x 

In a binding experiment, assuming that all binding 
is due to partitioning in the outer membrane: 

c--° = 1 + X/ore/Corn (11) 
co 

IVD. Simultaneous binding of the probe to several 
cellular components 

Comparison of Eqns. 5, 9 and 11 shows that it 
cannot be concluded from a binding experiment 
what the relative contributions of the three possi- 
bilities (subsections IVA-IVC) are to the probe 
binding. If they occur simultaneously, a binding 
experiment will yield the arithmetical sum of the 
three contributions: 

C° = l-b x(  Ki "4- fzmKcm-l- fomKom) 
co 

Therefore, for a quantitatively reliable A~p mea- 
surement, the contribution of the various fractions 
to probe binding has to be assayed separately for 
each bacterium studied, e.g., through binding ex- 
periments on relevant subcellular fractions. When 
these separate contributions have been quanti- 
tated, A~ can be calculated according to the for- 
mula: 

Co i { ~-l+ xO--~mKcm--/omKoo) 
a~=Zlos  x(l+K~+~/omKom) 
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V. Discussion 

VA. Magnitude of the corrections due to probe bind- 
ing 

It is instructive to see how binding of  the probe 
to cellular componen ts  affects the calculation of  
Aq~. In  experimental practice, two cases can be 
distinguished: one can either measure the probe  
accumulat ion by filtration or by silicon-oil centri- 
fugation and interpret  uptake of  probe by binding 
under  de-energized condit ions as an electrical 
potential  or  one can correct for this probe binding 
[4,22]. The latter procedure  is very similar to flow- 
dialysis experiments in which a proper  reference 
level is determined [20]; otherwise probe binding 
in flow-dialysis results in the same error as that 
with filtration or silicon-oil centrifugation. In Fig. 
3A and B the error which is caused by binding of  
the probe in the calculation of  A~k is presented for 
the two experimental  procedures.  In  both  parts of  
this figure, the calculation is based on the amount  
of  binding of  TPP  + to intact cells of  Rps. 
sphaeroides, as measured in the experiment de- 
scribed in Fig. 1. As would be expected the largest 
error  is made if b inding of  the probe depends on 
intracellular components  exclusively (case a); the 
smallest error is made  in case c, if binding occurs 
to extracellular componen ts  like the outer mem- 
brane. In all these cases the magni tude  of  the 
correction also depends on the cell density as this 
parameter  contributes to the changes in both ex- 
ternal and internal concentrat ions of  the probe. 
Lowering the cell density will increase the correc- 
tion in cases a and b and decrease it in case c. For  
the calculations in Fig. 3, a cell density was chosen 
that is routinely used in measurements  with an 
ion-selective electrode. The magni tude  of  the cor- 
rections is generally 70 -80  mV, for cases a and b, 
except for very low potentials (Fig. 3B). In case c, 
a significant error is made  only when this binding 
is considered as a resting potential  (Fig. 3A). At 
this moment ,  the exact contr ibut ion of  the in- 
tracellular contents,  cytoplasmic membrane  and 

A~, properly corrected for probe binding. In A it is assumed 
that the binding of probe (under de-energized conditions) is 
due to a resting potential and in B this binding is subtracted 
from the accumulation of the probe. 
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Fig. 3. The uncorrected A~b (calculated by ignoring probe bind- 
ing) as a function of the quantitatively correct A~. The calcula- 
tion is based on the binding described in Fig. 1 and an internal 
volume fraction (x) of 0.005 (corresponding to a protein con- 
centration of 1.7 mg/ml), a, b and c refer to the models for 
probe binding presented in Fig. 2. The dashed line gives the 



outer membrane  to probe binding it not exactly 
known and the true error in A~ k, which is made 
when one ignores the binding of TPP + to Rps. 
sphaeroides cells, lies somewhere in between cases 
a and c. 

The effects of probe binding has been neglected 
so far, mainly for the reason that probe binding is 
assumed to be saturated at low probe concentra- 
tions. If that were the case for the binding of 
TPP + to Rps. sphaeroides, the error in the calcula- 
tion of A~b would only be 6 mV at a A~ of 120 mV 
and 0.7 mV at 180 inV. 

VB. Saturation in the binding of TPP + 
At high concentrations of the probe, saturation 

in the binding occurs (see also Ref. 8). To ensure 
that the assumption of proportionality between 
bound and free probe still holds under conditions 
of a specific experiment, it is important  to know 
the changes in probe concentrations in the aque- 
ous bulk phases on the two sides of the membrane 
(C i and Ce). Fig, 4. shows the internal probe con- 
centration (C i, relative to the starting concentra- 
tion) as a function of the A6 for cases a and b. It 
turns out that due to probe binding, the internal 
concentration increases much slower with A~ k than 
would be the case when no binding occurs. This is 
even more pronounced in case a when the binding 
is determined completely by the internal free probe 
concentration. It should be kept in mind that in 
this experiment a drastic decrease in the external 
probe concentration must occur in order to reach 
the equilibrium distribution (Co/C ~ = 130 at 180 
mV in case a). Without binding of the probe, 
Ci/C o increases up to a value of 67 and 167 at Ark 
values of 120 and 180 mV, respectively. In the case 
of probe binding to extracellular components,  no 
problems with saturation of the probe binding 
occur, since the starting concentration of the probe 
can always be chosen so that changes in the exter- 
nal probe concentration during energization fall 
within a linear part  of the binding curve. The 
conclusion from Fig. 4 then must be that with a 
reasonable choice of the starting concentration of 
the probe (Co~ 1/ tM) with a A~b of up to 180 mV, 
the assumption of a non-saturable binding is cor- 
rect, since in the most unfavourable case (b) under 
these conditions the free internal probe concentra- 
tion only increases to 15 ttM. This certainly is 
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Fig. 4. The increase in internal free probe concentration as a 
function of A~ k, in the case of probe binding to intracellular 
components (a) or partitioning in the cytoplasmic membrane 
(b). For details of the calculation see legend to Fig. 3. 

within the linear range of probe binding in Rps. 
sphaeroides (Fig. 1) and Escherichia coli [8]. An 
important  consequence of this probe binding in 
cases a and b is that for a certain A¢, much larger 
changes in external probe concentration occur. 
This increases the sensitivity of this method com- 
pared to A~k measurements in which no probe 
binding occurs. This may be an important  aspect 
in A+ measurements in diluted suspensions of 
growing bacteria. 

VC. Literature data on correction for probe binding 
One class of probe molecules consists of large 

organic ions containing a delocalised charge which 
are therefore hydrophobic in character. For the 
positively charged probes dibenzyldimethylam- 
monium, TPMP + and TPP + several reports have 
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been made on their binding to prokaryotic 
[4,8,23-27] and eukaryotic [28-35] cells as well as 
to isolated mitochondria [36,37]. The simplest cor- 
rection is made by [26,27,31,35] subtracting the 
amount of probe bound under de-energized condi- 
tions from the total amount of accumulated probe 
under energized conditions. This procedure can 
lead to significant errors as can be seen from 
Fig. 3. The error in A~k calculated from the distri- 
bution of these probes has been evaluated from 
comparison with another class of probes 
[23,25,36,37]: the combination of an ion with an 
ion-specific ionophore, predominantly the combi- 
nation K÷/valinomycin.  The general conclusion 
from these studies is that binding of the lipophilic 
probes occurs, though there is disagreement as to 
the nature and extent of the binding (see also Ref. 
24). It should be noted, however, that the magni- 
tude of the error in A~p due to probe binding 
cannot be determined from these comparisons be- 
cause the possibility cannot be excluded that Aq~ 
calculations from the accumulation ratio of K + 
are also overestimations, since binding of K ÷ to 
biological material has been reported [38-41]. 

More reliable are the comparisons with direct 
measurement of the transmembrane potential using 
microelectrodes. This method is only applicable 
for eukaryotic cells [30,34] and 'giant' bacteria 
[42]. In neuroblastoma [30] and giant E. coli cells 
[42], a saturated binding of the probe was reported 
at the concentrations used. In contrast, in yeasts, a 
concentration-dependent binding has been ob- 
served [34]. The latter observation has also been 
made with human erythrocytes [29], In these ex- 
periments the measured probe accumulation was 
compared with the expected accumulation accord- 
ing to the Goldman equation. 

Summarizing the results from the literature, 
probe binding is often observed but a discrepancy 
exists with regard to its effect on Aft determina- 
tions. Possible reasons for this discrepancy and 
points that should be paid attention to when cor- 
recting for binding are: 

(1) The probe concentration is important. The 
binding can be concentration dependent at low or 
high concentrations. It seems tempting to use 
saturating probe concentrations, but this is con- 
flicting with demand iii in Section II. 

(2) It is not enough to determine the binding 

under de-energized conditions at one probe con- 
centration. At all probe concentrations possible 
under energized conditions, the value and the lo- 
calization of the binding should be determined. 

(3) Binding should be determined under de-en- 
ergized conditions. There is no guarantee that the 
membrane potential is zero when simply no energy 
source is provided. Under these conditions, 'rest- 
ing' potential from endogenous energy sources or a 
Donnan equilibrium can exist. The addition of 
toluene or uncouplers and heat treatment can have 
different effects upon the binding. 

(4) Different methods of measuring the binding 
may yield different values for the binding. 

(5) The accumulations of two probes should be 
compared under exactly the same conditions. This 
also means that the accumulation of one probe 
must be measured in the presence of the other to 
exclude specific effects of the probes on the A~p 
generation or dissipation. 

(6) When TPB-  is used to accelerate the per- 
meation of the probe through the membrane, an 
additional binding may be introduced [33]. The 
same binding may occur in the K÷/val inomycin 
system depending on the valinomycin concentra- 
tion. 

VD. The localization of the probe-binding sites 
An important point made in this report is that 

it is necessary to know the localisation of the 
binding sites before ALk can be calculated from the 
measured probe accumulation. The hydrophobic 
and ionic properties of the probes make binding to 
cytoplasmic components like proteins or nucleic 
acids and to the membranes very likely. In gram- 
negative bacteria, mitochondria and chloroplasts, 
both outer and inner membranes can absorb probe 
molecules. The permeability of the probes TPP ÷ 
or TPMP ÷ through membranes of different 
organisms varies considerably. In general, the per- 
meability of membranes of eukaryotic cells is much 
lower than that of bacterial and mitochondrial 
membrane. Differences in the amount of probe 
bound to or partitioned in the membranes of 
different organisms can therefore occur. Pre- 
liminary binding experiments on membrane frac- 
tions of Rps. sphaeroides indicate that partitioning 
in the cytoplasmic membrane is an important frac- 
tion of the total binding to the whole cells. Re- 



cently, Casadio et al. [43] reported a large adsorp- 
tion of the probe TPB-  to chromatophores of Rps. 
capsulata. The existence of a potential difference 
over a membrane introduces a special problem 
which is ignored in the calculation in subsection 
IVB: namely, that the binding could be Aq~ depen- 
dent. The term 'ALp dependent binding' can refer 
to three effects: 

(1) The amount of probe bound to the mem- 
brane is changed when a A~p is generated because 
the free probe concentrations at both sides of the 
membrane are changed. We will call this con- 
centration-dependent binding. 

(2) When light is the energy source for A~p 
generation, the light may, independently of the 
existence of a A~ k affect the partition coefficient. 
We will call this light-dependent binding. 

(3) The existence of a A~p influences directly the 
partition coefficient. This is what we call A+-de- 
pendent binding. 

Effect 1 is determined in a binding experiment. 
The effect of light on the binding can be 
determined under conditions where a A~b cannot 
be generated. A light-dependent binding of the 
probes safranine and 9-aminoacridine to bacterio- 
rhodopsin sheets has been reported by Kell and 
Griffiths [44]. The real A~k-dependent binding is 
much harder to measure. It requires the measure- 
ment of the amount of ,  probe bound under 
energized conditions. 

Membrane partition of lipophilic ions in 
bimolecular lipid membranes has been described 
as taking place in two specific regions inside the 
membrane, separated by a potential energy bar- 
rier. These two 'boundary regions' are near the 
water/membrane interfaces [45-47]. Using this 
scheme Cafiso and Hubbell [48] derived an expres- 
sion for the ratio of bound (N b) to free (Nf) probe 
molecules as a function of a potential difference 
over the membrane of phospholipid vesicles. With 
the potentials in units of Z, the same relationship 
in the case of A~k-independent binding yields: 

N___bb = I 1 + e a¢ 
N t ~xf~mK~'nx+(l_x)eaq~ 

Comparison of this equation with the one derived 
by Cafiso and Hubbell [48] leads to the assump- 
tions made in subsection IVB. Thus, it is necessary 
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that the membrane should be symmetrical towards 
the two bulk aqueous phases. The surface dif- 
ference due to the curving of the membrane of a 
bacterial cell ( ¢ ~  1 /~m) will be negligible. The 
compositional asymmetry, however, may cause dif- 
ferences in partition coefficient and surface poten- 
tial at both sides of the membrane. The latter 
effect may be diminished by using media of high 
ionic strength. The partition coefficients, reflecting 
the standard free energy difference of the probe 
between the boundary region and the adjacent 
bulk aqueous phase, can differ as a result of 
compositional differences between the two bound- 
ary regions and the inner and outer aqueous phase. 
Secondly, the effective membrane volume, the par- 
tition coefficient and the surface potential should 
not be affected by the applied potential difference. 
Furthermore, it is required that the probe is 
adsorbed to instead of absorbed in the membrane. 

After we have established the distribution in the 
localization of the TPP ÷ binding to whole cells of 
Rps. sphaeroides, the next step will be to check the 
correctness of the use of the equation in subsection 
IVD. As mentioned above, this requires the mea- 
surement of the amount of probe bound under 
energized conditions. 
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