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The binding of lipophilic ions to the membrane of envelope vesicles from Halobacterium halobium was 
examined. The lipophilic ions used constitute a homologous series of (Pbe)3-P +-(CH2),-CH 3 (n = 0-5) and 
tetraphenylphosphonium (TPP +). In the absence of membrane potential, the binding of probes to the 
membrane was measured. For the probes of n = 0 and n ffi I, and for TPP +, binding followed the Langmuir 
adsorption isotherm. For other probes, analysis revealed the presence of two, high- and low-affinity, binding 
sites. Upon illumination, which generated the membrane potential, the probe molecules were accumulated 
into the vesicles. If we ignore the membrane-potential-dependent binding of the probe molecules, the 
estimated values are larger when the probe used is more hydrophobic. We have tested some models 
describing the amount of probe bound on membranes in terms of concentration of free probe inside and 
outside the vesicles. No model has fulfilled the criterion of valid estimation that the membrane potentials 
estimated are independent of probes used. An experimental method for the estimation of true membrane 
potential is proposed. Effects of tetraphenylboron on the estimation of membrane potential and on the 
transport rate of phosphonium cations were examined. 

Introduction 

The electrical potential difference across cell 
membranes is called the membrane potential, 
wtuch is measured directly by means of a micro- 
electrode. Such measurement has been achieved 
only on the Escherwhla colt cells enlarged by 
pharmacological interference of synthesis of the 
cell envelope [1], and generally the microelectrode 

Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-plperazmeethane- 
sulfomc acid, Mes, 4-morphollneethanesulfomc amd, TPP + , 
tetraphenylphosphonlum; TPMP +, tnphenylmethyiphos- 
phomum; TPEP + , trtphenylethylphosphomum; TPPP + , tn- 
phenylpropylphosphonlum; TPBP +, trxphenyl- 
butylphosphonmm, TPAP +, triphenylamylphosphonmm, 
TPHP + , tnphenylhexylphosphonium; TPB-, tetraphenyl- 
boron anion 

technique is not applicable to bacterial cells or 
organelles. The importance of the membrane 
potential of bacterial cells or organelles is well 
recognized [2]. For such small cells that are too 
small to use the microelectrode, the probe method 
should be applied. One of probe methods is the 
use of hpophilic ions, which are considered to be 
freely permeable to the cell membranes [3-7]. 
Typical lipophllic cations are valinomycin + K + 
(Rb +) and phosphonium cations such as triphen- 
ylmethylphosphonium (TPMP +) and tetraphenyl- 
phosphonium (TPP+). At equilibrium, these posi- 
tively charged probes distribute between reside of 
cells and the external medium m accordance with 
the following Nernst equation: 

Aq~ = ( R T /F  )In( Cou ,/C,n ) (1) 
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where Acp, Cou t and C,, stand for the membrane 
potential (with respect to the medmm), and the 
concentrations of the probe m the external medium 
and in the cell, respectively. 

The comparisons between the membrane poten- 
tial obtained by direct measurement with use of a 
mlcroelectrode and the value estimated from Eqn. 
1 have been carried out. Some [1] reported excel- 
lent agreement and others [8] reported disagree- 
ment. The disagreement, however, does not neces- 
sarily make Eqn. 1 invahd, because the value 
obtained by impalement of a microelectrode m 
small cells is also ambiguous. A number of arUcles 
[9-16] deal with the comparison of the membrane 
potential estimated from the distribution of differ- 
ent lipophihc probes, such as valinomycin + Rb +, 
TPP ÷ or TPMP ÷, and the value estimated with 
potential-dependent fluorescent dyes. Disagree- 
ment was reported [4,10,11,13,14,16], although 
qualitatively, the same results were obtained. It is 
considered that the d~screpancy may stem from 
the binding of the probes to the membrane a n d / o r  
to the intracellular constituents. Thus, the correc- 
tion of the binding is a problem to be solved in 
order to evaluate the membrane potential accu- 
rately. 

In the present research, we measured the uptake 
of various phosphonium probes by envelope 
vesicles derived from Halobactertum halobtum. The 
phosphonium probes used were a homologous 
series of ( P h e ) : P + - ( C H 2 ) : C H 3  ( n = 0 - 5 )  and 
TPP +. The membrane of H. halobtum contains a 
hght-driven ion pump [17]. Illumination generates 
the interior-negative membrane potential which 
vanishes upon removal of the illumination. In 
addition, this process can be repeated and the size 
of the membrane potential generated upon il- 
lumination is the same each time insofar as the 
actinic light intensity is constant under the experi- 
mental conditions employed here. This enables us 
to measure the uptake of various phosphonium 
probes under the same condiuons. First, m the 
dark, where no membrane potential is generated, 
the binding of the phosphonium probes to the 
membrane was measured and the isotherm was 
obtained. The membrane potential generated on 
illumination was estimated using various phos- 
phomum cations. The estimated values depended 
on the probe used. As the probe becomes more 

hydrophoblc, the esttmated value becomes larger, 
indicating the necessity for making a correction 
for the binding of probe. The potentml-depending 
binding is discussed. In addition, the effect of 
tetraphenylboron on the estimation of membrane 
potentml and on the transport rate of phos- 
phomum cations is examined. 

Materials and Methods 

A strain of H. halobtum used was KH-10 which 
contains halorhodopsin but not bacteriorhodopsin 
[18]. Halorhodopsin is a hght-dependent chloride 
pump [18-20]. Growth of bacteria and prepara- 
tion of envelope vesicles were carried out as de- 
scribed previously [21]. The mtravesicular volume 
was 3.0 #1 per mg protein and more than 90% was 
right-s~de-out vesicle. Protein was assayed by the 
method of Lowry et al. [35] with bovine serum 
albumin as reference standard. The vesicles were 
suspended normally in 4 M NaCI whose pH was 
adjusted to 7.0 with 10 mM H e p e s / N a O H .  When 
the effect of pH on the binding of probes was 
examined, the medium employed was 3.5 M NaC1 
because the interior of the vesicle was exchanged 
by osmotic-dilution equdibrlum method [21]. For 
the pH range between 5 and 7, 10 mM M e s / N a O H  
was used, and from 7 to 8, 10 mM Tris-HC1 was 
used. 

The phosphonium probes used and their ab- 
breviations are: TPP ÷ , TPMP ÷ , TPEP ÷ , TPPP ÷ , 
TPBP ÷, TPAP ÷ and TPHP ÷. TPP ÷ was pur- 
chased from Do.lindo Laboratories (Kumamoto,  
Japan) and others were from Tokyo Kasei Co. 
(Tokyo). 

The uptake of these phosphomum cations by 
the vesicles was measured by means of an elec- 
trode selective for respectwe phosphomum ions. 
The procedure for electrode construction was es- 
sentially the same as that for TPP+-selective elec- 
trode [22,23]. The stem of the electrode was electri- 
cally shielded with stainless steel tubing (personal 
communication from Y. Mukohata,  Osaka Univer- 
sity). This shielding enables us to construct a small 
electrode (approx. 5 mm in diameter) without m- 
crease of an electrical noise level. Before use, the 
electrodes were soaked in 1 • 10 -2 M of the respec- 
tive phosphonium solutions for conditioning. The 
electrode potential follows the Nernst equation 



over the concentration range of each probe be- 
tween 1 #M and 0.1 M in 4 M NaC1. The refer- 
ence electrode was AgIAgC1 electrode which was 
connected to the assay medium by a salt bridge. 
The bridge was made of 2% agar-agar dissolved in 
the same salt solution as the assay medium. Each 
time prior to the start of an experiment, a check as 
to whether the electrode could respond properly to 
the change in the probe concentration was carried 
out by adding a known amount of the probe into 
the assay medium. The assay medium (1.0 ml) was 
placed in a cuvette installed with water jacket and 
the temperature was kept constant at 30°C by 
c~rculating water. The potential difference between 
the selective electrode and the reference electrode 
was measured with an electrometer (Takeda Riken 
TR8651) and the signal was stored in a macro- 
computer (NEC PC-9801) through an A / D  con- 
verter (A&D Electric Co. Tokyo). The calcula- 
tions for binding and kinetic parameters were per- 
formed with the aid of a computer. 

The illumination which generates the mem- 
brane potential across vesicle membranes was pro- 
vided by a 1 kW projector lamp through a yellow 
cut-off filter (over 500 nm). No change in the 
potential was observed when the vesicles per- 
meated by 1 mM octylglucoside were illuminated, 
suggesting that illumination caused no artefact in 
the electrode potential change observed. The 
actinic light intensity was changed with an ap- 
propriate neutral density filter, and measured with 
a radiometer (Model A26, YSI-Kettering). 

Calculation for the binding of probes to the 
membrane was performed as follows. The elec- 
trode potential change was observed when V 1 ml 
(typical value of 0.03 ml) of the stock vesicle 
suspension (P mg protein/ml) was added to V 0 ml 
(1.0 ml as described above) of the medium con- 
taining a concentration C o, of the probe. C O was 
varied between 10/tM and 1 raM. This change in 
the electrode potential, A E, has the following 
causes: (1) the dilution of the probe concentration 
by the addition of the stock vesicle suspension and 
(2) the binding of the probe to the membrane. 
Note that the membrane potential is not generated 
unless vesicles are illurmnated. This was confirmed 
by the observation that addition of 1 /tM 
gramicldm did not change the level of the probe 
uptake in the dark. The former can be calculated 
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by ( R T / F ) l n ( ( V  o + G)/Vo), and then the binding 
of the probe per mg of protein, U b, was evaluated 
as follows: 

U b = ( C o V o / P V a ) [ 1 - e x p ( -  FAG/RT)] 

where 

(2) 

AE~ = A E  - (  R T / F ) I n ( (  V o + Va) /Vo)  

The concentration of the free probe at equilibrium, 
C, can be evaluated as C =  C O e x p ( - F A E / R T ) .  
Preliminary experiment has shown that the total 
amounts of the binding, i.e., CoV0(1- exp(-FA 
E a / R T  ) in the above equation, is proportional to 
the amount of vesicles, indicating applicability of 
the above equation describing that total amounts 
of binding are divided by the total amounts of 
vesicle protein, P V 1. 

• For the estimation of the light-induced mem- 
brane potential, the initial phosphonium probe 
concentration was 10 ~tM. When envelope vesicles 
were added into the medium containing 10 ttM of 
the probe (in the dark), we observed the electrode 
potential change as described above. With the 
magnitude of this potential change and Eqn. 2, we 
could calculate the binding of the probe to the 
membrane in the absence of the membrane poten- 
tial. This quantity is denoted as Ub(0 ), where (0) 
signifies the value obtained under the condition of 
A~-----0. (This value is equal to U b if the free 
concentrations of the probe are identical). Upon 
illumination, accumulation of the probe into the 
vesicles occurred, which led to a change in the 
electrode potential. The magnitudes of uptake of 
probes were calculated from the deflection of the 
electrode potential in a manner similar to Eqn. 2 
[241. 

Since the selective electrode can monitor con- 
tinuously the change in the concentration of the 
probe in the external medium, we can analyse the 
kinetics of the transport of the probe into vesicles. 
The response time of the electrode was 4-7 s for 
doubling of the probe concentration. The kinetic 
constant, k, was calculated by the following first- 
order kinetic equations: 

V ( t )  = U¢[1 - e x p (  - k°"t)]  (on kinetics) (3) 

U ( t )  = U, exp( - k°ftt ) (off kinetics) (4) 



380 

where U(t)  and U e stand for the amount of probe 
accumulated at time t after the onset (on kmet~cs) 
and the removal (off kinetics) of the illumination 
and that at equdibrium, respectively. 

Results and Discussion 

Fig. 1 is the plot of U b for various phos- 
phonlum probes as a function of the free con- 
centration of the probe at equilibrium, C Ub 
increases with the increase of hydrocarbon chain 
of (Phe)3-P+-(CH2).-CH3 at the same value of C, 
which means that more hydrophobic probe binds 
to the membranes. As C increases, the amount of 
binding increases and approaches to a plateau 
level, except for TPHP ÷. This finding suggests 
that the saturating binding model is apphcable. 
Therefore, we analysed the binding data in terms 
of the Langmuir adsorption ~sotherm: 

ub = AC/( K + C) (5) 

where A and K stand for the maximum amount of 
binding and the dissociation constant, respectively. 
Rearrangement of Eqn. 5 yields the following 
equation' 

C~ U b = K / A  + C/A (6) 

This equation indicates that the values of K and A 
can be determined from the plot of C / U  b against 
C (Dixon plot [25]). Fig. 2A illustrates the plot for 
TPP ÷, TPEP ÷ and TPMP ÷, showing that fairly 
good straight lines are obtained. A least-squares fit 
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Fig 2 Analysis of the bmdmg to the membrane m accordance 

with Eqn 6 Notations are the same as m Fig 1 

of the data gave a coefficient of determination of 
0.995 or more. When probes having longer a hy- 
drocarbon chain, such as TPBP +, TPAP ÷ and 
TPHP ÷ , were tested, such plots exhibited the pres- 
ence of two, high- and low-affinity, binding sttes 
(see Fig. 2B). The concentration at which two 
straight lines intercept in the figure is denoted as 
C,. In Table I, binding parameters in Eqn. 5 for 
various phosphonlum catmns are listed. The ap- 
preciable increase of amount of binding for probes 
having a longer hydrocarbon chain, especially for 
TPHP +, as shown in Fig. 1, ~s attributed to an 
increase of the maximum amount of binding for 
the low-affinity sites. 

Fig. 3 dlustrates U b of various probes under 
varying pH, showing that the binding is indepen- 
dent of pH in the solution. The independence of 
the binding on pH in the medium may be attri- 
buted to the high salt concentration of the medium 
(4 or 3.5 M NaC1), where the electrical force lS 
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TABLE I 

BINDING PARAMETERS OF VARIOUS PROBES TO H HALOBIUM MEMBRANES 

Strain KH-10 vesicles were used Medium 4 M NaCI at pH 7 buffered with 10 mM Hepes/NaOH. Experiments were done at 30°C. 
The values of K and A were determined m accordance with Eqn 4 

Probe K (mol/I) A(mol/mg) 

Hlhg affimty Low affimty High afftmty Low affinity 

TPP ÷ 1,95 1 0  _ 4  6.08' 10 -s 
TPMP + 4 48 1 0  - 4  3.38"10 -s 
TPEP + 5 40.10 -4 4.92 10 -s 
TPBP + 1 61 10 -4 3.43-10 -4 3.89 10 -s 6.45.10 -8 
TPAP + 1 01' 10 -4 4.51' 10 -4 5.99" 10 -8 1.29 10 -7 
TPHP + 472 10 -5 429 10 -4 8.26 10 -8 1.57.10 -6 

shielded. U p o n  i l luminat ion of  the vesicles, the 

inter ior-negat ive membrane  potent ia l  is generated 

due  to e l e c t r o g e m c  ch lo r ide  t r anspo r t  by 

ha lorhodops ln  and pro ton  is t ransported electro- 

phoret ical ly  into the vesicles. Since the solutions 

inside and outside the vesicles are buffered,  the pH  

change caused by H ÷ uptake may not  occur. Even 

if the pH  change occurs, the results shown in the 

figure mean  that it is not  necessary to consider  the 

effect of p H  change on the binding parameters .  
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Fig. 3. Invariance of the amount of binding on p H m  the 
medmm. A, B and C dlustrate the data obtained when the 
mmal concentration C o (see Eqn. 2) is 1 raM, 100/xM and 10 
#M, respeet, vely The notations for probes are the same as m 
Fig. 1. 

Potennal-independent binding model 
U p o n  actinic i l lumination,  the inter ior-negat ive 

membrane  potent ia l  is generated which causes the 

uptake  of phosphon ium probes. Assuming that  no 

addi t ional  probe b inding occurs even when the 

p robe  is accumula ted  inside, the membrane  poten-  

tial, A~, can be calculated and the values thus 

est imated with various probes are plot ted  against 

Ub(0 ) in Fig. 4. This  model  is f requent ly  employed 

for the correct ion of  b inding [9,15,16,26-28]. The  

defini t ion of  Ub(0 ) was given in Materials  and 

Methods.  Exper iments  were per formed under  

varying light intensities. The est imated values of 
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F,g. 4 The membrane potentm] estzmated with the potential-m- 
dependent binding model under varying hght intensttms. The 
absetssa is Ub(0 ) which represents the amount of binding in 
the absence of membrane potential. The imtial concentration of 
the probe was 10/~M. The notatmns for probes are the same as 
in Fig. 1. The light intensities from experiments (1) to (5) were 
1120, 720, 465, 200 and 82 W/m 2, respeelavely. 
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A~0 depended on the probe used. As an example, 
we compare the estimated values when hght inten- 
sity is 1120 W / m  2. The largest value ( - 1 4 8  mV) 
was estimated when TPP ÷ was used and the smal- 
lest value ( -  129 mV) was obtained with TPMP ÷ . 
It is noted that Ub(0 ) for TPP ÷ is larger than that 
of TPMP ÷. Fig. 4 shows that the probe whose 
Ub(0 ) is larger gave the larger estimated A% Since 
a large value of Ub(0 ) means that the probe is 
liable to bind, the additional binding due to accu- 
mulation of the probe should be taken into consid- 
eration. This conclusion is reasonable, because Ftg. 
1 shows that at 10 /tM or less (the probe con- 
centratlon reside the vesicle before tllurmnatlon), 
the binding of the probe is not saturated. 

Intraveswular bmdmg model 
When the membrane potential of - 1 2 0  mV 

(interior negative) is generated, the concentration 
of positively charged probe inside the vesicle. C,n, 
~S 100-times Co. I. Therefore, it seems likely that the 
binding of the probe to the membrane is governed 
mainly by C,n. The binding is dependent on the 
membrane potential, but through C,.. The amount 
of binding in the presence of membrane potential, 
Ub(A~), is given by: 

Ub(Arp) = ( 1 / 2 ) A C , . / (  K + C , . )  

The factor of 1 /2  means that the maxamum amount 
of binding which xs accessible from the mtravesicu- 
lar space may be half that of A in Eqn. 5. 

In applying this equation of Ub(A~p ) wtuch 
depends on C,., the difficulty arises that C m is not 
known until the membrane potential has been 
calculated. We therefore adopted an iterative pro- 
cedure: 

C,.(test) ---. Ub(A~v ) a~ountsC,.(estlmated) ~, mo~o, ,o,. ,  I 

First, neglecting the binding, we calculated the 
value of Cln, which is taken as C,n(test ). With 
C,.(test) and the binding parameters (Table I), we 
calculated the amount of binding Ub(ACg ) per mg 
of protein. In this calculation, the binding parame- 
ters were changed according to the conditions 
C,°(test)> C, or Cm(test)< C,. Since the total 
amounts of the probe were known, C,.(estimated) 
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o r b  
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Ob(6 ~ )  X 109 (t130[ e / rag  ) 

Fig 5 The membrane potentmls estimated w~th the potentml- 
independent model (A), mtraveslcular binding model (B), 
exponential mean model (C) and three kinds of mean against 
Ub(A~) Anthmeuc, geometnc and harmomc m the figure 
represent the results obtained with use of anthmetlc mean. 
geometnc mean and harmonic mean of C,. and Co. t, respec- 
tively For potential-independent model (A). the abscissa is 
Ub(0 ) Light intensity was 1120 W / m  2 Notations for the probe 
used are the same as m Fig 1 

was able to be calculated and used as a second 
C,n(test ). Tlus process was iterated until Cm(test ) 
and Cln(estimated) agreed within 0.1%. At the 
same time, Ub(A~0 ) was esumated. 

The membrane potential which is calculated 
with C,n and Cou t (see Eqn. 1) is plotted against 
Ub(Arp) in Fig. 5. The estimated A~ is not inde- 
pendent of the probe used. When the data points 
are connected, the straight line with negative slope 
is obtained. This may suggest that the binding ~s 
over-estimated (see below). 

Analysts wtth a mean value of  C,. and Co. ' 
Next, we consider that the binding of the probe 

to the membrane depends both on C,n and on Cou t 
[29,30]. Thus, we assume that the binding may be 
governed by some mean of C m and Cou t. We have 
examined the following means: 

art thmetw C m = ( C m + Cou t ) / 2  

geometrw.  C m = ( CmCout ) 1/2 

harmomc Crn = 2 C,nCou t / ( C m + Cou t ) 

ub = ACm(Cm + K) 



The geometric mean was used successfully for 
membrane phenomena of homogeneous ion-ex- 
changer membranes. By this mean concentration, 
the values obtained from the experiment in which 
the membrane separates two different solutions 
are linked with the values obtained from the ex- 
periment in which both solutions separated by 
membrane are identical (unpublished data). 

The estimated membrane potentials are plotted 
against Ub(Arp) in Fig. 5. None of these gave a 
value which was independent of the phosphonium 
probes used. When the harmonic mean was 
adopted, a rise in the hydrophobic probe which is 
liable to bind to the membrane gave a larger value. 
On the other hand, others gave the opposite de- 
pendence. 

Exponenttal mean model 
Zaritsky et al. [9] proposed a model involving a 

mean value of probe in the membrane, which is 
referred to as ' the exponential mean model'. (This 
mean was used previously by SchliSgl [31].) This 
model is derived under the assumption that (1) the 
membrane is homogeneous, (2) the potential pro- 
file is linear within the membrane and (3) the 
amount of probe bound in the membrane at posi- 
tion x Is proportional to Cou t exp ( -F~p(x ) /RT) ,  
where 9~(x) is the electrical potential at x m the 
membrane. 

The presence of the saturation in binding, as 
shown in Fig. 1 and Table I conflicts with the 
tturd assumption of the exponential mean model. 
This assumption is changed to the assumption that 
the amounts of binding at x is governed by the 
Langmmr equation and the other two assumptions 
are retained. Let us consider that the membrane 
fraction of x to x + dx  is immersed m a hypotheti- 
cal solution whose probe concentration is 
Cou t e x p ( - F ~ p ( x ) / R T ) .  The binding at this stage 
is described by the Langmuir equation, and the 
total amount of binding is obtained by integration 
over the membrane thickness. The equation thus 
obtained is: 

Ub(A~0 ) = A ln[(K + Cm)/( K + Co,,)]/ln( C,,/Cou t ) 

W~th this model of binding and the iteration pro- 
cedure, we calculated Ub(Acp ) and Acp. Here, val- 
ues of A and K were changed whether C,n > C t or 
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C,n < Ct (see Table I). The results obtained are 
plotted also in Fig. 5, showing that this model fails 
to yield a value independent of the probe used. 

Extrapolation to the 'state of no binding' 
Fortunately, we obtained a straight line for 

given light intensity when the values estimated 
with various probes are connected, as shown in 
Fig. 5. Moreover, it is interesting that the values 
extrapolated to the ordinate along with respective 
lines are approximately equal to each other except 
mtravesicular binding model and arithmetic mean. 
The same results were obtained for all light inten- 
sities examined (data not shown). The value 
extrapo-lated to the ordinate corresponds to the 
value estimated with 'hypothetical'  probes which 
never bind to the membrane. If the probes which 
do not bind to the membrane are accessible, we 
are able to determine the membrane potential 
without any correction. The membrane potential 
using this hypothetical probe is considered to be 
obtained by extrapolating the value to zero bind- 
ing. The fact that the extrapolated values are ap- 
proximately equal irrespectwe of the model used 
suggests that the extrapolated value is very close to 
the real membrane potenUal. For the sake of sim- 
plicity, the extrapolated value in the plot of the 
membrane potential estimated against Ub(0) is 
taken as the 'real' membrane potential. 

As shown in Fig. 4, the values estimated w~th 
TPMP ÷ are closer to the real value than those 
with TPP ÷. The rate of uptake of TPMP ÷ , how- 
ever, is appreciably slower than that of TPP ÷ . It is 
well known that addition of tetraphenylboron 
(TPB-)  enhances greatly the rate of TPMP ÷ 
transport [3,4]. The kinetic analysis in the presence 
of TP B-  and the effect on the membrane potentml 
are treated next. 

Effect of T P B -  on the bmdmg and hght-dependent 
uptake of phosphonium cattons 

The binding of the probe to the membrane was 
measured in the presence of TPB- .  Results are 
plotted in Fig. 6, showing that Ub(0 ) does not 
depend on the concentration of TP B-  up to 10% 
of the molar ratio of TP B-  to the probe. Bakker 
[11] also has shown that TPB-  does not change 
the amount of TPMP ÷ bound to E. coh mem- 
branes. 
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Fig 6. Independence of Ub(0) by addmon of T P B -  The initial 
concentration of phosphonmm probes was 10 #M. KH-10 
envelope vesicles (1 8 mg p ro tem/ml )  was suspended m the 
medium (4 M NaCI, pH 7 0  buffered with 10 m M  
H e p e s / N a O H )  Temperature was 30°C. 10% of T P B -  in the 
abscissa corresponds to the concentration of 1 #M  ©, TPMP + ; 
o, TPEP+;  zx, TPPP+;  - ,  TPBP + , ~ ,  TPP ÷ 

Table II shows the membrane potential esti- 
mated by the potential-independent binding model 
in the presence and absence of TPB- .  This table 
reveals that the magnitude of the light-dependent 
uptake of phosphonium probes was not affected 
by addition of T P B -  in the present system as far 
as the phosphonium probes used were concerned. 
This means that TP B-  does not change the esti- 
mated value of the membrane potential. The actinic 
light intensity for the measurement hsted in this 
table was 1120 W / m  2. When weak actinic light 
intensities were employed, similar results were ob- 
tained. 

Ef fec t  o f  T P B  - on the rate constant 

Addition of TPB-  increased the kinetic con- 
stant appreciable. Table III shows the effect of 
T P B -  on the on- and off-kinetic constants of 
vanous probes. The on-kinetic constant of 
TPMP + , for example, became about 3-times larger 
than that in the absence of TPB-  when 2 .1 0  - 7  M 
TP B-  (2% of TPMP +) was added. Of the probes 
tested, TPMP + is most sensitive to the presence of 
TPB- .  The concentration of TPB-  which ~s re- 
quired to give the half-maximum rate is smallest. 
On the other hand, TPP + is hardly influenced. 
The data of the off-kinetics were essentmlly the 
same (see Table III). It seems that the off-kinetics 
are slightly much affected by TPB-  in companson 
w~th the on-kinetics. 

The permeability coefficient ~s composed of two 
factors, i.e., the partition coefficient into the mem- 
brane phase and the mobilities in the membrane 
[32]. The parallelism between the binding con- 
stants (Table I) and the kinetic constants (Table 
III, data in the absence of T P B - )  stems from the 
former factor. The finding that TPB-  does not 
affect the binding of probes (Fig. 6) but accel- 
erates the transport rate suggests that TPB-  af- 
fects only the mobility. Therefore, it is likely that 
T P B -  works as a carrier [33] for phosphonmm 
probes in the present system rather than the 
changing the surface potential or lntramembrane 
potential profiles [34], which would alter the 
amounts of binding. Why TPP + and TPBP ÷, 
which are transported relatwely quickly are not 

TABLE II 

EFFECT OF T P B -  ON THE M E M B R A N E  POTENTIAL-DEPENDENT UPTAKE OF VARIOUS PHOSPHONIUM CATIONS 

KH-10 membrane vesicles (1 mg pro tem/ml)  were suspended m 4 M NaCl (pH 7.0 with 10 mM H e p e s / N a O H )  Experiments were 
performed at 30°C Illurmnatlon (over 500 nm, 1120 W / m  2) reduces the lntenor-negatwe membrane  potential, which leads to the 
uptake of the phosphomum cations. Under  the assumption that the membrane  potential-dependent binding of probe is ignored (the 
binding m the absence of membrane potential is only subtracted) which has been called potential-independent binding model, the 
membrane potentials hsted (interior negatwe) were calculated The lmtml concentrations of the probes were 10 #M 

T P B -  Membrane potential estimated with Model A (mY) 

(mole rauo, %) TPMP+ TPEP+ Tppp+  TPBP+ Tpp+ 

0 122.6 126 6 128 6 139 8 144 1 
0.5 125 9 128 2 128 5 140 4 144 5 
1 125 7 129 2 130.9 139.7 145 1 
5 120.3 125.1 131 4 138.1 144 7 

10 121.0 125.5 130 7 137.9 145.4 
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TABLE III 

EFFECT OF TPB ON THE ON-KINETICS (k °") AND OFF-KINETICS (k °ff) OF VARIOUS PHOSPHONIUM CATIONS 

Experimental con&tlons were the same as that m Table II The kinetic constants were calculated m accordance w~th Eqns 3 and 4. 

TPB- k °" (s-  1 ) k °ff (s- 1 ) 

(mol%) TPMP+ TPEP+ Tppp+ TPBP+ Tpp+ TPMP+ TPEP+ Tppp + TPBP + Tpp+ 

0 0022 0.045 0074 0131 016 0040 0079 013 0.17 016 
01 0031 n.d.* nd  nd  nd  060 n,d nd  nd  nd  
0 5 0 059 0 053 0.081 0.14 0 16 0 14 0 098 0 16 0 19 0 16 
1 0 065 0 079 0 10 0 14 0.17 0.14 0 20 0 21 0 20 0 17 
2 0.75 nd  nd  n.d. nd  020 nd  nd  nd  nd. 
5 0 066 0 091 0 10 0.14 0 15 0 23 0.27 0.23 0 22 0 16 

10 073 011 013 015 015 025 0,31 030 024 016 

* n d means that the experiment was not done 

affected by TPB-  ~s not clear at present. One 
possible explanation is that these phosphonmm 
cations are more hydrophobic than TPMP ÷ or 
TPEP + and then, the association with TPB-  m 
the hydrophobic moiety, such as in the membrane, 
may not occur. 

Concluding remarks 

In this paper, we have compared the membrane 
potential estimated with various phosphonlum 
cations under identical conditions. The larger value 
was estimated when more hydrophobic probe, 
which bmds more to the membrane,  was used. We 
extrapolated the value to the 's tate of no binding' 
and the extrapolated value was considered to be 
' real '  membrane potential. Further study is neces- 
sary to check the validity of this extrapolation. At 
present, one can say that the value with use of 
TPMP + is closest to the real membrane potential. 
The rate of permeation of TPMP + through mem- 
brane is, however, slow, or sometimes TPMP + 
does not permeate through membranes. T P B -  is 
added to increase the permeation rate. For the 
present system, at least, T P B -  removes partially 
the disadvantage of TPMP + without change of the 
membrane potential. But, the rate is still 46% of 
that of TPP + . 

The problem to be solved in future is to analyse 
quantitatwely the membrane potential-dependent 
binding of the probe. If this succeeds, we can 
estimate the membrane potential with the probe 
which can permeate more quickly. 
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