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Lipophilic ions are widely used as the probe for estimation of the membrane potential. It is suggested that 
the correction of the probe binding to the membrane and /or  intracellular constituents is a problem to be 
solved in order to evaluate the membrane potential accurately. Previously, we proposed a method for the 
correction of the probe binding (Demura, M., Kamo, N. and Kobatake, Y. (1985) Biochim. Biophys. Acta 
820, 207-215). In this paper, the method was applied to the determination of the membrane potential of 
intact mitochondria. The probes used constitute a homologous series of (Phe)3-P +-(CHa),-CH 3 (n = 0-4) 
and tetraphenylphosphonium (TPP +). Binding of these probes to de-energized mitochondria followed the 
Langmuir isotherm. However, values of parameters determined at high (50-800 ~M) and low (under 20/tM) 
probe concentrations were different, suggesting the existence at least two, high- and low-affinity, binding 
sites. With extrapolation to the 'state of no binding', the membrane potential of intact mitochondria was 
estimated to be -147 mV (interior-negative) when they were energized by 5 mM succinate in medium 
consisting of 125 mM KCI, 10 mM MgCI2, 5 mM phosphate, 0.4 mM EDTA and 50 mM Tris-HCI (pH 7.5) 
at 25 o C. Parameters appearing in the equation for the correction of probe binding were determined with the 
use of this value of the membrane potential. The validity of the equation and the value of the parameters 
were revealed by the fact that after the correction, all probes used gave approximately the same value under 
the same conditions. We expanded the method so as to include the Langmuir adsorption isotherm. When the 
modified equation is used, the estimated membrane potentials were less dependent on a probe concentration 
less than 10/~M. 

Introduction 

Lipophilic cations such as tetraphenylphos- 
phonium and triphenylmethylphosphonium are 
widely used as a probe for the interior-negative 
membrane potential of cells, organella and vesicles 
[1-4]. The principle is that at equilibrium, the 

Abbreviations: TPP +, tetraphenylphosphonium; FCCP, 
carbonylcyanide-p-trifluoromethoxyphenyl hydrazone; 
TPMP ÷, triphenylmethylphosphonium; TPEP +, triphenyleth- 
ylphosphonium; TPPP ÷, triphenylpropylphosphonium; 
TPBP +, triphenylbutylphosphonium; TPAP ÷, triphenyl- 
amylphosphonium. 

probes distribute between internal and external 
spaces in accordance with the Nernst equation: 

/ ~  = ( R T / F )  ln(C¢/Ci) O) 

Here, A~k, R, T and F stand for the membrane 
potential with respect to the outside, gas constant, 
absolute temperature and Faraday constant, re- 
spectively. C~ and C e are the internal and external 
concentrations of the probe, respectively. 
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Although the principle is simple, it is pointed 
out that the binding of the probe leads to an 
erroneous estimation [5-13]. Therefore, char- 
acterization of the probe binding should be studied 
and a reliable method for the binding correction 
should be developed. Hubbell and his colleages 
[14-17] synthesized spin-labeled phosphonium ca- 
tions to investigate the binding of the spin probe 
to the liposomal membrane. They proposed a 
binding model, stating that the probe is located at 
the interfaces between the membrane and the 
aqueous phase. This model is derived from find- 
ings obtained by Ketterer et al. [18], who studied 
the transport of lipophilic anions through black 
lipid membranes with the method of charge-pulse 
relaxation. This binding model is consistent with 
the energetic calculation based on hydrophilic-hy- 
drophobic profiles of membranes and on dipole 
interaction [19]. With the use of the spin-spin 
coupling method, we have presented the experi- 
mental evidence supporting this binding model 
[2O]. 

Previously, we measured the binding and the 
uptake of various phosphonium cations by en- 
velope vesicles of Halobacterium halobium [11] 
which generated the interior negative membrane 
potential upon illumination [22]. The probes used 
constituted triphenylmethylphosphonium, its ho- 
mologues, and tetraphenylphosphonium. Ap- 
parent accumulation ratios by the cell of various 
probes are plotted against the binding coefficient 
of probes. The ordinate intercept of this plot gives 
the 'real' accumulation ratio because this corre- 
sponds to the value obtained with the hypothetical 
probes which do not bind. This is called extrapo- 
lation to the state of no-binding. The binding 
model described below was applied and the mem- 
brane potential obtained after the correction of 
probe-binding was constant, irrespective of the 
probe species used under various conditions [23]. 
In the present paper, we applied this model to the 
estimation of the membrane potential of intact 
mitochondria. 

Binding model 

Briefly, we describe the binding model em- 
ployed in this paper; for details, refer to a previ- 
ous paper of ours [23]. The binding sites of the 

lipophilic cations are the interfaces between the 
membrane and aqueous solutions. The total up- 
take of the probe by mitochondria, U, is the sum 
of free cations in the matrix, bound population at 
the external binding site, )(me, and that at the 
internal binding site, Xmi. Then, 

U = C i V i + Xme Jr- Xmi 

where V~ stands for the internal volume of the 
mitochondria. We have derived that at steady- 
state, Xm~ is proportional only to C~ and that Xm~ 
is proportional only to C i by solving a set of 
kinetic equations [23]. We, therefore, obtain that 

U = CiV , + KeC ~ + K i C  i 

where K e is the binding coefficient at external 
surface multiplied by the volume of the external 
binding site and K i is the same quantity of the 
internal site. It is noted that K~ and K~ are not 
necessarily equal to each other. Defining that K b 

= K~ + K i and that f =  Ke/Kb, we obtain that 

U =  CiV i + f K b C  e +(1 - -  f ) K b C  i (2) 

Combination of Eqns. 1 and 2 yields Eqn. 3. 

In U/C¢ - / K  b A~b = - ~ T  - ( i - ~ + i / i  (3) 

K b c a n  be determined as follows: Even when 
A~ = 0, the probe binding occurs and the amount 
of binding in the absence of the membrane poten- 
tial is written as Ub(0 ). From Eqn. 2, Ub(0 ) is 
expressed as 

Ub(0) = KbCe = KbC (4) 

since C e = C i (=  C) under this condition. Note 
that for the calculation of Ub(0), the amount of 
free probe in the matrix, V~C, is subtracted from 
the total uptake by de-energized mitochondria. 
Rottenberg [8] employed essentially the same 
binding model to analyze the probe-binding and 
to estimate the mitochondrial membrane poten- 
tial. 

Materials and Methods 

Materials 
TPP + was purchased from Dojindo (Kumamo- 



to) and other lipophilic ions were from Tokyo 
Kasei Co. (Tokyo). Gramicidin D and rotenone 
were purchased from Sigma, and FCCP was from 
Boehringer-Mannheim. Other chemicals were ana- 
lytical grade. 

Isolation of mitochondria 
Mitochondria were isolated from rat liver by 

the standard method [24] and washed three times 
with 250 mM sucrose. Mitochondria were stored 
at 4 °C until use. Experiments were finished 3-4  h 
after the isolation. A respiratory control ratio with 
substrate of 5 mM succinate was 5-7. The medium 
contained 125 mM KC1, 10 mM MgC12, 5 mM 
phosphate, 0.4 mM EDTA and 50 mM Tris-HC1 
at pH 7.4. Protein was assayed by the method of 
Lowry et al. [25] with bovine serum albumin as a 
reference standard. The volume of the matrix was 
taken as 1.4 ~ l / m g  protein, which was obtained 
previously in this laboratory [26]. 

Preparation of de-energized mitochondria 
Mitochondria (2 mg prote in /ml)  were sus- 

pended in the medium which contained 2 /~M 
gramicidin D and incubated at 25°C for 10 min 
under enough aeration. The mitochondria were 
collected by centrifugation (6000 x g, 10 min) and 
washed two times with the medium without 
gramicidin D. De-energized mitochondria were 
prepared also with FCCP. The procedure was 
essentially the same as gramicidin-treated 
mitochondria, except that the concentration of the 
ionophore was 0.1 ~M and washing was done 
three times. The probe binding to the de-energized 
mitochondria was measured in the presence of 2.5 
/~M rotenone. 

Measurement of the uptake of lipophific cations 
The lipophilic cations used were TPMP + (tri- 

phenylmethylphosphonium), TPEP + (triphenyl- 
ethylphosphonium), TPPP + (triphenylpropylphos- 
phonium), TPBP + (triphenylbutylphosphonium), 
TPAP + (triphenylamylphosphonium) and TPP + 
(tetraphenylphosphonium). The amounts of up- 
take, U was calculated from the decrease in C~ 
using the following equation: 

u=(v, +vo)Co-VoC¢ 

-- v~(Co- co) 
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where C O and V e stand for the initial probe con- 
centration and extramitochondrial volume, respec- 
tively. Ce was monitored with an electrode selec- 
tive to these lipophilic cations. The construction of 
electrodes and the procedure and apparatus for 
measurements were the same as described previ- 
ously [11,26,27]. All experiments were done at 
25 ° C. Mitochondrial concentration was typically 
1-1.5 mg pro te in /ml  when the respiration-depen- 
dent uptake of various phosphonium cations was 
examined. Mitochondria were energized on ad- 
dition of 5 mM succinate in the presence of 2.5 
/~M rotenone. Rotenone was added as an ethanolic 
solution (ethanol volume was 0.5%). 

Results and Discussion 

Binding of lipophilic ions to the de-energized 
mitochondria 

For the binding correction in accordance with 
the model described above, the value of K b should 
be known. Eqn. 4 tells that this value is de- 
termined from the binding data for the 
mitochondria whose energy-dependent membrane 
potent ial  is abolished. For  this purpose,  
mitochondria permeated with lysophosphati- 
dylcholine were prepared. The amounts of bind- 
ing, however, were dependent on the concentra- 
tion of lysophosphatidylcholine and it was due 
presumably to the change of the membrane com- 
position. A high concentration of lysophosphati- 
dylcholine-solubilized mitochondria gave a clear 
solution. With toluene-treated mitochondria, we 
could not obtain the reproducible results. Then, 
we employed the gramicidin D-treated mitochon- 
dria. The mitochondria de-energized with FCCP 
gave almost the same binding data as those of 
gramicidin de-energized mitochondria. 

In Fig. 1A, Ub(0 ), the amounts of binding of 
various phosphonium cations to the mitochondria 
whose membrane potential was abolished, are 
plotted against C e. (We assume that C e = C~ under 
this condition.) Measurements were made on solu- 
tions ranging in concentration below 800 #M. On 
increasing the number of hydrocarbon chains, the 
amount of binding was increased. The saturation 
of binding was observed. Zaratti et al. [28] also 
reported the saturation of binding, but concentra- 
tions where the saturation was achieved were much 
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Fig. 1. Binding of var ious phosphon ium cat ions  to the de-energized mi tochondr ia .  The concen t ra t ion  range of the p h o s p h o n i u m  
cat ion in (A) is less than  0.8 mM. (B) is des igned to s tudy the b ind ing  at  lower concen t ra t ion  of the cat ion,  where the b ind ing  is 

expected to be p ropor t iona l  to the free concent ra t ion  of the cation.  C), T P M P + :  o,  TPEP+;  z~, TPPP+;  A, TPBP+:  D, TPAP+;  03, 

T p p  +. 

lower than those observed in the present paper. 
The saturation indicat,es that Langmuir adsorption 
isotherm is applicable. This isotherm was applied 
also for the binding to liposome [29] and envelope 
vesicles of H. halobium [11,30]. The Langmuir 
equation is written as 

Uh(O ) = A C / (  K + C) (5) 

where A, K and C stand for maximum amounts 
of binding, dissociation constant and the free con- 
centration of lipophilic cations, respectively. The 
values of the second and third column in Table I 
show K and A values of the concentration range 
(50-800/~M) of probes, respectively. 

Fig. 1B shows the plot of Ub(0 ) against C~ 
under the condition that C < 20 #M. Analysis of 
these data gives K and A values of respective 
probes and these values are listed in the fourth 
and fifth columns of the table. The difference in 
A and K values between the dilute (under 20/~M) 
and the concentrated (50-800 ~M) range implies 
the existence of at least two binding sites. As this 
figure shows, the binding seems to be almost 
proportional to C in this dilute concentration 
range, except that the cation has a longer hydro- 
carbon chain. This linearity is also supported by 
the facts that A of the low concentration range 
listed in Table I is the order of 109 mol/mg, while 
that of the ordinate of Fig. 1B is 101° mol/mg 

T A B L E  I 

B I N D I N G  P A R A M E T E R S  F O R  B I N D I N G  O F  V A R I O U S  P H O S P H O N I U M  C A T I O N S  TO D E - E N E R G I Z E D  
M I T O C H O N D R I A  

Med ium was 125 mM KCI, 10 mM MgCI 2. 5 mM phosphate ,  0.4 mM E D T A  and  50 mM Tris-HCI (pH 7.4). Tempera tu re  was 

25 ° C. De-energized mi tochondr ia  were prepared  wi th  2 /zM gramic id in  D as descr ibed in Mater ia l s  and  Method.  K, A and K b are 
def ined in Eqns. 5 and 6. The high concent ra t ion  range is 50 800/~M of respect ive probes  and the di lute  concen t ra t ion  range is 2 20 

/LM. The r ight-most  co lumn shows the K b value ca lcula ted  by Eqn. 6 using the da ta  of the low concen t ra t ion  range. 

Probe Langmui r  equa t ion  K h 

high concent ra t ion  range low concent ra t ion  range 

K ( m o l / I )  A ( m o l / m g )  K (mol /1)  A ( m o l / m g )  

T P M P  + 2.92.10 3 9 . 7 0 . 1 0 - 9  1.31.10 - I  7 .95.10 7 6 . 0 7 . 1 0 - 6  
T P E P  + 2.53-10 3 1 .23 .10-8  8 .93.10 4 9.53.10 9 1.07.10 5 

TPPP*  1.32.10 3 8.46.10 9 7.68-10 5 1.20-10 '~ 1 .56.10 5 
TPBP + 2.19-10 3 1.78.10 s 6.09-10 5 1.21.10 9 1 .98 .10 -5  
T P A P  ~ 1.02.10 3 1.98.10 s 4 .03 .10  5 1.60.10 9 3 .98.10 s 

TPP -~ 1.51.10 3 1.89.10 ~ 3.96.10 5 1.19.10 9 3.00.10 s 



and that K values of the low concentration range 
are larger than 20 I~M. When C is dilute enough, 
Eqn. 5 is simplified to Eqn. 4, with the relation 
that 

A/K = K h (6) 

The values of K b w e r e  determined from Eqn. 6 
using the value of the low concentration range, 
and are listed in the fight-most column of Table I. 
With the increase of the length of hydrocarbon 
chain, the value of K b increases. These values of 
mitochondria are about 1/10 times as small as 
those of envelope vesicles of H. halobium for all 
cations examined [11]. The values of K and A for 
TPMP + of low concentration range are somewhat 
strange in comparison with those of others. As 
shown in Figs. 1A and B, its binding is almost 
linear up to as high as 0.8 mM. Then, the de- 
termination for the values of K and A are not 
easy. But K b value is determined exactly. 

Extrapolation to the 'state of no binding' 
Fig. 2 shows the plot of value of ciapP/Ce 

against C~ for various lipophilic cations, where 
Ci app is the 'apparent' intramitochondrial con- 
centration of lipophilic cations, which includes the 
free and bound populations of the ions inside 

2O 

T 

~-~0 
o 
u 

5 - - ' c - ' - ~ ' - - - - o ~  - o  

I I I I I 

0 1 2 3 4 5 6 

Ce (pM) 
Fig. 2. Plot of CaPP/Ce against Ce. Ci app is the amount of 
uptake by energized mitochondria divided by the in- 
tramitochondrial volume, which means the apparent intrami- 
tochondrial concentration, including the bound populations of 
the probe. C e is the free concentration of the probe in the 

solution. Notations are the same as in Fig. 1. 
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mitochondria, and is calculated simply as C? pp= 
U/V,. The ordinate values depend both on the 
lipophilic cation used and on C e. When the cation 
of high lipophilicity is used, ciapP/Ce gives larger 
value and the dependence on C e is obvious. The 
dependence on C e will be discussed later. In a 
previous paper [11], we proposed that the ordinate 
intercept of the plot of C?PP/Ce against K b may 
be the 'real' accumulation ratio caused by the 
membrane potential because this value corre- 
sponds to the value obtained with the 'hypotheti- 
cal' probe which does not bind. This plot was 
performed in Fig. 3, where the values extrapolated 
to C~ = 0 in Fig. 2 are plotted in order to remove 
the influence of the probe concentration. The bi- 
nding coefficient, K b ,  should be used because the 
probe concentrations are dilute enough. 

The real membrane potential calculated from 
the ordinate intercept (see Eqn. 7) is -147 mV, 
which is comparable to those reported by previous 
authors, although A~b may be changed depending 
on the experimental conditions. Rottenberg [8] 
reported the value of 150-118 mV by means of 
Rb + distribution in the presence of valinomycin 
and 157-123 mV using lipophilic cation after cor- 
rection of binding. Azzone et al. [31] described 
that mitochondrial membrane potential is 143 mV 
when calculated on the assumption that only the 

40 
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0 
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10 

I I I I 

10 20 30 40 50 

Kb ( jJt/mg) 

Fig. 3. Extrapolation to the 'state of no binding'. C~'PP/C~ 
values for various phosphonium cations are plotted against its 
K b value. The ordinate value is taken from that extrapolated 
to C~ = 0 in Fig. 2 for the respective phosphonium cations. 

Notations are the same as in Fig. 1. 
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increase of cation uptake due to the presence of 
anions corresponds to cations free in the matrix. 
Scott and Nicholls [32] calculated 148 mV on the 
assumption that 60% of TPMP + accumulated is 
bound. From the value of ciapP/Ce shown in Fig. 
3, it is calculated that the values estimated with 
TPMP + and TPP + are overestimated by 22 and 57 
mV, respectively. Wilson and Forman [33] showed 
that (A~b with T P M P + ) =  0.96.(A~b with 
valinomycin + K +) + 27.7 mV. If the value de- 
termined by means of K + distribution in the pres- 
ence of valinomycin is taken as the true mem- 
brane potential, their data indicate that TPMP + 
gives the overestimation of 27.7 mV, because the 
slope of 0.98 is approximately equal to unity. This 
value of overestimation is close to ours. Duszynski 
et al. [34] obtained 169 mV using TPMP + without 
any binding correction. As is described above, the 
overestimation stemmed from TPMP + binding is 
22 mV, and then this value may be corrected to 
147 mV, which is equal to the value obtained in 
this paper. Wojtczak et al. [35] obtained a larger 
value of - 190 mV after the binding correction. 

If we used the value of ciapP/Ce whose C O was 
larger than 4 ~M instead of the extrapolated value 
in Fig. 2, the linearity of Fig. 3 was not good 
especially for TPAP +. The deviation of the point 
of TPAP + may be caused from the fact that the 
binding is not proportional to the concentration, 
as shown in Fig. 1. 

When - 1 4 7  mV is taken as the membrane 
potential of mitochondria, we can calculate Ci 
and the amount of membrane potential-dependent 
binding (denoted as Ub(A~p) ) can be also calcu- 
lated by subtracting V~C~ from U. In Table II, the 
values of U and Ub(A+)/U for various cations 
are listed. The value of Ub(A+)/U represents the 
ratio of the bound population to the total uptake 
of cations. For TPAP +, this value amounts to as 
high as 0.97, meaning that 97% of the accumulated 
probe cation is bound. Shen et al. [36] reported 
that about 85% of TPP + accumulated by 
mitochondria is bound, indicating good agreement 
with our data. Rottenberg [8] and Wilson and 
Forman [33] reported a slightly smaller value of 
77%. As mentioned above, Scott and Nicholls [32] 
assumed that 60% of TPMP + is bound and this 
value agrees well with the 59% of the present 
paper. 

T A B L E  II 

C O M P A R I S O N  O F  T H E  A M O U N T S  O F  B O U N D  P O P U -  

L A T I O N  W I T H  T H E  T O T A L  U P T A K E  BY R E S P I R I N G  

M I T O C H O N D R I A  

M e d i u m  was  the s ame  as in Tab le  I. M i t o c h o n d r i a  were  

energ ized  b y  5 m M  succ ina t e  in the presence  of  2.5 / tM 

ro t enone .  The  t e m p e r a t u r e  was  20 ° C. The  m e m b r a n e  po t en -  

tial was  t aken  as - 1 4 7  mV, wh ich  was  ca l cu l a t ed  f rom the 

o r d i n a t e  in te rcep t  o f  Fig.  2. T h e  init ial  c o n c e n t r a t i o n  o f  the 

p r o b e  was  2 ~t M. 

P r o b e  U ( n m o l / m g )  Uh(A~k)/U 
T P M P  + 0.98 0.59 

T P E P  + 1.09 0.70 

T P P P  + 1.18 0.73 

T P B P  + 1.25 0.82 

T P A P  + 1.48 0.97 

T P P  + 1.44 0.87 

Determination of the value off  
For the binding correction with use of Eqn. 3, 

we should know the value of f .  The criterion for 
the valid estimation of f is that all probes should 
give the same membrane potential after a proper 
correction. We introduce the following R value: 
R = E((calculated ~b  with assumed f ) -  ( - 1 4 7  
mV)) 2 where summation was taken for all lipo- 
philic cations used. The most suitable value of f 
should give the smallest value of R. f was changed 
from zero to unity with a step of 0.1 to calculate 
the R value and the roughly fitted value was 
obtained. Around this value, f was changed with 
a step of 0.01 and we found that f =  0.66 as the 
best value. Table III shows the membrane poten- 
tial estimated from Eqn. 3 with f = 0.66, revealing 
that the estimated values are very close to the 
value estimated from the ordinate intercept in Fig. 
3. It is also noteworthy that all probes used give 
almost the same value (see top row). For this 
calculation, the data of C o = 2 ttM were used (the 
left-most data of respective phosphonium cation 
in Fig. 2 whose abscissa is C~). 

Since U = c i a p P v i ,  Eqn. 2 is rewritten with aid 
of Eqn. (1) to the following equation: 

CiaPP Kb + e- ~¢ /RT 
C~ = ( f + ( 1 - f ) e  "~Z4"/RT}~ii (7) 
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T A B L E  III 

M E M B R A N E  P O T E N T I A L  O F  R E S P I R I N G  M I T O C H O N D R I A  A F T E R  T H E  C O R R E C T I O N  O F  P R O B E  B I N D I N G  

Values  are  mV. C o r r e c t i o n  was  p e r f o r m e d  with  Eqn.  3. f was  t aken  as 0.66 a n d  the  values  o f  K b for  the  respect ive  p r o b e  used  is 

l is ted in the  r i gh t -mos t  c o l u m n  of  Tab le  I. The  m e d i u m  was  the s ame  as tha t  of  T a b l e  I. M i t o c h o n d r i a  were  energ ized  b y  a d d i t i o n  of  

5 m M  succ ina t e  in the p resence  of 2.5 # M  ro tenone ,  n.d.,  no t  de t e rmined .  The  ave raged  value,  wh ich  is c a l cu l a t ed  over  the va lues  

e s t ima ted  by  va r ious  p robes ,  is s h o w n  b y  mean  value  +_ S.D. 

[ G r a m i c i d i n ] ( n M )  T P M P  ÷ T P E P  ÷ T P P P  ÷ T P B P  ÷ T P A P  ÷ T P P  ÷ A v e r a g e ±  S.D. 

0 - 147 - 145 - 141 - 141 - 140 - 145 - 143 ± 2.6 

0.2 - 142 - 146 - 143 - 140 - 136 - 143 - 142 ± 3.1 

2.0 - 118 - 116 - 118 - 115 - 115 - 121 - 117 ± 2.4 

20.0 - 5 9  54 - 6 1  - 5 5  n.d.  n.d.  - 57 ± 2.9 

This equation indicates that we can calculate the 
value of f from the slope of Fig. 3, since A~ is 
already known to be -147  mV from the ordinate 
intercept. The value of f thus estimated was also 
0.66. 

If this value is valid, the estimated values of 
membrane potential should be probe-independent 
under any conditions. We changed the membrane 
potential by addition of varying concentration of 
gramicidin D. The estimated values with f =  0.66 
are listed also in Table 3, showing that the values 
obtained with various probes give almost the same 
value. 

In a previous paper [23], we used the parameter 
n, which signified the effect of membrane poten- 
tial on the binding coefficient. We analyzed our 
data to determine n by the method described 
previously [23] and found that n = 0 gave the best 
fit. If the bound probe is located at the interface 
between the membrane and aqueous solution, the 
value of n may be zero. 

Comparison of a method of Lolkema et al. 
Lolkema et al. [10,37] have proposed a model 

of the probe-binding. The average concentration 
within membranes was introduced. The flux equa- 
tions of probes are composed of four unidirec- 
tional fluxes through the membrane/water  inter- 
faces. At steady-state, the net flux should be zero 
and the concentration within the membrane can 
be calculated. The final equation they obtained is 
as follows: 

Co 
A~=RT ln~e--l+ Ve (1-12fcmKcm-f°mg°m) 

F (8) 
~Vi (1 q- K i q- 12fcmKcm ) 
vo 

Here, definitions of parameters should be referred 
to Ref. 37. With the relation that U =  V~(C o - Ce), 
Eqn. 8 is rewritten as 

U 
A +  = f l~-  In ~ + Vi(1 - 12fcmKcm- f ° m K ° m )  

V i ( l +  Ki + ~2LmKcm) (9) 

It may be possible to consider that the total 
binding coefficient in the present paper, K b ,  c o r -  

r e s p o n d s  to Vi(K i +£mKcm + f o m K o m )  and that at 
outer surface, fKb, to Vi(1/2f~mKcm+ fomKom ). 
Note that K b has a dimension of volume. There- 
fore, Eqn. 9 is recast to Eqn. 10 with use of our 
notation. 

U 

RT 
A ¢  = ~ In (10) Vi + ( l - f ) K  b 

The only difference between Eqns. 3 and 10 is the 
term of V i in the numerator. Since U > CiV i (note 
that U contains the amounts of bound probes) and 
since Ci >> Ce when interior negative membrane 
potential is enough large, we obtain that U / C  e >> 
V~. This means that Eqns. 3 and 10 are practically 
the same where the interior negative membrane 
potential is large enough. 

On the dependence of the ordinate value in Fig. 2 on 
the probe concentration 

As shown in Fig. 2, the value of C~PP/C e de- 
pends on C e. The possible reason of this depen- 
dence may be as follows: Actual binding of lipo- 
philic probe cations accords with the Langmuir 
equation, whereas in Eqn. 2, the binding is as- 
sumed to be proportional to the free concentra- 
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tion. Fig. I(B) shows that even below 20/~M, the 
binding is not proportional to the free concentra- 
tion for the probe having a longer hydrocarbon 
chain. At a relatively high concentration range of 
the probe, the binding may be saturated (note that 
the intramitochondrial free concentration is about 
300-times as high as that of the outside) and this 
leads to the bound population contributing less to 
the total uptake. This may be the reason why the 
estimated membrane potential with high probe 
concentration is close to the true value. Lipophilic 
cations of higher concentration, however, may 
swell or do damage to membranes, which lowers 
the membrane potential. 

We extend Eqn. 2 to the following equation: 

U = C,V, + A i C i / (  K i + Ci) + A e C e / ( K  e + Ce) (11) 

Here, subscripts i and e of the second and third 
terms in the right-hand side of Eqn. 11 denote the 
quantities of internal and external membrane 
surfaces. Since C~ is high, K~ is employed for the 
high concentration range and since C~ is dilute 
enough K e is employed for the low concentration 
range. A~ and A e stand for the maximum amounts 
of binding at internal and external surfaces of 
membrane. The problem for the value of A~ and 
Ae may arise: The maximum amounts of binding 
in high concentration range listed in Table I may 
not be equal to A~, because only the inner surface 
of the membrane is contiguous to the solution of 
high probe concentration whereas the values in 
the table were determined when both solutions 
contiguous to the membrane were the same. A~ 
and A e are assumed to be given by following 
expressions, respectively: 

A , = ( 1 - f ) A  (12A) 

where A is the maximum amounts of binding in 
the concentrated region and 

A c = / A  (12B) 

where A is the maximum amounts of binding in 
the dilute region. It is noted that the values of A 
and K are determined so as to follow the data at 
low- and high-concentration ranges and that they 
are not those for high- and low-affinity binding 
sites. The value of f was determined by calculat- 
ing R values described above and we obtained 

that f =  0.63. (It is noted that f =  0.66 for linear 
binding equation.) Then, only C, is not known in 
Eqn. 11. Note that C e is monitored with the 
electrode. Since this equation is a quadratic equa- 
tion with respect to C~, C, is easily solved and the 
membrane potential can be calculated. Results are 
listed in Table IV, where the average values of 
those estimated with various probes of varying 
concentration are shown. It is noted that the de- 
pendence of the estimated potential on the probe 
concentrations (under 10 /~M) becomes slight in 
comparison with those estimated with Eqn. 2. The 
values calculated with the linear binding equation 
are smaller than those with Langmuir equation, 
meaning that amounts of binding calculated with 
the linear binding equation are overestimated. This 
comes from the saturation of binding. 

Further problems to be solved 
There are several problems to be awaited for 

further studies. The first is the development of the 
method for determination of f .  The present 
method requires the use of at least two kinds of 
probes because A~b and f are unknown. If we 
develop the method of determination of f with 
only one probe, we can estimate the membrane 
potential with Eqn. 11 from the uptake of only 
one probe. On the other hand, all parameters 
which appear in the method of Lolkema et al. 
[10,37] can be determined experimentally. How- 
ever, it is stressed that their model does not con- 

TABLE IV 

CORRECTION OF PROBE BINDING WITH Eqn. 11 

The membrane potentials estimated with various probes whose 

initial concentration was listed in the first column are averaged 

and the S.D. is also shown. The value of f was 0.66 and 0.63 
for linear and Langmuir binding equatiom respectively. The 

experimental conditions were the same as those in Table II and 

Il l .  

Probe Average + S.D. Average -+ S.D. 
concen- estimated estimated 
tration with Eqn. I I  with Eqn. 2 

(tIM) (Langmuir) (linear) 

( f  = 0.63) ( f  = 0.66) 

2 - 152+5.7 - 143+2.6 
4 - 151 +5.8 140_+2.5 
6 151 _+5.7 138_+2.7 

10 -147_+4.8 133_+3.6 



sider the a symmet ry  of membranes .  If  the asym-  
met ry  is incorpora ted  into their  theory,  one ad-  
d i t iona l  p a r a m e t e r  indica t ing  the asymmetr ica l  
proper t ies ,  such as f of  the present  paper ,  should 
be needed.  

The second p rob l em is the correc t ion  of Don-  
nan poten t ia l  of de-energized mi tochondr ia .  The 
present  t r ea tment  ignores the D o n n a n  potent ia l  of 
e n e r g y - d e p l e t e d  m i t o c h o n d r i a ,  a l t hough  the 
poten t ia l  may  be reduced in the high ionic solu- 
t ions such as used in this work. 

The third is the neglect of the change in V~ 
dur ing  energizat ion.  For tuna te ly ,  Eqn. 3 indicates  
that  con t r ibu t ion  of  the volume change to the 
es t imated  A~b may  be small  p rov ided  that  ( 1 -  
f ) K  b >> V i. This cond i t ion  is fulfilled for TPP  +. 
as is shown in Table  I, since V i = 1.4 # l / m g  and 
( 1 - - f ) K b = 1 0  ~ l / m g .  But, for T P M P  +, the 
change  in V i is not  negligible. When  Eqn. 11 is 
used, the essential  feature is also held. 

The fourth is the quest ion of  whether  b ind ing  
pa rame te r s  depend  on the m e m b r a n e  potent ia l  or  
not. When  the amount s  of b o u n d  probes  are in- 
creased,  we cannot  deny  the poss ib i l i ty  that  some 
of  p robes  are  loca ted  in the middle  par t  of mem- 
branes  and that  the b ind ing  pa ramete r s  depend  on 
A~b. Al though  our  analysis  gives the independence  
of  the b ind ing  pa ramete r s  on Aq~, further s tudy on 
this poin t  seems to be needed. 

The  fifth is concerned  with the use of  the 
Langmui r  equat ion,  i.e., Eqns. 11 and 12. Since C~ 

is high, the values of  K i and  A i are used for those 
de te rmined  at  the high concen t ra t ion  range. C~ is 
several  # M  and,  then, A e and K~ are used for 
those of low concen t ra t ion  range. This may  be 
reasonable ,  but  Eqn. 12 is jus t  a s imple assump-  
tion. Resul ts  shown in Table  IV may  suppor t  
these assumpt ions .  On the other  hand,  Eqn. 2 or  3 
is val id as far as b ind ing  is l inear  to the p robe  
concent ra t ion ,  even if the b ind ing  affinit ies are 
d i f ferent  at in ternal  and  external  surfaces. The  
l inear i ty  of b ind ing  is held when the concen t ra t ion  
of p robe  is di lute  enough.  

In spite  of  p rob lems  descr ibed  above,  the pre- 
sent  pape r  shows one sui table  me thod  for the 
p r o b e  b ind ing  to es t imate  the m e m b r a n e  poten t ia l  
with the use of  l ipophi l ic  ions. 
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