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Summary 

The electrode sensitive to dibenzyl dimethyl ammonium (DDA+), which is 
considered to be an indicator of  the membrane potential,  was constructed by 
using tetraphenyl borone (TPB-) embedded in dichloroethane. Rapid and Nern- 
stian responses were exhibited against DDA ÷ solutions ranging between 10 -2 
and 3 • 10 -6 M in concentration. High selectivity for DDA ÷ was observed in the 
presence of  various inorganic salts, ADP, ATP, oxidizable substrates and sugars. 
The electrode developed here was used to measure the DDA ÷ uptake in Strep to -  
coccus  faecalis and the results agreed with those reported by Harold, F.M. and 
Papineau, D. ((1972) J. Membrane Biol. 8, 27--44 and 45--62).  While they de- 
termined the DDA ÷ concentration in the medium by  measuring the absorbance 
of  the filtrate treated with the ion-exchangers, the electrode can measure di- 
rectly the DDA ÷ concentration in the bacterial suspension wi thout  any pre- 
treatment.  It was also shown that the electrode can measure the DDA ÷ uptake 
in mitochondria during energization. 

Introduct ion 

The importance of  the membrane potential is well appreciated by those who 
study energy-linked transport  of  mitochondria and bacteria and oxidative phos- 
phorylat ion [1,2].  Due to  the ingenious work by Skulachev, Liberman and 
their associates [3,4],  lipid-soluble anions such as phenyl  dicarbaundecaborane 
(PCB-) or tetraphenyl borone (TPB-) and cations such as dibenzyl dimethyl  

Abbreviat ions:  D D A  +, dibenzyl  d imethyl  ammonium cation; PCB-, phenyl  dicarbaundecarborane;  
TPB-, t e t rapheny l  borone ;  Tris, t r i s (hydroxymethyl )  aminomethane;  E D T A ,  e t h y l e n e d i a m i n e  te- 
ixaacetate;  TMPD, N.N,N',N',-tetramethyl-p-phenylenediamine; FCCP, carbonyl  cyanide p-trlf luoro- 
methoxypheny]hydrazone .  

* To whom any correspondences should be addressed.  
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a m m o n i u m  ( D D A  ÷) are used as indicators o f  the  membrane  potent ia l  o f  cells or 
organelles which  are so small that  a microe lectrode  c a n n o t  be inserted. These 
ions diffuse passively across membranes  and are distributed be tween  cells or or- 
ganelles and their media  in accordance  with the Nernst  equat ion .  When the 
membrane  potent ia ls  of  cells or organe, lles are hyperpolar ized,  the D D A  ÷ added 
to the media  is transferred e lectrophoret ica l ly  to  the  cells or organelles and 
hence ,  the concentrat ion  o f  D D A  ÷ in the  medium decreases,  and vice versa. 

The concentra t ion  of  D D A  ÷ in the  medium has been determined  by mea- 
suring (1) the  c o n d u c t a n c e  change o f  bi-molecular phospho l ip id  membrane  as 
sensors [ 3 - - 5 ] ,  (2)  the  radioact ivi ty  o f  labeled D D A  + [ 6 - - 9 ] ,  and (3)  the ultra- 
v io let  absorbance o f  the  sample so lut ion  [ 1 0 - - 1 2 ] .  In the  first m e t h o d ,  the  
preparation o f  stable and reproducible  b imolecular  membrane  is necessary but  
diff icult .  It is t roub lesome  to  obtain the  t ime course o f  the change in D D A  ÷ 
concentra t ion  by the second and third methods .  Moreover,  the radioactive 
DDA* is no t  easily accessible and the  molar ex t inc t ion  coef f ic ient  of  D D A  ÷ is 
n o t  large. 

In the  present  paper, we describe the  preparation and properties of  a selec- 
t ive-electrode for DDA* which  can measure selectively ~.~d c c n t i n o u s l y  the con-  
centrat ion (act ivi ty)  o f  D D A  + in the  medium.  It is ~i~o~,~ that  the uptakes  o f  
D D A  + in Streptococcus faecalis and in mi tochondr ia  are measured with use of  
the deve loped  electrode.  

Preparation o f  D D A  ÷ e lectrode 

The D D A  ÷ e lectrode is c o m p o s e d  o f  a sensor l iquid membrane  and an inter- 
nal reference so lut ion  (see Fig. l a ) .  The sensor membrane  is a water inso luble  
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Fig. 1. C o n s t r u c t i o n  o f  D D A + - e l e c t r o d e  (a)  and diagram o f  apparatus  for  measur ing  the  D D A  + u p t a k e  in 
bacter ia  or m i t o c h o n d r i a  (b). 
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organic solution which dissolves the associated DDA ÷ and ion-exchanger. TPB- 
was found to be the most  suitable ion-exchanger of  10 compounds  examined. 
Mixing equal volumes (50 ml) of  10 -3 M DDA* and 10 -3 M TPB- produced a 
white precipitate. After the addition of  100 ml dichloroethane and vigorous 
stirring for about  3 h, the precipitate was completely solubilized and entered 
the organic phase which separated from the aqueous solution. The dichloro- 
ethane extract  was, then, used as a liquid ion-exchanger. Fig. l a  illustrates the 
assembly of  the DDA ÷ electrode, where the end of  the glass tube is sealed with 
a cellulose dialysis membrane and the liquid ion-exchanger is held in the glass 
tube. A 10 -2 M DDA ÷ reference solution is placed on top of  the liquid mem- 
brane and a small glass tube filled with a saturated KC1 agar (3%) and with a 
Ag-AgCI wire inserted is placed into the reference solution. The upper end of  
the glass tube is sealed airtight with a ground joint  to prevent the loss of  the liq- 
uid ion-exchanger. 

The electromotive force (e.m.f.} between the DDA÷-electrode and a calomel 
reference electrode was .measured by an electrometer  (Model TR-8651,  Takeda 
Riken, Tokyo)  connected to a pen recorder {Fig. lb ) .  DDA ÷ and TPB- were ob- 
tained from Nakarai Chem. Co., Kyoto  and Dojin Chem. Co., Kumamoto,  
Japan, respectively. 

Properties of  the electrode 

As shown in Fig. 2, the response of  the electrode was linear with the loga- 
rithm of the DDA ÷ concentration with a slope of 59 mV per decade concentra- 
tion until the concentrat ion decreased to 3 • 10 -6 M. The electrode may also re- 
spond to certain substances other than DDA ÷. When the sample solution con- 
tains both DDA* and other interfering substances, i, the e.m.f, is analyzed by  
the following equation:  

E = ( c o n s t ) - - ( R T ] F )  ln([DDA ÷] + Ki[i]) 

= (const) -- 59 (mV) log( [DDA ÷ ] + Ki [i] } (1) 
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Fig. 2. Response of t h e  e l e c t r o d e  t o  D D A  ÷ s o l u t i o n s  o f  v a r y i n g  c o n c e n t r a t i o n s .  
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where E, [DDA÷], [i], and Ki are the e.m.f, observed, the concentration of 
DDA ~, and that  of  the interfering substance i, and the selectivity coefficient, re- 
spectively, and (const) is a constant dependent  only on the concentration of 
the internal reference solution. The method for evaluating Ki is noted briefly 
in the legend of  Table I and details have been reported elsewhere [13]. The val- 
ues of  K i for various substances are listed in Table I. As shown in Table I, the 
values of Ki for all substances examined are less than 5 • 10 -S. This means that  
the error due to the presence of  such substance 103 times more concentrated 
than the DDA ÷ concentration is only less than 2%. The electrode system re- 
spond in 10--15 s to a doubling of the DDA ÷ concentration. This response time 
is short compared with the time course of DDA ÷ uptake or release in bacteria 
and mitochondria as shown below. 

Application of  the electrode to bacteria and mitochondria 

Harold and Papineau [10] measured the DDA * uptake in S. faecalis by deter- 
mining the DDA ÷ concentration in filtrates treated with an anion exchanger 
resin by means of the ultraviolet spectra. In order to demonstrate that  the elec- 
trode developed here can be applied to biological systems, the DDA ÷ uptake in 
S. faecalis was measured by the electrode. The cells were grown overnight in 
the following media: 1% K2HPO4, 1% bactotryptone,  1% glucose and 0.5% 
yeast extract. After the suspension was neutralized, the cells were centrifuged 
and washed twice with 2 mM MgSO4. S. faecalis was supplied by the Labora- 
tory of  culture collection of microorganism, Hokkaido University. 

The result is shown in Fig. 3. At the time indicated by the first arrow, the or- 
ganisms were injected into 10 mM Tris • HC1 buffer (pH 7.5) containing 10 -4 M 
DDA ÷ and 10 -6 M TPB-, and the decrease of DDA ÷ concentration in the medi- 
um was observed with the described electrode. Application of valinomycin 
brought about a further uptake of DDA ~, and subsequent addition of KCI led 
to a release of DDA ~. These results are essentially the same as those obtained 

T A B L E  I 

S E L E C T I V I T Y  C O E F F I C I E N T S  O F  V A R I O U S  S U B S T A N C E S  F O R  D D A  + E L E C T R O D E  

A c c o r d i n g  t o  E i s e n m a n  e t  al. [ 1 5 ] ,  t h e  m e m b r a n e  p o t e n t i a l s  t h a t  ar ise  b e t w e e n  t w o  s o l u t i o n s  ( d e n o t e d  b y  

' a n d  " ) ,  E are r e p r e s e n t e d  b y  t h e  f o l l o w i n g  e q u a t i o n :  E = ( R T / F ) l n  { ( [ D D A  +] " + K i [ i ] " ) / ( [ D D A + ]  ' + 

K i [ i ]  ') }. I f  t h e  s a l t  c o m p o s i t i o n  in  s o l u t i o n  ( " )  is  k e p t  c o n s t a n t ,  t h e  a b o v e  e q u a t i o n  is r e w r i t t e n  as E q n .  1. 

W h e n  t he  m e m b r a n e  P o t e n t i a l s  are m e a s u r e d  u n d e r  t he  b i - i o n i c  c o n d i t i o n  t h e  [ D D A  +] = [ i ] '  = 0 a n d  
[ D D A + ]  ' = [ i ]  " ,  t h e  a b o v e  e q u a t i o n  is r e c a s t  t o  g ive  E = ( R T / F ) I n K  i .  T h e n ,  t he  v a l u e s  o f  K i were  e v a l u a t e d  

f r o m  the  h i - i o n i c  p o t e n t i a l s  o b s e r v e d  u n d e r  t h e  c o n d i t i o n  t h a t  [ D D A + ]  ' = [ i ] "  = 1 0  -2 M. 

S u b s t a n c e s  K i S u b s t a n c e s  K i 

NaC1 6 .  1 0  - 6  M a l a t e  1 - 10  -5  

KC1 7 • 1 0  - 6  A s c o r b a t e  p l u s  T M P D  * 5 • 10 -5 

CaC12 5 • 1 0  -6  A T P  7 • 1 0  -6  

MgC12 5 • 1 0  - 6  A D P  7 - 10  -6  

Tris  - -  HCI  1 • 1 0 - S  A M P  6 • 1 0 - 6  

P h o s p h a t e  b u f f e r  2 • 1 0 - 5  S u c r o s e  ~ 1 0 - 6  

S u c c i n a t e  7 • 1 0  -6  M a n n i t o l  ~ 1 0  -6  

G l u t a m a t e  7 • 1 0  -6  G l u c o s e  ~ 1 0  -6  

* T he  c o n c e n t r a t i o n  o f  T M P D  was 7% of  that  o f  ascorbate .  
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Fig. 3. App l i ca t i on  o f  the  e l e c t r o d e  to  the DDA ÷ u p t a k e  of  S. faecalis. I n c u b a t i o n  m i x t u r e :  10 mM Tris • 
HCI (pH  7.5) ,  10-4 M D D A  ÷ and  10 -6 M TPB-.  Addi t ions :  S faecalis (6.2 mg  of  p r o t e i n / m l ) ,  0 .5  /~g/ml 
v a l i n o m y c i n ,  20 m M  KCI. The  ver t ica l  ba r  r ep resen t s  a change  of  10 m V  in the  DDA + e lec t rode .  

Fig. 4. D D A  + a c c u m u l a t i o n  in m i t o c h o n d r i a  due  to energ iza t ion ,  and release due  to  p h o s p h o r y l a t i o n  and  
to  add i t ion  o f  the  i nh ib i to r  as m e a s u r e d  wi th  the descr ibed  e l e c t r o d e .  I n c u b a t i o n  m i x t u r e :  10 m M  Tris  • 
HCI, 10 -4 M D D A  + and 10 -6 M TPB-.  Addi t ions :  0 .35  # g / m l  r o t e n o n e ,  m i t o c h o n d r i a  (3.1 m g  of  p r o t e i n /  
ml) ,  3 m M  succ ina te ,  1 m M  ADP,  and  0 .38  # g / m l  a n t i m y c i n  A. 

by Harold and Papineau [10].  It is apparent that  the method developed here is 
much easier to use than that employed by them. 

The electrode developed here was also used to measure the DDA ÷ uptake in 
mitochondria.  Mitochondria were isolated from rat liver with the standard 
method [14].  Sedimented mitochondria were suspended in 0.25 M sucrose, 10 
mM Tris • HC1 (pH 7.4), 0.2 mM EDTA, 10 -4 M DDA ÷ and 10 -6 M TPB-. Typi- 
cal results obtained are shown in Figs. 4 and 5. When the mitochondria  were in- 
jected into the medium in the presence of  rotenone,  a relatively small uptake 
of  DDA ÷ was observed. Subsequent  addition of  succinate led to a large uptake 
of  DDA ÷ in the mitochondria,  and a small efflux of  DDA ÷ was observed after 
addition of  ADP. Cessation of  the energy by  the addition of  antimycin A led to 
an efflux of  DDA ÷, and the final concentrat ion of  DDA ÷ in the medium was 
equal to that  before the mitochondria were energized by  addition of  succinate. 
Similarly energization of  mitochondria  treated with antimycin A by addition 
of  ascorbate plus N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) led to up- 
take of  DDA ÷ and efflux of  DDA ÷ was observed by addition of  KCN. Fig. 5 il- 
lustrates the effect  of  carbonyl cyanide p- t r i f luoromethoxyphenylhydrazone 
(FCCP); DDA ÷ accumulated by  the energization was decreased rapidly after the 
addition of  FCCP. 

Although the assumption that  DDA ÷ is distributed passively in accordance 
with the membrane potential  has not  yet  been fully proved, the following equ a - 
tion holds at the steady state if this assumption is valid. 

~ T  [DDA+]out [DDA+]°ut - 59 (mV) log (2) 
A~ = In [DDA÷]in [D DA+] in 

Here, A~ stands for the membrane potential with respect to the medium, and 
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Fig. 5. Ef fec t  of  FCCP on DDA* up t ake  in m i t o ch o n d r i a .  I n c u b a t i o n  m i x t u r e  is the same as tha t  in Fig. 4. 
Addi t ions :  m i t o c h o n d r i a  (2.8 mg of  p ro te in /ml ) ,  3 mM succinate ,  and 1 pM FCCP. 

[DDA ÷] in and [DDA ÷] out are the concentrat ions of  DDA + in the mitochondria  
and in the medium, respectively. The law of mass conservation requires the fol- 
lowing equation under the assumption that V>> v; 

Y[DDA*]out + v[DDA*]in = V[DDA*]o (3) 

where V and v represent the volume of the medium and of  mitochondria,  re- 
spectively, and [DDA*]0 is the initial concentrat ion of  DDA ÷ before mitochon- 
dria are injected. Inserting Eqn. 3 into Eqn. 2 and using the relation between E 
and [DDA÷]out as shown in Fig. 2, we obtain 

A~ = 59 log(v /V)  --  59 log[ 1 0  ( E - E 0 ) / 5 9  __ 1 ] (4) 

where E0 stands for the electrode potential  observed before mitochondria  are 
injected, i.e. the value of  the base line in Figs. 4 and 5. According to Eqn. 4, 
the value of  v / V  is necessary to calculate the absolute value of  A ~. If  the swell- 
ing or shrinkage of  mitochondria  is ignored, the value of  the term 59 log ( v /V)  
remains constant  and the magnitude of change in the membrane potential  be- 
tween the two different states can be calculated since the term is cancelled. 
Such calculation leads to the results that  the energization by addition of  sub- 
strate produces a negative-going potential  change (40--50 mV) and the proceed- 
ing of  phosphorylat ion decreases the membrane potential by about  10 mV. Un- 
couplers dissipate rapidly the membrane potential  established by the energiza- 
tion. 

As shown in this paper, the electrode described here is useful to moni tor  
DDA ÷ concentrations and may be applied to various biological systems. Further  
s tudy may be necessary to prove that DDA ÷ distributes passively in accordance 
with the membrane potential  as assumed in the derivation of  Eqn. 4. 
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