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Summary 

Studies were made to determine whether the energy<lependent binding 
of ethidium to the mitochondrial inner membrane reflects the membrane po- 
tential or the energization of localized regions of the membrane. 

The number of binding sites of ethidium in mitochondria energized 
with ATP was 72 nmol/mg protein and decreased with increase in the 
amount of the ATPase system (F, • Fo ) inactivated by oligomycin. These 
findings clearly show that the energy-dependent binding of ethidium to the 
mitochondrial inner membrane energized with ATP does not reflect the 
membrane potential, in good accord with the previous conclusion (Higuti, 
T., Yokota, M., Arakaki, N., Hattori, A. and Tani, I. (1978) Biochim. 
Biophys. Acta 503, 211--222), but that ethidium binds to localized regions 
of the energized membrane that are directly affected by ATPase (F,) ,  re- 
flecting the localized energization of the membrane by ATP. 

Recently it has been shown [1--4] that positively charged anisotropic 
inhibitors (e.g., ethidium, acriflavine and tetraphenylarsonium} inhibit ener- 
gy transduction in oxidative phosphorylation in mitochondria by binding to, 
and neutralizing, negative charges created on the C-side, but that these ca- 
tions have no inhibitory effect on submitochondrial particles, which are in- 
side<~ut relative to the membranes of intact mitochondria [5--8]. Conver- 
sely negatively charged anisotropic inhibitors (e.g., anilinonaphthalene sulfo- 
nate and tropaeolin OO) inhibit energy transduction in submitochondrial 
particles, but have no appreciable inhibitory activity in intact mitochondria. 
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On the basis of these findings, we proposed the anisotropic charge mod- 
el for ATP synthesis and H+-transfer in mitochondria [9, 10]. This model 
was an extension of the hypothesis by Azzi and coworkers [11, 12]. This 
model suggests that energization of localized regions of the membrane occurs 
by respiration or ATP hydrolysis. 

In good accordance with this model, it has been found [13, 14] that 
the energy-linked response of anilinonaphthalene sulfonate on submitochon- 
drial particles is not due to electrophoretic transport down the membrane 
potential, as in the scheme of Mitchell [15--17]. 

The present studies were made to find out whether the energy-depen- 
dent binding of ethidium to intact mitochondria [12, 18--20] reflects the 
membrane potential [15--17, 21--24] or the energization of localized re- 
gions of the mitochondrial inner membrane; in this study, part of the ATPase 
system (F1 • Fo) in the membrane was inactivated with oligomycin. 

Ethidium bromide was purchased from Nakarai Chemicals Co., Kyoto 
(Japan). Oligomycin was obtained from Sigma Chemicals Co., St. Louis, MO. 
Other reagents used were as described previously [ 1 ]. 

Rat liver mitochondria were isolated by the method of Hogeboom [25], 
as described by Myers and Slater [26], except that 0.25 M sucrose contain- 
ing 2 mM Tris (pH 7.4) was used for homogenization and two washings [27]. 
Protein was estimated from the content of cytochromes a + a3 [27, 28]. 

Bertina et al. [29, 30] found that the mitochondrial ATPase system 
(F1 • Fo) binds one mol of oligomycin/mol Fo with a low dissociation con- 
stant. Their finding means that the amount of the ATPase system in the 
mitochondrial inner membrane is equal to the amount of the oligomycin- 
binding site in the membrane and also approximately equal to the minimum 
amount of oligomycin required for 100% inhibition of state 3-respiration. 
Therefore, oligomycin binds to the Fo molecule of the ATPase system that it 
first hits and does not interfere with all Fo molecules in a random fashion. 

We examined whether ATP<lependent binding of ethidium to the mito- 
chondrial inner membrane reflects the membrane potential [ 15--17, 21--24] 
or energization of localized regions of the membrane by inactivating part of 
the ATPase system in the membrane with oligomycin. 

The energy-dependent binding of ethidium to mitochondria energized 
with ATP reached a steady state after 3 min, as shown in Fig. 1. On addition 
of oligomycin (0.055 ug (0.068 nmol) [31]/rag protein), which caused 52% 
inhibition of state 3-respiration, both the initial velocity and extent of the 
energy<iependent binding of ethidium decreased to 56% of the control 
(Fig. 1). 

Fig. 2 shows a typical plot of the effect of ethidium concentration on 
its energy-dependent binding at equilibrium to mitochondria energized with 
ATP in the absence and presence of oligomycin. The concentration of oligo- 
mycin used was 0.057 ug/mg protein, which caused 53% inhibition of state 
3-respiration. The findings of Bertina et al. [29] show that this inhibition is 
due to inactivation of 53% of the ATPase system in each mitochondrion. 

Scatchard plots [32] of the data in Fig. 2 are shown in Fig. 3. The ener- 
gy-dependent binding of dye (n: number of binding sites of ethidium in the 
energized mitochondria) to the membranes at infinite dye concentration in 
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Fig. 1. T i m e  course  of  e n e r g y - d e p e n d e n t  b ind ing  of  e t h i d i n m  to  m i t o c h o n d r i a  energ ized  wi th  ATP  in 
the  absence  and  p resence  of  o l i gomyc in .  M i t o c h o n d r i a  (1 m g  p r o t e i n / m l )  were  p r e i n c u b a t e d  for  5 rain 
a t  25°C (-+ 0 .1°C)  in the  p resence  of 2 r a m  ATP/+  - 0 . 0 5 5  #g  of  o l i g o m y c t n  p e r  m g  p ro t e in /1 /~g  of  ro te-  
n o n e / 5 0  m M  s u c r o s e / 2 5  m M  Tr i s / 15  m M  KCI /5  m M  MgCI~/2 m M  E D T A ,  in a final v o l u m e  of 1.5 m l  
at pH 7.4 in a tes t  tube .  T h e n  300  n m o l  of  e t h i d i u m  b r o m i d e  was  ad d ed  the  m i x t u r e s  were  i n c u b a t e d  
for  the  ind ica ted  t imes ,  a nd  rapid ly  coo led  to a b o u t  0°C by  inser t ing  a smal le r  tes t  t u b e  filled wi th  ice 
w a t e r  in to  the  tes t  t ube  of  r eac t i on  m i x t u r e  and  t r ans fe r ing  these tes t  t u b es  to  an  ice ba th .  Th e  result-  
ing m i x t u r e s  were cen t r i fuged  a t  8 0 0 0  × g for  2 rain in an  E p p e n d o r f ,  Model  3200 ,  m ic rocen t r i fuge ,  
and the  r e m a i n i n g  dye  was  e s t i m a t e d  by  me a s u r ing  i ts  A4~ 0 w i th  a Hi tachi ,  Model  556,  t w o - w a v e l e n g t h ,  
d o u b l e - b e a m  s p e c t r o p h o t o m e t e r .  The  a m o u n t  of  e n e r g y - d e p e n d e n t  b ind ing  of  e t h i d i u m  was  ca lcu la ted  
by  sub t r ac t ing  the  a m o u n t  of  e n e r g y - i n d e p e n d e n t  b ind ing  (+ 3 #g of  o l i g o m y c i n / m g  p ro t e in )  f r o m  the  
to ta l  b inding.  
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Fig. 2. E f f ec t  of  e t h i d i u m  b r o m i d e  c o n c e n t r a t i o n  on  its e n e r g y - d e p e n d e n t  b ind ing  to  m i t o c h o n d r i a  
energ ized  wi th  ATP in the absence  a n d  presence  of  o l igomycin .  M i t o c h o n d r i z  (1 m g  p r o t e i n / m l )  were  
p r e i n c u b a t e d  for  5 rain a t  25°C (-+ 0 .1°C)  in the p resence  of 2 mM A T P / -  + 0 .0 5 7  #g of  o l t gomyc in  pe r  
m g  p ro t e i n / 1  ~g of  r o t e n o n e / 5 0  m M  s u c r o s e / 2 5  m M  Tr i s /15  m M  KCI /5  m M  MgCI 2/2 m M  E D T A ,  in a 
final v o l u m e  of 1.5 ml  a t  p H  7.4. T h e n  var ious  a m o u n t s  of  e t h t d i n m  b r o m i d e  were  a d d e d  an d  the  mix-  
tures  were  i n c u b a t e d  for  5 min .  O t h e r  p r o c e d u r e s  were  as for  Fig. 1. The  pe rcen t age  inh ib i t ion  of  ATP  
synthes is  in m i t o c h o n d r i a  was o b t a i n e d  f r o m  Ref .  1. 

the absence and presence of  oligomycin, represented as the intercepts of  the 
linear portions of  the plots, are 72 and 38 nmol ethidium per mg protein, 
respectively. The decrease in n caused by oligomycin is in good accord with 
the % inhibition of state 3-respiration by the inhibitor. The dissociation con- 
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stants (KD) of  the dye-mitochondria in the absence and presence of oligo- 
mycin, calculated from the slopes of  the lines, are 22 and 29 ~M. These val- 
ues of  K D are not  essentially different,  assuming that  the limits experimen- 
tal error are + 2%. These results support  the finding of  Bertina et al. [29, 30] 
that  oligomycin binds to the ATPase system that  it first hits and does not  
interfere with all ATPase system in a random fashion. Fig. 4 also shows that 
oligomycin caused approximately equal inhibitions of  energy~lependent 
binding of  ethidium to membranes energized with ATP and state 3-respira- 
tion. The minimum amount  of  oligomycin required for complete  inhibition 
of  state 3-respiration and the energy-dependent binding of  ethidium (Fig. 4) 
was approximately equal to the amount  of  the ATPase system in rat liver 
mitochondria [29] .  Thus this result shows that  all molecules of  added oligo- 
mycin bound to the ATPase system in a molar ratio of  1/1, in good accord 
with the finding of  Bertina et al. [29, 30] .  

If the energy-dependent binding of  ethidium to the mitochondria re- 
flects the membrane potential  [15--17, 21--24] ,  the values of  n in the ab- 
sence and presence of  oligomycin should be equal. However, the present 
results clearly show that the value of  n is dependent  on the amount  of  active 
ATPase system in the mitochondria.  Therefore, the present finding s clearly 
show that  the energy<iependent binding of  ethidium to the mitochondrial  
inner membrane energized with ATP does not  reflect the membrane poten- 
tial, in good accord with the previous conclusion [ 1 ], but  that  ethidium binds 
to localized segments of  the membrane that are directly affected by an 
ATPase (F1), reflecting the localized energization of  the membrane by  ATP. 
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Fig. 3. Scatchard  p l o t  o f  e n e r g y - d e p e n d e n t  b inding  o f  e t h i d i u m  b r o m i d e  t o  m i t o c h o n d r i a  in the  ab- 
sence  and p r e s e n c e  o f  o l igornyc in .  Values  were  ca l cu la t ed  f r o m  d a t a  in Fig. 2. The  d o t t e d  lines s h o w  
the  e f f e c t s  o f  +- 2% e r ro r  in th e  c o n c e n t r a t i o n  o f  added  ethidiurn b r o m i d e .  

Fig. 4. E f f e c t s  o f  o l igornyc in  c o n c e n t r a t i o n  o n  the  e n e r g y - d e p e n d e n t  b inding  o f  e t h i d i u m  t o  mi to -  
c h o n d r i a  ene rg ized  w i t h  ATP and s ta te  3-respirat ion  in the  m e m b r a n e s .  C o n d i t i o n s  w e r e  as for  Fig, 2 
e x c e p t  tha t  2 0 0  ~ M  ethidiurn b r o m i d e  was  added.  Th e  a m o u n t  o f  e n e r g y - d e p e n d e n t  b inding  o f  ethidi-  
urn to  r n i t o c h o n d r i a  in th e  a b s e n c e  o f  o U g o m y c i n  w a s  58.2  n m o l  e t h i d i u r n / m g  p ro te in .  The  p e r c e n t a g e  
inh ib i t ion  o f  s tate  3-respirat ion w a s  ca lcu la ted  a f t e r  c o r r e c t i o n  for  s tate  4-respira t ion.  
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The present conclusion is in good accord with previous findings by Ferguson 
et al. [14] using anilinonaphthalene sulfonate as an indicator for energiza- 
tion of  submitochondrial particles. 

Fig. 2 also shows that the dose-response curve of the energy-dependent 
binding of  ethidium to the membrane in the absence of  oligomycin closely 
coincided with the dose-response curve for its inhibition of ATP synthesis 
in the membranes [1] ,  indicating that the energy~lependent binding of 
ethidium to the membranes inhibits energy transduction in oxidative phos- 
phorylation. This is why ethidium acts as an energy-linked probe for intact 
mitochondria [12, 18--20] and also why the dye inhibits energy transduc- 
tion in the membranes [ 1] and is consistent with the anisotropic charge 
model [4, 10] .  

Like the oligomycin-effect on the energy~lependent binding of ethidi- 
um, the maximum amount of  ethidium-induced H+-ejection from the mito- 
chondria energized with ATP decreased with increase in the amount of 
ATPase inactivated by oligomycin. 
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Foundation and the Ministry of  Education, Science and Culture of Japan 
(Grants Nos. 311909 and 368072). 

References 

1 Higuti, T., Yokota ,  M., Arakaki,  N., Hattori ,  A. and Tani, I. (1978) Biochim. Biophys. Acta, 503, 
211--222 

2 Higuti, T., Arakaki,  N., Yokota ,  M., Hattori,  A. and Tani, I. (1978) FEBS Lett. 87, 87--91 
3 Higuti, T., Ohnishi, M., Arakaki,  N., Nakasima, S. and Yokota,  M. (1979) Anal. Biochem. 92, 

462--465 
4 Higuti, T., Arakaki,  N., Niimi, S., Nakasima, S. and Hattori ,  A. (1979) Xl th  Int. Congr. Bio- 

chemistry,  (Toronto)  Abstracts,  p. 425 
5 Fern~ndez-Mor~n, H., Oda, T., Blair, P.V. and Green, D.E. (1964) J. Cell. Biol. 22, 63--100 
6 Lee, C.P. and Ernster, L. (1966) in Regulat ion of Metabolic Processes in Mitochondria  (Tager, 

J.M., Papa, S., QuagliarieLlo, E., and Slater, E.C., eds.), BBA Library, Vol. 7, pp. 218--234,  
Elsevier, Amsterdam 

7 Kagawa, Y. (1972) Biochim. Biophys. Acta 265, 297--338 
8 Racker,  E. (1974) in Molecular Oxygen in Biology (HayaishL O., ed.), pp. 339--361, North- 

HoLland, Amsterdam 
9 Higuti, T., Arakaki,  N., Yokota ,  M., Hattori ,  A., Niimi, S. and Nakasima, S. (1979) in Cation 

Flux across Biomembranes,  (Mukohata,  Y. and Packer, L., eds.) pp. 355 and 356, Academic Press, 
New York 

10 Higuti, T., Arakaki,  N., Hattori ,  A., Niimi, S. and Nakasima, S. (1976) Japan Bioenerg. Group 
Abstr. 2, 61--63 (in Jap.);  (1977) Japan Bioenerg. Group Abstr. 3, 60--62 (in JaP.); (1978) Japan 
Bioenarg. Group Abstr. 4, 87--90 (in Jap.) 

11 Azzi, A. (1960) Biochem. Biophys. Res. Commun. 37, 254--260 
12 Azzi, A., Gherardini,  P.L. and Santato,  M. (1971) in Energy Transduction in Kespiration and 

Photosynthesis  (Quagliarlello, E., Papa, S. and Rossi, C.R., eds.), pp. 621--637,  Adriat ica Edi- 
trice, Bari 

13 Nordenbrand,  K. and Ernster,  L. (1971) Eur. J. Biochem. 18, 258--273 
14 Ferguson, S.J., Lloyd, W.J. and Radda, G.K. (1978) Btochim. Biophys. Acta 428, 174--188 
15 MitcheLl, P. (1966) Chemiosmotie  Coupling in Oxidative and Photosynthe t ic  Phosphorylat lon,  

Glynn Res. Ltd., England 
16 Mitchell,  P. and Moyle ,  J. (1974) Biochem. Soc. Spee. Publ. 4, 91--111 
17 Mitchell, P. (1977) Ann. Rev. Biochem. 46, 996--1005 
18 Gitlar, C,, Rubalcava, B. and Cuwel l ,  A. (1969) Biochim. Biophys. Acta  193, 479--481 
19 Azzi, A. and Santato,  M. (1971)  Bioehem. BlophyL Res. Commun. 44, 211--217 
20 Radda, G.K. and Vandarkoot,  J. (1972) Biochim. Biophys. Aeta 265, 509--549 
21 Skulachev, V.P. (1970)  FEBS Lett .  11, 301--308 
22 Liberman, E.A. and Skulachev, V.P, (1970) Rioeh!rn: Biophys. Acta  216, 30--42 
23 Jasaitis, A.A., Kullene, V.V. and  Skulachev, V.P. (1971) Biochim. Biophys, Aeta  234, 177--181 
24 Jasait/s, A.A., Van Chu, L. and Skulachev, V.P. (1978)  FEBS Lett .  31 , 241 - -245  
25 Hogeboom, F.H. (1955) in Methods in Enzymology (Colowlck, S.P. and Kaplan, N.O., eds.), VoL 

1, pp. 16--18, Academic Press, New York 



171 

26 Myers, D.K. and Slater, E.C. (1957) Biochem. J. 67, 558--572 
27 Higuti, T., Sato, M., Mizuno, S., Yokota, M., Suglyama, Y., NishitanL Y., Sekiya, M. and Tani, I. 

(1976) Biochim. Biophys. Acta 449, 10--22 
28 Higuti, T., Mizttno, S. and Muraoka, S. (1975) Biochim. Biophys. Acta 396, 36--47 
29 Bertina, R.M., Schrier, P.I. and Slater, E.C. (1973) Biochim. Biophys. Acta 305, 503--518 
30 Slater, E.C. (1974) in Dynamics of Energy-Transducing Membranes (Ernster, L., Estabrook, R.W. 

and Slater, E.C,, eds.), BBA Library, Vol. 13, pp. 1--20, Elsevier, Amsterdam 
31 Von Glehn, M., Norrestam, R., Kierkegaard, P., Ms.ron, L. and Ernster, L. (1972) FEBS Lett. 20, 

267--269 
32 Scatchard, G. (1949) Ann. N.Y. Acad. Sci. 51,660--672 


