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Uncoupl ing  of oxidative phosphorylation by divalent cationic cyanine dye. 

Participation of  phosphate transporter 
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The trinuclear cationic cyanine dye tri-S-C4(5) was found to be an uncoupler of oxidative phosphorylation. 
Its uncoupling required inorganic phosphate (Pi) or arsenate, which is transported into mitochondria via the 
Pi transport system, and was abolished by the Pi-transport inhibitor N-ethyimaleimide or mersalyl. The dye 
stimulated Pi uptake into mitochondria, and its uncoupling action was accompanied by swelling of the 
mitochondria. The adenine nucleotides ADP and ATP protected mitochondria from uncoupling by the dye. 
The dye taken up by mitochondria was released into the incubation medium on induction of uncoupling. In 
the absence of Pro, the dye did not cause uncoupling, but its uptake was much greater than in the presence of 
P~. The cyanine dye is suggested to induce uncoupling by acting on the membrane, rather than after its 
electrophoretic transfer into the mitochondria. 

Introduction 

Hydrophobic  cations, such as alkylbiguanides 
[1], rhodamine 6G [2], D D A  ÷ and TBA ÷ [3,4], the 
alkaloid chelerythrine [5] and cyanine dyes [6-8] 
have been reported to act as uncouplers of oxida- 
tive phosphorylation in mitochondria. Though the 
action of weakly acidic uncouplers has been stud- 
ies extensively, little is known about the action of 
cationic uncouplers [9,10]. This is mainly because 
the activities of the latter depend greatly on the 
experimental conditions, especially on the anion 
species of the incubation medium. For instance, 

Abbreviations' P,, morgamc phosphate; tn-S-C4(5), 2,2'-[3-[2- 
(3-butyi-4-methyl-2-thiazofin-2-yhdene)ethylidene]propenylene]_ 
bls[3-butyl-4-methylt}uazohnium io&de]; tn-S-C7(5), 2,2'-[3-[2- 
(3-heptyl-4-methyl-2-thaazohn-2-yhdene)ethyhdene]-propenyl. 
ene]bls[3-heptyl-4-methylthtazohnium ]odide], also named NK- 
19 or Platonm, DDA + , N,N-d]benzyl-N,N-&methyl-am- 
momum, TBA + , tetrabutylammomum; TPP + , tetraphenyl- 
phosphonlum, SF 6847, 3,5-dl-tert-butyl-4-hydroxybenzyl- 
~dene-malononltnle. 

D D A  + alone does not have any uncoupling activ- 
ity even at 1 mM, but in the presence of a small 
amount  of the permeant anion tetraphenylborate 
(about 20 / tM)  it induces uncoupling [4]. Further- 
more the hydrophobic divalent cation tri-S-C7(5 ) 
acts as an uncoupler only in the presence of P1 or 
arsenate [7,8]. The uncoupling by hydrophobic 
cations, such as D D A  + and TBA +, has been pro- 
posed to be due to their electrophoretic transfer 
across the mitochondrial membrane with conse- 
quent dissipation of the inside-negative membrane 
potential [3,4]. However, the precise mechanism of 
action of cationic uncouplers, including the role of 
anions m their action, has not been clarified. 

This paper  deals with the effect of the trinuclear 
cyanine dye tri-S-C4(5 ) on mitochondrial funcuon. 
This dye is similar in chemical structure to trl-S- 
C7(5 ), but it is more hydrophilic with three butyl 
chains instead of the three heptyl chains in trl-S- 
C7(5 ) (for chemical structures, see Ref. 11). In a 
prelirmnary study, we found that tri-S-C4(5 ) accel- 
erates state 4 respiration in the presence of P, with 
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succinate as substrate [11]. Use of this more polar 
dye allows study of the effect of the dye in terms 
of its affinity to mitochondria; tri-S-CT(5 ) is so 
hydrophob~c that it binds almost completely to 
mitochondria, irrespective of their energy state [8]. 

Materials and Methods 

Trl-S-C4(5 ) was a gift from Nippon Kan- 
koshikiso Research Laboratory, Okayama (Japan), 
and SF 6847 was obtained from Wako Pure Chem- 
ical Industries Ltd., Osaka (Japan). Concentrated 
solutions of tri-S-C4(5 ) in dimethyl sulfoxide, and 
SF 6847 in ethanol were used as stock solutions. 
At the concentrations used, these organic solvents 
were confirmed not to have any effect on 
mitochondrial function under the present experi- 
mental conditions. [32p]Orthophosphoric acid was 
purchased from Amersham International, U.K. 

Mitochondria were isolated from adult male 
Wistar rats as reported by Myers and Slater [12]. 
The amount of protein in mitochondria was 
determined from the absorbance difference be- 
tween reduced and oxidized cytochrome aa 3 [13]. 

Respiration of mitochondria was monitored 
polarographically with a Clark oxygen electrode 
(Yellow Springs, YSI 5331) at 25°C. The composi- 
tion of the incubation medium was as follows: 200 
mM sucrose/2 mM MgC12/1 mM N a 2 E D T A / 1 0  
mM Tris-HCl (pH 7.4). This medium is referred to 
as -P~ medium. In studies on the effect of P,, we 
used 10 mM potassium phosphate buffer (pH 7.4) 
instead of Tris-HC1 buffer. This medium is re- 
ferred to as + P, medium. 

The volume change of mitochondria was moni- 
tored as the absorbance change at 700 nm in a 
Shimadzu recording spectrometer, model UV-300 
or model UV 3000. At this wavelength the dye had 
little absorption [8]. 

The uptake of P, by mitochondria was de- 
termined by use of [32p]p r Mitochondria were 
added to 1 ml of - P ,  medium containing 10 mM 
succinate (plus rotenone at 1 # g / m g  mitochondrial 
protein) in a small plastic centrifuge tube (volume: 
1.5 ml) at 25°C and after 1 min [32p]p~ (0.3/~Ci) 
was added to a concentration of 10 mM in the 
presence or absence of 100 pM tri-S-C4(5 ) to 
initiate P, transport. After a definite period, P~ 
transport was arrested by addition of 150 /~M 
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mersalyl. Since swollen mitochondria were some- 
times found not to sediment well through a sili- 
cone layer, the mitochondria were centrifuged 
without addition of silicone oil at 12 000 rpm for 1 
min in a Kubota centrifuge, model KM 15000. 
The supernatant was then removed, 0.5 ml of 
silicone oil (Toray Silicone SH 550) was added and 
the tube was centrifuged at 12000 rpm for 1 min. 
The water in the pellet of mitochondria rose to the 
top of the silicone layer, and was removed by four 
washed with distilled water and then blotting with 
tissue paper. Then 1 ml of 15% HC104 was added 
and the tube was centrifuged for 1 min. The 
radioactivity of [32p]p~ in the HC104 layer was 
assayed in an Aloka liquid scintillation spectrome- 
ter LSC-602. Results on P, incorporated into 
mitochondria without dye determined by this 
method were confirmed to agree well with those 
determined by the conventional method with 
centrifugation of mitochondria through a layer of 
silicone oil into an HC104 layer [14,15]. 

The membrane potential of mitochondria was 
determined with a TPP+-electrode prepared as re- 
ported previously [16]. In this case 10 pM TPP ÷ 
was added to the incubation medium. TPP + at this 
concentration was confirmed not to have any ef- 
fect on State 4 respiration of mitochondria [8]. 

The amount of dye retained by mitochondria 
was determined from the difference between the 
absorbance of the dye at 600 nm in the medium 
before and after incubation with mitochondria. In" 
this case mitochondria in the incubation medium 
were promptly precipitated by centrifugation at 
12000 rpm for 1 rain in a Kubota centrifuge, 
model KM 15000, after the desired incubation 
period at 25°C and the absorbance of the dye in 
the supernatant was measured. 

Results 

Requirement of P, for uncoupling 
First, the effect of the cyanine dye tri-S-C4(5) 

on State 4 respiration of mitochondria with suc- 
cinate (plus rotenone) as substrate was examined. 
In the presence of 10 mM P,, the dye at 50 /~M 
stimulated the respiration greatly as shown in Fig. 
1, trace ' - N E M ' ,  while in the absence of PI it had 
little effect. These effects are essentially the same 
as those observed with the more hydrophobic dye 
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tri-S-C7(5 ) [8]. However, unlike in the case of 
tri-S-C7(5 ), after addition of tri-S-C4(5) to the 
incubation medium, there was a lag-phase before 
acceleration of respiration and then the respiratory 
rate increased with time to a maximal level. After 
attaining this maximum level, the respiratory rate 
remained constant until all the oxygen had been 
consumed by the mitochondria, as shown in Fig. 1. 

The dye released oligomycin-inhibited respira- 
tion completely and activated ATPase (data not 
shown). Thus tri-S-C4(5 ) is concluded to be an 
uncoupler of oxidative phosphorylation in 
mitochondria. The activation of ATPase was also 
P,-dependent, but the degree of activation was not 
as great as that observed with the protonophoric 
uncouplers 2,4-dinitrophenol and SF 6847 (data 
not shown). 

Fig. 2 depicts the acceleration of the rate of 
State 4 respiration (Vox) by tri-S-C4(5) as a func- 
tion of dye concentration in the presence of vari- 
ous amounts of P,. Values for Vox are shown as 
maximum rates attained after the lag-phase. In the 
absence of P,, the dye caused only about 2-fold 
release of State 4 respiration even at very high 
concentrations, such as 100 #M. However, in the 
presence of P~, it caused considerable release of 
respiration. Its effect increased with increase in the 
P, concentration to a maximum with 10 mM: in 
the presence of 10 mM P, and about 50 #M dye, 
State 4 respiration was increased more than 6-fold. 
The lag phase became shorter with increase in the 
concentrations of both dye and P,. The increase in 
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Fig. 1. Effect o f  the P,-transport mlfibRor N-ethyLmaletmide 
(NEM) on the uncouphng by tn-S-C4(5 ) Mitochondria were 
suspended in + P, medium. Rat hver rmtochondrla (0.7 mg 
p ro tem/ml  in a total volume of 2.53 nil) were energized with 
10 mM succinate (plus rotenone at 1 p g / m g  nutochondnal 
protein). 
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Fig. 2. Effect of tn-S-C4(5 ) on the State 4 resplratton rate (Vox) 
of rat hver mitochondna wtth various concentrations of P, The 
maximal rate of respiration reduced by the dye is plotted 
against the dye concentration. Experimental condmons were as 
for Fig. 1. 

Vox with dye concentration was always sigmoidal, 
unlike that with protonophoric uncouplers [13]. 

The results in Fig. 2 suggest that the uncoupling 
by tri-S-C4(5 ) is P,-dependent. To confirm this, we 
next examined the effects of various anions on the 
uncoupling by the cyanine dye. Fig. 3 depicts the 
release of state 4 respiration with succinate (plus 
rotenone) as substrate by 50 #M tri-S-C4(5) in the 
presence of various amounts of the anions CI-, 
SCN-, HCO3-, AcO- (acetate ion) and P,. It is 
apparent from the figure that P, was the most 
effective. AcO- was less than half as effective as 
P,, and induced less than 3-fold stimulation of 
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Fig. 3. Effects of various amons on the release of State 4 
respiration of mitochondna reduced by 50 pM tn-S-C4(5 ) 
Amons were added to - P ,  medmm. Experimental con(htlons 
were as for Fig. 1. 
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State 4 respiration by tri-S-C4(5 ). Other anions, 
such as CI- ,  S C N -  and HCO~-, induced little, if 
any, uncoupling by the cyanine dye. Arsenate, 
which is known  to be t r anspor ted  into 
mitochondria via the P,-transport system [17,18], 
induced uncoupling as effective as P1 (data not 
shown). It is noteworthy that not all the proton- 
donating anions tested (AcO-,  HCO 3,  P, and 
arsenate) were effective for inducing uncoupling 
by the cyanine dye, although these anions all 
reduce respiratory release by Ca 2+ [18]. 

Next, the effect of tri-S-C4(5 ) on P~ transport 
across mitochondrial inner membranes was ex- 
amined. Fig. 4 shows the time courses of P, uptake 
into respiring mitochondria with succinate (plus 
rotenone) as substrate in medium with 10 mM P, 
in the presence and absence of 100/~M dye. It is 
apparent  that the dye stimulated the uptake of P,, 
which increased to a steady-state after 30 s of 
about 3-fold that without dye. The incorporated P, 
should be transported back again into the incuba- 
tion medium via the Pcdicarboxylate antiporter 
[20]. Note that under these experimental condi- 
tions (with a high cyanine dye concentration and 
large amount  of mitochondria, cf. legend for Fig. 
4), the dye first induced mitochondrial shrinkage 
and then after about 2 min it induced swelling of 
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Fig 4. Effect of tn-S-C4(5 ) on the Ume-course of P,-transport 
into matochondna. The time-course of P, incorporation into 
matochondrla was measured m the presence or absence of 100 
/~M tn-S-C4(5 ). Mltochondna (1.7 mg/ml m a total volume of 
1 ml) were incubated with 10 mM succmate (plus rotenone at 1 
/Lg/mg protein) in -P, medmm for 1 nun Then 10 mM 
[32pip1 (0.3 #C1) with or without dye was added. The total 
amount of P, nonspeclfically adsorbed to mltochondnal mem- 
branes and present m the sucrose space was 20 nmol/mg 
protem 

mitochondria (cf. Fig. 7) and uncoupling. Thus the 
steady-state of the P,-uptake was attained in the 
period of shrinkage of mitochondria before ini- 
tiation of uncoupling. 

When the P,-transport inhibitor N-ethylmalel- 
mide or mersalyl was added to the incubation 
medium, the P,-associated uncoupling by the dye 
was abolished, as shown for the case of N-ethyl- 
maleimide in Fig. 1. The repiration was released 
again almost completely on addition of the weakly 
acidic uncoupler SF 6847. Thus the Pctransport  
system is concluded to play an essential role in the 
uncoupling. However, in view of the results in Fig. 
4, P,-transport itself does not seem to induce un- 
coupling and swelling of mitochondria directly, 
but rather to act as a trigger for inducing the 
uncoupling and uncoupling-associated responses. 

Effect of ADP and A TP 
Addition of ADP to state 4 mitochondria in 

+ P, medium with succinate (plus rotenone) as 
substrate in the presence of oligomycin inhibited 
the release of respiration induced by 50/~M tri-S- 
C4(5 ). ADP was effective at over 100 #M and 
inhibited the uncoupling almost completely at 4 
m M  (Fig. 5A). ADP was similarly inhibitory in the 
presence of oligomycin and the adenine nucleotide 
transport  inhibitor atractyloside (Fig. 6A). Since 
the effect of ADP took place immediately after its 
addition, it can be concluded that it is not ATP 
converted from ADP by the adenylate kinase pre- 
sent in the mitochondrial intermembrane space, 
but ADP itself that exerts an inhibitory effect on 

A) B) 
5ucc Succ 

OmM 2rnM 4mM OmM 2mM 4rnM 

Fig. 5. Effects of ADP(A) and ATP(B) on uncouphng by 50 
~tM tn-S-C4(5 ). Succmate (plus rotenone) was used as substrate 
in +PI medium and oligomycin at 2 /~g/mg protein was 
added. Concentrations shown under traces are those of ADP or 
ATP. Experimental conditions were as for Fig. 1. 
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Fig. 6. Effects of ADP(A) and ATP(B) dunng uncouphng by 50 
pM tn-S-C4(5 ). To state 4 rmtochondna with succlnate (plus 
rotenone) as substrate m + P, ~rnechum and m the presence of 
ohgomycm (2 pg/mg protein) and 20 pM atractyloslde, 50 pM 
tn-S-C4(5 ) was added to reduced uncoupling ADP or ATP at 1 
mM was added at the times indicated in the figure. Experimen- 
tal condiUons were as for Fig. 1. 

the uncoupling by the cyanine dye. 
Like ADP, ATP protected mitochondria from 

uncoupling by the cyanine dye both in the pres- 
ence and absence of oligomycin and atractyloside 
(Figs. 5B and 6B). Since ADP and ATP do not 
penetrate the mitochondrial membrane in the pres- 
ence of atractyloside, the adenine nucleotide seem 
to exert their effects on the outer surface of the 
membrane.  This idea is consistent with the fact 
that ADP and ATP exhibited their effects im- 
mediately after their addition during uncoupling 
by the cyanine dye (Fig. 6). Moreover, since the 
absorption spectrum of tri-S-C4(5 ) was not 
changed by addition of ATP or ADP, these 
nucleotides did not form complexes with the dye. 
Therefore, the dye and the nucleotides affect 
mitochondrial function independently. 

Volume change of mitochondrta 
Fig. 7 shows the effect of tri-S-C4(5 ) on the 

volume of mitochondria energized with succinate 
(plus rotenone), monitored as the change in the 
optical absorption at 700 nm. In the presence of 
10 m M  P,, the dye at less than 35 p M  induced 
gradual increase in the absorbance (Fig. 7A). This 
increase can be interpreted as due to shrinkage of 
mitochondria [19]. At concentrations of more than 
35 pM, the dye induced shrinkage followed by 
swelling of the mitochondria, as indicated by in- 
crease and then decrease in absorbance. With m- 
crease in the concentration of the dye, the period 

A) +Pi 
$ucc iriS'C4(5) 

o " " " - -  S0 , ~ 60 

B) -P ,  
Succ trIS-C4(5) 

2 rain 

Fig. 7 Induction of volume change of mltochondna by 50 pM 
tn-S-C4(5 ) m the presence (A) and absence (B) of 10 mMP,.  
The dye was added to suspensions of rat hver mltochondna 
(0 7 mg protem/ml) energized with 10 mM succmate (plus 
ro tenone at ] pg /mg protein), and the absorbance change at 
700 nm was momtored. The total volume of the reaction 
nuxture was 3.0 ml. + P~ medium (A) and -P,  medium (B) 
were used 

of shrinkage became shorter and the rate of swell- 
ing became greater. The time at which shrinkage 
changed to swelling corresponded to that of ini- 
tiation of acceleration of State 4 respiration by 
tri-S-C4(5). The swelling stopped when the incuba- 
tion medium became anaerobic, and in the 
anaerobic state the mitochondria maintained a 
constant volume. In contrast, as shown in Fig. 7B, 
in the absence of P,, the dye did not cause swelling 
but concentration-dependent shrinkage. 

In the presence of the P,-transport inhibitor 
N-ethylmaleirnide or mersalyl, the dye did not 
induce swelling of mitochondria. Moreover, on 
addition of these inhibitors during swelling, the 
swelling stopped and the mitochondrial volume 
then remained constant, as shown for the case of 

iriS-C4(5) 501.1M -PI,-NEM 
( NEM.10OpM)~ ~ 

Succlnate | | ~  -PI,¢NEM 

<{J. ~ ~PJ,-NEM 

Fig. 8. Effect of N-ethylmalelrmde (NEM) on the volume 
change of nutochondria induced by 50 pM in-S-C4(5 ). Expen- 
mental condmons were as for Fig. 7. 



N-ethylmaleimide in Fig. 8. Anions, such as CI- ,  
CIO 4 , S C N -  and I - ,  at 10 mM were ineffective in 
inducing shrinkage and then swelling by the dye at 
50/aM, while acetate at 10 mM was slightly effec- 
tive, and arsenate was as effective as P,. Thus the 
relative effects of these anions on swelling were 
parallel with their relative effects on stimulation of 
State 4 respiration by the dye, suggesting that the 
swelling is directly related to the uncoupling. 

Membrane potenttal-sensitwe transmembrane move- 
ment of TPP + 

The permeant cation TPP ÷ is taken up into the 
inner side of mitochondria when they are en- 
ergized with succinate (plus rotenone). In the pres- 
ence of 10 mM P, (Fig. 9A), addition of tri-S-C4(5 ) 
caused immediate loss of some of the incorporated 
TPP ÷, and then after a certain lag phase, depen- 
dent on the concentration of the dye, the rest of 
the incorporated TPP ÷ was completely extruded 
from the mitochondria. The second extrusion of 
incorporated TPP + took place at the time when 
the release of State 4 respiration attained a maxi- 
mum level. At a concentration of dye that had no 
effect on State 4 respiration, such as 30 #M dye 
(trace a in Fig. 9A), all the TPP ÷ that had been 
ejected from mitochondria just after addition of 
the dye was gradually taken up again. The weakly 
acidic uncoupler SF 6847 caused prompt  ejection 
of almost all this incorporated TPP ÷. 

When the P,-transport inhibitor N-ethylmalei- 
mide was added to uncoupled mitochondria from 
which TPP + had been released, it caused the rein- 
corporation of TPP +. The incorporated TPP + was 
then released again on addition of SF 6847 (Fig. 
9B). In the absence of P,, the manner  of TPP + 
movement  in mitochondria in the presence of the 
cyanine dye was essentially the same as that in the 
presence of P~ with an ineffective amount  of the 
dye (cf. Fig. 9A, trace a). 

It is generally thought that TPP ÷ is incor- 
porated electrophoretically into the matrix space 
of mitochondria down the inside-negative mem- 
brane potential, and that dissipation of the mem- 
brane potential results in its extrusion [16]. Thus 
the uncoupling by tri-S-C4(5 ) is concluded to be 
directly related to dissipation of the inside-nega- 
tive membrane potential of energized mitochon- 
dria. 
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Fig. 9. Effect of tn-S-C4(5 ) on the movement of TPP + across 
the mitochondnal membrane. (A) Effects of various concentra- 
tions of tn-S-C4(5 ). a, 30 #M; b, 75 #M; c, 100 #M; d, 200 
laM. (B) Effect of 150 #M N-ethylmaleimide (NEM) in uncou- 
pled mitochondna reduced by 100 #M tri-S-C4(5 ). Rat liver 
mitochondria (RLM, 0.7 nag protein/ml) were suspended m 
+ P, medmm containing 10 mM succmate plus rotenone (1 
#g/ml mitoehondnal protein) m a total volume of 5.0 ml. 
Oxygen consumption was monitored concomitantly. 

Amount of dye retained by mitochondria 
Finally, we determined the amount of tri-S- 

C4(5 ) retained by mitochondria under various con- 
ditions by measuring the decrease of the dye con- 
centration in the incubation medium. This amount  
does not necessarily represent the amount  
penetrating the mitochondria, but is the sum of 
this and the amount  bound to mitochondrial mem- 
branes. Results with 50#M cyanine dye are shown 
in Fig. 10. Only about 14% of the dye was taken 
up by  mitochondria de-energized by rotenone, an- 
timycin A and oligomycin either in the presence or 
absence of P,, and the uptake was not time-depen- 



174 

,"i f 5o . o / ° - ° ' ~ ° ~  

,0 " /  

21 0 
O" ' i 

0 I0 20 30 
Time {mm) 

Fig. 10. Time-course of uptake of tn-S-C4(5 ) by mltochondna 
under various con&trans. O, energized mitochondna m 4-P, 
medium; o, energized rmtochondna m -P~ medium; [2], de-en- 
ergized mitochondrm m +P, medium, m, de-energized 
n'ntochondna m -P,  medium. Rat hver nutochondria (0.7 mg 
p r o t e m / m l  in a total volume of 1.5 ml) were energized with 10 
m M  succmate (plus rotenone), and were de-energized with 
rotenone, ant lmycm A and ohgomycm (each at 1 p g / m g  
rmtochondnal  protein). Concentration of tn-S-C4(5): 50 pM.  
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, ~ O ~  

m 0 5 )o 
T~me (m~n) 

Fig. 11. Effect of ant tmycm A on the afflmty of tn-S-C4(5 ) to 
uncoupled mltochondna.  At the ttmes m&cated m the figure, 2 
#g  of anUmycm A was added to samples of rmtochondnal  
suspension in the presence of 50/~M tn-S-C4(5 ) m + P, medium 
The amount  of  dye was detern'uned without (open circles) and 
with (closed orcles) ant lmycm A. Expenmental  condmons  
were as for Fig 10. 

Discussion 

dent. In contrast, the uptake by energized 
mitochondria was dependent on the incubation 
time. In the absence of PI, where the dye has no 
effect in inducing uncoupling, its uptake by 
mitochondria energized with succinate (plus ro- 
tenone) increased gradually to a maximal of about 
90% of the total dye after 15 rain, and then de- 
creased gradually. This decrease was because the 
incubation medium became anaerobic. 

In the presence of P,, the uptake was more 
rapid than that without P1- However, about 2 min 
after addition of dye, the time-dependent uptake 
was reversed, and the dye began to be released 
from mitochondria into the incubation medium, 
the amount of dye taken up by mitochondria 
finally decreasing to the level in de-energized 
mitochondria. The time when the reversal of the 
interaction took place corresponded to that of 
initiation of uncoupling. 

Addition of antimycin A to mitochondria with 
succinate as substrate in + PI medium at a various 
times after addition of 50 #M tri-S-C4(5) con- 
sistently resulted in immediate release of the re- 
tained dye to the level in de-energized mi- 
tochondria, as shown in Fig. 11. This results sug- 
gests that the uncoupling-dependent release of dye 
was not due to damage of the mitochondria. 

We showed that the uncoupling action of tri-S- 
C4(5 ) was dependent on PI (or arsenate) and was 
associated with swelling of the mltochondria, and 
that the P,-transport inhibitors N-ethylmaleimide 
and mersalyl abolished both the uncoupling and 
the swelling. These findings suggest that the P,- 
transport system participated directly in the Prde- 
pendent uncoupling, and that the swelling was 
closely related to the uncoupling. However, the 
uncoupling was apparently not due to incorpo- 
rated P, itself. The action of tn-S-C4(5 ) was very 
similar to that of the more hydrophobic dye tri-S- 
C7(5 ) (Ref. 8), but tri-S-C4(5 ) was about 5-times 
less effective than tri-S-C7(5 ) in inducing maximal 
release of State 4 respiration (minimum effective 
concentration: tri-S-C4(5), 50/~M; tri-S-C7(5), 10 
/xM) and it required about 10-times more P, (about 
10 mM) than tri-S-C7(5 ) (1 mM) for its maximal 
effect. 

The differences in the 
of P, and of these two 
uncoupling actions could 

effective concentrations 
cyanine dyes for their 

be due to the difference 
in their hydrophobicities: higher concentrations of 
the less hydrophobic tri-S-C4(5 ) and of P, are 
necessary for access of this dye to the 
matochondrial membranes. The observed lag-phase 
before uncoupling and the shrinkage before swell- 
ing with tri-S-C4(5), but not with tri-S-C7(5), would 
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be reflections of the more polar property of the 
former dye. Possibly cyanine dyes perturb the 
membrane organization in the presence of P~, since 
tri-S-C4(5 ) caused marked increase in the electrical 
conductance of phospholipid bilayer membranes 
and fluctuation of the electrical current of these 
membranes in incubation medium containing P,, 
but not in medium without P~ [11]. Furthermore, 
P~ was found to decrease the interfacial tension 
between water and phospholipid (Terada, H. et al., 
unpublished data). 

Although the affinity of tri-S-CT(5) to 
mitochondria was independent of their energy state 
[8], that of tri-S-C4(5) was dependent on their 
energy state owing to its lower hydrophobicity. 
The dye interacted more rapidly with mitochondria 
in the presence than absence of PI, probably be- 
cause P, increased its accessibility to the 
mitochondria. However, the dye began to be re- 
leased from mitochondria when uncoupling and 
swelling started to occur and it lost affinity to 
mitochondria almost completely under full uncou- 
pling. This loss of its affinity on uncoupling could 
not be due to mitochondrial damage by the dye, as 
described at the last part of this section. In con- 
trast, in the absence of P,, the amount of dye taken 
up by mitochondria continued to increase until all 
the oxygen was consumed, and the maximum up- 
take of dye was about 90% of the total amount 
added to the incubauon medium. It is noteworthy 
that without P, the affinity of dye to mitochondria 
was greater than that with P,, but the dye had no 
appreciable effect on mitochondrial function. 

The hydrophobic cations DDA ÷ and TPP ÷ are 
taken up by mitochondria on energization of the 
mitochondria with a respiratory substrate or ATP. 
However, these cations are released into the in- 
cubation medium when the mitochondria are de- 
energized either by respiratory inhibitors or un- 

'couplers [8,16,21]. Furthermore, DDA ÷ in the 
presence of P, causes uncoupling and swelling of 
mitochondria [4]. Thus, the uncoupling actions of 
DDA ÷ and other hydrophobic cations have been 
interpreted as due to dissipation of the membrane 
potential by their electrophoretic transfer into the 
mitochondria [3,4]. 

However, the retention of dye b2¢ mitochondria 
always caused shrinkage of mitochondria, either 
with or without P,,while induction of uncoupling 

was accompanied by release of the dye and swell- 
ing. Furthermore, some of the incorporated TPP + 
(about one-third to a half, depending on the con- 
centration of added dye, cf. Fig. 9) was instantly 
released on addition of dye and the rest of the 
TPP + remained incorporated into the mi- 
tochondria during uptake of dye and then was all 
released on induction of uncoupling. These results 
suggest that the dye acts on the mitochondrial 
membranes rather than after it has penetrated into 
the mitochondria. The swelling could result from 
penetration of ions, such as K +, from the incuba- 
tion medium. Since the uptake of P~ took place 
while the mitochondria were shrinking, the action 
of the dye was not due simply to phosphate-in- 
duced swelling and uncoupling [22]. 

Thus, the following alternative mechanism for 
the uncoupling action of the cyanine dye is possi- 
ble. The dye first binds to mitochondrial mem- 
branes. Its binding site could be the P,-H sym- 
porter itself or proteins adjacent to it as well as the 
phospholipid region of the membrane. In the pres- 
ence of P~, the dye bound to the mitochondria 
perturbs the membranes, whereas in the absence of 
P,, it does not. This perturbation stimulates the 
P :H symporter, and plays as a trigger to induce 
the penetration of cations across membranes from 
the incubation medium, causing dissipation of the 
membrane potential. The transported PI then re- 
turns to the outside of the mitochondria in ex- 
change with succinate used as respiratory substrate 
via the P:dicarboxylate antiporter. The impor- 
tance of the P:transporter for this uncoupling 
mechanism is stressed. 

Finally, it is interesting to note that the action 
of tri-S-C4(5) on mitochondria is very similar to 
'calcium uncoupling' in its requirement for P~ [23], 
induction of swelling of mitochondria [24], and 
protection by adenine nucleotides [23,25,26]. The 
effect of Ca 2 + is regarded as the result of damage 
of the mitochondrial membrane by Ca 2+ in the 
matrix space. At present it is not clear whether 
cyanine dye damages mitochondria. However, the 
findings that N-ethylmaleimide abolished the 
swelling (Fig. 8) and uncoupling of mitochondria 
that were able to respond the weakly acidic uncou- 
pler SF 6847 (Fig. "l), and that it also caused 
reincorporation of TPP ÷ that had been released 
from uncoupled mitochondria (Fig. 9B) suggest 
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that most of the mitochondria are still intact, and 
that the dye caused little, if any, damage of 
mitochondria. It is noteworthy that in the case of 
'calcium uncoupling', irreversible depolarization of 
the membrane potential by Ca 2 ÷ monitored by the 
transmembrane movement of TPP + was taken as 
an indication of mitochondrial damage [27]. The 
immediate loss of bound dye from mitochondria 
on addition of antimycin A (Fig. 11) also indicated 
that the respiratory chain was not damaged. The 
mechanism of 'calcium uncoupling' is not fully 
clarified [28], and studies on uncoupling by the 
divalent cation cyanine dyes should be helpful in 
understanding the effect of Ca 2+ on oxidative 
phosphorylation. We are now comparing actions 
of cyanine dye and Ca 2+ under identical experi- 
mental conditions. 
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