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The trinuclear cyanine dye, tri-S-CT(5), at about 10 p M  stimulated State 4 respiration of rat liver 
mitochondria more than 6-fold and released oligomycin-inhibited respiration completely. Thus, the dye is 
concluded to be a very effective cationic uncoupler of oxidative phosphorylation in mitochondria. However, 
for exhibition of its uncoupling action, the presence of Pi (or arsenate) was necessary, and a phosphate-trans- 
port inhibitor, N-ethylmaleimide or mersalyl, inhibited its action. The stimulation of phosphate transport via 
the P, carrier by the dye is suggested to be directly related to the uncoupling action. 

Introduction 

Many compounds are known to be uncouplers 
of oxadatwe phosphorylauon in mitochondria. Al- 
most all of them are weakly acidic and increase 
proton permeabihty across the mitochondnal  
membrane  and model membrane systems [1,2]. 
Thus, they are called protonophoric uncouplers, 
and the &sslpation of the electrochemical gra&ent 
across the membranes by their protonophoric ac- 
tion is generally regarded as decisive for exhibition 
of uncouphng. 

However, httle is known about the action of 

Abbrevtattons tn-S-CT(5), 2,2'-{3-[2-(3-heptyl-4-methyl-2-tlu- 
azohn-2-yhdene)ethyhdene]propenylene)bls(3-heptyl-4-methyl- 
tluazolLmum iodide), also named NK-19 or Platonm, m-S-' 
C((5), 2,2'-(3-[2-(3-butyl-4-methyl-2-thlazohn-2-yhdene)-ethyl- 
idene]propenylene)bls(3-butyl-4-methyltluazohnlum iodide), 
DDA +, N,N-dlbenzyl-N,N-dtmethylammomum, TBA +, tetra- 
butylammomum, TPP +, tetraphenylphosphomum, TPB-, tet- 
raphenylborate, SF6847, 3,5-&(tert-butyl)-4-hydroxybenzyl- 
idenemalonomtnle, FCCP, carbonyi cyanide p-tnfluoro- 
met hoxyphenylhydrazone 

catlomc uncouplers m mitochondria Hydrophoblc  
cations, such as D D A  + and TBA +, are reported to 
act as uncouplers m mltochondna at about 0.1-1 
m M  [3,4], being far less effecUve than potent, 
weakly acidic uncouplers, winch are effective at 
less than 1 #M 

In prehrmnary studies [5], the tnnuclear cyanme 
dye tri-S-C7(5 ) was found to release State 4 respi- 
ration of matochondria in the presence of PI, but to 
cause aodlf icauon of the incubation medium either 
in the presence or absence of PI. Tins dye has three 
tinazole nngs, each of winch has a hydrophoblc 
n-heptyl chain. Two of the three nitrogen atoms in 
the three thiazole nngs take the quaternary am- 
monium structure. Thus, the dye is a hydrophoblc 
cation with two stable cationic moieties (for chem- 
ical structure, see Refs. 5 and 6). Some hydro- 
phobic cations, such as the cyanlne dye d1-S-C3(5 ), 
e t indmm bromide and rhodamlne 6G, are reported 
to act as Ininbztors of oxadative phosphorylation in 
lmtochondna [7-9], but their actions seem to be 
complex. Thus, the action of tn-S-C7(5 ) on 
mitochondrla is interesting in understanding the 
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mechamsm of action common to hydrophoblc ca- 
tions on mltochondna.  This paper  reports the ef- 
fect of the cyanme dye m mltochondna as a P,-de- 
pendent catlomc uncoupler of oxldatwe phos- 
phorylatlon. An important  role of the P,-transport 
system m the uncouphng by the cyanlne dye is 
demonstrated. 

Materials and Methods 

Tn-S-C7(5 ) and SF6847 were gifts from the 
Nippon  Kankoshlklso Research Laboratory ,  
Okayama,  and Sumltomo Chenucal Industry, 
Osaka (Japan), respectively. Other reagents were 
commercml products A concentrated solution of 
tn-S-C7(5 ) m dlmethyl sulfoxlde was used as stock 
soluuon, since the presence of up to 60 pl &methyl 
sulfoxade m 2.53 ml incubation medmm had no 
effect on State 3 and 4 resplraUons of mi tochondna 
with succinate as substrate. 

Mltochondrla were isolated from adult male 
Wlstar rats by the method of Hogeboom [10] as 
described by Myers and Slater [I 1]. 

Consumption of oxygen in the reaction medmm 
due to resplraUon of mltochondrla was measured 
polarographlcally with a Clark-type oxygen elec- 
trode (Yellow Springs, YSI 5331 oxygen probe) 
We used two incubation medm: + P~ medmm con- 
slsted of 200 mM sucrose, 2 mM MgCI 2, 1 mM 
N a 2 E D T A  and 10 mM potassmm phosphate 
buffer, pH 7.4; - P ,  medmm had the same com- 
position as + P, medium but with Trls-HC1 buffer 
(pH 7.4) instead of phosphate buffer. In most 
cases, succmate (10 mM, sodium salt) with 
rotenone (1 /~g /mg  protein) was used as respira- 
tory substrate All reactions were carried out at 
25°C. 

ATPase actw~ty was deterrmned by measuring 
the change m pH of the medium by the method of 
Bertlna and Slater [12]. The mltochondna were 
incubated for 2 nun with 2 mM ATP before addi- 
tion of the dye to the reacUon medium. 

Change m volume of nutochondna was mom- 
tored spectrophotometrlcally as the change m ab- 
sorbance at 700 nm m a Stumadzu recording spec- 
trophotometer,  model UV-300 

The amount  of dye bound to rmtochondna was 
deternuned as follows. The nutochondrlal suspen- 
sion was incubated with the dye for a known 

period at 25°C in a polyethylene centrifuge tube, 
then the mltochondrm were spun down qmckly 
through a layer of sdlcon oll (Toray Sdlcon SH 
5500) m a Kubota  centrifuge, model KM 15000, 
and the concentration of the dye m the super- 
natant was determined spectrophotometncally. The 
&fference between the amounts of dye before and 
after incubation was taken as the total amount 
bound to mltochondna 

The movement of H + from nutochondna to the 
incubation medmm on ad&tlon o f ' t h e  dye was 
measured with a combined pH electrode (Honba,  
type 2535A) The amount of H ÷ ejected was 
cahbrated by ad&tlon of 10 mM oxahc acid solu- 
tion The mcubaUon medmm for momtonng  H ÷ 
movement consisted of 150 mM sucrose, 20 mM 
KCI, 5 mM MgC12, 1 mM Na2EDTA and 1 mM 
potassmm phosphate buffer (pH 74)  as +P,  
medium, and the same medmm with 1 mM Trls- 
HCI buffer (pH 7 4) instead of 1 mM phosphate 
buffer as - P ,  medmm 

The potentml across the rmtochondnal mem- 
brane was determaned with a TPP ÷ electrode pre- 
pared by the method reported prevaously [ 13,14] m 
reaction medmm containing 10 pM TPP ÷ It was 
confirmed that TPP ÷ at 10/~M had no effect on 
rmtochondnal State 3 and 4 respirations, and that 
tn-S-CT(5 ) at up to 20/~M had httle effect on the 
electrical response depending on the concentration 
of TPP ÷ m the incubation medmm m the absence 
of nutochondna Thus, the electrical response dur- 
ing the assay reflected the movement of TPP ÷ 
across the rmtochondnal membrane 

In ttus study all experiments were repeated at 
least three times, and typical results from one 
experiment are shown 

Results 

Effect on rnttochondrtal function 
When the cyanlne dye trl-S-CT(5 ) was added to 

State 4 rmtochondria with succmate (plus rotenone) 
as substrate, it accelerated resp~ratlon In the pres- 
ence of P,, but had httle effect m the absence of P,, 
as observed previously [5]. The degree of stimula- 
tion of resptraUon increased w~th increase m con- 
centratton of the dye, and a maxamum of more 
than 6-fold release of State 4 respiration was at- 
tamed at a concentraUon of 10/~M, as shown in 
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Fig 1 Effect of tns-S-C~(5) on the respiration (Vox) of 
nutochondna as a funct|on of the dye concentranon m med~a 
with (O e) and without (© O) 10 mM P, The 
dye was added to State 4 respmng rat hver nutochondna with 
succmate (10 raM) plus rotenone (1 ~g/mg protem) as sub- 
strate Mnochondna 0 7 mg protem/ml m a total volume of 
253 ml 

Fig. 1 Further increase m the dye concentranon 
caused a progressive decrease m stimulation. Fur- 
thermore, at dye concentrations of more than 10 
/xM, the dye had a transient effect, causing first 
stimulation and then shght inhtbltlOn (cf. Fig. 3B) 
The inhibmon was not completely reversed by 
addmon of a weakly acidic uncoupler, such as 
SF6847 or FCCP (data not shown) This mtubmon 
was not significant when the concentration of the 
dye was lower than 10 pM (cf. Fig 4). The Vox 
shown in Fig. 1 is that reduced just after addmon 
of the dye. The figure shows that the change in Vox 
vs dye concentrauon is not linear, but sigmoidal 
m the presence of P,, although the effect of a 
protonophonc uncoupler is always hnear, not 
slgmoldal. In the absence of P,, Vox did not exceed 
3-fold the original level (Vox m State 4) at dye 
concentrations of up to 20 /~M A similar stlmu- 
latory effect of the dye on respiration in the pres- 
ence of P, was observed with glutamate plus malate 
as substrate (data not shown *). 

* Tills result was reported m prehnunary form m Ref 15 

The cyanlne dye released ohgomycln-lnhlbited 
State 3 respiration completely, as shown in Fig. 2. 
It also stimulated ATPase activity at more than 20 
/xM, which is higher than the concentration re- 
qmred for snmulat~on of State 4 respiration (data 
not shown). The acnvanon of ATPase was depen- 
dent on the P, concentration. The mechanism of 
the ATPase activation by the dye appeared com- 
plex and wdl be the subject of further study From 
these results, we concluded that the effect of the 
dye was due to the uncoupling of oxldanve phos- 
phorylatlon, and that th~s uncoupling was P, de- 
pendent. 

We next examined the effects of various anions 
on lnductmn of uncoupling to see whether the 
uncouphng is really specific to P,. Fig 3 shows the 
effects of amons such as plcrate, CI-,  SCN-,  I - ,  
C104- and acetate on the uncouphng by tri-S-CT(5) 
in - P ,  medium. These anions permeate the 
mltochondrlal membrane by different mechamsms 
[16]. The effect of P, is also shown for comparison. 
All the amons (at 2 mM) were found to be far less 
effective than P, for lnducnon of uncouphng by 
the dye when the dye concentration was less than 
10 /~M (Fig. 3A). At dye concentrations greater 
than 10 /~M, these anions reduced some uncou- 
phng, but always much less in extent than that 
caused by P, (Fig. 3B) In the case of P,, respira- 
tory intubition was followed after the first acceler- 
ation of State 4 respiration Thus, the effect of the 
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Fig 2 Release of ohgomycm-mhlblted respiration of 
rmtoehondna by tn-S-C~(5) RLM, rat hver nutochonna (0 7 
mg protem/ml m a total volume of 4 35 ml) Substrate 10 mM 
s u c c m a t e  (plus i ~g rotenone/mg protem) Incubauon medmm 
+ P, mexhum Numbers beside the curve indicate velocmes of 
resp~rauon m ngatom O/nun 
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Fig 3 Effects of vanous  amons  on the release of State 4 resplrat]on of nu tochondna  reduced by m-S-C7(5 ) RLM, rat hver 
ml tochondna  (0 7 nag p ro t em/ ml )  The amon was added to the rmtochondnal  suspension m - P ,  medmm with succmate (plus 
rotenone) as substrate at the time indicated m the figure Experimental condmons  were as for Fig l Numbers  beside the curve 
indicate velocmes of resplratmn m ngatom O / m m  per mg protein (A) With 8 p M  trt-S-C7(5), (B) with 12/~M tn-S-CT(5 ) AcO- ,  
acetate 

cyanlne dye on mltochondrtal functions is char- 
actertzed by P,-assoctated uncouplmg Only 
arsenate, whtch is known to be transported mto 
mltochondna via the P, carrier [17,18], had an 
effect slmdar to that of P, (data not shown). 

To determine the role of P, m the uncouphng 
action of trt-S-CT(5 ), we next examined the effects 
of the P,-transport mh]bltors N-ethylmaletmlde and 
mersalyl As shown tn Ftg. 4, when 100/~M N-eth- 
ylmale~mlde, which did not have any inhibitory 
effect on electron flow through the respiratory 
chain monttored as acceleration of respiration by 
the protonophonc uncoupler, was added 1.5 mm 
before addmon of the dye, tt abohshed the uncou- 
plmg action of the dye m + P, medmm (curve C) 
In - P, medmm, the respiration of mltochondrta m 
the presence of the dye was not affected at all by 
N-ethylmale~mlde (curve D) Results m the ab- 
sence of N-ethylmalelmlde with P, (curve A) and 
wtthout P, (curve B) are shown for compartson. 
Thus, the transport process of P, wa a P, carrier 
(P , / H  symporter) into the matrix space of 
m=tochondrm ts suggested to be very tmportant for 
exhtbltlon of uncouphng by trt-S-CT(5 ) 

Swelhng of mttochondrta 
The swelhng and shrinkage of mltochondrta are 

usually monitored as a decrease and increase, re- 
spectwely, m the opucal absorbance at about 520 
nm [19,20]. However, trtS-C7(5 ) has its maximum 

absorption at 588 nm, and its absorption spectrum 
changes depending on the energy state of the 
mttochondria Thus, to exclude the effect of 

RLM 
I (NE, M  O0 M) 

02=0 
Fig 4 Effect of in-S-C7(5 ) on State 4 respiration of 
ml tochondna  under various conditions (A) In + P, medmm, 
(B) m - P, medmm, (C) in + P, medmm m the presence of 100 
# M  N-ethylmalemude (NEM), (D) m - P ,  medmm in the 
presence of 100 p,M N-ethylmalelrmde RLM, rat hver 
ml tochondna  Succmate (10 mM) plus rotenon¢ (1 p g / m g  pro- 
tern) was used as substrate Ml tochondna  0 7 mg p r o t e m / m l  
m a total volume of 2 53 ml 



metachromasy  on the absorbance  change associ- 
ated with the change m volume of  mltochondrla,  
we measured the absorbance at 700 nm. As seen in 
Fig. 5, the dye caused a great decrease in ab- 
sorbance in the presence of P,, indicating that 
under  these condit ions marked swelling occurs. 
The swelling is generally interpreted as bemg a 
result  of  ion t r anspor t  in to  m i t o c h o n d r i a  
[16,19-21] In  the absence of  P,, the dye reduced 
shght shrinkage rather than swelhng The Pi-trans- 
po r t  inhibi tor  N-e thy lma le lmlde  comple te ly  
abohshed the effect of  P, on swelhng. In the pres- 
ence  of  an ions  which  pass  t h r o u g h  the 
mitochondrlal  membrane  by different mechanisms 
[16], such as C l - ,  I - ,  S C N - ,  C10 4 and acetate at 
2 mM, only slight swelling of  ml tochondr la  was 
observed in the presence of  less than l0 /~M tri-S- 
C7(5 ) m - P ,  medium (data not  shown). Only 
arsenate was as effective as PI, as in respiration. 
Thus, the t ransport  of  such anions as P, and 
arsenate via PI carrier [17,18] is responsible for the 
swelling induced by the cyanine dye. 

For  the P,-supported swelling, the supply of 
energy f rom a respiratory substrate or AT P  (when 
electron transfer was lntUblted) was necessary. As 
shown m Fig. 6, when succinate was used as sub- 
strate, t reatment  of  rmtochondna  with ant lmycln 
A inhibited the Induct ion of swelhng by the dye. 
Addi t ion  of  ant lmycln A during the process of 
swelling arrested the swelling, with maintenance of 
the volume of  rmtochondna  at the level at the time 
of  addit ion of  inhibitor, and no reversal to the 
original level was observed However,  in the case 
of  the permeant  cat ion TBA ÷ [4], addit ion of 
an t lmycm A to rmtochondrIa  undergoing T BA ÷- 

RiM (NEM l ~ ~ p M  ~ /  -PI -NEM 

~ .P* .NEM 
-Pi ,NEM 

I I I rain 

Fig 5 Induction of mJtochondna] swe]hng by tn-E-C7(5 ) in 
the presence of P, The dye was added to suspensions of rat 
hver rmtochondna (RLM) under various condmons with suc- 
create (plus rotenone) as substrate, and the absorbance at 700 
nm was monitored The total volume of the reaction mixture 
was 3 0 ml NEM, N-ethylmalemude 
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Fig 6 Effect of antlmycm A on the swelling induced by 
tn-S-CT(5 ) and the penetrating cauon TBA + in the presence of 
P, Succlnate (plus rotenone) was used as substrate, and the 
incubation medmm was + P, medium Experimental conditions 
w e r e  as for Fig 5 At the times indicated by arrows A-C, 
anttmycm A (3 pg) was added to give curves A-C Curve R 
was obtained without addition of antlmycm A RLM, rat liver 
mitochondna 

supported swelhng s topped the swelhng and 
reversed the nutochondrla l  volume to the original 
level (Fig. 6) 

The rate and magmtude  of  swelhng in the pres- 
ence of  P, increased with increase in concentra t ion 
of  the dye, reachmg a maxamum at about  l0 #M,  
and further increase in the concentra t ion of  the 
dye caused decrease in swelhng. A linear relation- 
ship was observed between the rate of  swelhng 
(V~well) and the rate of  respiration (Vox) in the 
presence of  P,, as shown in Fig. 7, suggesting a 
close relation between ion t ransport  and uncou-  
pling induced by the dye. 

Bmdmg to mttochondrta 
The binding of  tri-S-C7(5 ) to ml tochondr ia  was 
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Fig 7 Linear relation between the rate of swelhng (V~weH) and 
the rate of uncoupled respiration (Vox) reduced by tn-S-C7(5) 
m + P, medmm Experimental condmons were as for Figs 1 
and 5 

TABLE I 

BINDING OF TRI-S-CT(5 ) TO MITOCHONDRIA 

Mltochondna (07 mg protem/ml) were incubated with 10 #M 
tn-S-CT(5 ) in 10 ml of + P, medmm or - P, medmm at 25°C 
Total amount of dye, 145 nmol/mg protein Energized 
mltochondna were incubated with 10 mM succmate m the 
presence of rotenone (1 /~g/mg protein) Deenerglzed 
mltochondna were incubated by addmon of 1 gg/mg protein 
of antlmycm A and ohgomycm to energized rmtochondna 

Incu- Bound tn-S-C7(5 ) (nmol/mg protein) 
bauon 
period Energized nuto- Deenergtzed mlto- 
(mm) chondrm chondrla 

+ P, - p, + P, - P, 

05 104 122 115 123 
1 0  1 0 7  1 2 5  1 2 7  1 3 2  
30 110 126 - 
50 110 128 - 
60 112 - 135 137 

100 116 127 - 
135 - - 136 138 
200 127 130 137 140 

studied under  various c o n d m o n s  at 25°C. The dye 
at 10 /~M was added to mi tochondr la  energized 

with succmate and  to those deenergtzed by the 
mhibl tors  rotenone,  an t imycin  A and  ol igomycm 

in media  with and  without  P,. The a m o u n t  of 

b ind ing  was determined from the concent ra t ion  
difference of the dye in  the med ium before and  

after incubat ion.  Table  I summarizes the time 
course of binding.  Just after its addi t ion  to the 
ml tochondr la l  suspension,  most  of the dye added 
was bound  to ml tochondna ,  irrespective of the 

energy state of the mi tochondr ia  or the incuba t ion  
medium:  about  72% of the dye was b o u n d  to 
energized m l t o c h o n d n a  in the presence of P,, and  
a b o u t  85% to energ ized  a n d  deenerg lzed  
ml tochondr ia  in the absence of P, Then  the b ind-  
lng gradual ly increased with time of Incubat ion  in 
all cases. The fact that the b ind ing  to uncoupled  
mi tochondr ia  (energized mi tochondr ia  in +P,  
medium)  was always the lowest suggests that the 
affinity of the dye for m i t o c h o n d n a  is not  related 
to the exh ibmon  of uncoupl ing,  or that the m a n n e r  
of b ind ing  is different in the presence and  absence 
of P, 

Proton ejectton and membrane potenttal 
Prehminary  studies [5] showed that tn-S-C7(5 ) 

induced acidification of the incuba t ion  medium 

when added to the n u t o c h o n d n a l  suspension, as 
observed with other hydrophobic  cations, such as 
D D A  ÷ and TBA ÷ [4]. This H ÷ ejection required a 
supply of energy from respiratory substrates, and 
the ejected H + was reabsorbed to rmtochondria  
when the respiratory inhibi tor  an t imycln  A was 
added to nu tochondr ia  energtzed with succmate 
(data not  shown) As shown m F~g. 8, the amoun t  
of H ÷ ejected from n u t o c h o n d n a  became greater 

as the concent ra t ion  of the dye was increased m 
med ium with or without  P, The value in - P ,  

med ium was always much greater than that m + P, 
medmm,  contrary  to results with D D A  +, where 
H + ejection becomes greater on addi t ion  of 
penet ra t ing  anions  [4] 

When  N-ethylmalelrmde was added before 
a d d m o n  of the dye m + P, medium, the amoun t  of 

H + ejected became very close to, but  slightly less 
than, that m - P, medium,  as shown m Fig. 8 The 
enhancement  of H + ejection by N-ethylmale~rmde 
is interpreted as showing that d u n n g  uncoupl ing,  
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Fig 8 EJection of H + from ml tochondna  reduced by tn-S- 
C7(5 ) Rat hver rmtochondna (1 4 mg p ro t em/ml )  were in- 
cubated with succmate (5 mM) plus rotenone (1 p g / m g  pro- 
tern) at 25°C m m e d m m  with or without P, m a total volume of 
5 81 ml In the figure the total amount  of H + ejected ]s plotted 
against the amount  of added tn-S-C7(5 ) ( I  @) +P,  
medium, (© O)  - P ,  medmm,  (*) nutochondnal  sus- 
pension in +P,  medmm to which 70 pM  N-ethylmalelm~de 
(NEM) was added before ad&tlon of dye 
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transport of P, into ml tochondna via the P , / H  
symporter  is accelerated, and the increase of H + 
caused by N-ethylmalelmlde corresponds to the 
amount  of H + transported into m~tochondrta via 
the P , / H  symporter The amount of P, transported 
during uncouphng ts expected to be the same as 
that of H +. It ~s noteworthy that the amount of 
H + ejected ~s always much greater than the amount 
of dye added to the medium The highest molar 
ratio of H ÷ eJected to dye added was about 3 with 
about 20 nmol d y e / m g  protem, as shown in F~g. 8. 
However, in the case of D D A  ÷, this ratio ~s re- 
ported to be less than unity [4]. 

Next we measured the change m the membrane 
potentml during the action of the dye. As shown in 
Fig. 9A, addmon of succlnate to a mltochondnal  
suspension caused uptake of TPP ÷ from the reac- 
tion medtum mto the mltochondrla In the pres- 
ence of P,, addition of trl-S-CT(5 ) was accompa- 
nied by the release of mcorporated TPP ÷ into the 
mcubauon  medium, w~th concomitant acceleratton 
of resptratlon. In the absence of P, (Fig. 9B), the 
dye had little effect on the release of incorporated 
TPP ÷, and the protonophonc uncoupler SF6847 
induced extrusion of the TPP ÷ taken into the 
mltochondrla These results show a close relation 
between uncouphng and dissipation of the mem- 
brane potentml monitored by uptake of TPP ÷. It 
is suggested that m &sslpaUon of the membrane 
potential, cations in the incubation medium are 

Succ  

C7(5) IONM 

~ 
0 2 : 0  

Succ 

(A) Succ (B) 

iT I 

Succ 

Fig 9 Effect of tn-S-C7(5 ) on the membrane  potential of  mltOChondna momtored by uptake of TPP + Rat hver ml tochondna  (0 7 mg 
p ro t em/ml )  were suspended m + P, medium (A) or - P, m e d m m  (B) m a total volume of 5 0 ml Oxygen consumption was momtored  
conconutant ly  In the figure, Succ indicates 10 m M  succmate plus I pg  ro t enone /mg  protein 
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pulled across the membrane according to the elec- 
trical gradient to the negatively charged inner side 

Discussion 

The present study indicates that the trlnuclear 
cyanine dye trl-S-C7(5 ) is a potent cationic uncou- 
pler of oxidative phosphorylation in nutochondna 
However, exlubmon of the uncouphng action re- 
qmres P, or arsenate. The action of the cattomc 
uncoupler D D A  ÷ m mltochondna has been exten- 
sively studied [3,4]. D D A  ÷ induces stimulation of 
State 4 respiration and swelling of rmtochondrla in 
the presence of P, or other penetrating anions, 
such as TPB- ,  though the molecular role of these 
anions has not been clarified D D A  ÷ also causes 
ejection of H + from nutochondrla, and this ejec- 
uon is enhanced in the presence of anions, and is 
reversed to the original level by addition of the 
respiratory inhibitor antlmycin A [4] Skulachev et 
al. [3] proposed that the uncoupling by hydro- 
phobic cations such as D D A  ÷ is the result of 
dissipation of the membrane potential established 
across the energized mltochondrial membrane by 
the electrophoreuc transfer of the cationic uncou- 
pler from the positively charged outside to the 
negatively charged inside; dunng the uncoupling 
they suggested that P, or T P B -  is transported into 
the matrix space of the mitochondrla as an ion-pair 
complex with D D A  ÷ On the inner side of the 
mltochondnal  membrane  they considered that this 
ion-pair complex dissociates, and that the resulting 
anion moves back electrophoretlcally toward the 
positively charged outer surface of the membrane 
Thus, the cycling of the amon is suggested to be 
responsible for the penetration of D D A  ÷ through 
the membrane [4] 

The action of trl-S-CT(5 ) Is very similar to that 
of the permeant cation DDA ÷ However, it ap- 
pears to differ from that of the latter in some 
respects, especially in H ÷ movement,  affinity of 
the dye to uncoupled mltochondrla and the effect 
of ant lmycm A on the swelling of mltochondna.  
The results in Figs. 4 and 5 suggest that P, Is 
transported into ml tochondna via the P, carrier, 
and thus that t ranspor t  of the dye into 
mi tochondna  in the form of an ion-pair complex 
with P, is unhkely As shown in Fig 6, 
ml tochondna retained a consistent ion compost- 

txon, reflected by their constant extent of swelling, 
when the progress of swelhng was arrested by 
anttmycln A, and no reversal of the swelhng to the 
orlgmal level was observed. It ts logical to specu- 
late that if the dye is permeant, the swelling should 
be reversed by outflow of the dye accumulated in 
the matrix space when the mstde-negatwe electri- 
cal potential ts dissipated by mhlbltion of energy 
supply, as observed with the permeant cation 
TBA ÷ (cf. Fig 6) and vahnomycin-medlated K ÷ 
transport  [22]. Thus, it is concluded that the dye 
itself is not permeant, but that tt binds to the 
nutochondnal  membrane,  inducing the intrusion 
of cations from the incubation medium into the 
inner space of the nutochondna m the presence of 
P,. The findmgs that the extents of binding of the 
dye and the binding-reduced H ÷ ejection are 
shghtly smaller with uncoupled mltochondna m 
the presence of P, than with mltochondna m the 
absence of P,, but that uncouphng takes place only 
m the presence of P, suggest that the manner of the 
binding ts different in the presence and absence of 
P:  It is interesting to note that the smular tn- 
nuclear cyanme dye tn-S-C4(5 ) causes time-depen- 
dent fluctuauon of the electrical current across a 
phosphohpld bdayer membrane and marked in- 
crease m the electrical conductance of the mem- 
brane m the presence, but not absence, of P, [6]. 

Thus, we propose as a mechanism of action of 
the cyanme dye tn-S-C7(5 ) that m the presence of 
P, the membrane-bound dye causes perturbation 
of the integrity of the membrane structure m coop- 
eratlon with P,, and that flus perturbation stimu- 
lates P, translocatlon wa the P , / H  symporter, asso- 
oa t ed  with penetration of cations from the incuba- 
tion medium into the mltochondna The trans- 
ported P, then returns to the positively charged 
outer side of the mttochondrta, probably via the 
dlcarboxylate-P, carrier The cation intrusion 
accompamed by P, translocatlon causes swelling 
and dissipation of the membrane potential which 
leads to uncoupling of oxidative phosphorylauon 
m mltochondna. 

At present, the role of H ÷ extrusion in the 
uncoupling is not clear However, the findings that 
H ÷, corresponding to about 3-fold the amount of 
added dye, was actually ejected from rmtochondrla 
both m the presence and absence of P~ (cf. Fig. 8), 
and that the uncoupling is P~ dependent suggest 



tha t  the  m o v e m e n t  o f  H ÷ is no t  & r e c t l y  r e l a t ed  to 

the  u n c o u p h n g .  Poss ib ly  H ÷ is e x t r u d e d  f r o m  the  

m~ tochond r l a l  m e m b r a n e ,  n o t  f r o m  the  m a t r i x  

space  
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