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The phosphate (Pi)-dependent uncoupling action of Cd z+ in oxidative phosphorylation in rat liver mitochondria 
was studied mainly in terms o f P  i transport. Cd z+ at 2 / x M  caused full uncoupling in the presence of 10 mM Pi, but 
no uncoupling in the absence of Pi. Cd2+ released state 4 respiration after a certain lag-time, and then the 
respiration increased progressively with time. After its addition, Cd z+ was taken up by mitochondria in a similar 
period to the lag time before respiratory release. KIH-201, a potent and specific inhibitor of Pi transport via the 
P i / H  + symporter, abolished the uncoupling completely. Cd 2+ caused dissipation of the electric transmembrane 
potential (A1/t) and swelling of mitochondria in a Pi-dependent manner. Uncoupling by Cd 2+ was found to take 
place in parallel with the uptake of Pi into mitochondria via the Pi / H + symporter, suggesting that the uncoupling 
was due to acceleration of H + influx through the P i / H  + symporter activated by Cd 2+. 

Introduction 

The mechanism of uncoupling by weakly acidic un- 
couplers by their protonophoric action has been well 
documented [1-4]. However, uncoupling mechanisms 
other than protonophoric actions are not well under- 
stood. The hydrophobic peptide antibiotics alamethicin 
and hypelcin [5], a lipophilic SH-reactive maleimide [6], 
and amphipathic cations, such as cyanine dyes [7,8], 
crystal violet [9] and local anesthetics [10-13] induce 
uncoupling in mitochondria. Pi at high concentrations 
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is also reported to cause uncoupling [14]. These com- 
pounds are not protonophores, and their uncoupling 
features are more or less different from those of weakly 
acidic uncouplers. Most of these uncoupling actions 
require Pi, and are accompanied by swelling of the 
mitochondria. Furthermore, the tertiary amine local 
anesthetic bupivacaine causes uncoupling by formation 
of a leakage-type pathway specific for H + in combina- 
tion with amphipathic anions such as ANS- and TPB- 
[13]. Information on the uncoupling mechanisms of 
these compounds is important for full understanding of 
the mechanism of oxidative phosphorylation. 

The uncoupling action of Cd 2+ has received consid- 
erable interest [15-19], probably because Cd 2÷ is toxic 
in various biological systems. The mode of action of 
Cd 2+ is similar in some respects to the well studied 
uncoupling action of Ca 2+ [20,21]. Uncoupling by Cd 2÷ 
occurs only in the presence of Pi, and is abolished by 
the Pi-transport inhibitor NEM [22-24], like the action 
of some non-protonophoric uncouplers including Ca 2+. 
However, the role of Pi in the uncoupling has not been 
studied precisely, and the action of Cd z+ has been 
discussed mainly in terms of its inhibitory action on 
coupling factor B (F B) after its electrogenic transport 
into the matrix space of mitochondria [25]. Fs, acom- 
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ponent of Fo existing in the matrix space, is proposed 
to be essential for the coupling of electron transport 
and ATP synthesis [26-28]. 

We previously reported that the uncoupling actions 
of the cyanine dyes tri-S-C4(5) and tri-S-C7(5), and the 
(o-phenanthroline)-Cu 2+ complex are dependent  on 
Pi, and that the Pi transporter (P i /H  + symporter) or 
adenine nucleotide translocator may participate in the 
uncoupling [7,8,29]. The fact that all these compounds 
are divalent cations and require Pi for induction of 
uncoupling prompted us to study the uncoupling action 
of Cd 2+ from the viewpoint of the role of Pi- We found 
clear dependence of its uncoupling effect on the 
amount of P~ transported into mitochondria. 

Materials and Methods 

KIH-201 was synthesized as reported previously [30]. 
SF 6847 was purchased from Wako Pure Chemical 
Industries, Osaka, Japan. Other reagents used were of 
the highest grade commercially available. 

Mitochondria were isolated from adult male Wistar 
rats as reported by Myers and Slater [31]. The amount 
of mitochondrial protein was determined by the Biuret 
method [32] with bovine serum albumin as a standard. 

The respiration of mitochondria was monitored po- 
larographicaJly with a Clark-type oxygen electrode 
(Yellow Spring, YSI 5331). The incubation medium 
consisted of 200 mM sucrose and 2 mM MgC12 in 10 
mM potassium phosphate buffer (pH 7.4). In experi- 
ments on the effect of Pi, 10 mM Tris-HC1 buffer (pH 
7.4) was used instead of potassium phosphate buffer. 
Mitochondria were added at 0.7 mg p ro t e in /ml  in a 
total volume of 2.53 ml. Succinate (final concentration 
10 mM) plus rotenone (1 ~ g / m g  protein) was used as 
a respiratory substrate. 

Uptake of Pi by mitochondria during respiration was 
determined by use of [32P]P i (specific radioactivity, 925 
kBq/mmol)  at 20°C. Mitochondria (2 mg pro te in /ml)  
were incubated in medium consisting of 200 mM su- 
crose, 2 mM MgC12 and 10 mM potassium phosphate 
buffer (pH 7.4), with 10 mM succinate (plus rotenone 
at 1 / z g / m g  protein) and a known amount of Cd 2÷ was 
added to induce uncoupling. After 4 min, 1 ml of 
mitochondrial suspension was transferred to an Eppen- 
dorf tube. Then, [32P]P i (final concentration, 10 mM) 
was added, and 5 s later, the uptake of Pi was termi- 
nated by addition of the phosphate transport inhibitor 
KIH-201 (50 nmol /mg  protein). The mitochondria were 
promptly precipitated by centrifugation at 12000 rpm 
for 1 min in a Kubota centrifuge, model KM 15000, 
and the pellet was washed twice with incubation 
medium. The mitochondrial pellet was solubilized in 
200 tzl of 4% sodium dodecyl sulfate (SDS) and its 
radioactivity was determined in an Aloka liquid scintil- 
lation counter  LSC-700. 

Uptake of ADP by mitochondria was measured as 
described previously at 20°C [33]. 

Uptake of Cd 2+ was determined by atomic absorp- 
tion spectrophotometry. To the suspension of mito- 
chondria (0.7 mg pro te in /ml)  in a total volume of 2.53 
ml, Cd 2+ (final concentration 2 IzM) was added, and 
after an appropriate period, 1 ml of the suspension was 
removed and promptly centrifuged at 12000 rpm for 1 
min in a Kubota centrifuge, model KM 15000. The 
supernatant was diluted 50-fold with 1 M HNO3, and 
its Cd 2+ concentration was determined in an Atomic 
absorption flame emission spectrophotometer,  model 
Jarrell Ash AA-8500 connected with a Flame less 
Atomizer, Jarrell Ash FLA-10. 

The volume change of mitochondria was monitored 
as the absorbance change at 540 nm in a Shimadzu 
recording spectrophotometer,  model UV-3000. 

The membrane potential of mitochondria was deter- 
mined with a TPP + electrode by the method of Kamo 
et al. [34] in the incubation medium containing 10 ~ M  
TPP +. The value of ApH was determined with [14C]- 
CH3COONa (specific radioactivity, 1.85 G Bq /mmol )  
as described previously [35]. 

Results 

There are reports that Cd 2+ uncouples oxidative 
phosphorylation only in the presence of Pi, and that its 
action is inhibited by the Pi transport inhibitor NEM 
[22-24]. Thus, we first examined the effect of Pi on the 
Cde+-induced release of state 4 respiration of rat liver 
mitochondria with succinate (plus rotenone) as a respi- 
ratory substrate at 25°C. Fig. 1 shows the induction of 
Pi-dependent acceleration of state 4 respiration by 2 
/xM Cd 2÷ (2.86 nmol /mg  protein). This concentration 
of Cd 2+ did not have any effect on mitochondrial 
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Fig. 1. Effect of Pi on stimulation of state 4 respiration by 2 /xM 
Cd 2÷ at 25°C. Mitochondria were suspended in medium consisting 
of 200 mM sucrose, 2 mM MgC12 and 10 mM Tris-HCl buffer (pH 
7.4). Cd 2+ was added 1 min after addition of Pi. Numbers beside 
traces are Pi concentrations in mM. Mitochondria were added at 0.7 
mg protein/ml in a total volume of 2.53 ml. Succinate (10 mM) plus 

rotenone (1 jzg/mg protein) was used as a respiratory substrate. 



150 

/ 
O 

5o .J" 

I I I I I 

0 O.S 1.0 1.5 2.0 2.S 

Cd 2, (pM) 

Fig. 2. Acceleration of respiratory rate (Vox) of state 4 mitochondria 
by various concentrations of Cd 2+ in the presence of 10 mM Pi at 
25°C. Experimental conditions were as for Fig. 1, except that 10 mM 
phosphate buffer was used instead of 10 mM Tris-HC1 buffer. Vo~ 

was determined 4 min after addition of Cd z+. 
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Fig. 3. Time-dependent change in z~g t (lower trace)caused by 
acceleration of state 4 respiration by 2 ~M Cd 2+ (upper trace) in 
the presence of 10 mM Pi at 25°C. Experimental conditions were as 
for Fig. 2. The membrane potential was monitored with a TPP+-elec - 

trode in the presence of 10 ~M TPP +. 

respiration in the absence of Pi in the incubation 
medium, because the weakly acidic uncoupler SF 6847 
fully released state 4 respiration of mitochondria incu- 
bated with Cd 2+ in the absence of Pi (data not shown). 
However, in the presence of Pi, Cd2+ released state 4 
respiration, its effect depending on the Pi concentra- 
tion. The maximum effect was observed with about 10 
mM Pi. There was always a lag phase before induction 
of respiratory release, and the rate of respiratory re- 
lease after the lag-phase increased progressively with 
time, attaining a maximum after a certain periods. 
This- period was dependent on the concentration of Pi. 
The time required for induction of maximal respiratory 
release by 2 /~M Cd 2+ decreased with increase in the 
concentration of Pi, e.g., 6 min at 2 mM Pi and 2 rain at 
10 mM P~ after addition of Cd 2+. 

Because 10 mM Pi had the maximum effect on the 
release of state 4 respiration in the uncoupling of 
Cd 2+, we next determined the concentration depen- 
dence of uncoupling by Cd 2+ in the presence of 10 
mM Pi. The time required for induction of maximal 
release of the respiratory rate decreased with increase 
in the concentration of Cd 2+, as observed with the 
effect of higher concentrations of Pi at a fixed concen- 
tration of Cd 2+ (cf. Fig. 1). Fig. 2 shows the respiratory 
rate (Vox) as a function of Cd 2+ concentration at 25°C. 
The Vox values shown were measured 4 min after 
addition of Cd 2+ when the uncoupled respiration by 2 
/.~M Cd 2+ had attained a maximum. Under these con- 
ditions, 2 I~M Cd 2+ (2.86 nmol/mg protein) caused 
maximal release of Vox, and higher concentrations in- 
hibited respiration. 

Cd 2+ also activated ATPase and inhibited the syn- 
thesis of ATP at similar concentrations to those induc- 
ing respiratory release, and these effects also were 
observed only in the presence of Pi (data not shown). 
Thus, Cd 2+ induced uncoupling of oxidative phospho- 
rylation in rat liver mitochondria in cooperation with 

Pi" Furthermore, Cd 2+ caused dissipation of the mem- 
brane potential, Aq z, measured as uptake of TPP + 
monitored with a TPP+-selective electrode, in accor- 
dance with the acceleration of respiration (Fig. 3). 
Cd 2+ had no effect on A~ during the lag-phase, but 
gradually caused dissipation of A~ in parallel with the 
degree of respiratory release. In the absence of Pi, 
Cd 2+ had no effect on A~ (data not shown). 

As shown in Fig. 4, uptake of 2 /.~M Cd 2+ by 
respiring mitochondria with succinate had beerl com- 
pleted less than 30 s after its addition in the presence 
of 10 mM Pi, although induction of full respiratory 
release required about 2 min. The time required for 
complete uptake of Cd 2+ seemed to.correspond to the 
lag time before induction of respiratory release. In 
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Fig. 4. Uptake of Cd 2+ by mitochondria under various conditions. 
Change in Cd 2+ concentration (initial concentration, 2 tzM) was 
monitored by measuring the Cd 2+ concentration remaining in the 
incubation medium at 25°C under various conditions (closed circles) 
energized with succinate with 10 mM Pi; open circles, energized with 
succinate without Pi; closed triangles, deenergized with antimycin A 
(2.5 p~g/mg protein) with 10 mM Pi; open triangle, de-energized with 
antimycin A without Pi; open square, de-energized with 40 nM SF 
6847; closed square, deenergized with valinomycin (45.7 ng/mg 

protein). Experimental conditions were as for Fig. 2. 
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contrast to Ca 2+ [21], no discharge of the trapped 
Cd 2+ was observed during uncoupling, and about 90% 
of the added Cd 2÷ was taken up by respiring mito- 
chondria both in the presence and absence of 10 mM 
Pi. Furthermore, the same amount of Cd 2+ uptake was 
observed with mitochondria deenergized by antimycin 
A either with or without Pi. The amounts of Cd 2÷ 
taken up by mitochondria deenergized by valinomycin 
plus K + and by the weakly acidic uncoupler SF 6847 
were slightly smaller than those by de-energized mito- 
chondria induced by antimycin A, by mitochondria that 
had not been treated with reagent in the absence of Pi, 
and by mitochondria under uncoupling by Cd 2÷ (i.e., 
without reagent in the presence of Pi), but they can be 
regarded as essentially the same. Thus, the affinity for 
Cd 2÷ can be regarded to be essentially independent of 
the energized state of the mitochondria, the presence 
of Pi, and the time of incubation. It is noteworthy that 
uptake of 2 /xM Cd 2÷ by respiring mitochondria with 
Pi did not affect ApH at all, when the P i /H ÷ sym- 
porter was inhibited by KIH-201 to avoid the effect of 
H ÷ influx via the Pi /H ÷ symporter: ApH in state 4 
was 8.0 mV, and that on addition of Cd 2+ was 8.8 mV. 
In contrast, valinomycin in the presence of K ÷ caused 
increase in ApH (= 62.2 mV) in the presence of KIH- 
201. 

As shown in Fig. 5A, the uncoupling action of Cd 2+ 
(2/xM) in the presence of 10 mM Pi was inhibited by 
addition of the Pi-transport inhibitor KIH-201, which is 
a more specific and more effective inhibitor of P~-trans- 
port via the Pi /H ÷ symporter than NEM [36]. The 
inhibition of respiratory release by KIH-201 was re- 
versed completely by addition of the typical 
protonophoric uncoupler SF 6847, indicating that the 
inhibition of the respiratory release was not due to 
inhibition of the respiratory chain. The commonly used 
PFtransport inhibitor NEM also abolished the uncou- 
pling by Cd z+, but NEM was found to cause partial 

inhibition of the respiratory chain. Fig. 5B summarizes 
the dependence of the uncoupled respiratory rate of 
mitochondria on the concentration of KIH-201. KIH- 
201 inhibited uncoupling dose-dependently, and its 
dose-dependent inhibitory effect was similar to that of 
its inhibition of Pi uptake into mitochondria [36]. Thus, 
the transport of Pi into mitochondria was suggested to 
be closely related to the uncoupling by Cd 2÷. 

We next determined the effects of Cd 2+ on the 
uptake of ADP and Pi by mitochondria, because some 
non-protonophoric uncouplers have effects on the 
transports of these anions [7,8]. Uptake of ADP and Pi 
into mitochondria are very rapid at 25°C [37,38], so we 
determined their rates at 20°C. Cd 2+ at concentrations 
causing uncoupling did not have any effect on the 
transport of ADP (data not shown), but it enhanced Pi 
uptake. The amount of Pi transferred into mito- 
chondria was measured as follows: mitochondria were 
incubated with 10 mM non-radioactive Pi in medium 
containing succinate to induce uncoupling, which was 
monitored with an oxygen electrode, and 4 min after 
addition of Cd 2÷ an aliquot of the suspension was 
transferred to an Eppendorf tube, and [32p]p i was 
added. After 5 s, uptake of Pi was terminated by 
addition of K/H-201, and the amount of [32p]p i incor- 
porated into mitochondria was determined. As shown 
in Fig. 6, Cd 2+ activated Pi transport into mito- 
chondria. However, Cd 2+ failed to accelerate Pi up- 
take, when the weakly acidic uncoupler SF 6847 was 
present. It also did not accelerate the transport of Pi in 
the presence of inhibitors of Pi transport via the P~/H ÷ 
symporter, KIH-201 and NEM, and the respiratory 
chain inhibitor antimycin A (data not shown). 

There was a clear linear relationship between the 
uncoupled respiratory rate Vox induced by Cd 2÷ and 
the rate of Pi transport into the uncoupled mito- 
chondria determined at 20°C, as shown in Fig. 7. This 
linear relationship is expressed by Eqn. 1, where Jr,~ 
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Fig. 5. Effect of  the Pi transport  inhibitor KIH-201 on uncoupling by 2 / z M  Cd 2÷ in cooperation with 10 m M  Pi (A) and dose-response curve of 
the inhibition of uncoupling by KIH-201(B). Experimental  conditions were as for Fig. 2. KIH-201 (final concentration, 10 p.M) was added at the  

t imes indicated on the traces (A). The  concentration of SF 6847 was 40 nM. 
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Fig. 6. Effect of Cd 2+ on the transport of Pi into mitochondria in the 
presence of 10 mM Pi at 20°C. Uptake of [32p] Pi by mitochondria 
(2.0 mg prote in/ml)  suspended in incubation medium in the pres- 
ence of 10 mM Pi (total volume, 2.53 ml) was determined 4 min after 
addition of Cd z÷ in the absence (closed circles) or presence (closed 
triangles) of the protonophoric uncoupler SF 6847 at 100 nM. 
Oxygen consumption by uncoupled mitochondria was monitored 

concomitantly. For details see Materials and Methods. 
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Fig. 7. Stimulation of Pi transport by uncoupling of Cd e+ at 20°C. 
The respiratory rates~ l/ox, at 20°C are plotted as a function of rates 
of Pi transport via the Pi / H+ symporter from the results of Fig. 6. 
The open circle shows the value in the absence of Cd 2+, i.e., state 4 

mitochondria. 
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Fig. 8. Volume change of mitochondria caused by 2 tzM Cd z+ in the 
presence or absence of 10 mM Pi in the incubation medium. Change 
in the optical absorbance at 540 nm was monitored at 25°C. Down- 
ward deflection indicates swelling of mitochondria [38]. Mito- 
chondria (0.7 mg pro te in /ml  in a total volume of 2. 50 ml) energized 
with succinate were suspended in the incubation medium as de- 
scribed in the legend of Fig. 2. For the trace without Pi, 10 mM 
Tris-HCl buffer was used instead of phosphate buffer. The effect of  

10/zM KIH-201 was also examined (+KIH-201).  
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Fig. 9. Effect of ruthenium red RR) on the uncoupling of Cd 2+. 
Ruthenium red at 100 nM was added either before (A) or after (B) 
addition of 2 tzM Cd 2+ to mitochondrial suspension at 25°C. SF 
6847 was added at a concentration of 40 nM. Experimental condi- 

tions were as for Fig. 2. 

and J0 are the rates of Pi transport and oxidation, 
respectively. 

JPi = 4"38J0 - 46.14 (1) 

The significant correlation of Eqn. 1 with a correlation 
coefficient of 0.991 suggests that uncoupling of Cd 2+ is 
directly related to Pi transport via the Pi/H + sym- 
porter. 

Fig. 8 shows the volume change of mitochondria 
monitored as change in the absorbance at 540 nm of a 
mitochondrial suspension in the presence of 2 /zM 
Cd z+ (2.86 nmol/mg protein), which induced full un- 
coupling in the presence of Pi. A decrease in ab- 
sorbance density is interpreted as indicating swelling of 
the mitochondria [39]. In the presence of 10 mM P~ in 
the incubation medium, decrease in absorbance was 
observed after a certain lag-time, but in the absence of 
P~ there was little absorbance change. Furthermore, 
the Pi transport inhibitor KIH-201 almost completely 
prevented the absorbance change in the presence of Pi. 

We next examined the effect of Ruthenium red, an 
inhibitor of Ca z+ uptake via the CaZ+-uniporter [40], 
on the uncoupling action of Cd z+, because the uncou- 
pling action of Cd 2+ was similar in some respects to 
that of Ca 2+. As shown in Fig. 9A, Ruthenium red 
inhibited the induction of uncoupling by Cd 2+ when 
added before C d  2+. However, it had no effect on the 
uncoupling of Cd 2+ (Fig. 9B), when added during 
uncoupling by Cd 2+, as observed with kidney mito- 
chondria [43]. 

Discussion 

The Pi-dependent uncoupling by Cd 2+ has been 
studied extensively [15-19,22-28], although the effect 
of Pi transport during uncoupling has not been exam- 
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ined. In most cases, uncoupling by Cd 2+ has been 
interpreted to be due to the inhibitory effect of Cd 2+ 
on the activity of F B by binding with a dithiol site of 
the protein from the matrix side of the mitochondria 
[25-28]. However, from our present  results this modifi- 
cation seems not to be the trigger of uncoupling. 

We found that the uncoupling by Cd 2+ caused en- 
hancement of P~ uptake via the P i / H  + symporter in a 
manner such that the uptake of P~ increased linearly 
with the uncoupling of respiration. The inhibitory ef- 
fect of KIH-201 on the uncoupling increased with 
increase in the concentration of KIH-201 in a similar 
manner as that observed in its inhibition of Pi uptake 
into mitochondria and the ApH across the mitochon- 
drial membrane Was no t changed by uptake of Cd 2÷. 
These results showed that uncoupling is due to the 
transport of Pi into mitochondria via the P i / H  + sym- 
porter, and excluded the possibility that the stimulation 
of the P i / H  + symporter by the concentration gradient 
of Pi o r H +  [41] is directly responsible for  induction of 
uncoupling. In contrast to the uncoupling by Cd 2+, 
uptake of Pi is inhibited in the uncoupling by SF 6847, 
as in uncoupling by other protonophoric uncouplers 
[42]. This inhibition has been interpreted as due to a 
decrease in ApH, which governs H + transport via the 
P i / H  + symporter  [42]. 

The finding that addition of ruthenium ted before 
Cd 2+ inhibited the induction of Cd2÷-uncoupling sug- 
gests that Cd 2÷ penetrates into mitochondria via the 
Ca2+-uniporter ,However, the possibility that the cy- 
cling of Cd 2~+ across the mitochondrial membrane via 
the Ca2+-uniporter and Ca2+/H*-ant iporter  caused 
uncoupling, as in the uncoupling action of Ca 2 + can be 
ruled out by the following findings: (i) Ruthenium red 
had no effect on the uncoupling by Cd 2+ when it was 
added after induction of uncoupling by Cd 2+. (ii) The 
ApH was not changed by uptake of Cd 2+ by respired 
mitochondria in~ the presence of KIH-201 to inhibit the 
p * i / H  : symporter. ( i i i )The  presence of Pi was indis- 
pensable for induction of Cd 2+ uncoupling. (iv) A 
certain period was necessary before induction of full 
release of respiration, w h e r e a s u p t a k e  of Cd 2+ oc- 
curred in accordance with the lag-time before induc- 
,tion o f  respiratory release° being independent of the 
presence of Pi jn the incubation medium and the 
energy state of the mitochondria. 

It is als.o possible that transport of Pi facilitates the 
transfer of Cd ~+ into the mitochondria and that this  
transfer causes dissipation of A~, regardless of whether 
or not the transferred Cd 2+ recycles across the mito- 
chondrial membrane. However, about 90% of the 
added Cd 2+ was taken up by mitochondria before 
induction of uncoupling and the amount of bound 
Cd 2- was insensitive to change in the energy state of 
mitochondria..Thus, this possibility can also be ruled 
.out. 

It is possible that H ÷ efflux through the respiratory 
chain is directly coupled with H + influx in combination 
with influx of Pi through the P i / H  + symporter, keeping 
the ratio of Jp~ to J0 at 4.38 (cf. Eqn. 1). If we assume 
that almost all the extruded H + coupled with electron 
transfer from succinate to O 2 is transported into the 
matrix space of uncoupled mitochondria via the P i / H  + 
transporter keeping H + / O  = 6, and that the transports 
of both H2PO 4 and HPO42- are coupled with H +, the 
ratios of P i - / O  and Pi 2 - / O  would be 6 and 3, respec- 
tively. It is interesting to note that the value of J p / J o  
( =  4.38) is the average of these P i - / O  and Pf -~ /O 
values. The reason for the stoichiometry of JP/Jo 
should be studied further. In view of these results, 
uncoupling of Cd 2+ is suggested to be due to enhance- 
ment of H + influx via the P i / H  + symporter. 

From the present results, we propose as a mecha- 
nism of Cd2~--uncoupling that Cd 2+ penetrates into the 
mitochondr~a via the Ca2+-uniporter, and then causes 
some conformational change of the P i / H  + symporter 
by reacting with an SH group(s) from the matrix side of 
the mitochondrial membrane. This conformational 
change results in stimulation of the influxes of H ÷ and 
Pi, and the transported H + acts as a trigger for uncou- 
pling. However, it is not clear at present why Pi associ- 
ated H + influx is activated, even though At*H+ gener- 
ated by respiration is dissipated. 

As the features of the uncoupling actions of the 
cyanine dyes tri-S-C4(5) and tri-S-CT(5) [7,8], the (o- 
phenanthroline)2-Cu 2+ complex [29], phenylarsine ox- 
ide [24], crystal violet [9] and Ca 2+ [21] are very similar 
to those of uncoupling by Cd 2+, acceleration of Pi 
uptake by mitochondria is  also expected to play a key 
role in induction of these uncoupling actions. The 
mechanism of co-transport of Pi and H + mediated by 
the P i / H  ÷ symporter under these uncoupling condi- 
tions is important, and studies on this mechanism are 
under way. 
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