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Abstract To determine whether cationic uncouplers of oxida-
tive phosphorylation induce permeability transition in mitochon-
dria, the effects of the divalent cationic sulfhydryl cross-linker
copper-o-phenanthroline (Cu(OP),) and the cyanine dye tri-S-
C,(5) on rat liver mitochondria were examined. Like Ca2”, they
accelerated mitochondrial respiration with succinate and induced
mitochondrial swelling when inorganic phosphate (Pi) was
present in the incubation medium. The acceleration of respiration
and swelling were inhibited by the SH-reagent /V-ethylmaleimide,
and by the specific permeability transition inhibitor cyclosporin
A (CsA). In addition, these cations, like Ca%*, induced release of
ADP entrapped in the mitochondrial matrix space, and the
morphological change of mitochondria induced by these cations
was essentially the same as that induced by Ca2™. It is concluded
that the uncoupling actions of Cu(OP), and tri-S-C4(5) are due
to induction of permeability transition in the inner mitochondrial
membrane.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Uncouplers of oxidative phosphorylation inhibit ATP syn-
thesis in mitochondria by dissipating the H"-electrochemical
gradient across the inner membrane, which is a driving force
for ATP synthesis. Potent uncouplers, mostly with effective
concentration ranges of 10-100 nM, are hydrophobic weak
acids, and they act as protonophores making the H"-imper-
meable mitochondrial membrane permeable to H' (for re-
views, see [1-3]). Besides protonophoric weakly acidic uncou-
plers, divalent organic cations, such as cyanine dyes [4,5],
copper-o-phenanthroline (Cu(OP)s) [6] and crystal violet [7],
exhibit uncoupling activity in mitochondria. Their actions are
sometimes thought to be due to dissipation of the H"-electro-
chemical potential by their transfer into the matrix space
across the inner mitochondrial membrane according to the
inside-negative membrane potential [8,9], although no proof
for this action mechanism has been reported. The action of a
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Abbreviations: Tri-S-Cy(5), 2,2'-[3-[2-(3-butyl-4-methyl-2-thiazolin-2-
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dide]; Cu(OP),, complex of copper with o-phenanthroline; CsA,
cyclosporin A; NEM, N-ethylmaleimide; TEM, transmission electron
microscopy; Pi, inorganic phosphate

cationic uncoupler is in some respects different from that of a
weakly acidic uncoupler, such as in its requirement for Pi, its
abolishment by the SH-reagent N-ethylmaleimide (NEM) and
its induction of mitochondrial swelling [4,6].

These features of its action in mitochondria are very similar
to those of metal cations, such as Ca*" and Cd?* [10,11].
Accumulation of Ca?* in the mitochondria induces permeabil-
ity transition in cooperation with Pi (for reviews, see [12-14]),
and this results in the ‘uncoupling’ of mitochondria, i.e. accel-
eration of respiration, swelling and activation of ATPase, as
in the action of a cationic uncoupler [4-7]. NEM at low con-
centration also inhibits ‘Ca?* uncoupling’. Therefore, it is
possible that uncoupling by organic cations is due to the in-
duction of permeability transition.

In this study, we examined the effects of the cyanine dye tri-
S-C4(5) and sulfhydryl cross-linker Cu(OP); on rat liver mi-
tochondria under various conditions. In addition, as cyclo-
sporin A (CsA) is known to be a very effective inhibitor of
permeability transition by inhibiting induction and causing
closure of permeability transition by Ca* [15], we examined
its effect on the action of cationic uncouplers. The results
show that cationic uncouplers exert their activities by inducing
permeability transition in the inner mitochondrial membrane.

2. Materials and methods

2.1. Materials

CsA was a gift from Novartis Pharma Co. (Tokyo), and tri-S-C4(5)
from Nippon Kankohshikiso Research Laboratory (Okayama). [2,8-
3SHJADP (code number NET-241) was purchased from DuPont-New
England Nuclear (Wilmington, DE). Cu(OP); was prepared as de-
scribed previously [6].

2.2. Isolation of mitochondria

Mitochondria were isolated from the liver of adult male Wistar rats
as described previously [16] in medium consisting of 250 mM sucrose,
1 mM EDTA and 2 mM Tris-HCI buffer, pH 7.4. Mitochondrial
preparations were washed three times with the same medium, but
without EDTA in the last wash. Mitochondrial protein was deter-
mined by the biuret method.

2.3. Measurement of mitochondrial respiration

Mitochondrial respiration was measured in medium consisting of
200 mM sucrose and 10 mM potassium phosphate buffer (pH 7.4).
Respiration of mitochondria (0.7 mg protein/ml) in a total volume of
2.2 ml was started by adding 10 mM succinate plus rotenone (0.6 pg/
ml). Time-dependent oxygen consumption was monitored with a
Clark oxygen electrode (Yellow Spring, YSI 5331) at 25°C.

2.4. Measurement of swelling

The swelling of mitochondria was monitored as the decrease in the
absorbance at 540 nm in studies with Ca?>* and Cu(OP),, and at 700
nm in studies with tri-S-C,(5) in a spectrophotometer, Shimadzu UV-
3000. Time-dependent change in the absorbance of the mitochondrial
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suspension was monitored under identical conditions to those for
measurements of respiration.

2.5. Measurement of release of matrix ADP into the medium

For exchange of inner mitochondrial ADP with [*H]JADP, 12.5 ul
of [PHJADP (specific radioactivity 807 GBg/mmol, 37 MBg/ml) un-
diluted by cold ADP was added mitochondrial suspension (35 mg/ml)
in 1.0 ml of 250 mM sucrose containing 2 mM Tris-HCI buffer, pH
7.4. The suspension was stood on ice for 40 min, and then untrapped
[PHJADP was removed by three washes with centrifugation. For
measurement of the permeability of the inner mitochondrial mem-
brane, this preparation was added at a final protein concentration
of 0.7 mg/ml to 1.0 ml of the same medium as used for measurement
of respiration. Then, test compounds were added, the reaction mixture
was incubated at 25°C for 7 min, and the radioactivity of [PHJADP
remaining in the mitochondria was determined in an Aloka liquid
scintillation counter LSC-700. For examination of the effect of CsA,
the mitochondria were preincubated with 600 nM CsA for 3 min, and
then incubated with cations.

2.6. Transmission electron microscopy (TEM)

TEM analysis of mitochondria treated with various cations was
carried out essentially as described previously [17]. Briefly, mitochon-
dria were precipitated, fixed with 2.5% glutaraldehyde and then post-
fixed in 2% OsOy4. After dehydration, the mitochondria were em-
bedded in Epon 812. Ultrathin sections were stained with uranyl
acetate and lead citrate and examined by TEM with a Hitachi H-
800MT electron microscope.

3. Results

3.1. Effects of cationic uncouplers on the respiration of
mitochondria

We have reported that divalent hydrophobic cationic cya-
nine dyes such as tri-S-C4(5) and tri-S-C7(5), and the sulfhy-
dryl cross-linker Cu(OP), induce uncoupling of oxidative
phosphorylation in rat liver mitochondria [4-6]. As shown
in Fig. 1, 8§ uM Cu(OP); and 40 uM tri-S-C4(5) accelerated
mitochondrial respiration with succinate (plus rotenone) as a
respiratory substrate. Unlike protonophoric uncouplers, they
induced progressive acceleration of respiration with time after
their addition.

The initial regulated respiration with succinate (37 nmol/mg
protein/min) was finally increased to 98 nmol/mg protein/min
with 8 uM Cu(OP); and 111 nmol/mg protein/min with 40
UM tri-S-C4(5) (Fig. 1). Respiration increased with increase
in their concentrations in a sigmoidal manner [4,6], the con-
centrations required for 50% acceleration being 9.5 uM with

RLM RLI%]; RLM
;CsA ; SA *CsA
¥ Ca2t ¥ Cu(OP)2 X4 Dye
¥ ¥ v

o 1min

K]

o

E +CsA

&

+CsA
+CsA

Fig. 1. Effects of Ca?*, Cu(OP), and tri-S-C4(5) on respiration of
rat liver mitochondria. Rat liver mitochondria (0.7 mg/ml) were sus-
pended in 2.2 ml of medium consisting of 200 mM sucrose and 10
mM potassium phosphate buffer (pH 7.4) in a total volume of 2.2
ml. Respiration of rat liver mitochondria (RLM) was induced with
10 mM succinate plus rotenone (0.6 pg/ml) at 25°C, and the effects
of 100 uM Ca?*, 8 uM Cu(OP); and 40 uM tri-S-C4(5) (Dye) on
the respiration were examined. The effect of prior addition of 600
nM CsA on the acceleration of respiration induced by these cations
was also examined.

Y. Shinohara et al.|[FEBS Letters 428 (1998) 89-92

RLM Csc,:1 2015 NEM
XA +NEM
+CsA
CsA or NEM
RIlM( Cu(OP )2
v
+NEM
+CsA
CsA or NEM
Dye
v
% +NEM
< | 1min +CsA
<1+ H

Fig. 2. Induction of mitochondrial swelling by Ca?*, Cu(OP), and
tri-S-C4(5). Change in the optical absorbance at 540 nm was re-
corded under the conditions described in the legend to Fig. 1. The
effect of tri-S-C4(5) was monitored at 700 nm due to its consider-
able absorption at 540 nm. The final concentrations of cations
added to the suspension of rat liver mitochondria (RLM) were 100
uM Ca?*, 8 uM Cu(OP), and 60 uM tri-S-Cy4(5) (Dye). The effects
of 60 uM NEM and 600 nM CsA on the swelling were also exam-
ined.

Cu(OP); and 46 uM with tri-S-C4(5). These stimulations of
respiration required Pi, and were inhibited by the sulfthydryl
reagent NEM (data not shown), as reported previously [4,6].
As with Ca®*, the specific inhibitor of permeability transition
CsA inhibited their acceleration of respiration (Fig. 1).

Like Ca?*, Cu(OP), and tri-S-C4(5) also induced swelling,
measured as decrease in optical absorbance at 540 nm and 700
nm, respectively, and 60 uM NEM or 600 nM CsA inhibited
their induction of swelling (Fig. 2). Transit shrinkage of mi-
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Fig. 3. Release of entrapped [PH]JADP from rat liver mitochondria
by various cations. [PHJADP was loaded into rat liver mitochondria
as described in Section 2. The mitochondria (0.7 mg/ml) were sus-
pended in medium consisting of 200 mM sucrose and 10 mM potas-
sium phosphate buffer (pH 7.4), and energized with 10 mM succi-
nate plus rotenone (0.6 pg/ml). Then they were incubated with 100
uM Ca%t (B), 8 uM Cu(OP); (D) and 40 uM tri-S-C4(5) (F) for
7 min at 25°C, and promptly centrifuged, and their remaining radio-
activity of [PHJADP was determined. For determination of the effect
of CsA, mitochondria were incubated with 600 nM CsA for 3 min
before incubation with the cations. Results on the effect of CsA are
shown in columns C (with Ca®t), E (with Cu(OP),) and G (with
tri-S-Cy(5)). The result with non-energized mitochondria without ad-
dition of succinate (A) is also shown. The total radioactivity of
[PHJADP incorporated into mitochondria was taken as 100%.
Means (£S.D.) of three separate runs are shown.
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Fig. 4. Transmission electron microscopic observation of rat liver mitochondria treated with various cations. Rat liver mitochondria energized
with 10 mM succinate plus rotenone (0.6 pg/ml) were incubated with Ca?* (with or without CsA), tri-S-Cy4(5) and Cu(OP), for 7 min at 25°C,
as described in the legend to Fig. 3. Then, mitochondrial samples for TEM analysis were prepared as described in Section 2. The appearances
by TEM of energized mitochondria without further treatment (A), treated with 100 uM Ca’" (B), treated with 600 nM CsA before treatment
with 100 uM Ca?* (C), treated with 60 uM Cu(OP), (D) and treated with 60 uM tri-S-Cy4(5) (E) are shown. Bars indicate 1.0 pm.

tochondria, as reflected by an increase in the absorbance, was
observed in all cases; most with tri-S-Cy(5), least with
Cu(OP),, and intermediately with Ca?*. These results suggest
that Cu(OP), and tri-S-C4(5) induce permeability transition of
mitochondria.

3.2. Release of ADP entrapped in the matrix space of
mitochondria

Induction of permeability transition in the inner mitochon-
drial membrane has usually been examined as a decrease in
optical density associated with swelling of mitochondria.
However, in this way it is difficult to distinguish the swelling
associated with permeability transition from that without per-
meability transition (simple swelling), such as swelling caused
by valinomycin in the presence of K*. Therefore, we meas-
ured the induction of permeability transition by cationic un-
couplers directly as release of ADP from the matrix space.
For this, after replacement of the endogenous ADP in the
matrix space by [PHJADP (see Section 2), the mitochondria
were incubated with Ca?*, Cu(OP), and tri-S-C4(5) for 7 min
at 25°C under various conditions, and then release of the
incorporated [PHJADP was determined by measuring the ra-
dioactivity of mitochondria precipitated by centrifugation.

From the effects of the ADP/ATP carrier inhibitors carboxy-
atractyloside and bongkrekic acid, we confirmed that the
entrapped PHJADP was not released via the ADP/ATP car-
rier in the absence of exchangeable ADP in the incubation
medium. Therefore, release of the entrapped [PHJADP from
mitochondria should be a measure of induction of permeabil-
ity transition.

As shown in Fig. 3, massive [PHJADP release was observed
on incubation with 100 uM Ca?*, 8 uM Cu(OP), and 40 uM
tri-S-C4(5), showing that, like Ca?*, the cationic uncouplers
induced permeability transition. As 600 nM CsA inhibited the
release of [PHJADP induced by Cu(OP), or tri-S-C4(5), the
effects of these compounds were CsA-sensitive. However, the
effect of CsA on the permeability transition by the cationic
uncouplers was partial, unlike its complete inhibition of per-
meability transition induced by Ca?*, suggesting that the ef-
fects of cationic uncouplers were stronger than that of Ca?*.
In fact, CsA did not completely inhibit the accelerated respi-
ration and swelling of mitochondria caused by higher concen-
trations of Cu(OP); and tri-S-C4(5) (data not shown).
Although CsA prevented the acceleration of respiration and
induction of swelling by Cu(OP), and tri-S-C4(5) almost com-
pletely (Figs. 1 and 2), it did not completely inhibit the release
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of entrapped [P HJADP induced by these cations. This could be
because we determined total [PHJADP release on incubation
with these cations for 7 min, and so detected the induction of
slight permeability transition by measuring release of the en-
trapped [PHJADP in this way. Therefore, Cu(OP), and tri-S-
C4(5) were concluded to be inducers of permeability transi-
tion. In addition, as with Ca?* [18], we observed that Cu(OP),
and tri-S-C4(5) increased the sucrose space of mitochondria
due to increase in permeability to sucrose associated with
permeability transition: the original sucrose space of 2.0 pl/
mg protein was increased to 2.5-3.0 ul/mg protein on treat-
ment of mitochondria with Cu(OP), and tri-S-C4(5), as ob-
served with Ca?* [18]. However, it is difficult to distinguish
whether this increase was due to formation of permeability
transition or the swelling of the matrix space, as in the meas-
urement of optical absorbance. Therefore, measurement of
release of the entrapped [PHJADP is a good measure of for-
mation of permeability transition. Details of this method will
be published elsewhere.

3.3. Electron microscopic analysis of mitochondrial
configuration

When permeability transition is induced by Ca?*, the struc-
ture of the mitochondrial inner membrane is drastically dis-
rupted [19-21]. As shown in Fig. 4, disruption of the inner
mitochondrial membrane was observed on treatment of mito-
chondria with 100 uM Ca?*, and mitochondria remained in-
tact on treatment with 600 nM CsA. Similarly, 60 uM
Cu(OP); and 60 uM tri-S-C,4(5) caused disruption of the inner
mitochondrial membrane (Fig. 4), and the disruption was sig-
nificantly inhibited by CsA (data not shown). These results
showed that the mitochondrial inner membrane was disrupted
by treatment of mitochondria with Cu(OP); and tri-S-Cy(5),
and thus, that these cations actually induce permeability tran-
sition.

4. Discussion

Uncoupling of mitochondrial oxidative phosphorylation by
the organic divalent cationic cyanine dye tri-S-Cy(5) and the
sulfhydryl cross-linker Cu(OP), is different from that by pro-
tonophoric weakly acidic uncouplers in showing requirement
for Pi and progressive acceleration of respiration, being abol-
ished by the SH-reagent NEM and inducing swelling of mi-
tochondria [4,6]. Some of these features are shown in Figs. 1
and 2. Although the effects of cationic uncouplers have been
characterized in detail [4-7], the mechanism by which they
induce uncoupling is not understood. As the effects of cationic
uncouplers are very similar to those of Ca?" ‘uncoupling’ due
to induction of permeability transition, we examined whether
cationic uncouplers induce permeability transition.

As low concentrations of tri-S-C4(5) and Cu(OP), released
much of the [PHJADP entrapped in mitochondria, and this
effect was prevented by CsA, and they also disrupted the inner
mitochondrial membrane, their uncoupling action, like that of
Ca®*, was concluded to be due to induction of permeability
transition. Namely, Cu(OP), and tri-S-C4(5) are inducers of
permeability transition. These results are consistent with our
previous observation that tri-S-C4(5) induces a leakage type
pathway only in the presence of Pi in phospholipid bilayer
membranes [5]. It is noteworthy that the cyanine dye, in asso-
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ciation with Pi, induces alteration of phospholipid bilayer or-
ganization, even though proteins are not present in the mem-
brane.

However, their actions did not seem to be completely the
same as that of Ca?*. Ca?" induces permeability transition on
its accumulation in mitochondria after its transfer, and the
resultant induced permeability transition is reversible and is
completely inhibited by CsA. In contrast, the effect of CsA on
the actions of cationic uncouplers was only partial, suggesting
that their effects were greater than that of Ca’*, especially
that of tri-S-C4(5), and that their induced permeability tran-
sition was irreversible. The mechanism of induction of perme-
ability transition by Cu(OP), and tri-S-C,(5) may be different
from that by Ca?*. Possibly, cationic uncouplers induce per-
meability transition by interaction with the mitochondrial
membrane. If this is so, the mechanism by which low concen-
trations of cationic uncouplers change the membrane organ-
ization is of importance for full understanding of the mecha-
nism of induction of permeability transition.
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