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It was shown that addition of L-malate to anaerobic mitochondria, like addition of adenosine
triphosphate, caused a red shift of the absorbance maximum, and an increase in the fluorescence of
ethidium. These responses of ethidium were sensitive to uncouplers and rotenone. They were not
inhibited by antimycin A, KCN or oligomycin. These results show that addition of L-malate to
anaerobic, KCN- or antimycin A-inhibited mitochondria caused energization of the mitochondrial
inner membranes. Furthermore, this energization of the membranes was reversed by succinate,
malonate, and thenoyltrifluoroacetone. Thus, the present results clearly show that L-malate-
induced energization of anaerobic mitochondria was driven by energy derived from redox reactions
at site I of phosphorylation.
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Dawson et al.” showed that both L- and p-malate induced oxidation of cytochrome b-
558 in anaerobic mitochondria from Arum spadix, pea, mung bean and rat liver. Muraoka
and Sugiyama® showed that L-malate also caused oxidation of cytochrome a in anaerobic rat
liver mitochondria. Then we found that the effect of L-malate on cytochrome a in anaerobic
mitochondria was insensitive to oligomycin but that it was reversed by all the uncouplers and
detergents tested.” From these results, we suggested that addition of L-malate may cause
energization of the mitochondrial inner membranes and that oxidation of cytochrome a
caused by L-malate in anaerobic mitochondria may result from a L-malate-induced, energy-
linked reversal of electron transfer at site Il of phosphorylation.¥ However, it was still
unknown why L-malate caused energization of mitochondria under anaerobic conditions.

As described in this paper, to clarify the nature of the 1.-malate-induced energization. of
mitochondria under anaerobic conditions, we studied the response of ethidium in L-malate-
treated anaerobic, KCN-, or antimycin A-inhibited mitochondria to L-malate since ethidium
reports an energized state of mitochondria®~'® and it specifically binds to hydrophobic
proteins (chargerin) in an energized state which may have an essential role in the energy
transfer in mitochondrial inner membranes.!! ~'# The present results clearly show that the L-
malate-induced energization of mitochondria under anaerobic conditions was driven by
energy derived at site I of phosphorylation.

Experimental

Ethidium bromide was purchased from Tokyo Kasei, Tokyo (Japan). Other reagents were as described
previously.® Rat liver mitochondria were isolated by the method of Hogeboom,'s as described by Myers and
Slater.'®
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All reactions were carried out in medium consisting of 25 mm Tris—-HCl buffer, 50 mM sucrose, 5 mm MgCl,, 2mMm
ethylendiaminetetraacetic acid (EDTA) and 15mum KCI, with other components as indicated in the legends to the
figures, in a final volume of 3ml at pH 7.1. All measurements were carried out at room temperature (approx. 20 °C).

Absorbance changes of cytochrome a+a; and ethidium were examined in a Hitachi, model 556, dual-
wavelength, double-beam spectrophotometer using wavelength pairs of 608 nm minus 630 nm for cytochrome a +as,
and 510 nm minus 485 nm for ethidium. Fluorescence changes of ethidium were determined with a Hitachi, model
MPF 3, spectrophotometer, using a-wavelength of 485nm for excitation and measuring fluorescence at 616 nm.

Results and Discussion

As shown in Fig. 1(A), addition of adenosine triphosphate (ATP) to anaerobic
mitochondria caused oxidation of cytochrome a and a red shift of ethidium absorption in an
energy dependent fashion. The red shift of ethidium was measured as described in
Experimental, using a wavelength pair of 510 nm minus 485nm. Figure 1(B) shows that
addition of L-malate to anaerobic mitochondria also induced a red shift of ethidium. The
effect of L-malate was like that of ATP, except that the time required to attain the maxi-
mal absorbance changes was longer. Addition of 0.15um carbonylcyanide m-chloro-
phenylhydrazon (CCCP) reversed this effect (Fig. 1(B)). It was also observed that addi-
tion of L-malate to anaerobic mitochondria increased the fluorescence of ethidium and
that this effect was sensitive to uncouplers. The amounts of various uncouplers required to
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Fig. 1(A). Effects of ATP on the Red Shift of Ethidium and on Cytochrome a in
Anaerobic Mitochondria

Anaerobic mitochondria were induced with 10mM glutamate. Then 3 ug of rotenone,

0.5 mM fumarate and 0.05 mM succinate were added to the mitochondria, followed by 4 mM
ATP and 1.5 um CCCP.

Fig. 1(B). Effects of L-Malate on the Red Shift of Ethidium and on Cytochrome a

in Anaerobic Mitochondria

Anaerobic mitochondria were induced with 10mM glutamate. Then 10mM L-malate and
0.15 uM CCCP were added as indicated. In the case of the measurements of the red shift of
ethidium, 100 uM ethidium was also added before ATP or L-malate. The mitochondrial
suspensions for (A) and (B) contained 11.9 mg protein/3 ml.
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Fig. 2. Effects of Antimycin A on the Red Shift Fig. 3. Effects of Rotenone on the Red Shift of
of Ethidium and on Cytochrome a in Anaer- Ethidium and on Cytochrome a in Anaerobic,
obic, L-Malate-Treated Mitochondria L-Malate-Treated Mitochondria

Conditions were as for Fig. 1(B) except that 1 ug of Conditions were as for Fig. 1(B) except that 0.3 ug
antimycin A was added as indicated. of rotenone was added as indicated.

inhibit the effect of L-malate on the red shift of ethidium were consistently approximately one-
tenth of the amounts required to inhibit the effect of ATP on this shift (cf. ref.4). Figure 1 also
shows that addition of ATP or of L-malate to anaerobic mitochondria resulted in oxidation of
cytochrome a. Essentially the same results as in Fig. 1 were obtained with KCN (3 mm)-
treated mitochondria under aerobic conditions (data not shown).

Addition of antimycin A reversed the oxidation of cytochrome a in L-malate-treated
anaerobic mitochondria, as in ATP-treated anaerobic mitochondria, but it did not reverse the
L-malate-induced red shift of ethidium, as shown in Fig. 2. Figure 3 shows that addition of
rotenone reversed both the oxidation of cytochrome a and the red shift of ethidium in L-
malate-treated anaerobic mitochondria. Malonate (10mMm) and thenoyltrifluoroacetone!”
(0.3mwm), which are inhibitors of succinate dehydrogenase, also completely reversed both
reactions (data not shown, but essentially the same results as Fig. 3 were obtained). Addition
of 10mM succinate also reversed both reactions in L-malate-treated mitochondria (data not
shown).

These data clearly show that L-malate-induced energization of mitochondria was driven
by energy derived from redox reactions at site I of phosphorylation, and that L-malate-
induced oxidation of cytochrome a in anaerobic mitochondria occurred by a reversal of
electron transfer at sites IT and III (redox complexes III and IV) driven by energy derived at
site I (redox complex I). The electron acceptor of this reaction could be fumarate since the
formation of fumarate from L-malate is catalyzed by fumarate hydratase in mitochondria.

The present results also suggest that chargerin, which binds ethidium in an energized
state,'' 7'¥ has an essential role in this energy transfer from redox complex I to redox
complexes III and IV (cf. ref. 18). This possibility is supported by the fact that anti-chargerin
II antibody completely inhibited reverse electron flow from succinate to nicotinamide adenine
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nucleotide coupled with succinate oxidation by O, in mitoplasts.'® However, further study is
required to confirm this.
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