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Summary. The inhibition of NADH oxidation but not of succinate 
oxidation by the low ubiquinone homologs UQ-2 and UQ-3 is not 
due to a lower rate of reduction of ubiquinone by NADH dehydro- 
genase: experiments in submitochondrial particles and in penta- 
ne-extracted mitochondria show that UQ-3 is reduced at similar 
rates using either NADH or succinate as substrates. The fact 
that reduced UQ-3 cannot be reoxidized when reduced by NADH but 
can be reoxidized when reduced by succinate may be explained by 
a compartmentation of ubiquinone. 

Using reduced ubiquinones as substrates of ubiquinol oxidase 
activity in intact mitochondria and in submitochondrial particles 
we found that ubiquinol-3 is oxidized at higher rates in submito- 
chondrial particles than in mitochondria. The initial rates of 
ubiquinol oxidation increased with increasing lengths of isopren- 
oid side chains in mitochondria, but decreased in submitochon- 
drial particles. These findings suggest that the site of oxid- 
ation of reduced ubiquinone is on the matrix side of the membra- 
ne; reduced ubiquinones may reach their oxidation site in mito- 
chondria only crossing the lipid bilayer: the rate of diffusion 
of ubiquinol-3 is presumably lower than that of ubiquinol-7 due 
to the differences in hydrophobicity of the two quinones. 

Introduction 

We have previously observed that NADH oxidation in pentane- 
extracted mitochondria is only restored by the ubiquinone (UQ) 
homologs having relatively long isoprenoid side chains, while 

all homologs have considerable activity in restoring succinate 
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oxidation (I, 2); we have then observed that the low ubiquinone 
homologs act as competitive inhibitors of NADH oxidation but not 
of succinate oxidation in non-extracted mitochondrial membranes 

(3). The reduction of cytochrome b by NADH in submitochondrial 
particles is slower in presence of UQ-2 while the reduction of 
cytochrome b by succinate is stimulated (4). The inhibition of 
NASH oxidation observed in our systems might be due to either 
of the following effects. 

a) The low homologs in the membrane are reduced by NADH de- 
hydrogenase less efficiently than the high homologs because the 
sites of interaction for UQ have steric or polarity differences 
in NADH dehydrogenase and in succinate dehydrogenase. 

b) The low homologs are reduced by NADH dehydrogenase but 
their reoxidation by the following redox acceptor in the chain 
is impaired. This possibility, involving the idea that UQ re- 
oxidation is impaired only when UQ has been previously reduced 
by NADH but not by succinate, has been proven correct. 

Materials and Methods 

Bovine heart mitochondria (BHM) and submitochondrial partic- 
les (SMP) have been prepared as described previously (3). Ubi- 
quinone-depleted mitochondria were prepared by pentane extract- 
ion after lyophilization according to szarkowska (5). NADH-UQ 
reductase activity was assayed by following the decrease in ab- 
sorbance of NADH at 340 nm; the activity was rotenone-sensitive 
in all systems tested. 

Succinate-UQ reductase was assayed by following the decrease 
in absorbance at 275 nm due to ubiquinone reduction, using an 
extinction coefficient doxmred of,?2.5 x IO3 r' cm". 

All assays were accomplished at room temperature (22OC). 
The reaction was initiated by adding the ubiquinone in ethanolic 
solution. Ubiquinol oxidase activity was assayed by measuring 
the O2 consumption polarographically with an oxygen electrode 
(YSI 5331 OXYGEN PROBE). 

The medium contained in a total volume of 3 ml: 200 mM suc- 
rose, 30 mM KCl, 8.3 mM Hepes, pH 6.8, 5 mM malonate and either 
SMP (0.65-0.70 mg of protein) or BHM (0.65-0.70 mg of protein); 
the low pH was chosen to prevent autoxidation. These assays 
were accomplished at different temperatures. The reaction was 
initiated by adding the particles after equilibration of the so- 
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Fig. 1. NADH-UQ reductase and succinate-UQ reductase in SMP. 
CI, NADH-UQ-1 reductase; r, NADH-IQ-3 reductase; 
W, succinate-UQ-I reductase; H, succinate-UQ-3 
reductase. The system contained in a total volume of 
3 ml: 0.25 M sucrose; 33 mM K-phosphate buffer, pH 6.8; 
0.16 mM NADH, SMP (0.345 mg protein), Antimycin A 1 pg. 

Fig. 2. NADH-UC)-3 reductase and succinate-UQ-3 reductase in 
pentane-extracted mitochondria. 
e, NADH-UQ-3 reductase; v, succinate UQ-3 re- 
ductase. Experimental details are reported in the le- 
gend of Fig. 1. 

lution with the ubiquinols previously added in ethanolic solu- 
tion (20-40 ~1 per assay). The activity was Antimycin A and KCN 
sensitive. 

Ubiquinols were prepared from the corresponding ubiquinones 
by the method of Rieske (6). Ubiquinones were kind gifts of 
Hoffman La Roche (Basel); Antimycin A was purchased from Sigma. 
Protein was determined with a Biuret method (7). 

Results and Discussion 

The rate of reduction of exogenous UQ-1 and UQ-3 in SMP is 
shown in Fig. 1. Using either NADH or succinate as substrates 
in incubation system, UQ-1 is a better acceptor than UQ-3; the 
latter however is reduced at comparable rates by NASH and suc- 
cinate; the rates are actually higher with NADH. 

Higher quinones could not be tested adequately as oxidants 
in this system, due to their low water solubility and subsequent 
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low incorporation into or interaction with the particles (cf. 8). 
Similar effects have been shown in pentane-extracted mitochon- 
dria, that are depleted of their endogenous ubiquinone (Fig.2). 

The rate of reduction of UQ-3 is higher using NADH than suc- 
cinate as electron donor and the reduction is rotenone-sensitive. 

It must therefore be concluded that UQ-3 is reduced by NADH 
through Complex I of the respiratory chain. The Km for UQ-3 of 
NADH-UQ reductase in pentane-extracted mitochondria was 43 m, 
in accordance with that in isolated Complex I, while the corres- 
ponding value for succinate-UQ reductase was 74 FM. 

These experiments allow to conclude that the second hypothe- 
sis postulated in the introduction is the correct one. 

The fact that UQ-3 reduced by NADH cannot be reoxidized by 
the cytochrome chain, whereas Up-3 reduced by succinate is re- 
oxidized is not of obvious explanation and may involve a sided- 

ness of UQ reduction and oxidation in the membrane. To test 

this possibility we have studied electron transfer using exogen- 
ous reduced ubiquinones of different chain lengths as substrates 
of ubiquinol oxidase in both BHM and SMP which have opposite po- 
larity: as is well known, SMP are inside-out and face the medium 
with the "matrix" side (M-side)(g). The results are shown in 
Table I. We can observe that ubiquinol-3 is a good substrate in 
SMP, but is oxidized at lower rates in BUM; on the other hand, 
ubiquinols-7 and -8, at similar concentrations, are oxidized at 
increasingly higher rates in BHM but not in SMP, where there is 
rather a decrease of oxidation rate with the longer quinols. 
Only at 15OC there was a lower activity for UQ-7 than for UQ-3 
in BUM; a decreased solubility of the long chain quinol could be 
responsible for the observed effect. The table also shows that 
the oxidation rate relative to W-3 taken as lOOf, increases with 
increasing chain length in BUM, but decreases in SMP. 

The relatively low rate of oxidation of ubiquinol-7 and -8 
in SMP might be due to the higher protein content of the inner 
face of the mitochondrial membrane (10) in comparison with the 
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outer face so that the more hydrophobic quinols cannot interact 
efficiently with the membrane lipids. 

In order to explain the difference among membranes of oppo- 
site sidedness we suggest that the side of oxidation of ubiquin- 
01 is near the M-side of the membrane, and therefore ubiquinol-7 
and -8 added to mitochondria reach the oxidation site by cross- 
ing the membrane lipids, whereas ubiquinol-3 moves in the hydro- 
phobic interior of the membrane at much lower rate. 

We suggest therefore that UC is reduced by NADH dehydrogen- 
ase at the cytoplasmic side and must cross the membrane to the 
M-side to be reoxidized by Complex III, whereas Up is reduced by 
succinate on the M-side and reoxidized on the same side (11). 

The rate of diffusion of reduced ubiquinones across lipid 

bilayers increases proportionally to the length of the isopren- 
oid chains (12), giving support to our view that reduced UQ-3 

cannot be oxidized in mitochondria because of its incapability 
to cross the membrane. 

We have confirmed this idea by spin label EPR experiments 
showing that oxidized UQ-3 (and both reduced and oxidized UQ-9) 
have a disordering effect on lipid bilayers, while reduced UQ-3 
has a pronounced ordering effect , suggesting its insertion in 
the bilayer with the quinol group bound to the polar heads of 
the phospholipids (13); an ordering effect of reduced quinones 
has been found by Cain et al . (14) by X-ray diffraction and by 
Chance et al - -0 (15) using the fluorescent probe 12 (9-antroyl) 

stearic acid. 
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