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The interaction of the exogenous quinones, duroquinone (DQ) and the decyl analogue of ublquinone (DB) 
with the mitochondrial respiratory chain was studied in both wild-type and a ubiquinone-deficient mutant of 
yeast. DQ can be reduced directly by NADH dehydrogenase, but cannot be reduced by succinate 
dehydrogenase in the absence of endogenous ubiquinone. The succinate-driven reduction of DQ can be 
stimulated by DB in a reaction inhibited 50% by antimycin and 70-80% by the combined use of antimycin 
and myxothiazol, suggesting that electron transfer occurs via the cytochrome b -c  t complex. Both DQ and 
DB can effectively mediate the reduction of cytochrome b by the primary dehydrogenases through center o, 
but their ability to mediate the reduction of cytochrome b through center i is negligible. Two reaction sites 
for ubiquinoi seem to be present at center o: one is independent of endogenous Q6 with a high reaction rate 
and a high Kin; the other is affected by endogenous Q6 and has a low reaction rate and a low K,,. By 
contrast, only one ubiquinol reaction site was observed at center i, where DB appem~ to compete with 
endogenous Q6. DB can oxidize moot of the pre-reduced cytochrome b, while DQ can oxidize only 50%. On 
the basis of these data, the possible binding patterns of DB on different Q-reaction sites and the 
requirement for ubiquinone in the continuous oxidation of DQH are discussed. 

Introduction 

The mechanism by which various quinones, 
including ubiquinone, plastoquinone and mena- 
quinone, as well as their homologues and ana- 
logues, interact with the energy-conserving elec- 

Abbreviations: DB and DBH2, oxidized and reduced forms of 
2,3-dimethoxy-5-methyl-6-n-decyl-l,4-benzoquinone; DQ and 
DQH2, oxidized and reduced forms of duroquinone; Q2 and 
Q6, ubiquinoaes containing side-chains with 2 and 6 isoprene 
units, respectively. 
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tron transfer chains of mitochondria, chloroplasts 
and bacteria has been the subject of several recent 
symposia [1]. Soon after the discovery of the natu- 
ral quinones, many homologues and analogues 
were synthesized and tested for their catalytic 
activity [2]. In a recent study [3], some analogues, 
such as ubiquinone-2 (Q2), the decyl analogue of 
ubiquinone (DB) and plastoquinone-2 were shown 
to be excellent substitutes for the natural quinones 
in restoring electron transfer activities, while other 
homologues and analogues with long saturated 
side-chains or with a larger number of conjugated 
double bonds were shown to be poor substrates 
[3]. Many analogues, especially those with a hy- 
droxy group at position 6 of the ring, have also 
been shown to act as inhibitors of enzyme activity 
[4]. The quinone-like inhibitors of electron trans- 
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fer include compounds such as rotenone [5], 
piericidin [6] ,  5-n-undecyl-6-hydroxy-4,7-di- 
oxobenzothiazole [7], and 2-alkyl-3-hydroxynaph- 
thoquinone [8]. Despite the interest in the ability 
of a given quinone to support electron flow or to 
restore phosphorylative activity [1], little attention 
has been directed to the effect of substitutions on 
the ring or changes in the side-chain on the mech- 
anism by which quinones react with the different 
specific quinone-reacting sites in the electron 
transport chain. 

Von Jagow and Bohrer [9] first reported that 
the reduction of duroquinone (DQ) by succinate 
in beef heart mitochondria was antimycin-sensi- 
tive, indicating the involvement of the cytochrome 
b-c~ complex in DQ reduction. This observation 
was confirmed by Chen et al. [10], who suggested 
that the reduction of DQ by succinate might occur 
through protein-protein interactions between suc- 
cinate: ubiquinone oxidoreductase and the cyto- 
chrome b-c a complex. Subsequently, we [11] ex- 
tended these studies in yeast mitochondria and 
concluded that succinate: ubiquinone oxidore- 
ductase interacts preferentially with center i of the 
cytochrome b-c 1 complex, while NADH: 
ubiquinone oxidoreductase interacts preferentially 
with center o using the terminology of the Q cycle 
[1]. Furthermore, endogenous Q6 was shown to be 
necessary for the reduction of DQ by succinate, 
but not required for the reduction of DQ by 
NADH. 

In the current study, we have used a 
ubiquinone-deficient strain of yeast [12] to demon- 
strate that the reduction of DQ by succinate in 
this strain can be restored by the addition of the 
decyl analogue of ubiquinone, DB. A kinetic anal- 
ysis of the DB-'catalyzed' reaction under various 
experimental conditions has permitted a descrip- 
tion of the binding of DB to the different 
ubiquinone-reactive sites in the electron transfer 
chain. In addition, the continuous oxidation of 
DQHz, previously shown to require endogenous 
ubiquinone [13,14], has been studied in these 
ubiquinone-deficient yeast mitochondria. It was 
observed that DQH 2 can be rapidly oxidized at 
center o in the absence of endogenous quinone, 
but that DQ cannot effectively oxidize cyto- 
chrome b through center i in the absence of 
ubiquinone. 

Experimental procedures 

Yeast strains and cell growth. The prototrophic 
strain, D273-10B and the coenzyme Q-deficient 
strain, E3-24 [15], were obtained from Dr. 
Alexander Tzagoloff. The cells were grown aerobi- 
cally at 30 °C in semi-synthetic medium [16] con- 
taining 3% galactose as carbon source and 
harvested at the late logarithmic phase of growth. 
Mitochondria obtained from strain E3-24 were 
shown to have no detectable coenzyme Q in spec- 
tra of ether/methanol extracts [17], which gener- 
ally can reveal the existence of less than 1% of the 
normal Q content. In addition, succinate: cyto- 
chrome-c reductase was completely absent in these 
mutants. The rest of the respiratory chain was 
unaffected in this mutant, as addition of certain Q 
analogues restored cytochrome-c reductase activ- 
ity to that of the wild type if grown to late 
log-phase, and hence completely derepressed. 

Preparation of mitochondria and submito- 
chondrial particles. The ceils were broken with 
glass beads (0.45-0.50 mm diameter) in a Dy- 
nomill, and mitochondria were prepared as 
described by Brown and Beattie [17] in a medium 
containing 0.65 M sorbitol/0.1 mM EDTA/10 
mM Tris-HCl (pH 6.5). The mitochondria were 
resuspended in the same medium to a concentra- 
tion of 2-3 mg/ml and stored at -20  °C prior to 
use. Submitochondrial particles were prepared in 
0.1 M potassium phosphate buffer (pH 7.5)/0.1 
mM EDTA according to Clejan et al. [18]. 

Unless otherwise stated, all enzymatic reactions 
were performed in 50 mM Tris-HCl buffer (pH 
7.4)/250 mM sucrose/1 mM EDTA using an 
Arninco-DW2C double-beam, dual-wavelength 
spectrophotometer thermostated at 25°C. The 
reduction of DQ and DB was monitored using the 
wavelength pair 272-290 nm. Cytochrome b 
reduction in the presence of antimycin or 
myxothiazol was monitored with the wavelength 
pair 431-443 nm for greater sensitivity. Under the 
latter conditions, the c-type and a-type cytochro- 
mes remain oxidized, and therefore do not inter- 
fere with the measurement of cytochrome b reduc- 
tion. Under the conditions, the contribution due 
to flavin reduction was negligible. The rates of 
cytochrome b reduction are presented as T~/2, 
which is the time required to reduce 50% of the 



reducible cytochrome b under saturating con- 
centrations of substrate. Semi-logarithmic plots of 
the data were used for these calculations. 

Antimycin and DQ were purchased from Sigma, 
myxothiazol from Boehringer Mannheim, and 
DQH 2 from Aldrich. Q2 (ubiquinone-2) was a 
generous gift from Hoffman LaRoche. All other 
chemicals were of the highest purity available. DB 
was prepared according to Margolis [19]. 

Results 

The reduction of duroquinone by succinate in Q-defi- 
cient mutant mitochondria stimulated by DB 

Previous studies have shown that the continu- 
ous oxidation of DQH 2 requires endogenous 
ubiquinone or the additon of ubiquinone homo- 
logues or analogues [13,14,20]. In order to in- 
vestigate further the effect of changes in the ring 
structure and side-chain of ubiquinol on its inter- 
action with the b-c a complex, the reduction of DQ 
by succinate was studied in Q-deficient mito- 
chondria. In these mitochondria, the reduction of 
DQ by succinate occurred very slowly unless Q2 
or DB was added. The reduction of DQ 'cata- 
lyzed' by DB was inhibited approx. 50% by anti- 
mycin, was insensitive to myxothiazol, and was 
inhibited 70-80% by antimycin plus myxothiazol, 
as was previously reported in pig heart 
mitochondria [10]. The antimycin- and myxothia- 
zol-insensitive activity increased with increasing 
concentrations of DB, suggesting that DB also 
reacts directly with succinate dehydrogenase to 
catalyze DQ reduction. Under these conditions, 
DB was reduced before DQ as indicated in Fig. 
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1A by the two straight lines representing the rate 
of reduction recorded at 272-290 nm. The initial 
rate is faster than the subsequent rate and the 
extent of reduction in the first phase is equivalent 
to the absorbance change observed during the 
reduction of DB alone (not shown). The traces in 
the second phase are straight for most of the 
reaction and the extent of reduction reached in 
this phase is proportional to the amount of DQ 
added (data not shown). 

Since antimycin and myxothiazol are inhibitors 
of the b-c] complex with extremely high affinity, 
their binding to the respective center, in fact, 
eliminates that center from further enzymatic ac- 
tivity. If the antimycin- and myxothiazol-sensitive 
reaction can be attributed to the catalytic DB 
bound to the corresponding centers, then the ap- 
parent K m and the lima X can be determined sep- 
arately under the following conditions: (1) DB 
alone (which is not affected by the inhibitors of 
the b-c~ complex); (2) the DB catalyzed reduction 
of DQ by succinate dehydrogenase (in the pres- 
ence of antimycin and myxothiazol); and (3) the 
reduction of DQ occurring through the antimycin- 
and myxothiazol-sensitive sites (i.e., center i and 
center o of the b-c 1 complex). These reactions all 
follow Michaelis-Menten kinetics (Fig. I B and 
1C), with the calculated values for K m and Vma x 

summarized in Table I. Identical results were ob- 
tained when these data were examined in Eadie- 
Hefstee plots. 

The data obtained suggest that the g m o f  DB 
at center i, the antimycin-sensitive site, is the 
lowest (0.15 #M), while the K m for DB at center 
o, the myxothiazol-sensitive site, is higher (0.76 

TABLE I 

g m AND VmL x FOR DB IN DB-STIMULATED REDUCTION OF DQ AND REDUCTION OF DB BY SUCCINATE 

Data were taken from Fig. 1B and C. 

Electron Conditions K m Vma x 
Acceptor (# M) (nmol Q /min  per mg) 

DQ No inhibitors 0.29 11.4 
Antimycin-sensitive portion 0.15 5.6 
Myxothiazol-sensitive portion 0.76 3.1 
Antimycin and myxothiazol 

insensitive portion 1.14 4.9 

DB No inhibitors 2.1 57.7 
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~tM). The K m for DB on succinate dehydrogenase 
for the reduction of DQ, determined in the pres- 
ence of myxothiazol and ant imycin,  is still greater 
(1.14 #M).  The K m for the reduct ion of DB itself 
by succinate dehydrogenase is the highest value 
measured (2.1 /JM). In  addit ion,  the reduct ion of 
DB by succinate was much faster than the DB- 
s t imulated reduct ion of DQ by succinate, possibly 
due to the higher mid-poin t  potent ia l  of DB. In  
agreement with previously publ ished results [9], 
an t imycin  inhibi ted 50% of the rate of DQ reduc- 
t ion with respect to Vm~ , (Table I). It should also 
be noted that, since the above parameters  were 
determined in the presence of 40 / iM DQ, the 
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Fig. 1. Determination of K m values for DB in DB-stimulated 
reduction of DQ by succinate. Submitochondrial particles from 
the Q-deficient mutant were suspended at a cytochrome c~ 
concentration of 0.019 ~M in the standard buffer. After 5 min 
incubation with 40/~M DQ and variable amounts of DB in the 
presence of 1.6 mM KCN, 2 mM succinate was added to start 
the reaction. (A) The reduction of DQ by succinate in the 
presence of 2.8/iM and 4 ~tM DB. (B) Determination of K m 
for DB under the following conditions: <3, control, no ad- 
ditions; O, the antimycin-sensitive portion; zx, the myxo- 
thiazol-sensitive portion; (I), the antimycin- and myxothiazol- 
insensitive portion (since myxothiazol alone has no inhibitory 
effect, this K m was calculated as the additional inhibition in 
the presence of antimycin). The reaction rate was taken from 
the second (slower) phase of the reduction traces illustrated in 
(A), which represents the reduction of DQ. (C) Determination 
of Krn for the reduction of DB itself. Data were taken from the 
first (faster) phase of the reduction traces illustrated in (A), 
which represents the reduction of DB. In calculating the specific 
activities, it was assumed that both DB and DQ have an 
absorption coefficient of 7 mM- z for their reduction at the 

wavelength pair 272-290 nm. 

actual K m values should be even lower (see be- 
low). 

On  the other hand,  exogenous N A D H  effec- 
tively reduced DQ without  the addi t ion  of DB 

[14]. The Km for DQ reduct ion by N A D H  was 
determined to be 105/~M (data not  shown). 

Quinone-mediated cytochrome b reduction through 
center o in Q-deficient mitochondria 

W i t hou t  e n d o g e n o u s  ub iqu inone ,  electron 
transfer from the dehydrogenases  to cytochrome b 
is very slow (Fig. 2A). In  the presence of anti-  
mycin,  the half- t ime of reduct ion was 190 s (see 
Fig. 4). Since no ub iqu inone  is present, electron 
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Fig. 2. DQ-mediated reduction of cytochrome b in the presence of antimycn. Q-deficient mitochondria (cytochrome c 1 concentra- 
tion, 0.013 t~M) were incubated with various concentrations of DQ for 2 rnin, and then 2 #M antimycin was added to induce the 
reduction of cytochrome b by endogenous substrate. No cytochrome b reduction was observed before the addition of antimycin. (A) 
Cytochrome b reduction in the presence of 2 ~M anticymin with (+ )  or without ( - )  8/~M DQ. (B) Semi-log plot of DQ reduction 
in the presence of three different concentrations of DQ, indicated on the figure. (C) Determination of g m for DQ. The reaction rate 

was obtained from the slope of the straight lines illustrated in (B). 

transfer must either occur via a direct interaction 
between the dehydrogenase and the b-c~ complex 
[21], or perhaps via a pathway involving super- 
oxide. 

The addition of DQ greatly increased the rate 
of cytochrome b reduction by endogenous sub- 
strate in the presence of antimycin (Fig. 2A). The 
semi-log plot of these data indicates that these 
reactions follow first-order kinetics (Fig. 2B) A 
plot of 1/V against 1/(DQ) produced a straight 
line from which an apparent K m of 1.5/~M and a 
Tt/2 of 4.9 s were calculated (Fig. 2C). Diffusion 
of DQ or antimycin into the membrane does not 
appear to be the rate-limiting step (longer incuba- 

tion with DQ before antimycin addition does not 
increase the rate; when DB is used, addition of 
antimycin leads to a higher rate of cytochrome b 
reduction). 

The DB-mediated reduction of cytochrome b 
was also studied in the Q-deficient mitochondria 
in the presence of succinate (Fig. 3A). The Kin, 

determined for DB under these conditions is 0.2 
/~M (Fig. 3B). In the previous section, we reported 
that the g m for DB at center o mediating DQ 
reduction was 0.76 #M. After correction for the 
competition of 40 /xM DQ present during these 
experiments, according to the formula K m - K  ° 
(1 +S2/Km2 ) where $2 and Kin2 stand for the 
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Fig. 3. DB-mediated reduction of cytochrome h by succinate in the presence of antimycin. Q-deficient mitochondria were suspended 
at a cytochrome c 1 concentration of 0.013/~M. After the addition of 2 mM succinate and various amounts of DB, antimycin (2 ~tM) 
was added to achieve the complete reduction of cytochrome b. In the absence of antimycin, the reduction level of cytochrome h 
increased very slowly. (A) Semi-log plot of cytochrome b reduction in the presence of four representative concentrations of DB. (B) 
Determination of K m for DB. The reduction rate was taken from the slope of the first phase of the biphasic reaction in the semi-log 

illustrated in (A). 

t o t a l  c o n c e n t r a t i o n  of  t he  c o m p e t i n g  s u b s t r a t e s  

a n d  the  K m for  t h a t  s u b s t r a t e ,  r e spec t ive ly ,  t h e  

s a m e  v a l u e  of  K m, 0 .20 p.M, is o b t a i n e d  for  D B.  

A t  low c o n c e n t r a t i o n s  o f  D B,  t he  r e d u c t i o n  o f  

c y t o c h r o m e  b was  a s ing le  f i r s t - o r d e r  r e a c t i o n ;  

h o w e v e r ,  i n c r e a s i n g  t h e  D B  c o n c e n t r a t i o n  to  0.8 

/~M r e s u l t e d  in a b i p h a s i c  r e d u c t i o n  p l u s  a reac-  

t i o n  w i t h  a l a r g e r  K m a n d  h i g h e r  Vma x ( F i g  3B). 
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Fig. 4. Cytochrome b reduction by DQH 2 in the presence of antimycin. Both Qt-containing (wild-type) and Q-deficient 
mitochondria were suspended at a cytoehrome c~ concentration of 0.013 ~M. 20 s after the addition of 2 ~M antimycin, various 
amounts of DQH 2 were added to reduce cytochrome b. (A) Rate of cytochrome b reduction expressed as Tl/2 as a function of 
DQH 2 concentration in wild type and Q-deficient mitoehondria. In all cases, the reduction rate was taken from the slope of the first 

phase of the biphasic rate. (B) Lineweaver-Burk plot of the data in (A). 



Quinone-rnediated cytochrome b reduction through 
center i in Q-deficient mitochondria 

The preceding results indicate that DQ and DB 
can effectively mediate the reduction of cy- 
tochrome b through center o; however, their ability 
to mediate cytochrome b reduction through center 
i is limited. In the presence of myxothiazol, no 
DQ-dependent cytochrome b reduction above the 
background rate was observed in the absence of 
exogenous Q analogues. After addition of DB or 
Q2, 20-30% of the total cytochrome b was re- 
duced. The rate of reduction, however, was still 
only 2-3% of that observed in the wild-type 
mitochondria. This result may reflect a very low 
D B H 2 / D B  ratio, since DBH 2 can reduce cy- 
tochrome b through center i as discussed later. 

Quinol-mediated cytochrome b reduction through 
center o in Q-deficient and wild-type mitochondria 

When D Q H  2 was added to the Q-deficient 
mitochondria, in the presence of antimycin, cy- 
tochrome b was reduced at a rate faster than that 
of the DQ-mediated reduction in the presence of 
endogenous substrates (Fig. 2A). A K m of 19/~M 
for DQH 2 at center o and a T1/2 of 1.2 s were 
calculated (Fig. 4). 

On the other hand, the reduction of cy- 
tochrome b by D Q H  2 in wild-type mitochondria 
does not follow a single-saturation curve (Fig. 4). 
The overall rate-concentration curves for wild type 
mitochondria consist of two single-saturation 
curves: one is identical to that observed in the 
Q-deficient mitochondria, while the other has a 
much higher affinity (0.36 ~tM) but a much lower 
rate (7"]/2 -- 11 s). These results suggest that there 
are possibly two reaction sites for D Q H  2 at center 
o: one is the same in both Q-deficient and wild- 
type mitochondria and is not affected by endoge- 
nous Q6, with a low affinity but high reaction 
velocity; the other is found only in wild-type 
mitochondria and thus is 'created'  by endogenous 
Q6, and has a high affinity for D Q H  2 but a high 
Twz (low reaction rate). In both wild-type and 
Q-deficient mitochondria, cytochrome b was re- 
duced in a single phase only when the concentra- 
tion of QH 2 was low. 

When DBH 2 was used as the substrate in the 
presence of antimycin, two values of K m and V,~  
were detected in Q-deficient mitochondria: 0.11 
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Fig. 5. Lineweaver-Burk plot of cytochrome b reduction by 
DBH 2 in the presence of antimycin. The experimental condi- 
tions were the same as in Fig. 4, except that DBH 2 replaced 

DQH2. 

~M, which is similar to the value 0.2 #M de- 
termined for DB, and 0.66 #M (Fig. 5). The TI/2 
was 2.7 s for the high-affinity site and 1.6 s for the 
low-affinity site. The latter value is close to the 
7"]/2 for the reduction of cytochrome b by D Q H  2. 

In wild-type mitochondria, however, there ap- 
pears to be a site with a very high affinity for 
DBH 2, the K m of which cannot be detected. The 
7"1/2 at this site was close to that of the high-affin- 
ity site in the Q-deficient mitochondria. At rela- 
tively high concentrations of DBH 2, the site with 
a K m of 0.66 #M and Tl/2 of 1.6 sec appeared, 
suggesting that the presence of endogenous Q6 
further increased the affinity of the low K m site, 
but had no effect on the high K m site. 

Quinol-mediated cytochrome b reduction through 
center i in Q-deficient and wild-type mitochondria 

When D Q H  2 was used to reduce cytochrome b 
in the Q-deficient mitochondria in the presence of 
myxothiazol, the rate of cytochrome b reduction 
increased linearly with DQH 2 concentration in a 
second-order reaction within the limits of detec- 
tion, and no binding was detected. (Fig. 6A). The 
rate constant was calculated to be 1.3 • 103 M -  ] • 
S-x if the initial rate of cytochrome b reduction 
was taken as the reaction rate. In the wild-type 
mitochondria, the reaction was still largely sec- 
ond-order (Fig. 6B). At low concentrations of 
D Q H  2, (less than 40 ~M) some binding ap- 
parently occurred. The rate constant calculated by 
the same method was 1 .8 .10 ] M -a • S - x  72-times 
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Fig. 6. Cytochrome b reduction by DQH 2 in the presence of myxothiazol. The experimental conditions were the same as in Fig. 4, 
except that 2 /~M myxothiazol replaced antimycin. Reduction rate, in terms of Tl/2, was obtained from semi-log plot (not shown). 

(A) Q-deficient mitochondria. (B) Q6-containing (wild-type) mitochondria. 

slower than that calculated for the Q-deficient 
mutant rnitochondria. This difference can be 
largely explained by the presence of a large pool 
of Q6 in the wild-type mitochondria (Q/c  I ratio 
of 32) which is in rapid redox equilibrium with 
cytochrome b through center i [22]. (Any electron 
transferred to cytochrome b through center o will 
be shared between b and the Q pool.) Since the 
apparent K m of cytochrome b 562 is very close to 
that of the Q pool [23], these two components are 
reduced together on a single pool. Therefore, the 
apparent rate of cytochrome b reduction would be 
64-times slower if the rate of electron transfer 
from DQH 2 to cytochrome b were the same in 
wild-type and Q-deficient mitochondria. 
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Fig. 7. Cytochrome b reduction by DBH 2 in the presence of 
myxothiazol. The experimental conditions were the same as in 

Fig. 6, except that DBH 2 replaced DQH 2. 

The reduction of cytochrome b in wild type 
mitochondria with different concentrations of 
DBH 2 follows saturation kinetics, with a calcu- 
lated K m of 1.2 ~M (Fig. 7). In the Q-mutant 
mitochondria, however, the K m is too low to 
measure. At any DBH 2 concentration producing a 
measurable reduction of cytochrome b, Ti/2 (3.7 
s) was constant and slightly lower than the 7"1/2 in 
the wild type (4.6 s) (Fig. 7a). This difference in 
K m indicates that Q6 acts as a competitor of 
DBH 2, i.e., DBH 2 and Q6 bind at the same 
reaction site. 
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Fig. 8. The oxidation of pre-reduced cytochrome b by DB and 
DQ. Q-deficient mitochondria were suspended at a cytochrome 
c 1 concentration of 0.013 /~M. The mitochondria were first 
reduced with 1.2/~M DQH 2 and then oxidized by the addition 
of 12 p.M DQ (a) or 0.4 /*M of DB (b). (c) Kinetics of 
cytochrome b reduction by succinate in the presence of 2 ~M 
myxothiazoi. DQ (12 ~M) was added to oxidize the previously 

reduced cytochrome b. 



The addition of DBH 2 or Q2H2 resulted in the 
rapid reduction of only about 50% of the total 
DQH2-reducible cytochrome b in both wild-type 
and Q-deficient mitochondria in the presence or 
absence of myxothiazol (data not shown). Ben- 
zohydroquinone, however, cannot reduce any cy- 
tochrome b. An interesting observation relevant to 
this phenomenon was that DB could oxidize most 
of the pre-reduced cytochrome b, whereas DQ 
could rapidly oxidize only 5070 of the pre-reduced 
cytochrome b (Fig. 8). 

Discussion 

Mitochondria isolated from the ubiquinone-de- 
ficient strain of yeast provide an excellent system 
to define the requirements and kinetic parameters 
for quinone in the mitochondrial respiratory chain. 
The data presented in this paper clearly show that 
not only the continuous oxidation of DQH 2 by 
the respiratory chain required ubiquinone, but 
also the reduction of DQ by succinate. Further- 
more, the data also suggest that the requirement 
for ubiquinone in this reaction depends largely on 
the involvement of the Q-reacting sites on the 
cytochrome b-c I complex. For example, the sub- 
strate-dependent inhibitor sensitivity [11] of DQ 
reduction (antimycin strongly inhibits succinate: 
DQ reductase, while myxothiazol  inhibits 
N A D H : D Q  reductase) suggests that the free 
DQH 2 formed by either NADH or succinate de- 
hydrogenase cannot be an effective electron donor 
to DQ on the b-c 1 complex, or there would be no 
substrate-dependent sensitivity to the antibiotics. 
It would thus appear that ubiquinone bound either 
to succinate: oxidoreductase or to the cytochrome 
b-c~ complex at either center i or center o acts as 
the major electron donor from the primary dehy- 
drogenases to the b-c  I complex. 

The first possibility is that only succinate : ubi- 
quinone oxidoreductase requires ubiquinone to ef- 
fectively reduce DQ on the b-c  I complex. If a 
dehydrogenase with a bound quinone were active, 
then an identical K m for DB would have been 
determined with or without the specific inhibitors. 
Apparently, this was not the case, as different K m 

values were observed. Perhaps the ubiquinone 
bound to center i or center o makes the difference. 
The concentration of DQ at these two centers 
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might be the rate-limiting factor, resulting in a 
faster and more effective collision between these 
centers and succinate : ubiquinone oxidoreductase. 
Thus, the measured K m values for DB in the 
presence of antimycin or myxothiazol would re- 
flect the binding parameters of DB to these two 
centers. Alternatively, perhaps succinate:ubiqui- 
none oxidoreductase alone requires ubiquinone, 
and perhaps the interaction between this dehydro- 
genase with center o or center i has changed the 
conformation of the Q reaction site, resulting in 
changes in the apparent K m values in the pres- 
ence of the inhibitors. 

A second major possibility is that only center o 
or i require ubiquinone, and that succinate dehy- 
drogenase itself does not require ubiquinone for 
the reduction of the DQ bound to the b-c~ com- 
plex. Under these circumstances, the measured 
K m for DB on these two centers would represent 
the binding properties of DB to these sites. The 
fact that NADH :ubiquinone oxidoreductase can 
reduce DQ on the b-c  1 complex without 
ubiquinone, however, makes this suggestion ap- 
pear less likely. 

The third possibility is that the interaction be- 
tween succinate:ubiquinone oxidoreductase with 
center o or i requires only one ubiquinone mole- 
cule to transfer electrons to DQ. It is irrelevant 
whether this ubiquinone molecule was originally 
bound to the Q reductase or to one of the sites on 
the b-c 1 complex. In any event, the measured Km 
values would reflect the binding of DB to these 
two centers but with the added involvement of 
succinate : ubiquinone oxidoreductase. It should be 
noted that all three possibilities discussed above 
for interpreting the role of ubiquinone in suc- 
cinate : DQ reductase involve the determination of 
a K m for DB at the two quinone binding sites on 
the cytochrome b-c~ complex. 

The results of the current study also clearly 
show that DQH 2. like DBH2, can be oxidized 
directly at center o. The reduction of cytochrome 
b through center 0 by DQH 2 in the presence of 
antimycin no longer required a direct interaction 
between the dehydrogenases and the b-c 1 corn: 
plex, as indicated by the higher K m for the DQH 2 
reduction of cytochrome b (19/.tM as compared to 
the K m of 1.5 #M for DQ). In addition, two 
different apparent binding sites for ubiquinol were 
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observed. One site with a K m of 19/~M for DQH 2 
and 0.66 ~tM for DBH 2 was observed in 
mitochondria obtained from coenzyme Q-deficient 
and wild-type yeast. A second K m for DBH 2 with 
a value of 0.11 ~M was also observed in the 
Q-deficient mitochondria, but this site in the 
wild-type mitochondria was apparently decreased 
to a value too low to be measured. A second Km, 
however, for DQH 2 was observed in wild-type 
mitochondria. These results suggest that only one 
K m (or apparent binding site) at center o is af- 
fected by the endogenous Q6 present in the b-c~ 
complex. Thus, exogenous ubiquinol analogues can 
interact at center o independently of the endoge- 
nous Q6 with a high reaction rate and a high K m 
at one site, and may also interact with the endoge- 
nous ubiquinone with a low reaction rate and a 
low K m through the other site. Since this endoge- 
nous Q6 mediates electron flow from DQH 2 to 
cytochrome b, it must interact directly with cyto- 
chrome b at center o (since antimycin is present). 

Several groups have suggested that the cyto- 
chrome b-c I complex functions as a dimer [23]. 
Hence, the two observed K m values may repre- 
sent the ubiquinone-reacting site on each mono- 
mer. Nalecz and Azzi [24] have reported the bi- 
phasic dependence on QH 2 concentration of 
ubiquinol-cytochrome-c reductase activity in the 
dimer of the b-c 1 complex but a linear dependence 
of QH 2 in the monomer. Perhaps the formation of 
a dimer results in a change in the conformation of 
each monomer leading to a change in the ubiquinol 
binding site. The existence of two different reac- 
tion sites for DQH 2 at center o also agrees with 
the double-cycle model of De Vries et al. [25] and 
their observation that in the presence of antimycin 
only half of the cytochrome c~ and iron sulfur 
clusters are rapidly reduced by DQH 2 [26]. 

On the other hand, no such multiplicity of 
reaction sites for QH 2 was observed at center i. 
This result could mean that at center i, there is 
either one single or two identical ubiquinone-re- 
acting sites. 

The results of the current study also indicate 
that DQ itself cannot be effectively reduced by the 
cytochrome b-cl complex, as exogenous DQ was 
able to oxidize only 50% of pre-reduced cyto- 
chrome b. Further, this observation provides an 
explanation for previous observations of DQH2 

that could not be continually oxidized by the 
cytochrome b-c 1 complex in the absence of 
ubiquinone. Under these circumstances, DQH2 
can be oxidized at both center o and center i 
during the first turnover in the absence of 
ubiquinone, and DQ itself can oxidize some cyto- 
chrome b. According to both the double-cycle 
model of DeVries et al. [25] or the single-cycle 
model of Crofts and Meinhardt [26], cytochrome b 
acts as a two-electron gate at center o. Reducing 
equivalents can leave center i only when two elec- 
trons are passed from cytochrome b to ubiquinone 
to form ubiquinol. DQ, either due to its lower 
mid-point potential or due to its inability to form 
a stable semiquinone at center i, or both, cannot 
operate at this center. Thus, DQ cannot sustain 
the continuous turnover of the cytochrome b-cl 

complex necessary for the Q cycle. 
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