
BIOCHIMICA ET BIOPHYSICA ACTA I 

BBA 46136 

REDUCTION OF MITOCHONDRIAL COMPONENTS BY 

DUROHYDRO QUINONE 

A L B E R T O  B O V E R I S ,  R E I K O  O S H I N O ,  M A R I A  E R E C I i ~ S K A  AND B R I T T O N  C H A N C E  

Johnson Research Foundation, University of Pennsylvania, Philadelphia, Pa. s 9 zo 4 (U.S.A.) 

(Received December  I s t h ,  197 o) 

SUMMARY 

I. Durohydroquinone /H2DQ) has been used to provide pulses of reducing 
equivalents to suspensions of pigeon heart mitochondria and submitochondrial 
particles. 

2. H2D Q oxidation in the presence of pentachlorophenol was 95 % sensitive 
to antimycin A and 99 % sensitive to cyanide. 

3- Pulses of I5 ° #M H2D Q produced reduction of cytochromes b (60-90 % of 
total absorption), fluorescent flavoprotein (25 % of total fluorescence) and pyridine 
nucleotide (60 % of total fluorescence). Reduction of the latter two components 
was mediated through reversed electron transfer and was energy dependent. 

4. Pulses of lO-3O/~M H2D Q brought about redox cycles of ubiquinone, cyto- 
chrome(s) b and absorbing flavoprotein (succinate dehydrogenase). Addition of 
antimycin A altered the kinetics of electron equilibration between ubiquinone 
and cytochrome(s) b. Antimycin A enhanced the efficiency of reduction of cyto- 
chrome(s) b and flavoprotein by 3-20 #M H~DQ, but diminished the efficiency 
of ubiquinone reduction under the same experimental conditions. In the absence 
of inhibitor, ubiquinone was quantitatively the most important acceptor for the 
electrons arising from H2D Q. In the presence of antimycin A, cytochrome(s) b 
was the most important acceptor for H2D Q. 

5. In the presence of antimycin A, ubiquinone did not show redox cycle 
changes synchronous with the redox cycles of flavoprotein and cytochromes b, 
and thus seem not to be an obligatory member for electron transfer in the main 
pathway from succinate dehydrogenase-cytochrome(s) b to oxygen. This anti- 
mycin A effect is interpreted as the result of a conformational change of cyto- 
chrome(s) b or an alteration of the hydrocarbon core of the membrane that ubi- 
quinone occupies. 

6. 1.2-15 #M additions of H2D Q to cyanide-blocked mitochondria or sub- 
mitochondrial particles brought about pulses of reducing equivalents which were 
distributed among the oxidized carriers according to the redox potential of these 
components. Cytochromes a + a3 and c, absorbing flavoprotein and ubiquinone 
titrated in the presence or absence of uncoupler, as homogeneous pools in a sequence 
according to their reported potential values. Cytochrome(s) b titrated in the absence 
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of uncoupler as a heterogeneous pool and in the presence of uncoupler as a homo- 
geneous pool in the latter case the absorbance reaching 5o % of the total. 

7. In the aerobic steady state (plus or minus  ATP) a pulse of 25o #M H~DQ 
reduces cytochromes b absorbing at 562 and 557 nm. The form absorbing at 557 
nm is postulated to be cytochrome bs~ ~. 

INTRODUCTION 

Since the electron transfer reactions of the respiratory chain involve both 
forward and reverse constants 1, it is highly desirable to s tudy their functional 
arrangements employing not only pulsed oxidants such as oxygen, but also pulsed 
reductants, which are the topic of this paper. While dihydrolipoalnide has proved 
to be an effective reductant for the first phosphorylation site 2, a specific and rapidly 
reacting reductant functioning between the rotenone and antimycin A sensitive 
sites is much needed for appropriate kinetic evaluation of the function of the res- 
piratory carriers in this span. In this paper, we report that  durohydroquinone 
(2,3,5,6-tetramethyl benzhydroquinol) fills the need of such a reductant.  The use 
of quinols as electron donors to the respiratory chain can be traced back as far 
as 1938 when KEILIN AND HARTREE 3 and STOTZ et al. 4 independently used p-benzo- 
quinol as a reductant for cytochromes c and a + a~. Since that  time, many quinols 
have been used as reductants for mitochondrial preparations; of these, menadiol ~ 
and the reduced homologues of ubiquinone 6,7 have received the most attention. 
Durohydroquinone has been used by SLATER et al. 5 and more recently by RUZICKA 
AND CRANE 7 as a reductant for submitochondrial particles. 

Durohydroquinone, H2DQ, has an appropriate redox potential (E' o at pH 
7.4, 19 mVS) to serve as reductant of this region of the respiratory chain. More 
importantly, it interacts very rapidly with mitochondrial membranes which enables 
the study of the response of respiratory chain components, including ubiquinone, 
to micromolar pulses of H2DQ. In tile present paper we have used pulses of this 
reductant to trace the electron pathway in the cytochrome(s) b-flavoprotein- 
ubiquinone region of the respiratory chain, both in uninhibited systems and in tile 
presence of the respiratory inhibitors, antimycin A or cyanide. By using reducing 
equivalents approximately equal to those of the respiratory components, the 
stoichiometry of tile reactions have been explored. This approach has also provided 
an indirect estimation of the redox potential when used in inhibited systems. 

M E T H O D S  

Pigeon heart mitochondria were prepared in 0.225 M mannitol 0.075 M 
sucrose-o.2 mM EDTA according to the method of CHANCE AND HAGIHARA 9. Rat  
liver mitochondria were prepared in mannitol-sucrose-EDTA buffer according 
to the procedure of SCHNEIDER TM. Submitochondrial particles were obtained from 
pigeon heart mitochondria by sonication 11. 

Respiratory chain components were measured with the Perkin-Elmer dual 
wavelength spectrophotometer Model No. 356 at the wavelength pairs indicated 
using the following difference extinction coefficients: flavoprotein, 475--51o nm 
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(IO mM-l.cm-1); cytochromes b, 562--575 nm (22 mM -1 cm-1) ;  cytochrome c, 
550--54 ° n m  (19 mM-l.cm-1); cytochrome a + aa, 605--630 nm (21 mM -1.cm-1). 
Ubiquinone was measured at 285 and 305 nm. ezss-305 reduced--oxidized was taken 
as --5 mM-l"cm-1 considering e275-300 r educed- -ox id ized- - - - io  mM-l .cm -1 
for ubiquinone in mitochondrial samples. The two wavelengths, 285 and 305 nm, 
were found to be isosbestic points of the H2DQ/D Q redox pair in water solution 
and under our experimental conditions. Traces recorded at 285 and 305 nm require 
correction for the immediate absorption increase due to the added H2D Q (2.1 
mM-l.cm-1). Absorption changes corresponding to ubiquinone reduction and 
oxidation can be recorded at 285--305 nm without interference from the duro- 
quinone redox changes. 

Simultaneous fluorescence and absorption flavoprotein measurements were 
carried out in a modified double beam spectrophotometer-differential fluorimeter 
in which the wavelengths used for absorbance measurement (463 and 54 ° n m )  
are also used to excite the fluorescence emission in the mitochondrial suspension 12. 
Simultaneous measurement of NADH and flavoprotein fluorescence and cyto- 
chromes b absorbance were performed by means of a three-channel alternating 
fluorimeter-speetrophotometer 13. 

Durohydroquinone (H2DQ) was prepared from duroquinone (DQ) (tetra- 
methylbenzoquinone, Aldrich Chem. Co.) in alcoholic solution by reduction with 
potassium borohydride, recrystallized and finally used a s 5 o  % alcoholic solution. 
Protein determination was carried out by the biuret reaction 14. Unless stated 
otherwise, the light path for spectrophotometric determinations was I cm and 
measurements were made at room temperature. 

RESULTS 

Durohydroquinone pulses in systems open to oxygen. Effect of antimycin A 
Durohydroquinone is rapidly oxidized by mitochondria as shown in Fig. i ;  

the oxygen consumption is roughly twice as fast as the oxygen uptake with succi- 
nate as substrate in the same experimental conditions. Addition of antimycin A 
inhibits respiration by 95 %, the remaining oxygen uptake (antimycin A leak) 
is further inhibited by cyanide. 

In order to determine spectrophotometrically the site of action of this 
quinol we have simultaneously recorded redox cycles of pyridine nucleotide, fluores- 
cent flavoprotein and cytochrome b produced by H2D Q, and we have studied 
the effect of inhibitors and uncouplers on these redox cycles (Fig. 2). Addition of 

260.u.M H=DQ 
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t o ~  PcP Lo --~1 1~3o~c 
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t 
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Fig. I. Oxygen uptake supported by tt2D Q in pigeon heart mitochondria (2.I mg/ml) suspended 
in mannitol-sucrose-Tris-HC1 buffer. Expt. 3357. PCP = pentaehlorophenol. 
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Fig. 2. S imu l t aneous  responses  of pyr id ine  nucleot ide  (PN), f luorescent  f lavoprote in  and  cyto-  
ch romes  b to H2D Q. Pigeon hea r t  m i tochondr i a  (2.7 m g  protein/ml)  su spended  in 0.225 M m a n -  
nitol,  0.075 M sucrose and  20 m M  Tris-HC1 (pH 7.4). Exp t .  3318. 

rotenone or pentachlorophenol (not shown) inhibits or abolishes the responses of 
pyridine nucleotide and fluorescent flavoprotein. The addition of antimycin A 
results in a characteristic fluorescence increase due to the excess of antibiotic 15. 
As a consequence of the respiratory inhibition, longer cycles of cytochrome(s) b 
are observed. From these data we can define the site of action of durohydroquinone 
as a high potential site (located between the rotenone- and the antimycin A-sensitive 
sites) which can reduce the low potential, highly fluorescent flavoprotein, lipoate 
dehydrogenase and pyridine nucleotide through reversed electron transfer. 

Low concentrations (IO-5O #M) of H2D Q produce redox cycles of a mainly 
absorbing flavoprotein (Fig. 3) that is identified as succinate dehydrogenase !E'  o 
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Fig. 3. Absorp t ion  and  fluorescence changes  of mi tochondr ia l  f lavoprote ins  by  H~I)Q pulses• 
Pigeon hea r t  m i tochondr i a  (2. 3 m g  prote in/ml)  su spended  in m a n n i t o l - s u c r o s e - T r i s - H C l  buffer. 
Exp t .  3324. 
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at pH 7.0 =--45 mVl~l- Under these experimental conditions, cytochromes 
a + a 3, c and c 1 are maintained in the oxidized form during the oxidation of H~DQ 
pulses and there is no optical interference from them. After addition of 45-I5O #M 
H2D Q lipoate dehydrogenase is also reduced. This phenomenon is shown in Fig. 3. 
Apparently, the oxidation of lO-5O /zM H~DQ does not provide the conditions 
required for the operation of the energy linked pathway for NAD + and lipoate 
dehydrogenase reduction. 

Under conditions in which the energy linked pathway does not operate, 
addition of 15 #M H~DQ produces reduction-oxidation cycles of ubiquinone, cyto- 
chrome(s) b and absorbing flavoprotein (succinate dehydrogenase) (Table I-A). 

T A B L E  I 

REDUCTION OF RESPIRATORY COMPONENTS BY H2D Q PULSES 

Pigeon  h e a r t  m i tochond r i a  (1.8-2.o mg/ml)  su spended  in 0.225 M mann i to l ,  o.o75 M sucrose,  
20 m M  Tris-HC1, p H  7.4. 

H2D Q A dditions (A) Stoichiometry of reduction 
Reduced component/added H2D Q (mole/mole) 

Ubiquinone Cytochrome(s) b Flavoprotein 

15 
15o 

3-20 
3-20 

i 5 - i o o  
3-20 

- -  0.30 O.Ol o.oi  
6/~M pen tach lo ropheno l  o.o25 o.ooi  o.ooi  
5 #M  a n t i m y c i n  A 0.05 0.30 o.o 7 
6 t,M pen tach lo ropheno l  

+ 5/*M a n t i m y c i n  A o.o 5 0.3 ° o,o8 

(B) H2D Q required for total reduction 
(nmoles of H2DQ/mg protein) 

5/zM a n t i m y c i n  A 4 ° 1.6 1.6 
6 #M pen tach lo ropheno l  

+ 5 /zM a n t i m y c i n  A 4 ° 2.0 1.6 

(C) H2D Q oxidation rate* 
(nmoles H2DQ/min per mg protein) 

- -  14o 13o 125 
5/~M a n t i m y c i n  A 200 16 24 

* Calcula ted  f rom the  plot  of t½ off of redox  cycles versus H2D Q concen t ra t ion  (see text) .  

From the ratio: (reduced component, calculated from the maximum height 
of the redox cycle)/(added H2DQ) it is evident that ubiquinone is quantitatively 
the most important acceptor of the electrons by a factor of 30 to I. In the uncoupled 
state, io times more reductant (15o /~M) is required to observe comparable redox 
cycles. The release of the respiratory control mechanism elicits a faster H~DQ 
oxidation (from 14o nmoles/min per mg in State 4 to 31o nmoles/min per mg in State 
3u) that keeps ubiquinone, cytochromeIs ) b and flavoprotein far more oxidized 
in the aerobic state (Table I-A). 

Antimycin A addition provides an inhibited system in which 3-20/~M H2D Q 
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are oxidized in IO-6O sec and where electrons reach oxygen through the antimycin 
A leak. The following changes are observed in the antimycin A-supplemented pre- 
paration as compared with the uninhibited mitochondria (Table I-A): (a) cvto- 
chrome(s) b are far more reduced and become quantitat ively the most important 
electron acceptors; (b) ubiquinone is less efficiently reduced; and (c) flavoprotein 
is more efficiently reduced. Effects (a) and (c) are consistent with the inhibition ot 
electron transfer between cytochrome(s) b and c 1 by antimycin A. 

Transients are very fast, thus, it seems that  the maximum reduction of each 
component after the reductant pulses reflects the kinetic properties of each com- 
ponent rather than an equilibrium state based on the redox potentials. 

Table I-B shows the H2D Q concentrations required to obtain a maximal 
reduction of these respiratory components in the presence of antimycin A. Cyto- 
chrome(s) b and succinate dehydrogenase are fully reduced at reductant levels 
(1.6-2,o nmoles/mg protein) which are lower than the ubiquinone content (5-7 
nmoles/mg protein) of pigeon heart mitochondria. This result shows that  the ubi- 
quinone pool is not equilibrated with cytochrome(s) b and succinate dehydrogenase 
under these experimental conditions. 

Table I-C shows values of H~DQ oxidation estimated from the t;,~ off TM (the 
interval from half reduction to half oxidation on the redox cycle expressed in 
seconds) observed on the redox cycles of ubiquinone, cytochrome(s) b and flax,()- 
protein after addition of H2D Q. A plot of the quinol concentrations used to produce 
the cycles (y-axis) versus the measured l~.~ off (x-axis) gives a straight line whose 
slope expresses the o o 5 .... o oxidation rate in ffM H2DQ per sec. Values obtained 
graphically by this procedure are converted to oxidation rates by dividing by 2 
(5 ° % oxidation to IOO % oxidation) and by referring them to the amount of mito- 
chondrial protein. When these calculations are applied to the redox cycles of ubi- 
quinone, cytochrome(s) b and flavoprotein observed in pigeon heart mitochondria 
in state 4, the obtained values (125-14o nmoles H2DQ/min per rag; Table I-C) 
correspond to the recorded respiration in state 4 (13o-14o natoms oxygen/min per 
mg). According to these observations the three components seem to undergo sinml- 
taneous redox changes. 

In the presence of antimycin A, the H2D Q oxidation rate calculated fnml 

I aM Aoti 
" 

Ubiquinone ,~ ~ ' - ~ [ ~  Reduction 
Reduction 1 ~ \ ~  5A ~ l  

2~uM H2DQ 14p.M HzDQ 

Fig. 4. Inhibition by ant imycin A of ubiquinone reduction by H2D Q pulses. The trace has been 
corrected for the increase in absorption at 285-3o5 nm due to H2D Q addition. Pigeon heart  
mitochondria (1.6 mg protein/nil) suspended in mannitol  sucrose Tris-HCl buffer. Light  path,  
5 mm. Expt. 3371. 

Fig. 5. Effect of ant imycin A on cytochrome b redox cycles by H2D Q pulses. Pigeon heart  mito- 
chondria (i.8 mg protein/ml) suspended in mannitol-sucrose-Tris-HC1 buffer. Expt.  337 o. 
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the redox cycles of cytochrome(s) b and flavoprotein (16 and 24 nmoles H2DQ/min 
per rag; Table I-C) correspond to the observed oxygen uptake (I 5 natoms oxygen/rain 
per rag). On the other hand, ubiquinone redox cycles give a value of H2D Q oxida- 
tion which is approx. 12 times greater than the recorded oxygen uptake. It  should 
be pointed out that  in this kind of calculation, a diminution in reduction rate is 
indistinguishable from an increase in oxidation rate. Since H2D Q oxidation rate in 
the steady state can not be greater than oxygen uptake, it is concluded that this 
discrepancy in t, A off is due to an inhibition of ubiquinone reduction by H2D Q 
in the presence of antimycin A. 

The inhibitory effect of antimycin A on the reduction kinetics of ubiquinone 
by H2D Q which is illustrated in Fig. 4 should be emphasized since the site of action 
of antimycin A is located between ubiquinone and oxygen iv, is. Fig. 5 shows, with 
comparative purposes the effect of the same inhibitor on the redox cycles of the 
cytochrome(s) b. 

High potential flavoprotein reduced by H2D Q 
The technique of isolation of portions of the flavoprotein chain by using in- 

hibitors that exclude an area of the chain and specific substrates that activate 
only a part of the flavoprotein has been successfully used by CHANCE and co- 
workerslZ,19, 2° to calculate the ratio of the observed fuorescence and absorption 
changes and thus to identify and characterize mitochondrial flavoproteins. Table 
II shows the absorption and fluorescence properties of the high potential flavo- 
protein reduced by H~DQ in rat liver mitochondria. In these studies, malate-  
glutamate and rotenone were added to reduce completely the highly fluorescent, 
low potential, lipoate dehydrogenasO ~. H2D Q reduced flavoproteins producing 
decreases in absorption and fluorescence with an F/A ratio of 4.1. On the other 
hand, the flavoprotein(s) reduced by succinate had a different F/A ratio, 5.6. 
H2D Q reduced in addition to the flavoprotein reduced by suceinate (succinate de- 
hydrogenase), a flavoprotein EE'o at pH 7.0 ------16o mVl~ l with low F/A ratio, 3.2. 

T A B L E  II  

HIGH POTENTIAL FLAVOPROTEINS REDUCED BY H , D Q  

Rat  liver mi tochondr ia  (2.6 mg/ml) preincubated 3 rain in 0.225 M mannitol ,  0.075 M sucrose, 
20 mM Tris-HC1 (pH 7-4), 7 #M pentachlorophenol ,  0.3 mM NaaAsO4, 0. 3 mM Na3AsO a and 
o. 3 mM malonate.  6 mM malate,  6 mM glutamate,  6 pM rotenone  and 4/~M ant imycin A were 
added before the reduc tan ts  listed in the table. 

Absorption Fluorescence F/A ratio Amount reduced 
( % ) (%) ( nmole s [mg protein) 

(a) 166 ttM H2D Q 1.6 6. 5 4.1 0.27 

0.86 4-9 5 .6 o.15 
0.82 2.8 3.2 o.14 

0.25 o o o.o 4 

2.4 ° 5.2 2.2 o.4I 

(b) 6.6 mM Succinate 
-~- 166/~M H2D Q 

(c) 6 mM Choline 
( ~  previous H ,DQ)  

(d) 13/~M Palmitoyl  carnit ine 
( ~  previous HzDQ) 
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Choline and palmitoyl carnitine brought about a similar flavoprotein reduction 
before or after addition of H2D Q (Table II) and thus choline dehydrogenase 21 or 
flavoproteins involved in fa t ty  acid oxidation 2° are not the cause of the difference 
in flavoprotein reduction by succinate or H2D Q. The possibility that the absorp- 
tion change which accounts for the bulk of the extra reduction obtained with H2D Q 
could be due to an interfering pigment (non-heine iron protein) is not excluded. 

H~DQ pulses in the cyanide-blocked system 
Fig. 6 shows a series of spectrophotometric traces obtained successively and 

mounted together to illustrate the behavior of the different respiratory carriers 
under the same experimental conditions. Cyanide addition to pigeon heart mito- 
chondria partially depleted of endogenous substrates brings about reduction of 
cytoehromes a + a 3 and c, but cytochrome b, flavoprotein and ubiquinone remain 
oxidized 22. The apparent flavoprotein reduction in Fig. 6 (absorption decrease at 
475 nm with respect to 51o nm) seems to be due to cytochrome c interference, as 
judged by similar kinetics and in good agreement with the oxidized--reduced 
absorption of cytochrome c at these wavelengths (Eox-rea 475--51o nm ~ 7.0 
mM-~.cm-~). Cytochrome c reduction also interferes with the ubiquinone trace 
(285--305 nm) due to an absorption increase at 305 nm near the &band peak of 
cytochrome c at 315 rim. 

Delivery of micromolar additions of H2DQ to cyanide inhibited mitochondria 
produces pulses of reducing equivalents which are distributed among the oxidized 
carriers according to the redox potential of these components if enough time is 
provided for equilibration. Under the experimental conditions illustrated in Fig. 6, 

, , L 1 I 

Cy*o~h,om~a, / d - - ~ - -  I f f f t t ~' ,,,,'b 
' Reduct,on /. . . .~ / , ~ ~., j r '  

Reduction | ~,/~,u ,/j "~ ~ ~ - - ~ ,  ~ f ~--~ i -4mM Succinote 
! 550-540nm ~ " ' [ / / | | I 4mM Glutamate 

Cytochrome c ¢ ~ " ~  / " " " "~'-~' ~ / I | - -  ~ - -  T ' 
0 0 ~  A Reduclion t ~ '  , 1.2 12 2.4 2~ 5.6 4 8  6.0p.M H2DQ 

,~ 285-305nm ~ "~'$'"--,,.~ - ~ I ~ - -  I I J 
- -  Ub'qu'none/ ) " ~ } 12 12 24 2.4 56 48  6.0~.MH2DQ Q005 A 
~" Reduction ~, . %  ~ ~ ,  I I I I _ l _ _ [ _ _ t  

I Flevoprotein ~ - ' 4 - - - - - - - - - ~  ~ ; ! 
O002A  Reduction i i ; I ~  4raM Succinote 

T 2mM KCN ~ I ~ ,~ I / . . "~. 

Fig. 0. Reduction of respiratory components  by H2D Q in pigeon heart  mitochondria  (1.8 mg 
protein/ml) supplemented with cyanide and suspended in manni to l -sucrose-Tr is -HCl  buffer. Each 
component  was recorded in a separate experiment  and mounted  in the same chart  paper. Ubi- 
quinone trace was corrected for the increase in absorpt ion at 285 --3o5 nm due to H2D Q addition. 
Expt .  3372. Fp. = flavoprotein. 
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successive additions are made at one minute intervals considered sufficiently large 
to reach the equilibrium. Cytochrome a + a n and cytoehrome c [E'o at pH 7.4, 
230 mV231 were fully reduced at 1.2 #M H2D Q (Figs. 5-7) indicating that they are 
the more electropositive components of the system. An amount of cytochrome(s) 
b, which was about 30 % of the total succinate-glutamate reducible absorption 
at 562--575 nm, was reduced almost simultaneously with cytochromes a + a n 
and c (Figs. 5-6) with a saturation level at 2. 4 /,M H2D Q. A further increase in 
cytochrome(s) b reduction was observed from 9 to 21 #M H2D Q. This 2-step titra- 
tion shows straightforward the heterogeneous nature of the cytochrome(s) b pool 
and suggests the existence of two different cytochrome(s) b with different potential 
values. 
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£ 
015- 

:k 
0- 

A 1.59" 
o 

o 

~ot06 
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72 144 216 
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-0 

v 

to3 = 
Lo 

Fig. 7. Titration of respiratory components by H2D Q in coupled state. Plot oI the experiment 
of Fig. 6. The plot for flavoprotein (FpA) was corrected according to cytochrome c interference. 
Expt.  3372. 

Ubiquinone was completely reduced at about i i  #M H2D Q. The increase 
in the reductant (8.6 #M) is close to the amount of reducible ubiquinone (approx. 
8 #M) in the mitochondrial sample. In other words, the stoichiometry of ubiquinone 
reduction by H2D Q is I to I under these conditions. The fact that no ubiquinone 
seems to be reduced until cytochromes a + a3 and c are fully reduced is explained 
by the difference (about 18o mV) in the potential of ubiquinone [E' o at pH 7.4, 
+ 40 mV241 and those of the cytochromes. 

Absorbing flavoprotein (succinate dehydrogenase) (E' o at pH 7.0, --4o mV TM) 
completed its reduction at 21 #M H2D Q. The HzD Q saturation values for ubiquinone 
and succinate dehydrogenase show that the potential of suecinate dehydrogenase 
is more negative than that of ubiquinone. 

At the end of the traces (Fig. 6) succinate-glutamate was added to assure a 
full reduction of the respiratory carriers. No additional reduction was observed 
in any components except cytochrome(s) b. The results obtained after succinate 
addition deserve some comments: firstly, the absence of flavoprotein reduction in- 
dicates that H2D Q had already fully reduced succinate dehydrogenase and, secondly, 
reduction of cytochrome(s) b after full reduction of succinate dehydrogenase shows 
that there is cytochrome b in pigeon heart mitochondria with a potential more 
negative than succinate dehydrogenase. 

Fig. 8 shows the titration profile in the presence of cyanide and the uncoupler 
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pentachlorophenol. Cytochromes a q - a  a and c were saturated at 1.2  /~M H2D Q 
with most of tile reduction supported by endogenous substrate before H2D Q 
addition. The amount of cytochrome c titrated in the uncoupled state is slightly 
smaller than in the absence of uncoupler. Absorbing flavoprotein and ubiquinone 
show a titration pattern similar to that recorded in the absence of uncoupler. 

An important difference to be noted is that cytochrome(s) b titrated as a 
homogeneous pool, showing a very different behavior in the absence (Figs. 6, 7) 
and in the presence of uncoupler (Fig. 8). The amount of cytochrome b reduced 
in the presence of uncoupler was significantly smaller than in the absence of 
uncoupler. 
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Fig. 8. Titration of respirator}, components by H2D Q in the uncoupled state. Experimental con- 
ditions as in Fig. 5 phts 6/ tM pentachlorophenol. The plot for flavoprotein (Fpa) was corrected 
according to cytochrome c interference. Expt. 3372. 

Fig. 9 shows another series of spectrophotometric traces that illustrate the 
reduction of the respiratory carriers of submitochondrial particles obtained from 
pigeon heart mitochondria. The preparation was supplemented with cyanide and 
antimycin A (at inhibitor concentrations producing maximal effect) and titrated 
with H2D Q. A trace at 27o--285 nm illustrates the redox state of the added quinol, 
27o nm is the absorption maximum of the oxidized form (DQ) and 285 nm is an 
isosbestie point for the pair H2DQ/D Q. The first H2D Q pulses are immediately 
oxidized, as is shown by the abrupt increase in the 27o--285 nm trace, and the 
reducing equivalents are distributed among the cytochromes. Cytochrome(s) b 
showed redox cycles after addition of 3-6 #M H2DQ, in which it is in a higly reduced 
state immediately ( E  I see) after addition of the reductant and is in an almost 
completely oxidized state after 2 min. Cytochromes a + a 3 and c were increas- 
ingly reduced by tile sequential delivery of H2D Q. These two effects, oxidation of 
cytochrome b and reduction of cytochromes a + a~ and c show that small pulses 
of reducing equivalents can be effectifely oxidized through the antimycin A leak. 
The slight cytochrome c oxidation observed after the second to fourth H2D Q pulses, 
accompanied by a decrease in the steady reduction level of cytochromes a 4- a 3, 

is accounted for by the cyanide leak. Artifacts at 285-305 nm and 475  51o nm 
producing an apparent ubiquinone and flavoprotein reduction are due to tile spectral 
contributions of interfering cytochromes, as discussed before. After the addition 
of tile two 15 ktM H2DQ pulses, ubiquinone and absorbing flavoprotein (succinate 
dehydrogenase) seem to undergo redox cycles, since steady reduction levels are 
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observed in the interfering cytochromes a + a a and c. Near the end of the experi- 
ment, succinate provided a continuous supply of reducing equivalents through 
succinate dehydrogenase which were distributed in the following way: (a) DQ was 
reduced at a rate of 8 nmoles/min per mg protein; and (b) ubiquinone, cytochrome(s) 
b and flavoprotein were fully reduced during the first minute; no further reduction 
was observed in cytochromes a ÷ a 8 and c. 
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Fig. 9. Reduc t i on  of resp i ra tory  c o m p o n e n t s  by  H2D Q pulses  and  by  succ ina te  in submi to -  
chondr ia l  par t ic les  f rom pigeon hea r t  m i tochondr i a  (I.7 m g  prote in/ml) .  Each  t race  was  ob ta ined  
from a sepa ra te  e x p e r i m e n t  and  recorded in the  same  cha r t  paper .  Ub iqu inone  t race  was corrected 
for t he  increase in absorp t ion  a t  285- -305  n m  due to H~DQ addi t ion.  For  ub iqu inone  and  duro-  
qu inone  de t e rmina t ions  the  l ight  p a t h  was 5 mm.  Exp t .  3382. 
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Cytochromes b reduction by H2DQ 
It was shown (Fig. 2) that the addition of 15o /zM H2D Q to pigeon heart 

mitochondria produces reduction cycles of cytochrome(s) b with simultaneous 
energy-linked reduction of fluorescent flavoprotein and pyridine nucleotide, which 
requires energization of the mitochondrial membranes. Fig. Io-A shows the spectral 
changes following addition of H2DQ to pigeon heart mitochondria supplemented 
with rotenone. In the steady state there is an increase in absorbance in the 55o-57 o 
nm region with a main peak at 562 nm and shoulders at 557 nm and 55o nm. The 
main peak at 562 nm corresponds to the absorption of cytochrome(s) b which is 
7o-9 o °o reduced under these conditions (ioo % reduction with dithionite). The 
shoulder at 55o nm is due to a small amount (lO-15 % of total) of cytochrome c 
reduced in the steady state. The cytochrome b absorbing at 557 nm at room tem- 
perature is identified as the formerly reported cytochrome b55 ~ (ref. 22). A sim- 
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Fig. IO. Reduc t ion  of cy toch romes  by  H~DQ in pigeon hea r t  mi tochondr ia .  Difference ( reduced- -  
oxidized) spec t ra  recorded du r ing  the  first m i n u t e  af ter  I-I~DQ addi t ion.  Pigeon hea r t  mi tochondr ia  
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a c i d - K O I - I  (pFI 6.8). Tempera tu re ,  8 °. Exp t .  4039. 

Fig. I I .  Oxida t ion  of cy toch rome  b by  DQ. Pigeon hea r t  m i tochondr i a  (I.8 m g  prote in /ml)  sus- 
pended  in manni to l - sucrose-Tr i s -EIC1 buffer. E a c h  t race was ob ta ined  f rom a separa te  expe r imen t  
and  recorded in the  s ame  cha r t  paper .  Po in t s  connec t ing  ub iqu inone  t race indicate  the  increase 
in absorp t ion  due to H e D Q  addi t ion.  L i gh t  pa th ,  5 ram. Exp t .  3346. 
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ilar spectrum was recorded after addition of H2D Q to mitochondria previously 
supplemented with ATP. 

DQ as oxidant 

Duroquinone can serve as electron acceptor in the cytochrome(s) b-flavo- 
protein-ubiquinone region of the respiratory chain as reported by RUZlCKA AND 
CRANE 7,25. Pigeon heart mitochondria supplemented with either malate-glutamate 
or succinate in the presence of antimycin A are not capable of reducing DQ at a 
measurable rate. The added quinone is kept in the oxidized form by a steady state 
with high oxidation and low reduction rates. Cyanide inhibits respiration by 99 % 
and DQ is reduced by malate-glutamate or succinate-glutamate at a rate of 
lO-15 nmoles/min per mg protein. 

Fig. i i  shows an oxidation-reduction cycle of cytochrome(s) b and H2D Q 
production supported by succinate. Addition of 23 /zM DQ oxidized 0.2 /~M cyto- 
chrome(s) b (o.oi mole cytochrome b/mole DQ) that corresponds to 1/3 of the total 
succinate-glutamate reducible cytochrome(s) b. Malonate addition produces a 
diminution in the availability of reducing equivalents by inhibition of succinate 
dehydrogenase. Already formed H2D Q is oxidized through the almost negligible 
cyanide leak (approx. I nmole O2/min per mg protein) as indicated by the up- 
wards slope in the 270--285 nm trace. A new addition of DQ produces a mixture of 
DQ and H2D Q at a ratio of about i to I which equilibrates with the respiratory 
carriers producing oxidation of cytochrome(s) b (o.I nmole/mg protein) but has no 
effect on the reduction level of ubiquinone. The changes in absorbance in the ubi- 
quinone trace (285-305 nm) correspond to the absorption of the added DQ at these 
wavelengths (Ec 285--305 n m =  2.1 mM-l.cm -1) and therefore there is no change 
in ubiquinone reduction level. 

DISCUSSION 

The oxygen uptake supported by H2D Q as substrate is greater than that sup- 
ported by succinate-glutamate in pigeon heart mitochondria. H2D Q interacts 
with the respiratory chain at a site located between the rotenone and the antimycin 
A sensitive sites. In the steady state, H2D Q produces reduction of cytochrome(s) 
b, absorbing flavoprotein and ubiquinone. Cytochrome c is slightly reduced in the 
steady state, its reduction and the reduction of cytochromes a + a3 are enhanced 
by addition of a terminal inhibitor. 

In the absence of inhibitors, H2D Q reduces the low potential, high fluorescent 
flavoprotein, lipoate dehydrogenase and pyridine nucleotide through energy-depen- 
dent reversed electron transfer. The capability of H2D Q to reduce pyridine nucleotide 
has been reported in a recent paper by RUZlCKA AND CRANE 7 in which H2D Q, 
among other quinols, showed the unique property of being an electron donor for the 
energy-linked reduction of NAD ÷. The capacity of H~DQ to generate energized states 
of the mitochondrial membranes is an aspect that should be pointed out. 

A new type of cytochrome b, cytochrome bT, has been recently proposed 
by WILSON AND DUTTON 26 and CHANCE et al. 2a as an energy transducer at the second 
phosphorylation site. SLATER et al. 27 have also postulated that a cytochrome of 
the b type, cytochrome bi, is involved in the energy conservation process at the 
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second phosphorylation site. In agreement with its capacity to generate energized 
states of the mitochondrial membranes, H2D Q was capable of reducing a form of 
cytochrome b absorbing at 557 nm. This cytochrome b with absorption at 557 nm 
at room temperature seems to be identical to the cytochrome b55.~ with maximal 
absorption at 555 nm at liquid nitrogen temperature formerly reported by CHA~,'CE 
AND SCHOENER 22 and can be related to the energy transducing cytochrome bT of 
WILSON AND DUTTON '~6 and CHANCE eL a~. 23. 

Titration data (Figs. 7, 8) show that in the cyanide inhibited system electrons 
are distributed among the oxidized respiratory components in such a way that 
the full reduction of each component is sequentially completed according to their 
redox potential. In other words, the absence of significant oxygen consumption 
defines a system in which the reduction level of the respiratory carriers closely 
approach a thermodynamic equilibrium. In this system, in the presence or absence 
of uncoupler, H2DQ titrated the respiratory carriers of pigeon heart mitochondria 
in the following order: cytochrome a + a 3, cytochrome c (E 0 = 23o mV), ubiquinone 
(Eo = 40 mV) and absorbing flavoprotein (succinate dehydrogenase, E 0 =- 45 m\.'). 
In the absence of uncoupler, cytochrome(s) b show a 2-step titration. This behavior 
could be related to the existence of two forms of cytochrome b with different 
potentials, one with a potential near the cytochrome c potential and the other one 
with a potential similar to succinate dehydrogenase. In the presence of uncoupler, 
cytochrome(s) b titrated as a homogeneous pool in a manner similar to ubiquinone. 
It seems that one explanation for these different titration patterns could be pro- 
vided by the potential change of cytochrome ba, reported by WILSON AND D~JTTON 26 
which, however, seems unlikely in the absence of energy source. 

The redox cycles recorded after addition of reductant in systems open to 
oxygen, such as uninhibited or antimycin A-supplemented preparations, are tran- 
sient states in which the extent of the reduction mainly depends on the kinetic 
constants of the system. These transient states must be considered from a thermo- 
dynamic point of view as non-equilibrium situations. 

Addition of antimycin A to mitochondrial preparations, besides the well- 
known inhibition of electron transfer between cytochromes b and Cl, produces 
an alteration in the kinetics of equilibrium between cytochrome(s) b and ubiquinone 
(Table I and Figs. 4, 5) that can be summarized by saying that the antibiotic alters 
the reactivity of either ubiquinone or cytochrome(s) b so that cytochrome(s) b is 
reduced more rapidly than the quinone. This result is difficult to reconcile with a 
linear sequence that includes both components, unless ubiquinone were postulated 
to be located on the oxygen side of the antimycin A block, an extremely unlikely 
possibility that seems to be eliminated by the oxygen pulse titration of the com- 
ponents on the oxygen side of the antimycin A block 28. The increase in the reduc- 
tion rate of cytochrome b in the presence of antimycin A as shown by CHAXCE 29 
in submitochondrial particles, could not be demonstrated in our experimental 
conditions utilizing intact mitochondria. A modification of cytochrome b potential 
by antimycin A could not be demonstrated by direct potentiometric titration 
(D. F. WILSON AND lV[. E. ERECII'~!SKA, unpublished results). Moreover, cytochrome 
c can be observed to be highly reduced when cytochrome b is almost completely 
oxidized (Fig. 9, second to fourth H2DQ pulses) in submitochondrial particles 
supplemented with antimycin A. This latter evidence is consistent with a cyto- 
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chrome(s) b potential, in the presence of anticmyin A, much lower than that of 
cytochrome c. 

We would like to advance the hypothesis that antimycin A combines with 
cytochrome~s) b 15 producing a conformational change of the cytochrome(s) a° and 
a modification of the hydrocarbon core of the membrane that ubiquinone occupies, 
so that it inhibits the ubiquinone reduction. 

The use of fast reducing equivalents pulses both in open and in blocked sys- 
tems seems to be a promising technique for studying the relationships between 
the members of the multienzyme respiratory chain. (a) The stoichiometry of the 
reduction of respiratory components by fast reducing pulses could be used to 
establish the kinetic parameters that govern the system; (b) the agreement in the 
time course of redox cycles produced by suitable electron donors could be used 
as a criterion to elucidate the involvement of components in sequential systems; 
and (c) concentrations of reductant necessary to complete the reduction of each 
component in a blocked system, in which enough time to reach equilibrium is 
provided, could serve as an indirect estimation of the redox potential of each com- 
ponent. As a particular case, H2D Q pulses have proved to be a useful tool to study 
the functional communication between the respiratory components in the span 
between the first and the second phosphorylation sites. 
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