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Potentiometric measurements have been performed on Complex III from bakers' yeast. The midpoint 
potentials for the b and c cytochromes were measured using room-temperature MCD and liquid-helium 
temperature EPR. A value of 270 mV was obtained for cytochrome ct, regardless of temperature, while the 
midpoint potentials found for the two species of cytochrome b varied with temperatures, viz., 62 and - 20 mV 
at room temperature (MCD) compared to 116 and - 4  mV at about 10 K (EPR). The midpoint potential of 
the iron-sulfur center obtained by low-temperature EPR was 286 inV. An abrupt conformational change 
occurred immediately after this center was fully reduced resulting in a change in EPR line shape. The 
potentials of the two half-reactions of ubiquinone were measured by following the semiquinone radical signal 
at 110 K and 23°C. Potentials of 176 and 51 mV were found at low temperature, while values of 200 and 110 
mV were observed at room temperature. The midpoint potential of cytochrome c I was found to be pH 
independent. The potentials of cytochrome b were also independent of pH when titrations were performed in 
deoxycbolate buffers, while a variation of - 3 0  mV per pH unit was observed for both cytochrome c species 
in taurocholate buffers. These two detergents also produced different MCD contributions of the two b 
cytochromes. A decrease in E m of greater than 300 mV was found in potentiometric measurements of 
cytochrome c I at high ratios of dye to Complex III. Antimycin does not affect the redox potentials of 
cytochrome c t but appears to induce a transition of the low-potential b heme to a high-potential species. This 
transition is mediated by uhiquinone. 

Introduction 

Complex III is an enzyme system located in the 
inner membrane of mitochondria, which contrib- 
utes fundamentally to electron transfer and energy 
transduction in this organelle. The potentiometric 
behavior of this complex has been characterized 

Abbreviations: Mes, 2-(N-morpholino)ethanesulfonic acid; 
Ada, 2-acctamidoiminodiacetic acid; Taps, 3-tris(hydroxy- 
methyl)methylaminopropanesulfonic acid; Ches, 2-(N-cyclo- 
hexylamino)ethanesulfonic acid; Bicine, N,N-bis(2-hydroxy- 
methyl)glycine; TMPD, N,N,N',N'-tetramethyl-p-phenylene- 
diamine; DCIP, 2,6-dichlorophenolindophenol. 
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while present in mitochondria and as purified pre- 
parations isolated from bovine heart [1,2], pigeon 
heart [3] and other sources (see, for reviews, Refs. 
2 and 4). A highly purified, enzymatically active 
Complex III preparation from yeast mitochondria 
has been available only recently [5], and the chem- 
ical composition, spectral properties and redox 
characteristics have been reported [5]. In particu- 
lar, optical and EPR measurements were used to 
monitor the changes in cytochrome b, cytochrome 
cl, iron-sulfur protein and ubiquinone radical dur- 
ing stoichiometric reductive titrations. 7.5 electron 
equivalents were required to reduce completely 
one equivalent of Complex III. This stoichiometry 
is only slightly larger than the value of 6.5 ex- 



350 

pected on the basis of the presumed complement 
of redox centers, and the extra equivalent was 
assumed to reduce the small amount of adventi- 
tious iron detected in the preparation. This result 
implies that there are no other important oxida- 
tion-reduction centers present in this yeast pre- 
paration. 

The redox centers in Complex III can be di- 
vided into two groups, components of high poten- 
tial, namely, cytochrome c~ and the iron-sulfur 
center and components of low potential, the cyto- 
chromes b and coenzyme Q. The relative redox 
potentials of these components estimated from the 
stoichiometric titration fell within the range of the 
values previously reported for the enzyme from 
bovine heart and other sources. 

As part of our program to characterize the 
internal electron-transfer sequence in Complex III, 
the absolute potentials of each redox component 
are needed. These are not simply obtained from a 
stoichiometric titration. Consequently, we have 
undertaken a potentiometric study of yeast Com- 
plex III and its isolated components. Our data 
includes room-temperature MCD potentiometric 
titrations on cytochrome b and c~; liquid-helium 
EPR potentiometric titrations on cytochromes b, 
c~ and the iron-sulfur center and liquid nitrogen 
and room-temperature EPR potentiometric titra- 
tion of ubiquinone. A number of parameters which 
might influence the potentiometric properties of 
each redox component were also investigated. 
These include the effect of temperature of observa- 
tion, variation in pH, detergent and mediator dyes 
and the presence and absence of the inhibitor, 
antimycin A. 

Materials and Methods 

Complex III was purified from bakers' yeast 
(Red Star) according to the procedure of Siedow et 
al. [5]. Preparations used for this work contained 
9-11 nmol cytochrome b/mg protein and reduced 
70 nmol cytochrome c/s per nmol cytochrome c~ 
in the activity assay described below. Coenzyme 
Q-depleted Complex III was prepared essentially 
as described by Szarkowska [6]. An aqueous sam- 
ple of Complex III was extracted five times with 
n-hexane, lyophilized to remove residual solvent, 
and redissolved in an appropriate buffer. Samples 

partially depleted of coenzyme Q were prepared 
following the same procedure but samples were 
removed after each extraction cycle. The coenzyme 
Q remaining in each sample was determined by 
subtracting the amount of coenzyme measured in 
the extracting solvent from the total coenzyme Q 
present in the original intact Complex III. The 
coenzyme Q concentration was determined as de- 
scribed by Szarkowska [6] using a different extinc- 
tion coefficient between the oxidized and reduced 
quinone species of 12.25 mM - l .  cm-1 at 275 nm. 

Cytochrome b was purified from Complex III 
by a procedure involving treatment with 3,4,5,6-te- 
trahydrophthalic anhydride followed by chro- 
matography on hydroxyapatite [7]. The purified 
cytochrome b had a heme content of 37 nmol 
b/mg protein. 

The zwitterionic buffers, Mes, Ada, Taps, Ches 
and Bicine were obtained from Sigma. Taurocho- 
late and cholic acid were purchased from Sigma; 
the latter was recrystallized from ethanol before 
use. Triton QS-30 was obtained from Rohm and 
Haas. Antimycin A (Sigma) was prepared as a 1 or 
10 mM solution in dimethyl sulfoxide. Other 
chemicals were reagent grade. 

Enzyme activity was obtained by mixing 50/~M 
ferricytochrome c, 10/xM 2,3-dimethoxy-5-methyl- 
6-pentylbenzohydroquinone in 0.1 M potassium 
phosphate, pH 7.4, containing 1 mM EDTA, and 
following reduction of cytochrome c spectrophoto- 
metrically after the addition of Complex III at 
25°C. 

Room-temperature MCD potentiometric titra- 
tions were performed either in a Brinkmann 5 ml 
glass titration vessel provided with a side arm to 
which a 1 cm light-path quartz cuvette was at- 
tached or, alternatively, in a custom-made glass 
titrator with a 1 cm light-path pyrex cuvette at- 
tached directly to the base, such that the potential 
could be monitored continuously during spectro- 
scopic measurements. The Brinkmann titration 
vessel was fitted with a hard-plastic top with 
standard taper holes for insertion of (i) the elec- 
trode, (ii) a stopcock for degassing and (iii) syr- 
inges containing either oxidant or reductant. The 
custom-made titrator has similar standard taper 
joints to mate with these accessories. A platinum 
Ag/AgC1 electrode (Metrohm, type EA 234) was 
used together with a digital voltmeter to indicate 



solution potential. This electrode was calibrated 
using saturated aqueous quinhydrone solutions at 
several pH values. The reaction mixture contained 
5/~M Complex III or coenzyme Q-depleted Com- 
plex III and, unless otherwise stated, 20/~M of the 
following dyes: p-aminophenol sulfate, TMPD, 
DCIP, 1,2-naphthoquinone, phenazine methosul- 
fate, methylene blue, indigotetrasulfonic acid and 
2-hydroxy-1,4-naphthoquinone. This reaction mix- 
ture was made anaerobic by using techniques pre- 
viously described by Beinert et al. [8]; repeated 
cycles of evacuation and equilibration with an 
atmosphere of argon were conducted before a 
titration was commenced. The potential was ad- 
justed using dithionite as reductant and dry air or 
ferricyanide as oxidant. Equilibration of the sys- 
tem usually required about 5 min after each addi- 
tion. The equilibrated solution was then trans- 
ferred to the quartz cuvette via the side arm on the 
Brinkmann titration vessel or used in place in the 
custom-made vessel. 

MCD spectra were obtained using a Jasco-500C 
spectropolarimeter equipped with an electromag- 
net and a Jasco DP-500 data processor for data 
accumulation and manipulation. The instruments 
were interfaced with a minicomputer for further 
data processing and presentation. A blank titra- 
tion in the absence of enzyme indicated that the 
mediator dyes did not make any contribution to 
the MCD signal in the wavelength range of inter- 
est. 

Liquid-helium temperature EPR potentiometric 
titrations were performed according to a proce- 
dure very similar to that of Dutton [9]. A 1 ml 
Brinkmann glass titration vessel was used and the 
titration was carried out with the vessel directly 
connected to the anaerobic train [8]. The reaction 
mixture contained 50/ tM Complex III and 20/xM 
of each of the eight dyes described above. Before 
initiating the anaerobiosis, the solution was ex- 
posed to air and 50-100 /~g bovine heart cyto- 
chrome oxidase were added in order to raise the 
starting potential above 350 mV; the apparatus 
was then closed and subjected to several cycles of 
evacuation and gas replacement. The titration was 
subsequently carried out exactly as described by 
Dutton [9] using a bent stainless-steel needle for 
initially flushing the EPR tubes with argon, trans- 
ferring sample aliquots from the titrator to EPR 
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tubes and flushing the top of EPR tubes before 
freezing the EPR sample in liquid nitrogen. EPR 
spectra were obtained using a Varian E-6 EPR 
which was interfaced with the laboratory data 
acquisition system for data storage and manipu- 
lation. The temperature was controlled by an Air 
Products' transfer system and a heater. 

The liquid-nitrogen temperature EPR potentio- 
metric titration for the coenzyme Q radical was 
carried out in much the same fashion except that 
cytochrome oxidase, p-aminophenol sulfate and 
TMP D  were omitted and the other dyes were 
present at a concentration of 20 /~M except for 
methylene blue which was reduced to 5/~M. 

Room-temperature EPR potentiometric titra- 
tion on Q radical was conducted in a 1 ml Brink- 
mann titration vessel, from which a standard taper 
side arm projected horizontally near the bottom. A 
sample transfer tube connected the side arm to a 
quartz flat cell positioned in the EPR cavity. The 
transfer tube was constructed of a 0.042 inch inner 
diameter polyethylene tubing with standard taper 
joints cemented to both ends for connection to 
titration vessel and the flat cell. The polyethylene 
tubing Was enclosed by a 3 /16 inch inner diameter 
piece of tygon tubing with 1/16 inch wall thick- 
ness. The annular space between the two tubes was 
constantly purged with nitrogen to minimize 
oxygen contamination of the sample. The whole 
titration system was previously flushed with N 2 for 
at least 20 min. The reaction mixture, which was 
the same as that described for liquid-nitrogen tem- 
perature EPR, was transferred between the titra- 
tion vessel and the EPR flat cell by positive nitro- 
gen pressure either on the end of the flat cell 
opposite the sample transfer tube or on the titra- 
tion vessel. 

Data analysis 
In MCD titrations, the redox state of cyto- 

chrome c a was followed using the change in ampli- 
tude of the peak at 548.5 nm relative to the 553.5 
nm trough, while the redox state of cytochrome b 
was monitored using the amplitude of 561.5 nm 
trough. The data ~for cytochrome c~ yielded a 
linear Nernst logarithmic plot and the midpoint 
potential was obtained directly from the graph. 
For  cytochrome b, the Nernst plots were biphasic 
and the midpoint potentials of the two compo- 
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nents were obtained by extrapolation of the theo- 
retical n = 1 line from each arm of the titration 
curve to the horizontal line drawn at 50% reduc- 
tion (as illustrated in Fig. 2). 

The reduction of iron-sulfur center was 
monitred by the intensity of the g 1.89 EPR signal 
recorded at liquid-helium temperatures. The re- 
duction of each cytochrome was quantitated by 
locating empirically the experimental spectrum 
which led to the best line shape of each species as 
judged by visual examination of difference spectra 
displayed on a graphics monitor. Difference EPR 
spectra calculated relative to this reference were 
required to exhibit a systematic decrease in EPR 
amplitudes as the potential was reduced. This pro- 
cedure facilitated correction of the EPR contribu- 
tion of each cytochrome for overlap from the other 
components present. The midpoint potential of 
each cytochrome was obtained by the same method 
as described in MCD potentiometric titration. 
Oxidized cytochrome c 1 was quantitated using the 
amplitude of the g 3.49 EPR signal, and the high- 
and low-potential species of oxidized cytochrome 
b were quantified using the EPR intensity at g 3.60 
and g 3.76, respectively. 

The quantitation of coenzyme Q radical at both 
ambient and liquid-nitrogen temperature was done 
using the g 2.0 radical signal after correction for 
the contribution from the mediator dyes; this con- 
tribution was obtained in a separate experiment 
from a reaction mixture containing dyes alone at 
the same potential. The midpoint potential values 
for the two half-reactions: Q /QH"  and Q H ' / Q H  2 
were obtained by fitting the data to the following 
equation: 

[SQ] = (1 + 10 ( E - E D / 5 9  + lO ( E 2 - E ) / 5 9 )  - O) 

where [SQ] indicates the fraction of the maximum 
radical signal relative to the total coenzyme Q 
present in the original Complex III. E1 and E 2 a r e  

the midpoint potential values for the two half-re- 
actions, Q/QH" and QH' /QH2,  respectively. The 
absolute spin concentration was determined from 
double integral which was then compared with 
that of a cupric sulfate standard at liquid-nitrogen 
temperature or a standard solution of potassium 
nitrosodisulfonate at room temperature. 

Results 

MCD characteristics of Complex III 
The MCD spectra of yeast Complex III be- 

tween 530 and 590 nm at different redox states are 
shown in Fig. 1. The spectrum of the oxidized 
enzyme is extremely weak with a peak at 550 nm, 
a trough at 570 nm and a crossover at 559 nm. 
Ascorbate-reduced Complex III has intense ex- 
trema at 548.5 and 553 nm and a crossover at 551 
nm. The difference spectrum of ascorbate-reduced 
Complex III minus oxidized Complex III is essen- 
tially that of reduced cytochrome c I (data not 
shown) and because of the small intensity of the 
oxidized complex it is very similar to the absolute 
spectrum of the ascorbate-reduced sample. The 
MCD spectrum of the dithionite-reduced complex 
exhibits additional intense features due to the for- 
mation of reduced cytochrome b. The difference 
spectrum of dithionite-reduced minus ascorbate- 
reduced Complex III has a peak at 556.5 nm, a 
trough at 562 nm and a crossover at 559 nm. 
These extrema are very close to the corresponding 
values for purified reduced cytochrome b [7]. The 
MCD spectra of cytochrome b closely resemble 
those of submitochondrial particles isolated from 
bovine heart [10]. The calculated MCD intensities 
per protoheme are 197 (M.  c m - T )  - l  at 556 nm 
and - 2 6 2  (M.  cm.  T)-1 at 562 nm for the com- 
plexed cytochrome b; these are higher than the 
corresponding values of 160 and - 1 9 0  (M.  cm- 
T)- I for purified cytochrome b. The shape and the 
large intensities of these spectra arise from A-terms 
and are typical of low-spin reduced protohemes 
[10]. The difference spectra of the dithionite-re- 
duced minus ascorbate-reduced samples and the 
dithionite-reduced minus oxidized Complex III are 
identical above 557.5 nm. Importantly, the trough 
at 562 nm has the same amplitude in these two 
derivatives; this feature is attributable to cyto- 
chrome b alone. The Sorer MCD of oxidized, 
ascorbate-reduced and dithionite-reduced Com- 
plex III do not have exclusive features to b and c~ 
cytochromes, instead, the spectral contributions of 
cytochrome b and c~ to the Soret MCD have 
significant overlap with each other. 

Because of the large MCD intensities for both 
cytochrome b and c I and the well separated redox 
potentials of these species, we were able to per- 
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Fig. 1. Absolute (a) and different (b) MCD spectra of Complex III. The sample contained 3.9 yM cytochrome c~, 8.3 #M cytochrome 
b and was solubilized in 0.1 M potassium phosphate, pH 7.4, containing 0.1% deoxycholate and 0.1% Triton QS-30. The absolute 
spectra of ascorbate-reduced and dithionite-reduced sample were recorded after the addition of solid sodium ascorbate and sodium 
dithionite, respectively. The difference spectra were obtained from their absolute spectra by arithmetic subtraction using the 
laboratory data system. 

form MCD potentiometric titrations with a rela- 
tively small amount of material. However, the 
intense dye absorbance precludes a direct com- 
parison of the MCD and absorbance techniques. 
We therefore evaluated the MCD approach by 
comparing MCD and optical data during a 
stoichiometric titration following the MCD inten- 
sities at 562 and 548-553 nm and the absorbance 
changes at 561.5 and 553.5 nm for the b and c~ 
cytochromes, respectively. The two sets of mea- 
surements were in excellent agreement. 

Room-temperature MCD potentiometric titrations 
Since the highly colored mediator dyes make no 

contribution to the MCD spectrum in this wave- 
length range, it was possible to use a relatively 
large number of dyes to cover satisfactorily the 
wide potential span necessary to observe the 
oxidation-reduction of both cytochrome [12]. In 
these experiments, eight mediator dyes were used, 

including the three classes of dyes described by 
Walz [13]. It should also be noted that, in contrast 
to the absorbance properties, the MCD character- 
istics of the b and c cytochromes do not overlap. 

A typical log-plot of data from an MCD 
potentiometric titration of Complex III is shown 
in Fig. 2. Cytochrome c~ behaves as a simple one- 
electron carrier with a midpoint potential at room 
temperature of 270 mV; however, the MCD 
parameter characteristic of the b cytochrome(s) 
exibits the well known nonlinear behavior which 
can, in this instance, be analyzed as the sum of 
two one-electron redox processes. This nonlinear- 
ity can be seen clearly when titrations are carried 
out in either taurocholate-containing or de- 
oxycholate-containing buffer. The derived mid- 
point potentials for the two b cytochromes are 62 
and - 2 0  mV in deoxycholate buffers; however, in 
taurocholate both potentials are significantly more 
positive, 98 and 40 mV, respectively. 
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Fig. 2. Room-temperature MCD potentiometric titrations of 
Complex III. The titrations were performed at 23°C on 0.1 M 
potassium phosphate, pH 7.4, containing 1 mM EDTA, 0.1% 
Triton QS-30 and either 0.1% tauroeholate (O) or deoxycholate 
(11) buffer. 5 #M Complex III and 20 #M dyes were present in 
the reaction mixture. The reduction of cytochrome c I (data at 
left) was monitored by a change in the difference between the 
MCD intensities at 548.5 and 553 nm; and the concentration of 
reduced cytochrome b (data at right) obtained from the MCD 
intensity at 562 rim. The midpoint potential was obtained by 
determining the intersection of the theoretical n = 1 lines of the 
two side arms of the titration curve with the horizontal line 
drawn at 50% reduction (([reduced form]/[oxidized form]) = 0). 

Dye artefact observed in potentiometric titrations 
M C D  potent iometr ic  tritrations were carried 

out  at p H  7.4 using ratios of  mediator  dye to 
enzyme complex which varied f rom 2 to 25. When  
this ratio was less than 10 the midpoint  potential  
of  cy tochrome cl was found to be 270 mV. How- 
ever, on increasing the ratio above 10 the midpoint  
potential  decreased markedly and at a ratio of  25 
the potential  of cy tochrome c~ was found to be 
- 4 0  mV. This amounts  to a decrease of  over 300 
mV (Fig. 3) in response to a modest  variation in 
relative dye concentrat ion.  Consecutive additions 
of  each of  the eight dyes at a d y e / c y t o c h r o m e  c I 
ratio of  2 0 : 1  to a solution containing ascorbate- 
reduced Complex I I I  led to a stepwise disap- 
pearance of  the M C D  signal of  reduced cyto- 
chrome c 1 implying oxidation of  reduced cyto- 
chrome c~ by the dye additions. Subsequent addi- 
t ion of  excess ascorbate did not  restore the original 
reduced cy tochrome c~ M C D  signal, consistent 
with the midpoint  potential  of  cy tochrome c~ being 
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• C y t  b L 
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Midpoint Potential,mV 

Fig. 3. The effect of the ratio of dye to protein on the midpoint 
potentials of the components of Complex III. All titrations 
were carried out at pH 7.4, in 0.1 M potassium phosphate, 0.1% 
deoxycholate, 0.1% Triton QS-30 and 1 mM EDTA at 23°C, 
2.5 #M or 5.0 #M Complex III was used in each titration. 

more  negative in the presence of  concentrated 
dyes. This dye effect does not seem to be specific 
for any part icular  dye used, a simple additive 
effect being apparent.  The b cytochromes,  how- 
ever, do not  exhibit this sensitivity to the mediator  
dyes, at least in the concentrat ion range that we 
have studied. Consequently,  all titrations were per- 
formed using a d y e / c y t o c h r o m e  c L ratio of  less 
than 10, a condit ion which results in a traditional 
value for the cy tochrome c L potential  [4]. As an 
addit ional control,  a titration was performed using 
the following alternative set of dyes (dye / cy -  
tochrome c~ = 7 : 1): quinhydrone,  duroquinone,  
1,2-naphthoquinone,  thionine, methylene blue, 
2 , 5 - d i h y d r o x y - l , 4 - b e n z o q u i n o n e  and  indigo-  
carmine. The midpoint  potentials for both  c 1 and b 
cytochromes  obtained using this alternative system 
were similar to the values obtained using the origi- 
nal dye combinat ion  at the low dye /p ro t e in  ratios. 

Low-temperature EPR potentiometric titrations 
Unfortunately,  we were not  able to identify any 

feature in the C D  spectrum of Complex I I I  that 
we could attr ibute to the [2Fe-2S] cluster, even 
though such iron-sulfur clusters typically have in- 
tense and characteristic C D  [35,42]. Consequently,  
we were unable to obtain data  on this component  
at room temperature. Thus, a series of  potentio- 
metric titrations were evaluated at liquid-helium 
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Fig. 4. Liquid-helium EPR potentiometric titration at pH 7.4. 
The measurements were made in 0.1 M potassium phosphate, 
0.1% deoxycholate, 0.1% Triton QS-30 and 1 mM EDTA. 60 
/~M Complex III and 20/~M dyes were present in the reaction 
mixture. The midpoint potential values of the cytochromes and 
the iron-sulfur center were obtained by following the amplitude 
change of the corresponding EPR signals as a function of 
applied potential. The g values of the EPR signals arising from 
different redox centers are: iron-sulfur center, 1.89; cytochrome 
cl, 3.49; high-potential cytochrome b, 3.60; low-potential cyto- 
chrome b, 3.76. The EPR conditions were: modulation ampli- 
tude, 20 G; microwave power, 0.1 mW for iron-sulfur center 
and 40 mW for the cytochromes; microwave frequency, 9.238 
GHz; temperature, 11.8 K for the iron-sulfur center and 8.7 K 
for the cytochromes. 

temperature using EPR spectroscopy to follow the 
signals of the reduced iron-sulfur center and of the 
three oxidized cytochromes; this latter data pro- 
vide a connection with the results obtained at 
room temperature. This redox center exhibits a 
potentiometric behavior typical of a one-electron 
carrier and the midpoint potential of the iron-sulfur 
center was found to be 286 mV (Fig. 4). The 
midpoint potential of cytochrome c 1 deduced from 
the low-temperature data, 270 mV, is precisely 
that obtained at room temperature (Fig. 2), and 
the difference of 16 mV between the midpoint 
potentials of iron-sulfur cluster and cytochrome cl 
agrees reasonably well with the estimate of 30-40 
mV obtained from combined optical and EPR 
stoichiometric titrations [5]. However the midpoint 
potentials of the b cytochromes obtained at 12 K 
are clearly diffrent from the values obtained at 
296 K; the value of 62 mV found for the high- 
potential cytochrome b in deoxycholate buffer in- 
creases to 116 mV at cryogenic temperatures while 
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the value of the low-potential cytochrome b is 
increased only slightly, from - 2 0  to - 4  inV. This 
difference in potential measurements obtained at 
the two temperatures can be explained in part  by 
the difficulty in determining unambiguously the 
EPR contribution of the two b cytochromes from 
their highly overlapped EPR signals; however, the 
potential shift of the high-potential b cytochrome 
is too large to attribute to analytical error and 
demonstrates that the temperature differential of 
the spectroscopic measurements leads to electron 
redistribution. 

The conformational change of the iron-sulfur 
center reported previously [5] was observed to 
occur in a potential range of approx. 210-220 mV, 
immediately following the reduction of cyto- 
chrome c I and the iron-sulfur cluster. It thus ap- 
pears that this change of the iron-sulfur cluster is 
not a secondary result of changes in the redox 
state of the b cytochromes as previously suggested 
[5,34], since these components are still oxidized at 
the completion of the EPR transition. De Vries et 
al. [16] found the shape change of Rieske iron- 
sulfur center of bovine heart Complex III  to end at 
40-60 mV (pH 7.2), yet they also demonstrated 
that this change in line shape is unrelated to the 
redox behavior of cytochrome b-562. In our ex- 
periments the change in spectral shape occurs over 
a potential span of less than 30 mV; this abrupt 
behavior is inconsistent with the presence of two 
iron-sulfur centers with different midpoint poten- 
tials [ 15]. 

The potentiometric properties of coenzyme Q 
The determination of potentiometric behavior 

of coenzyme Q was complicated by the presence of 
an EPR signal generated by the semiquinone forms 
of the mediator dyes which have EPR parameters 
similar to those of the Q radical. The EPR spec- 
t rum of the coenzyme Q radical obtained at 
liquid-nitrogen temperature exhibits a line width 
of 9 G (peak to trough) (Fig. 6a) and exhibits 
nonhomogeneous power saturation at about 0.1 
mW. The contribution of the mediators was mini- 
mized by judicious selection of dyes and by keep- 
ing the dye concentration as low as was consistent 
with acceptable equilibration. By these means the 
total contribution of the dye signal was kept to a 
few percent of the size of the coenzyme Q radical 
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Fig. 5. Liquid-nitrogen temperature (a) and room-temperature 
(b) EPR potentiometric titration of coenzyme Q radical. (a) 40 
/~M Complex III and 20 /LM of DCIP, 1,2-naphthoquinone, 
phenazine methosulfate, indigotetrasulfonic acid and 5/~M 
methylene blue were present in 0.1 M potassium phosphate, pH 
7.4, containing 0.1% deoxycholate, 0.1% Triton QS-30. The 
EPR spectra of coenzyme Q radical were recorded through the 
whole titration after each addition of reductant or oxidant. The 
g 2.0 signal amplitude was corrected for the dye contribution 
and normalized against total coenzyme Q concentration. This 
correction assumes that the presence of the enzyme did not 
modify the potentials of the dyes present. The midpoint poten- 
tials for the two half-reactions were calculated according to a 
least-squares fit to Eqn. 1 as described in Data analysis. The 
EPR conditions were: modulation amplitude, 10 G; microwave 
power, 0.1 mW; microwave frequency, 9.238 GHz; tempera- 
ture, 110 K. (b) The reaction mixture was the same as in a 
except that 0.1 M Taps was used in the experiments performed 
at pH 8.5. The EPR conditions were: modulation amplitude, 
10 G; microwave power, 20 roW; microwave frequency, 9.505 
GHz; temperature, 296 K. 

at all but the lowest concentration of this semi- 
quinone. Fig. 5a shows a titration profile of Q 
semiquinone measured at liquid-nitrogen tempera- 

ture. The maximum radical concentration was 
found to be only 5% of the total coenzyme Q 
present; this corresponds to a stability constant 
([QH'] 2([Q][QH2 ])) of 1.1 • 10- 2 assuming that the 
coenzyme Q present in Complex III is homoge- 
neous. However, if the Q radicals arise from a pool 
of Q which is equimolar with cytochrome c~, then 
the stability constant is 2.6 • 10 -2. Both values are 
very close to those found for bovine hart 
succinate : cytochrome c reductase by Ohnishi and 
Trumpower [17]. The midpoint potentials esti- 
mated by fitting the data to Eqn. 1 are 176 and 51 
mV, respectively. 

Similar experiments were carried out at room 
temperature at pH 7.4 and 8.4 (Fig. 5b). At this 
temperature, the stable semiquinone in Complex 

. ( o )  

3260 32~0 

LIQUID NITROGEN TEMPERATURE 

3300  3320 3 3 4 0  

(b) /~ ROOM TEMPERATURE 

33'50 33"70 3390 3410 3430 
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Fig. 6. Typical EPR spectra of stable coenzyme Q radical of 
Complex III. (a) EPR spectrum at a redox potential of 149 mV, 
pH 7.4 and 100 K. The EPR condition and the reaction mix- 
ture are the same as those in Fig. 5a. The signal contributed 
from dye molecules was corrected by a blank titration on dyes 
only. (b) EPR spectrum of semiquinone at pH 8.4 at 23°C. The 
spectrum was obtained as described in Fig. 5b. The redox 
potential of the sample was 151 inV. 



III exhibits an EPR spectrum with a line width of 
15 G (Fig. 6b), almost double that found in bovine 
heart mitochondria [ 18] and succinate : cytochrome 
c reductase [17]; this Q radical displays nonhomo- 
geneous saturation at 10 mW, similar to that re- 
ported for bovine heart [ 19]. The maximum amount 
of stable semiquinone radical observed is about 
8% of the total coenzyme Q present at both pH 
values; this value is comparable to that obtained at 
liquid-nitrogen temperatures. However, the de- 
rived midpoint potentials for the two half-reac- 
tions, 200 and 110 mV at both pH values, are 
somewhat larger than those obtained at liquid- 
nitrogen temperature. As the increase in pH from 
7.4 to 8.4 does not produce any change of the 
potentiometric characteristics, it would appear that 
the pK values of the two half-reactions are either 
greater than 8.4 for the oxidized species or smaller 
than 7.4 for the reduced species. 

Effect of pH and detergents on the midpoint poten- 
tials 

The influence of pH on the midpoint potentials 
of cytochromes b and c 1 was examined at room 
temperature using MCD. In a preliminary experi- 
ment, a series of assays were performed to find the 
optimum pH for enzyme activity and to establish 
the dependence of enzyme stability on pH. The 
pH optimum was determined in two different ways: 
(a) Complex III was incubated in 0.1 M potassium 
phosphate, pH 7.4, containing 0.1% deoxycholate 
and 0.1% Triton QS-30 and assayed at various pH 
values using assay mixtures of appropriate buffers: 
(b) Complex III was incubated in buffers of vari- 
ous pH values and assayed in those same buffer 
solutions, each containing 0.1% deoxycholate and 
0.1% Triton QS-30. Both methods indicate an opti- 
mum pH value for enzyme activity of about pH 
7.5-8.0. 

To study its stability, Complex III was in- 
cubated at 4°C in a series of buffers having pH 
values ranging from 5.0 to 10.0. Samples were 
removed at intervals up to 48 h and assayed in the 
standard system. In the pH range 5.5-9.0, about 
90% activity remained after 4 h incubation, 
70-85% after 24 h, and 50-80% after 2 days. 
Enzyme incubated at pH values greater than 9.0 or 
lower than 5.5 lost activity much faster; 50-60% 
loss of activity was observed in the first 4 h and 
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Fig. 7. The effect of pH on the midpoint potentials of cyto- 
chrome b a n d c t .  All titrations were conducted at 23°C in 
buffers of different pH values (pyrophosphate, pH 5.5; Mes, 
pH 6.0, 6.5; Ada, pH 7.0, 7.5; potassium phosphate, pH 7.5; 
Tris, pH 8.0; Bicine, pH 8.5; Ches, pH 9.0). The closed 
symbols represent data taken in 0.1% Triton QS-30 and 0.1~ 
deoxycholate. The open symbols correspond to values obtained 
using 0.1% Triton QS-30 and 0.1% taurocholate. Cyt. cl, cyto- 
chrome el; Cyt. b H, high potential cytochrome b; Cyt. b L, 
low-potential cytochrome b. The vertical bars represent the 
range of values obtained in the oxidative and reductive direc- 
tions of a single titration. 

another 10-20% activity loss occurred during the 
next 20 h. Less than 30% of the original activity 
remained after 2 days. 

Consequently, titrations were conducted at 
selected pH values in the range pH 5.5-9.0. The 
variations of the midpoint potentials of cytochro- 
mes b and c I were measured and the variation of 
these values with pH is presented in Fig. 7. It is 
clear that cytochrome c I has:a midpoint potential 
of about 260-270 mV which does not change in 
this pH range. A similar result was observed for 
both b cytochromes when the titrations were car- 
ded out in buffers containing 0.1% deoxycholate 
and 0.1% Triton QS-30 as detergents. 

However, when 0.1% taurocholate was sub- 
stituted for 0.1% deoxycholate, the b cytochromes 
exhibited pH-dependent midpoint potentials be- 
tween pH 6.0 and 9.0. This pH dependency does 
not appear to be a result of variability in the data, 
since the value of the midpoint potential of cyto- 
chome c I shows little variation in the same experi- 
ments. The pH dependence of both b cytochromes 
was approx. - 3 0  mV/pH. The pK values of the 
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Fig. 8. Effect of the nature of the detergent on the ratio of the 
MCD absorbance contributions of the b cytochromes. (a) The 
difference between the MCD spectrum corresponding to the 
titration end point and the spectrum associated with the inflec- 
tion point of the titration curve is assigned to low-potential 
cytochrome b (bE); and the difference between the inflection 
point and the start of the titration of the b cytochromes is 
assigned to high-potential b (bH). The ratio of the signal 
amplitude at 562 nm between each pair of spectra assigned to 
cytochrome b H and b L was calculated for titrations carried out 
at different pH values and plotted. (b) MCD spectra contrib- 
uted by two cytochrome b species with different midpoint 
potentials as described in (a) in 0.1 M potassium phosphate, 
pH 7.4 and 7.5, containing either taurocholate or deoxycholate. 

oxidized form is about pH 6 . 0 -  6.5 as judged 
from the lack of variation of E m with pH at low 
pH values; the pK value of the reduced form was 
not established due to the increasing instability of 

the enzyme at pH values above 9.0. There was no 
obvious difference in the MCD or EPR spectra of 
ascorbate-reduced Complex III solubilized in a 
buffer containing either deoxycholate or 
taurocholate at both pH 7.5 or 8.5 (data not 
shown). 

The change in detergent also produced a change 
in the fraction of cytochrome b that titrated at 
each of the two midpoint potentials (Fig. 8). The 
individual contributions of the high- and low- 
potential cytochromes b were calculated from the 
fractional change in MCD intensity associated with 
the inflection point of Nernst plots of the cyto- 
chrome b signal (see Fig. 2). The relative contribu- 
tions of the high-potential cytochrome b to the 
low-potential cytochrome b is 0.9:1 in taurocho- 
late-containing buffers and 0.1 : 1 in deoxycholate 
buffers. This phenomenon can be seen clearly 
when titrations performed at pH 7.5 in deoxycho- 
late and taurocholate-containing buffer solutions 
are juxtaposed (Fig. 2). Thus, the relative contri- 
bution of the two cytochrome b species to the 
MCD spectrum at 562 nm can be affected 
markedly by the nature of the detergents even 
though the total MCD intensity is unaffected by 
such a change. 

Changing the detergent had no obvious effect 
on the envelope of the low-field EPR spectrum 
recorded at 12 K. However, it should be noted 
that, unlike the bovine heart system, the individual 
contributions of the two cytochrome b components 
are difficult to resolve [5]. 

Effect of Q depletion 
The presence or absence of coenzyme Q does 

TABLE I 

ANTiMYCIN A EFFECT ON THE MIDPOINT POTENTIALS OF CYTOCHROMES 

Em (cl) Em (bu) Em (bL) b a / b L  

Cytochrome bc~ 
Coenzyme Q-depleted cytochrome bc I 

Coenzyme Q-depleted cytochrome bc~ 

+ Antimycin A 
Cytochrome bc  1 - 7 0 %  coenzyme Q 

Antimycin A 
Cytochrome bc  t - 30% cytochrome Q 

+ Antimycin A 
Cytochrome bc~ + Antimycin A 

268+ 5 62+ 5 - 2 0 + 5  0.24±0.01 
256+10 64+ 8 - 1 2 + 8  0.16+_0.02 

260 + 5 95 ± 5 8 + 5 0.32 ± 0,02 

- 100+ 10 16+ 5 0.50±0.01 

256+ 5 92+ 5 16+_8 0.76_+0.01 
260± 10 120± 15 26±8 0.82±0.02 



not seem to have any effect on the midpoint 
potential values for the cytochromes as indicated 
in Table I. The midpoint potential values for cyto- 
chromes b and c I obtained from native Complex 
III and Q-depleted sample are essentially the same 
for the cytochromes within experimental error. 

Effect of antimycin A on midpoint potentials 
As we reported previously [7], antimycin does 

bind to Complex III with a 1 : 1 stoichiometry and 
is a potent inhibitor of catalytic activity. However, 
it should be noted that, in marked contrast to 
Complex III from heart, antimycin has no effect 
on the absorbance or MCD characteristics of yeast 
Complex III. The influence of antimycin A on the 
midpoint potentials of the cytochromes was tested 
by including a 5-fold excess of antimycin A with 
Complex III and coenzyme Q-depleted Complex 
III during MCD potentiometric titrations. A 
summary of the titrations involving antimycin are 
presented in Table I. Clearly, the presence of anti- 
mycin A at this concentration had little effect on 
the midpoint potential of cytochrome c I. However, 
an increase in the midpoint potential of both 
species of cytochrome b was observed. After each 
addition of reductant or oxidant, the cytochrome b 
MCD signal increased and then relaxed to the 
original value(s) over 20 min; these changes are 
not due to sluggish equilibration but reflect some 
internal transition. As each MCD potentiometric 
measurement took 5-15 min after each addition of 
reductant or oxidant, this transition could be in- 
complete. 

Antimycin A appears to cause an increase in 
the ratio of high-potential cytochrome b to 
low-potential cytochrome b. Furthermore, this ratio 
is largest for intact Complex III and smallest for 
the sample from which coenzyme Q was almost 
completely removed. 

Discussion 

Table II summarizes the results of a number of 
potentiometric studies on the components of Com- 
plex III. Comparison of data obtained using sub- 
mitochondrial particles, Complex III and purified 
b or c I cytochromes from a variety of sources, 
documents the close resemblance for the midpoint 
potentials of the individual redox components. All 
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data for the Fe-S center and cytochrome c~ are in 
close agreement while the values for cytochromes b 
and coenzyme Q exhibit only a modest variation 
(Table II). Furthermore, the difference reported in 
the number of species of cytochome b and the 
variation in the midpoint potentials observed in 
the different systems points to a marked sensitivity 
of the structure of the cytochromes b to their 
environment. 

We have recently obtained highly purified pre- 
parations of yeast cytochrome b [7]. These pre- 
parations typically contain about 37 nmol proto- 
heme/mg protein which corresponds to a mini- 
mum molecular weight of 27000. However, 
Nobrega and Tzagoloff [36] have concluded that 
the three exons of the cytochrome b gene code for 
a polypeptide consisting of 385 amino acid re- 
sidues. This polypeptide would have a molecular 
weight of 44 000. Taken together, these facts imply 
that yeast mitochondrial cytochrome b contains 
2 mol heme and that our cytochrome b prepara- 
tion is about 80% pure (or has lost part of the 
protoheme during purification). The presence of 
two heme centers in this protein subunit provides 
an obvious explanation for our observation of two 
different species of cytochrome b in yeast Complex 
III with one heme center now being identified as 
cytochrome b-566 and the second as cytochrome 
b-562. A competing interpretation is based on the 
finding from low-resolution X-ray diffraction mea- 
surement [32,33] that Complex III exists as a di- 
mer in semicrystalline membrane preparations. In 
the latter interpretation, one subunit of this dimer 
provides the first species of cytochrome b and the 
other subunit provides the second species. How- 
ever, as this dimer possesses apparent 2-fold sym- 
metry, it is not obvious what structural feature 
could lead to the discrimination between the two 
cytochrome b subunits. As the polypeptide se- 
quence of cytochrome b has no obvious internal 
symmetry, the differentiation of the two heme 
centers occurs naturally and we consequently favor 
the former interpretation. 

The variations in enzyme preparation and the 
nature of the detergents in the titration mixture 
appear to control significantly the redox behavior 
of the b cytochrome(s). In particular, the choice of 
mediator dyes for this very hydrophobic protein 
could well have a critical influence on the 
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TABLE II 

MIDPOINT POTENTIAL VALUES OF THE REDOX C O M P O N E N T S  IN THE CYTOCHROME bc z 
MITOCHONDRIAL ELECTRON-TRANSFER CHAIN 

R.T., room temperature, exact value unknown. 

REGION OF THE 

Materials Component(s) E m (mV) Temperature pH Ref. 
(K) 

Succinate: cytochrome c reductase, pigeon heart c~ 
Complex III, bovine heart c 1 
Complex III, yeast c I 
Complex III, yeast c I 
Purified cytochrome cl, bovine heart c l 
Purified cytochrome cl, bovine heart ct 

Yeast mitochondria 3b 

Complex III, bovine heart 2b 

Complex III, bovine heart 3b 

Complex III, yeast 2b 

Complex III, yeast 2b 

Complex III, Neurospora 2 b 

crassa 
Purified cytochrome b, yeast lb 
Purified cytochrome b, Neurospora 

crassa I b 

Purified cytochrome b, bovine heart 2b 

Submitochondrial CoQ 
particles, bovine heart 

Submitochondrial CoQ 
particles, bovine heart 

Complex III, bovine heart CoQ 

Complex III, yeast CoQ 

Complex III, yeast CoQ 

Mitochondria, pigeon heart Fe/S 
Complex III, bovine heart Fe /S  
Complex III, yeast Fe /S  

245 R.T, 7.0 45 
232 R.T. 7.2 1 
268 297 7.4 this work 
270 9 7.4 this work 
225 296 7.2 40 
250 R.T. 7.0 37 

-6 5 +1 5  R.T. 7.0 14 
5-t-15 

-5 0 +1 5  
105 298 7.0 37 

5 
85 R.T. 7.4 38 
85 

- 45 
62 297 7.4 this work 

- 2 0  
116 9 7.4 this work 
- 6  
60 R.T. 7.0 41 

-40 

- 44 297 7.4 7 

- 7 0  R . T .  7.0 41 
- 5 R . T .  7.0 37 

-85  

204 293 7.0 18 
- 36 

1 8 4  77 7.0 1 8  

- 3 0  
83 296 8.0 19 
51 

200 297 7.4 and 8.4 this work 
110 
176 110 7.4 this work 
51 

280 11 7.0 43 
180 100 7.4 44 
286 12 7.4 this work 

equilibration between heine centers and the mea- 
suring electrode [12]. Similar reasoning may ex- 
plain the variation of the midpoint potentials of 
coenzyme Q. prince et al. [23] have assessed the 
physical and chemical properties of a variety of 

mediator dyes and based on their conclusions, 
several shortcomings of our dye system are to be 
noted. These include the instability of TMPD, the 
alkaline degradation and possible photodecom- 
position of phenazine methosulfate by the measur- 
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ing beam and the anticipated strong binding of 
some rather hydrophobic quinone dyes to Com- 
plex III. 

In this paper, we present a dramatic example of 
an experimental artefact generated by mediator 
dyes, with a shift of midpoint potential by more 
than 300 mV observed for cytochrome c r This 
large change in midpoint potential is most simply 
explained if the binding of dye molecules to 
oxidized cytochrome c 1 is much stronger than to 
the reduced form. However, the dye dependence 
cannot be fitted by assuming that a single dye 
species is bound; rather, it appears that binding 
sites for several dye species are present. This as- 
sumption is substantiated by the demonstration of 
the oxidation of ascorbate-reduced Complex III by 
consecutive addition of the individual components 
of the dye mixture. However, at low dye con- 
centrations, we were able to obtain plausible val- 
ues for the midpoint potential of all the redox 
components of the Complex III. The consistency 
between the data from stoichiometric titrations [5] 
and potentiometric titrations using two different 
dye systems and low dye concentration implies 
that the values for the midpoint potentials we 
report are reliable. Unfortunately, the interference 
of high concentration of mediator dyes on the 
midpoint potential of cytochrome c I has limited 
the versatility of MCD potentiometric titrations 
with this component. 

Substituting deoxycholate by taurocholate in  
the reaction mixture not only changes the pH 
dependency of the midpoint potentials of cy- 
tochrome b but also modifies the relative contribu- 
tion of the two cytochrome b species to the total 
MCD signal. There is, however, no observable 
difference in the absolute MCD spectra of fully 
reduced samples containing one or other deter- 
gent. These two observations imply that the high- 
potential cytochrome b center can be modified to a 
form with substantially reduced potential but with 
unchanged MCD characteristics at 562 nm. Earlier, 
Leigh and Erecinska [3] observed that cytochrome 
b-566 present in succinate : cytochrome c reductase 
exhibited a different pH dependence when titrated 
as a phospholipid-supplemented sample as com- 
pared to a Triton-deoxycholate-sohibilized sample 
[3] and an effect of phospholipid on the redox 
behavior of b cytochromes was also found by Yu 

et al. [38] when studying bovine heart Complex 
III. It seems clear that the potentiometric behavior 
of cytochrome b is extremely sensitive to the deter- 
gent used to solubilize the sample. 

Because the entropy changes of the redox centers 
need not be the same, varying temperature de- 
pendencies of the redox potentials are to be ex- 
pected. However, the data obtained using room- 
temperature EPR and MCD, and low-temperature 
EPR are in reasonable agreement. Thus, the tem- 
perature artefacts discussed previously [21,22] do 
not appear to be a serious complication in this 
experimental system. Although significant dif- 
ferences are seen for high-potential cytochrome b 
and coenzyme Q, the midpoint potential of cy- 
tochrome c~ is apparently temperature insensitive 
and the midpoint potentials for the two half-reac- 
tions of coenzyme Q measured at liquid-nitrogen 
temperature and room temperature fall in between 
the high-potential components (iron-sulfur cluster 
and cytochrome c~) and the low-potential b cyto- 
chromes. By contrast, the midpoint potential val- 
ues of the b and c~ cytochromes of pigeon heart 
succinate: cytochrome c reductase appear to be 
independent of measuring temperature (Table II 
and Ref. 3). 

We consistently find a stability constant of 
a b o u t  10 -2  for the semiquinone radical at pH 7.4 
regardless of the temperature of measurement. This 
value, which corresponds to 0.1-0.2 spin cyto- 
chrome c 1, is similar to that obtained by Ohnishi 
and Trumpower [ 17] with succinate : cytochrome c 
reductase from bovine heart, but is smaller than 
the value of 0.5 reported by De Vries et al. [18] 
with bovine heart mitochondria at pH 7.4. Nagaoka 
et al. [19] also found a maximum semiquinone 
concentration of 0.1 spin/c I with beef heart Com- 
plex III using room temperature EPR at pH 8.0. 
However, in contrast to our observation, Nagaoka 
found the concentration of semiquinone to be pH 
dependent and maximal at pH 9.0. This pH de- 
pendence was also observed with the bovine heart 
succinate:cytochrome c reductase [17] and sub- 
mitochondrial particles [18,24]; pK values of 6.4 
and 8.0 were obtained with the former and 6.4 and 
greater than 9.0 with the latter system. It appears 
that in our enzyme preparation the pK values of 
the reduced and oxidized forms of Q lie outside 
the pH range 7.4-8.4. It is not known whether or 
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not this property is inherent to yeast mitochondria 
or whether the lack of pH dependence of the 
midpoint potential we observe is a consequence of 
the preparative procedure. Measurements on yeast 
submitochondrial particles should answer this 
question. 

The stoichiometry of proton translocation 
accompanying electron transfer by Complex III is 
not established. Recent data from two different 
groups [27,28] indicates a stoichiometry of 
4H + / 2 e - ,  with coenzyme Q assumed responsible 
for the translocation of two protons; however, the 
mechanism of translocation of the remaining two 
protons has not been defined and there is no 
indication that cytochrome c 1 plays a role in pro- 
ton translocation (Fig. 7). Prince and Dutton [29] 
find that the midpoint potential of the iron-sulfur 
center of pigeon breast mitochondria is only 
dependent on pH in a nonphysiological pH range. 
In contrast, the pH dependence of the redox 
behavior of cytochrome b is well established and 
of significant magnitude [3,30,31]. In this study, 
we found a dependence of -30  mV/pH for both 
b cytochromes when measured between pH 6.5 
and 9.0 in buffers containing taurocholate. It must 
be emphasized, however, that no dependence on 
pH was observed when titrations were carried out 
in buffers that used deoxycholate as detergent. 
Apparently, taurocholate induces a structural 
change exposing an ionizable group which on 
deprotonation affects the midpoint potentials of 
the b heme. The pH dependency of the midpoint 
potentials of the two b cytochromes, - 30 mV/pH, 
imply that there are two electron equivalents 
involved for each equivalent of proton consumed. 

Antimycin A does not have an obvious effect 
on the midpoint potential of cytochrome c 1 while 
the measured increase in the midpoint potential of 
the b cytochromes might simply be a consequence 
of the retarded equilibration observed for this 
species when antimycin is present. Even though we 
increased the equilibration period substantially, 
the absence of complete equilibration cannot be 
ruled out. 

Antimycin A clearly influences the relative con- 
tribution of the two species of cytochrome b to the 
total MCD signal at 562 nm. This seems to be 
mediated through coenzyme Q and provides 
another example of the transition between differ- 

ent species of cytochrome b being affected by a 
chemical reagent. The regulation of the redox 
potential of cytochrome b by coenzyme Q was 
suggested by Kok and Slater [39] from a compara- 
tive study of the oxidant-induced reduction of 
cytochrome b in wild-type and coenzyme Q-defi- 
cient strains of yeast. However, replenishing Q-de- 
pleted Complex III with coenzyme Q has no in- 
fluence on the midpoint potential of the b cyto- 
chromes [38] and the effects we describe are fully 
demonstrable in Complex III with its regular com- 
plement of Q. It appears that coenzyme Q only 
modulates the redox potential of b cytochromes in 
the presence of antimycin A, and thus the extra 
reduction of cytochrome b observed by Kok and 
Slater [39] may well arise from a shift in the 
equilibrium between the two cytochrome b species 
which is induced by antimycin A and mediated by 
coenzyme Q. 
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