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Summary

1. The EPR signal in the g = 2 region of the reduced QH, : cytochrome ¢
oxidoreductase as present in submitochondrial particles and the isolated
enzyme is an overlap of two signals in a 1 : 1 weighted ratio. Both signals are
due to [2Fe-2ST"! centers.

2. From the signal intensity it is computed that the concentration of each
Fe-S center is half that of cytochrome c;.

3. The line shape of one of the Fe-S centers, defined as center 1, is reversibly
dependent on the redox state of the b-c; complex. The change of the line shape
cannot be correlated with changes of the redox state of any of the cytochromes
in QH, : cytochrome ¢ oxidoreductase.

4. Like the optical spectrum, the EPR spectrum of the cytochromes is com-
posed of the absorption of at least three different b cytochromes and cyto-
chrome c;.

5. The molar ratio of the prosthetic groups was found to be c; : b-562 :
b-566 : b-558 : center 1 :center2=2:2:1:1:1:1. The consequences of
this stoichiometry are discussed in relation to the basic enzymic unit of QH, :
cytochrome ¢ oxidoreductase.

Introduction

Isolated Complex III (QH, : cytochrome ¢ oxidoreductase), reduced with
dithionite or ascorbate, shows a rhombic EPR signal at 100 K with g values

Abbreviation: TMPD, N,N,NI,N’-tetramethyl-p-phenylenediamine.
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1.78—1.80, 1.90 and 2.02 as was first described by Rieske et al. [1—3]. These
workers succeeded in purifying the species responsible for this signal and
discovered that it contains non-heme iron [2,3]. Later it became clear that the
g values of the EPR signal were typical for a [2Fe-2S] center [4]. This was in
agreement with the Fe content of isolated Complex III [2] and has been also
confirmed by a recent EPR study on *’Fe-containing submitochondrial parti-
cles [5].

It is known that the line shape of the EPR signal of this center in Complex
III {3,6—8] or submitochondrial particles [5] is dependent on the reducing
agent used, in contrast to that of the purified succinylated non-heme iron
protein [3]. Orme-Johnson et al. [7] suggested that the line shape change
accompanies the reduction of cytochrome 5-562.

We describe here an analysis of the EPR signal, which has revealed the
existence of two EPR signals with different properties. Only one of the signals
changes with the redox state of the complex. This could not be correlated with
redox changes of any of the other prosthetic groups in Complex III.

The optical spectrum of Complex III shows at least three different b cyto-
chromes, namely: cytochrome b-562, cytochrome b-558 and cytochrome
b-566 [9—12]. Moreover, cytochrome b-562 seems to be composed of two
species differing in midpoint potential [13].

Sato et al. [14] assign the absorption maxima at 558 and 566 nm to a
single b cytochrome with a split a-band, cytochrome 5-566 + 558. This assign-
ment is not shared by others for two reasons. First, the splitting is unusually
large. Secondly, the ratio between the peak amplitudes at 558 and 566 nm is
variable during reductive titrations {15]. In particular, in rat liver mitochondria
Higuti et al. [16] could reduce selectively the components responsible for the
absorptions at 558 and 566 nm, indicating that, at least in rat liver mito-
chondria, two «-bands exist that can be ascribed to two cytochromes with
different redox properties.

In the EPR spectrum of Complex III, reduced with ascorbate, only two
absorptions of b cytochromes are clearly visible [6], namely cytochrome
b-562 and cytochrome b-566 + 558. The peak of cytochrome b-562 shifts
after addition of antimycin [17]. In this paper it is shown that the EPR
spectrum of Complex III in the g = 3.3—3.8 region is composed of the reso-
nances of cytochrome c¢,, two species of cytochrome b-562, cytochrome
b-558 and cytochrome b-566. With the method outlined in an accompanying
paper [18] the stoichiometry of the cytochromes has been determined from
the EPR spectra. This method measures the absolute amount of paramag-
netic centers, whereas previous determinations [19,20] of the stoichiometry
had perforce to be based on the assumption that the extinction coefficients
of the different b cytochromes are the same. Part of this work has been pre-
sented elsewhere [21].

Materials and Methods

Beef heart QH,; : cytochrome c¢ oxidoreductase was prepared from the
succinate-cytochrome c¢ reductase segment according to the procedure of
Hatefi et al. [22] and suspended in a medium containing 0.66 M sucrose and



318

50 mM Tris-HCI buffer (pH 8). When other pH values were required this
solution was diluted 100-fold in 0.66 M sucrose, 50 mM potassium phosphate
buffer (pH 6.5 or 7.2) or in 0.66 M sucrose, 50 mM Tris-HCI buffer (pH 8 or
9). The protein was then precipitated at 55% ammonium sulphate saturation
and resuspended in the same medium. The preparations were always contami-
nated with small amounts of Complex II.

MgATP particles were prepared from beef heart mitochondria by the method
of Low and Vallin [23]. Some preparations were made from mitochondria that
had been freed from cytochrome c¢ as described by Tsou [24]. The succinate
dehydrogenase in the particles was activated by an incubation with 10 mM
fumarate for 20 min at 30°C. After washing, the particles were suspended in
0.25 M sucrose, 50 mM potassium phosphate buffer (pH 7.2) to a concentra-
tion of 100 mg of protein/ml. The cytochrome ¢, content, determined opti-
cally using a €553.530 (red. —ox.)=20.1 mM-1-cm™* [25], was about 0.35
nmol/mg of protein.

EPR spectra were recorded with a Varian E-3 or E-9 spectrometer. Spectra
were digitized and simulated as earlier described [26]. Quantitation of the EPR
signals of the cytochromes was performed as described in an accompanying
paper [18] using the expression for TAYV. The EPR spectrum of the b cyto-
chromes was analyzed with a Du Pont 310 Curve-Resolver.

Low-temperature diffuse reflectance spectra were obtained with a home-
built integrating sphere attached to an Aminco DW-2 spectrophotometer. Low
temperatures were generated with a gas-flow system essentially as described by
Lundin and Aasa [27], except that the integrating sphere replaced the EPR
cavity. The spectrophotometer was connected to a LS-II microcomputer that
was programmed to carry out automatic baseline correction and further digital
manipulations of the optical spectra.

Results

I. The Fe-S centers

Line shape analysis. It can be seen from Fig.1 that the EPR signal of
reduced Complex III shows more details at 36 K than at 85 K. In the 36 K
spectrum various extra features can be observed: a shoulder on the low-field
side of the g, at 2.02, an asymmetric shape of the g, at 1.89 and a very broad
shoulder at the high-field side of the g, at 1.81. These features, that are less
obvious or absent in the 85 K spectrum, indicate that probably a second signal
with a more rapid spin-lattice relaxation is present. This is confirmed by a
computer simulation of the line shape (Fig.2). Clearly two rhombic S =3
signals in a 1 : 1.22 ratio are needed for a good fit. A line shape very similar to
that in Fig.1 (upper trace) is observed in submitochondrial particles (Fig. 3,
upper trace). The low-field shoulder around g= 2.03 and the high-field
shoulder around g = 1.77 are here relatively smaller. This suggests that the
amount of the second signal present here is relatively less than in Fig. 1. Simu-
lation confirms this (Fig. 3, lower trace). Now two rhombic S =} signals, with
nearly identical parameters as used in Fig. 2, were needed in a 1 : 1 ratio. For
further discussion we define the signal with the narrow line widths as center 1
(Fig. 2, trace C), the other as center 2 (Fig. 2, trace D).
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Fig. 1. Effect of temperature on the EPR spectrum of QH», : cytochrome ¢ oxidoreductase reduced with
ascorbate. Complex IIl (pH 8.0) was mixed with 5 mM sodium ascorbate and frozen after 30 s at 0°c.
EPR conditions: Frequency (F), 9318 MHz; temperature (T), 36 K for the upper trace and 85 K for the
lower one; microwave power (P), 2 mW: modulation amplitude (MA), 0.63 mT; scanning rate (SR),
25 mT /min; modulation frequency, 100 kHz for these and all other EPR spectra. The gain for the lower
trace was 3.1 times that of the upper. The g value scale is shown at the bottom of the figure.
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Fig. 2. Simulation of the EPR signal of reduced Complex III. (A) Experimental spectrum as in Fig. 1,
upper trace., (B) Simulation as a superposition of two § = % signals plotted separately as C and D. The
relative weights for C and D are 1 and 1.22, respectively. Simulation parameters for C: g; y » = 2.0188,
1.8914, 1.8046: width (2,y,x) =1.25 mT, 2.4 mT, 4.2 mT. Parameters for D: g; y , = 2.0242, 1.8946,
1.7746; width (z,y,x) = 3.1 mT, 3.4 mT, 13 mT.



320

WMMMMJ
2.1 2.0 1.9 1.8 1.7 1.6

Fig. 3. Simulation of the EPR signal of the Fe-S centers in the b-c region as present in MgA TP particles.
Upper trace: MgATP particles, with cytochrome ¢ (20 uM), 2.5 uM phenazine methosulphate, 2.5 mM
KCN (pH 7.2), were mixed with 12 mM sodium ascorbate plus 3 uM TMPD for 1 min at 0°C before
freezing. EPR conditions: F, 9316 MHz: T, 36 K; P, 5 mW; MA, 0.63 mT; SR, 12.5 mT/min. See
legend to Fig. 1 for the symbols used. Lower trace: simulation as a superposition of two § = % signals in a
1:1 weighted ratio. Simulation parameters center 1: L2 yx 2.024, 1.8934, 1.808; width (z,y,x) =1.2
mT, 2.4 mT, 4.2 mT. Parameters center 2: &yx = 2.031, 1.8966, 1.781 width (2,y,x) = 3.1 mT, 3.4 mT,
13 mT. Note that the g values of center 1 and 2 are slightly different from those in isolated Complex III.

The ratio of center 1 : center 2 for simulation of experimental EPR spectra
of Complex III varied with the preparation, but was always close to 1 : 1 in
submitochondrial particles. The results of quantitation of the signals against a
copper perchlorate standard [28] are listed in Table I. Both, center 1 and
center 2 are present in particles in a concentration half that of cytochrome c;.
In Complex III, however, only center 2 is present in that relative concentration,

TABLE 1

CONCENTRATION OF Fe-S CENTERS IN QH,: CYTOCHROME ¢ OXIDOREDUCTASE AND MgATP
PARTICLES

Cytochrome c; concentration was determined optically.

Preparation Reductant Total Fe-S center Cytochrome ¢ Ratio
concentration concentration Fe-S/c)
(M) (8 =1/2) (uM)

Complex II1 Ascorbate 229 257 0.89

Complex III Succinate 231 257 0.90

Complex III * Dithionite 261 304 0.86

MgATP particles Ascorbate 34.6 33.5 1.03

MgATP particles Succinate 33.7 33.5 1.01

* Different preparation.
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whereas 20% of the original amount of center 1 is lost as can be calculated
from Table I and Fig. 2. When Complex III was prepared from Complex I-III
only 50—60% of the total Fe-S centers were recovered relative to cytochrome
¢, and again it was mainly center 1 that was lost. We have never observed that
the relative amounts of the individual centers 1 or 2 in Complex III or sub-
mitochondrial particles exceeded 50% of that of cytochrome ¢, under any
conditions used.

Line shape dependence on the redox potential.

In accordance with Rieske et al. [3], Orme-Johnson et al. [6,7] and Siedow
et al. [8] we find that the total line shape of the Fe-S signals of Complex III is
dependent on the reducing agent. In fact a gradual reversible change is noticed
when the redox potential is moved. This is shown in Figs. 4A and 5A for
particles but the same is found with isolated Complex III. Especially in
particles it ‘can be seen that center 1 clearly changes its line shape: the g, at
1.80, g, at 1.89 and g, at 2.02 gradually broaden and as a result their ampli-
tudes decrease. At lower redox potentials the signal of center 1 of succinate
dehydrogenase is also appearing. No change in the line shape of center 2 was
observed either in particles or Complex III. The line shape of center 1 as
present after the broadening process has occurred is not the same as that of
center 2. The resulting overall shape in Complex III cannot be simulated as a
single S =1 signal. Thus center 1 and center 2 have different EPR properties
under all conditions. During the titrations the total area under the g, peaks of
the centers 1 and 2 was constant when corrected for the contribution of center
1 of succinate dehydrogenase, showing that both centers of QH, : cytochrome
¢ oxidoreductase remain fully reduced under these conditions.

The changes observed in Figs. 4A and 5A seem to parallel the redox state
of cytochrome b-562, as can be seen from the optical low-temperature reflec-
tance spectra of the EPR tubes (Figs. 4B and 5B). As the midpoint potential of
cytochrome b-562 is pH dependent [29,30] experiments were also carried out
at pH 6.5 (Fig. 6), pH 8.0 (Fig. 7) and pH 9.0 (not shown). At these pH values
there is no longer any connection between the redox state of cytochrome
b-562 and the line shape change of center 1. At pH 6.5 the signal of center 1
broadens without reduction of cytochrome b-562, whereas at pH 8.0 the cyto-
chrome is already fully reduced before the line shape of center 1 takes place.
At pH 8.0 but especially at pH 9.0 a new line at g = 1.95 shows up in addition
to the g, and g, of center 1 of succinate dehydrogenase. We do not know the
origin of this line. It might be correlated with the fact that succinate dehydro-
genase becomes unstable in air at high pH. The radical signal is also much
stronger at high pH and is therefore not recorded in Fig. 7. This indicates that a
considerable part of the signal at g = 2 is due to ubisemiquinone and its anion
form as their concentration will increase in a partially reduced ubiquinone
preparation on increasing the pH [31].

For comparison Fig. 8 is added showing the behaviour of the sample at pH
7.2,

II. The cytochromes
Resolution of the EPR spectrum of the cytochromes in the individual com-
ponents. Fig. 9 shows the EPR spectra of the cytochromes of Complex III in
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Fig. 4. Reductive titration of MgATP particles with the fumarate/succinate couple. MgATP particles (pH
7.2) in the presence of 2.5 mM KCN, were mixed with 90 mM sodium fumarate and 0.9 mM sodium
succinate for 5 min at 20°C and then frozen. After recording the EPR and optical spectra the EPR tube
was thawed and succinate was added to lower the fumarate/succinate ratio. After 5 min at 20°C the
contents were again frozen and measured. This was repeated several times. The fumarate/succinate ratio is
indicated in this and the next figures by the numbers aside the traces. (A) EPR spectra at F, 9.31 GHz;
T, 36 K; P, 5mW;: MA, 0.63 mT:; SR, 12.5 mT/min. The gain is the same for all spectra. (B) Diffuse
reflectance spectra at T = 110 K; SR, 0.2 nm/s; slit width (SW), 1.0 nm. See legend to Fig. 1 for the

symbols used.
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Fig. 5. Oxidative titration of MgATP particles with the fumarate/succinate couple. MgATP particles (pH
7.2) in the presence of 2.5 mM KCN were mixed with 2.5 mM sodium succinate for 5 min at 20°C before
freezing. The further procedure is as in the legend to Fig, 4, but now fumarate was added. (A) EPR
spectra, same conditions as Fig. 4A. The gain is the same for all spectra. (B) Diffuse refiectance spectra,
same conditions as in Fig, 4B.
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Fig. 6. Reductive titration of Complex III with the fumarate/succinate couple. Complex III (pH 6.5) was
mixed with 4 uM phenazine methosulphate, 90 mM sodium fumarate and 0.9 mM sodium succinate for

5 min at 20°C before freezing. The further procedure is as in the legend to Fig. 4. (A) EPR spectra, same
conditions as in Fig. 4. (B) Diffuse reflectance spectra, same conditions as in Fig. 4.
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Fig. 7. Reductive titration of Complex III with thé fumarate/succinate couple. Conditions as in the legend
to Fig. 4, except for the pH, which was 8.0.
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Fig. 8. Reductive titration of Complex III with the fumarate/succinate couple. Conditions as in the legend
to Fig. 4, except for the pH, which was 7.2.

different redox states. The oxidized spectrum, trace A, consists of the
resonances of cytochrome ¢, and the b cytochromes. After reduction with
ascorbate, trace B, the signal of cytochrome c¢; disappears and the remaining
spectrum is an overlap of the signals of all the b cytochromes. Orme-Johnson
et al. [6] assigned the peak at g = 3.44 to cytochrome b-562 and that at g =
3.78 to cytochrome b-566 + 558. After further reduction with the fumarate/
succinate couple, trace C, the peak of cytochrome b-562 decreases in intensity
and the maximum shifts 0.9 mT down field to g = 3.457. The same shift
appears after reduction with ascorbate/N,N,N',N'-tetramethyl-p-phenylene-
diamine (TMPD) (spectrum not shown). Thus it seems as if the peak of cyto-
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Fig. 9. EPR spectra of the cytochromes of QHj : cytochrome ¢ oxidoreductase in different redox states.
(A) Oxidized with 0.5 mM potassium ferricyanide for 1 min at 0°C. (B) Reduced with 0.35 mM sodium
ascorbate for 1 min at 0°C. (C) Reduced with 50 mM sodium fumarate, 2.6 mM sodium succinate for
5 min at 20°C. The peak of cytochrome b-562 is at g = 3.441 in trace B and at g = 3.457 in trace C. EPR
conditions: F, 9303 MHz, T, 10 K; P, 0.32 mW; MA, 3.2 mT; SR, 12.5 mT/min. See legend for Fig. 1
for the symbols used.
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Fig. 10. Effect of modulation amplitude on the line shape of the EPR spectrum of the b cytochromes.
(A and B) Reduced with sodium ascorbate as in Fig. 9B. EPR conditions: F, 9310 MHz; T, 10 K;
P, 0.32 mW; MA, 0.63 mT for (A); MA, 3.2 mT for (B). Trace A represent the real line shape of the
signal at g = 3.78 since lowering the MA did not change its line shape any further. See legend to Fig. 1
for the symbols used.
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chrome b-562 at g = 3.441 is an overlap of two signals originating from two
cytochromes b-562, differing in midpoint potential.

Fig. 10 shows the EPR spectra of Complex III after reduction with
ascorbate. In the lower trace the line shape of the signal at g = 3.78 is distorted,
because the spectrum is recorded with a modulation amplitude of the same
magnitude as the line width of this signal. The upper trace is recorded with a
smaller modulation amplitude, 0.63 mT. The peak at g = 3.78 then sharpens,
although the area under the peak is the same as in the lower trace. The line
shape of the signal of cytochrome 5-562 is unaffected, since its line width is
about 9 mT.

The spectrum of the upper trace of Fig. 10 was analyzed with a Curve
Resolver. The individual peaks of the b cytochromes and the sum spectrum are
shown in Fig. 11. Because the peak of cytochrome b-562 is very symmetric, it
is simulated with one Gaussian curve.

Traces C and E belong to the cytochromes -566 and b-588. Since these
cytochromes cannot be reduced selectively, we cannot specifically relate the
two peaks in the g = 3.7—3.8 region to the optical absorption bands. In general
the line width of powder type EPR signals of low-spin hemes is governed by

k/
[ N
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Fig. 11, Analysis of the EPR spectrum of the b cytochromes with a Curve Resolver. (A) Experimental
spectrum as in Fig. 10, upper trace, (B) Sum spectrum of the curves plotted in (C), (D) and (E). (C) Signal
of a b cytochrome at g = 3.785. (D) Signal of cytochrome b-562 at g = 3.441. (E) Signal of a b cyto-
chrome at g = 3.713. The signals of cytochrome b-562 at ¢ = 3.441 is simulated as a single Gaussian curve,
At g = 3.78 the spectrum cannot be fitted with one or two Gaussian curves. The line shape of the signal of
trace C is derived from the experimental spectrum in Fig. 12, trace B.
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g-strain [32], at least at temperatures where the relaxation broadening is
negligible. The overall line shape of the EPR spectrum can then be simulated
as a convolution of the first derivative of Gaussian peaks. In these cases the g,
appears as an isolated peak with a normal Gaussian shape if the line width is
small in comparison with the g-anisotropy. All these conditions are fulfilled for
the experimental trace in Fig. 11. However, the absorption at g = 3.78 could
not be simulated with a single Gaussian curve nor as an overlap of two. Our
best analysis is the one shown in Fig. 11. The line shape of trace C was derived
from the experimental spectrum of Fig. 12, lower trace.

Fig. 12 shows the experimental spectra of the cytochromes of Complex III
after reduction with a low ratio of the fumarate/succinate couple. Cytochrome
b-562 is largely reduced under these conditions whereas the intensity of the
absorptions in the g=3.7—3.8 region is the same as after reduction with
ascorbate. The spectrum of Fig. 12A was recorded under non-saturating condi-
tions. At higher microwave power, Fig. 12B, the absorptions at g = 3.44 and
g = 3.71 are largely saturated. The line shape of the remaining signal, originat-
ing either from cytochrome b-566 or cytochrome b-558, was used for the
analysis of Fig. 11 (represented by trace C).

Quantitation of the signals of the cytochromes. With the procedure outlined
in an accompanying paper [18] the different signals were quantitated. Since
the g, region of the EPR spectrum of the cytochromes is resolved into the
individual components, the absolute concentration of each component can be

P. 0-32mW

P. 200mW

3.9 3.8 3.7 3.6 3.5 3.4 3.3

Fig. 12. Effect of microwave power on the EPR spectrum of Complex III. (A and B) Reduced with
50 mM sodium fumarate, 25 mM sodium succinate for 5 min at 20°C. EPR conditions: (A and B): F =
9318 MHz; T, 10 K; MA, 0.63 mT. (A): P, 0.32 mW; SR, 5 mT/min. (B): P, 200 mW: SR, 20 mT/min.
Cytochrome b-562 is largely reduced, whereas the cytochromes b-566 and b-558 are fully oxidized. Trace
A is recorded under non-saturating microwave power. At high microwave power, (trace B), the reso-
nances at g = 3.441 and 3.713 become highly saturated. The line shape of the remaining signal at g =
3.785 is neither Gaussian nor can it be simulated as a sum of two Gaussian curves. This signal belongs to
either cytochrome b-566 or cytochrome b-558. See legend to Fig. 1 for the symbols used.
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TABLE I1

CONCENTRATION OF THE CYTOCHROMES IN QHj: CYTOCHROME ¢ OXIDOREDUCTASE
DETERMINED FROM EPR SPECTRA

The concentration of cytochrome c¢; determined optically was 258 uM,

Cytochrome gz TAV Concentration Amount/c
(M)

cy 3.35 4.352 248 1

bsga 3.441 3.593 254 1.02

batg =3.713 3.713 1.704 114 0.46

batg = 3.785 3.785 1.260 116 0.47

calculated and thus the molar ratio. The peak at g= 3.441 is treated as a
single absorption of cytochrome 5-562 (total). The contribution of cytochrome
c; was calculated from the difference of the oxidized and ascorbate-reduced
spectra. The results of the quantitation are listed in Table II. Assuming integral
and half-integral numbers the molar ratio of the cytochromes becomes: ¢, :
b-562(total) : -566 : b-558 =1:1:0.5:0.5. If the absorption in the g=
3.7—3.8 region is treated as a single absorption originating from cytochrome
b-566 + 558 the computed ratio becomes: c; : b-562(total) : b-566 + 558 =
1:1.02:1.09and b/ec, = 2.11.

Discussion

1. The Fe-S centers

As can be seen in Figs. 1—3 two [2Fe-2S] centers exist in isolated Complex
IIT or Complex III in submitochondrial particles with slightly different EPR
characteristics. In Figs. 4A and 5A it is shown that the EPR parameters of
center 1 are altered when the redox potential is changed.

As to the cause of the broadening of the lines of center 1, that does not
parallel redox changes of any known prosthetic group in QH, : cytochrome ¢
oxidoreductase, we observed that at all pH values used (6.5, 7.2, 8.0 and 9.0)
the changes took place at approximately the same fumarate/succinate ratio.
This effect thus has a pH dependence similar to that of the fumarate/succinate
couple. The line shape change ends at pH 7.2 at a fumarate/succinate ratio
corresponding to 40—60 mV. This leaves the possibility that ubiquinone might
have a connection with the line shape change of center 1. We shall further
investigate this.

We like to point out that the centers 1 and 2 have no relation to the signal
described by Lee and Slater [33] in pigeon heart mitochondria. Complex III
either reduced by ascorbate or by dithionite did not show extra EPR signals
in the g = 2 region on lowering the temperature down to 7 K.

The difference in line shape between centers 1 and 2 is not so obvious from
EPR spectra of submitochondrial particles from Candida utilis (see Fig. 2 of
Ref.5). It is only from the shape of the g, line at 1.89 and the relative
amplitudes of this line and the g, line at 1.81 that we can conclude that the
overall spectrum is a composite of two. In the g, region no clear shoulder, as
present in beef heart particles (Fig. 3, this paper), is observed, although the
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peak is asymmetric. Therefore, we feel that the analysis of the line shape of this
g, line in 37Fe-containing submitochondrial particles as given in Ref. 5 is mainly
reflecting the hyperfine interaction of the 37Fe nucleus in center 1 of the b-c,
complex, showing that it is a [2Fe-25S] center. Of course the non-heme Fe
analysis of Complex III [2] as well as the characteristic g values [4] of both
centers strongly suggest that both are [2Fe-2S] centers.

We now also understand why a difference of an EPR spectrum of particles
reduced with succinate minus that of particles reduced with ascorbate (at 60 K)
does not give a proper g, line shape for center 1 of succinate dehydrogenase
(see Fig. 4, Ref. 5). As shown in this paper the g, line of center 1 of the b-c,
complex broadens considerably when succinate is the reducing agent, so a
difference spectrum succinate minus ascorbate will give a negative peak as is
indeed found [5].

II. The stoichiometry of the prosthetic groups

The EPR spectra in Figs. 9, 10 and 12 show that all the cytochromes recog-
nized in the optical spectrum of reduced Complex III are also present in the
EPR spectrum of oxidized Complex III.

The absorption peak of cytochrome b-562 is probably an overlap of two
signals originating from two kinds of cytochrome b-562 differing in midpoint
potential.

From Figs. 11 and 12 it can be seen that the spectra in the g =3.7—3.8
region consists of two peaks with different g, values, line widths, line shapes
and power-saturation properties. Thus this supports the finding [15,16] that
the optical absorptions at 558 and 566 nm belong to two different b cyto-
chromes.

The assumptions made for the derivation of the formula used to quantitate
the EPR signals [18] are supported by the data in this paper. The concentra-
tion of cytochrome ¢, calculated by EPR corresponds very well with the opti-
cally determined concentration and the b/c, ratio found in this way is in good
agreement with the ratio estimated with other independent methods [34,35].
Since the EPR signal in the g = 2 region of reduced QH, : cytochrome ¢ oxido-
reductase is a superposition of signals of two [2Fe-2S] centers, center 1 and
center 2, each center in a concentration half that of cytochrome ¢,, we can
now write the following stoichiometry of all known prosthetic groups in QH, :
cytochrome c¢ oxidoreductase: ¢, : b-562(total) : b-558 : b-566 : center 1 :
center2=2:2:1:1:1:1. Thus cytochrome ¢, can no longer be used as
basis for the minimum molecular weight of Complex III.

Two possibilities exist: The basic enzymic unit of QH, : cytochrome ¢
oxidoreductase has a molecular weight of about 500 000, twice as musch as
that of a molecule containing one cytochrome ¢, molecule, or the preparation
is inhomogeneous with respect to all prosthetic groups except cytochrome c;.

The first possibility is in contradiction with the results of Tzagoloff et al.
[36], who determined a molecular weight of about 275 000, corrected for
lipid, with the light-scattering method. The authors also found that s , =
10.2 S, consistent with a sperhical molecule of a molecular weight of about
250 000, although they did not measure the diffusion coefficient and the
partial specific volume.
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The second possibility means that the preparation is a 1 : 1 mixture of two
different kinds of Complex III, each with a molecular weight of about 250 000
and each having different optical, EPR and redox properties. The chemical
properties of the two protein molecules are, however, nearly identical. The
two iron-sulphur centers are then probably located on the two different protein
complexes. The same situation holds for submitochondrial particles as the
optical and EPR properties of the b-c; complex in these particles are identical
to those of isolated Complex III. A 1 :1 ratio of the two kinds of QH, :
cytochrome ¢ oxidoreductase might indicate that they have a different amino
acid composition. The difference could be small though: e.g. one amino acid in
an arbitrary subunit.

Studies to explain the anomalous line shape of the signal at g = 3.78 and to
distinguish between a dimer as basic enzymic unit or the existence of two
different kinds of QH, : cytochrome ¢ oxidoreductase are in progress.
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