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A cytochrome bc 1 complex, essentially free of bacteriochlorophyll, has been purified from the photosynthetic purple 
non-sulfur bacterium Rhodospirillum rubrum. The complex catalyzes electron flow from quinol to cytochrome c 
(turnover number = 75 s -1 )  that is inhibited by low concentrations of antimycin A and myxothiazol. The complex 
contains only three peptide subunits: cytoehrome b ( M r =  35000); cytochrome c 1 ( M r =  31000) and the Rieske 
iron-sulfur protein ( M  r = 22400). E m values (pH 7.4) were measured for cytochrome c I ( +  320 mV) and the two hemes 
of cytochrome b ( - 3 3  and - 9 0  mV). Electron flow from quinol to cytochrome c is inhibited when the complex is 
pre-flluminated in the presence of a ubiquinone photoaffinity analog (azido-Q). During illumination, the azido-Q 
becomes covalently attached to the cytochrome b peptide and, to a lesser extent, to cytochrome c a. 

Introduction 

The cytochrome bcl complexes of mammalian and 
bacterial electron-transport chains and the related cyto- 
chrome brf complex of oxygenic photosynthetic 
organisms play a central role in energy transduction 
associated with respiratory and photosynthetic electron 
transfer [1-3]. The cytochrome bcl complexes of photo- 
synthetic purple non-sulfur bacteria have proven par- 
ticularly useful for studying mechanisms of electron 
flow, for the following reasons. (1) Kinetic studies of 
electron flow through the complexes of Rhodobacter 
sphaeroides, Rhodobacter capsulatus and Rhodospirillum 
rubrum induced by single turnover flashes have pro- 
vided a detailed picture of the electron-transfer steps 
[4,5]. (2) The peptide composition of these complexes, 
which contain 3 or 4 subunits, is much simpler than 
those of the corresponding mitochondrial complexes 
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[1,3,6] and (3) The amino acid sequences, deduced from 
nucleotide sequences of the corresponding genes, are 
known for all three electron-carrier subunits of the Rb. 
capsulatus complex [7,8]. The cytochrome bcl complex 
isolated from R. rubrum [9] has several additional ad- 
vantages, including its simple three peptide subunit 
composition, its stability and the fact that it possesses a 
high-affinity binding site for its electron-accepting sub- 
strate, cytochrome c2 [10]. We present below an im- 
proved purification protocol for the R. rubrum cyto- 
chrome bc 1 complex and data on the oxidation-reduc- 
tion and quinone-binding properties of the complex. 

Materials and Methods 

J 

Wild-type (strain $1) R. rubrum cells were grown 
photosynthetically and chromatophores prepared as de- 
scribed previously [9]. The R. rubrum cytochrome bc 1 
complex was solubilized by suspending chromatophores 
which had been washed once in 20 mM Tris-acetate 
buffer (pH 8.0) containing 5 mM EDTA to a final 
bacteriochlorophyll (BChl) concentration of 200 #M in 
35 mM Mops buffer (pH 7.4) containing 1 mM MgSO 4 
and 25 mM dodecylmaltoside. After stirring for 1 h at 
4 ° C, the suspension was centrifuged at 200 000 × g for 
90 min. The cytochrome bcl complex was then purified 
according to a modification of the procedure of Ljung- 
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dahl et al. [6]. Sodium chloride was added to the 200 000 
× g supernatant to a final concentration of 100 raM, 
which was then applied to a DEAE-Biogel A column 
equilibrated with 35 mM Mops (pH 7.4), 1 mM MgSO 4 
and 0.1 mg dodecylmaltoside per ml (buffer A) contain- 
ing 100 mM NaC1. The column was washed with 20 
column volumes of buffer A containing 200 mM NaC1 
and then eluted with buffer A containing 350 mM 
NaC1. Fractions containing the cytochrome bq complex 
were pooled, diluted 1 : 1 with buffer A and applied to a 
DEAE-Sepharose 6B column equilibrated with buffer A 
containing 100 mM NaC1. The column was washed with 
10 column volumes of buffer A containing 300 mM 
NaC1 and then eluted with buffer A containing 450 mM 
NaC1. Fractions containing the purified complex were 
pooled, glycerol was added to a final concentration of 
5% (v/v) and the sample stored at - 2 0 ° C  until re- 
quired. 

The antibody against the Rb. capsulatus Rieske iron- 
sulfur protein was a gift from Dr. Nadia Gabellini. The 
antibody against Rb. sphaeroides cytochrome q was 
prepared as described previously [11]. 

Antimycin A and equine cytochrome c (Type VI) 
were obtained from Sigma Chemical Co. Dodecyl- 
maltoside was obtained from Calbiochem-Behring Corp. 
Myxothiazol was purchased from Boehringer Man- 
nheim. Protein molecular-weight standards an$! material 
for the preparation of polyacrylamide gels for electro- 
phoresis were obtained from Bio-Rad Laboratories. 
2,3-Dimethoxy-5-methyl-6-(10-bromodecyl)-l,4-benzo- 
quinol (QoC10BrH2) was synthesized as described pre- 
viously [12]. 

Absorbance spectra were measured using Aminco 
DW-2a, SLM-Aminco DW-20 and Perkin Elmer 
Lambda 5 spectophotometers. Oxidation-reduction 
titrations were performed electrochemically as described 
previously [13]. BChl a concentrations were determined 
after extraction into 7:2  (v/v) acetone/methanol [14]. 
Protein concentration was determined according to a 
modification [15] of the procedure of Lowry et al. [16]. 
Heme analyses were performed according to the method 
of Takaichi and Morita [17], none-heme iron was de- 
termined as described by Massey [18] and acid-labile 
sulfide determined as described by Brumby et al. [19]. 
Ubiquinone content was determined using a modifi- 
cation of the method of Takamiya and Dutton [20] in 
which detergent was removed by precipitating the com- 
plex with 72% (v/v) trichloroacetic acid prior to 
ubiquinone extraction. 

The quinol : cytochrome c oxidoreductase activity of 
the complex was assayed essentially as described previ- 
ously [9], using 25 #M QoCmBrH2 as the electron 
donor and 50 gM equine fer.ricytochrome c as the 
electron acceptor. Polyacrylamide gel electrophoresis 
was conducted in the presence of sodium dodecyl sulfate 
(SDS) according to the method of Laemmli [21] using a 
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1.5 mm thick slab gel with a 4% cross-linked stacking 
gel and a 10-15% gradient resolving gel. Prior to elec- 
trophoresis, samples were solubilized with 200 mM di- 
thiothreitol, 2% SDS in 20 mM Tris-HC1 buffer (pH 
8.3) at 50°C for 10 min. The gels were stained for 
protein with Coomassie Brillant Blue. Immunoblots were 
performed according to a modification of the method of 
Towbin et al. [22], using 2% non-fat milk in Tris-buffered 
saline as a blocking agent and horse radish peroxidase- 
linked, goat anti-rabbit IgG as the second antibody. 

Photoaffinity labeling of the cytochrome bc 1 complex 
by UV-photolyzed 3-[3H]azido-2-methyl-5-methoxy-6 - 
(3,7-dimethyloctyl)-l,4-benzoquinone (Azido-Q) was 
carried out essentially as described previously [23]. For 
studies of azido-Q incorporation and inactivation dur- 
ing photolysis, the purified complex was precipitated 
with 50% saturated ammonium sulfate to remove 
glycerol and detergent and then resuspended in 50 mM 
potassium phosphate buffer (pH 7.0). Azido-Q was 
added in a 100-fold molar excess (compared to cyto- 
chrome c 1) and allowed to incubate for 10 min at 0 °C 
prior to photolysis. Samples were removed at various 
times after the onset of illumination and assayed for 
quinol : cytochrome c oxidoreductase activity or for ra- 
dioactivity uptake. Radioactivity was measured after 
paper chromatography on Whatman No. 3 filter paper 
in 2:1 chloroform/methanol to separate the protein 
from unincorporated azido-Q. The remainder of the 
sample was extracted with chloroform/methanol and 
then with chloroform. The solvent was removed by 
passing a stream of N 2 over the sample, and the residue 
was then lyophilized and subjected to SDS-polyacryl- 
amide gel electrophoresis according to the method of 
Weber and Osborn [24] except that N',N-diallytartar- 
diamide replaced bisacrylamide as the cross-linker. The 
gel was stained with Coomassie Brillant Blue to locate 
the protein subunits of the cytochrome bq complex 
and, after de-staining, was cut into slices which were 
dissolved in 1 ml of 2% periodic acid prior to mixing 
with 5 ml of Insta-Gel scintillation cocktail and count- 
ing for radioactivity using a Packard liquid scintillation 
counter (Model 1900CA). Gel slices sizes were designed 
so that the gel was cut halfway between the limits of 
Coomassie Blue-staining regions associated with the 
resolved Rieske iron-sulfur and cytochrome c~ peptides 
to insure that each slice contained radioactivity associ- 
ated with azido-Q binding to no more than one peptide. 

Results 

Fig. 1 shows the absolute and reduced minus oxidized 
difference spectra of the purified R. rubrum cytochrome 
bc 1 complex. The absorbance spectrum is similar to that 
of the complex prepared from R. rubrum in one of our 
laboratories, using a different method [9]. Although 
neither BChl nor carotenoid makes significant contribu- 
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Fig. 1. Absorbance spectra of the R. rubrum cytochrome bc] complex. The solid line extending from 350 to 700 nm represents the absolute 
spectrum of the complex as isolated. (The instrumental baseline is included for comparison.) The two insets, shown at 10-fold higher sensitivity, 
show the ascorbate-reduced minus ferricyanide-oxidized ( . . . . . .  ) and dithionite-reduced minus ferricyanide-oxidized ( ) difference spectra. 
The spectra were obtained in a 1 cm optical path length cuvette. The complex was dissolved in at 35 mM Mops buffer (pH 7.4) containing 0.1 

mg/mi  dodecylmaltoside. 

tions to the absorbance spectrum, a small amount  of 
BChl was detected in some preparat ions by direct chem- 
ical analysis (Table I). In other preparations,  no BChl 
could be detected within the sensitivity limits of the 
assay. The BChl : cy toch rome  c t heine ratio never ex- 
ceeded 0.03. The ascorbate-reduced minus ferricyanide- 

oxidized difference spectrum shows an ~t-band maxi-  
mum at 553 nm and a fl-band max imum at 525 nm due 
to reduced cytochrome c] [1,6,9,11]. The dithionite-re- 
duced minus ferricyanide-oxidized difference spectrum, 
in addition to containing features at t r ibutable to cyto- 
chrome c 1, shows a -band  and fl-band features at 560 
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Fig. 2. Oxidation-reduction titrations of the R. rubrum cytochrome bc I complex. The sample contained 30 pM complex in the buffer used for 
obtaining Fig. 1. The following redox mediators were present: 10/~M potassium ferricyanide; 50 p.M 1,4-benzoquinone; 50/IM 2,5-dihydroxy-l,4- 
benzoquinone; 50/~M diaminodurene; 50 vM 1,2-naphthoquinone; 10/~M phenazine methosulfate; 50 / tM duroquinone; 50 / tM 2-hydroxy-l,4- 
naphthoquinone and 20 p.M anthraquinone-2-sulfonate. Optical pathlength 0.3 mm; spectral resolution, 1 nm; T =  15 ° C. (A) Cytochrome b. 
Absorbance changes at 560-570 nm were monitored to measure ~ reduction and the log of the ratio of oxidized-to-reduced cytochrome plotted vs. 

E h. (B) Cytoehrome c I. As in (A), except that AA at 553-540 nm was utilized. The solid lines are best fits to the Nernst equation. 



TABLE I 

Prosthetic group content o f  the R. rubrum cytochrome bc I complex. 

Component Content 
(nmol/mg protein) 

Cytochrome c I (heine c) 6.1 
Cytochrome b (protoheme) 12.1 
Acid-labile sulfide 12.4 
Non-heine iron 14.0 
Ubiquinone 6.8 
Bacteriochlorophyll 0.18 

and 532 nm, respectively, due to reduced cytochrome b 
[1,6,9]. Table I shows that, on a heme basis, the R. 
rubrum complex contains two cytochrome b per cyto- 
chrome c~, as is the case for other cytochrome bcl 
complexes [1-3,6,9]. Table I also shows that the R. 
rubrum complex exhibits a non-heme i ron/ inorganic  
su l f ide /heme c ratio near 2 : 2 :  1, indicative of the 
presence of equimolar amounts of cytochrome c~ and 
the [2Fe-2S]-containing Rieske iron-sulfur protein 
[1-3,5,9]. We have previously established the presence 
of a Rieske iron-sulfur protein in the R. rubrum com- 
plex using electron paramagnetic resonance (EPR) spec- 
troscopy [9]. The complex also contains approximately 
one ubiquinone per cytochrome ct, in agreement with 
our previous observations on a R. rubrum .,complex 
prepared using a different purification protocol [9]. The 
R. rubrum cytochrome bc t complex catalyzed electron 
flow from QoCt0BrH2 to equine cytochrome c with a 
turnover number of 75 s - t .  Electron flow was inhibited 
by both antimycin A (87% inhibition at 0.8 /zM) and 
myxothiazol (96% inhibition at 1/zM). 

Although the data of Table I established that the R. 
rubrum complex contains cytochrome b and cyto- 
chrome c t in a 2 :1  ratio, the difference spectra were 
not well enough resolved to allow a determination of 
whether two different forms of cytochrome b were 
present, as is the case for other cytochrome bc~ com- 
plexes [1-3,5,9]. However, oxidation-reduction titra- 
tions of cytochrome b, monitored at 560-570 nm (Fig. 
2A), did reveal two different cytochrome b components 
with E m values (at pH 7.4) of - 3 3  mV (n = 0.98) and 
- 9 0  mV (n = 1.02), respectively. Titrations monitored 
at 553-540 nm (Fig. 2B), to maximize contributions 
from cytochrome cl and minimize those from the b 
cytochromes, revealed a single component  with E m = 
+320  mV (n = 0.98). A series of titrations indicated 
that these E m values were reproducible to within___ 4 
mV. All titrations were fully reversible and the E m and 
n values were independent of redox mediator con- 
centration over a 5-fold range. 

The peptide composition of the purified R. rubrum 
complex was determined by electrophoresis in the pres- 
ence of SDS followed by staining for protein with 
Coomassie Brillant Blue (Fig. 3A). Three peptide com- 

73 

ponents were detected, with apparent  molecular masses 
of 35 kDa, 31 kDa and 22.4 kDa, respectively. These 
values differ slightly from those observed for a R. 
rubrum complex prepared using a different purification 
protocol [9]. No components  with molecular masses in 
the 8-12 kDa range were detected, in contrast to several 
reports of such a component  being present in the Rb. 
sphaeroides and Rb. capsulatus complexes [1,6,25-27]. 
Results similar to those of Fig. 3 were obtained if the 
gels were stained with silver instead of Coomassie Bril- 
liant Blue (data not shown). Western blots using anti- 
bodies raised against either Rb. sphaeroides cytochrome 
c I or the Rb. capsulatus Rieske iron-sulfur protein (Fig. 
3B) have identified the 31 kDa peptide as cytochrome 
c 1 and the 22.4 kDa peptide as the Rieske iron-sulfur 
protein, respectively. We had previously assigned the 31 
kDa component  to the cytochrome c~ peptide on the 
basis of heme-staining [9]. Therefore, the 35 kDa molec- 
ular mass peptide, the only remaining component ,  must 
contain the two cytochrome b hemes. This apparent  
molecular mass value for the R. rubrum cytochrome b is 
lower than that observed for cytochrome b in cyto- 
chrome bc I complexes isolated from other photo- 
synthetic bacteria [1,3,6,15,16]. 
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Fig. 3. Peptide composition of the R. rubrum cytochrome (Cyt) bc 1 
complex. Electrophoresis was performed as described in Materials 
and Methods with 130 pmol of complex loaded per lane. Molecular 
weight standards (lane 1A) used were: bovine serum albumin (M r = 
66 200); ovalbumin (M, = 42 700); carbonic anhydrase (M r = 31000); 
soybean trypsin inhibitor (M r = 21500) and lysozyme (M r = 14400). 
(A) Staining with Coomassie Brilliant Blue for protein. (B) Samples 
were transferred to nitrocellulose paper as described in Materials and 
Methods and treated with antibody raised against either Rb. 
sphaeroides cytochrome c I (lane 1) or the Rb. capsulatus Rieske 

iron-sulfur protein (RISP) (lane 2). 
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Fig. 4. Effect of illumination time on the binding of azido-Q to the R. 
rubrum cytochrome bcl complex and on the ubiquinol:cytochrome c 
oxidoreductase activity of the complex. [3H]azido-Q binding (n) and 
activity were (41') were measured as described in Materials and 

Methods. 

The most widely accepted scheme for electron flow 
through the cytochrome bc~ complex is the so-called 
'Q-cycle' model [1,2,4,5]. This model features quinone 
binding at two sites, one where quinol is oxidized in two 
sequential one-electron steps by the Rieske iron-sulfur 
protein and the low-potential cytochrome b heme and a 
second, where quinone is reduced by the high potential 
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Fig. 5. Distribution of azido-Q radioactivity after photoaffinity label- 
ing of the R. rubrum cytochrome bc 1 complex. Approx. 40 /~g of 
protein were loaded onto the gel and azido-Q binding measured as 
described in Materials and Methods. The gel was first stained for 
protein (top) and subsequently used for radioactivity determination 
(bottom). The eytochrome b peptide was located entirely i n  s l i c e  11, 
the eytochrome c I peptide in slice 13 and the Rieske iron-sulfur 

protein in slice 14. 

cytochrome b heme. To explore the location of quinone 
binding by the R. rubrurn complex, photoaffinity label- 
ing with a ubiquinone analog was carried out. Fig. 4 
shows the time-course for inhibition of the quinol : cyto- 
chrome c oxidoreductase activity of the R. rubrum 
cytochrome bc~ complex and the simultaneous incor- 
poration of 3H-labeled azido-Q during UV-photolysis. 
In control experiments, incubation of the R. rubrum 
complex with azido-Q in the dark or UV illumination of 
the complex in the absence of azido-Q produced no 
inhibition of quinol:cytochrome c oxidoreductase ac- 
tivity (data not shown). Fig. 5 shows that azido-Q 
incorporation into the R. rubrum cytochrome bCl com- 
plex was confined to two fractions that were shown to 
correspond to the cytochrome b peptide (slice 11) and 
the cytochrome c 1 peptide (slice 13). The cytochrome b 
peptide was labeled to approximately twice the extent 
of the cytochrome c~ peptide. Very little azido-Q was 
incorporated into the Rieske iron-sulfur protein (slice 
14) and no incorporation was detected into any low 
molecular weight, putative quinone-binding peptides [28] 
that might have escaped detection by staining for pro- 
tein. 

Discussion 

A method has been developed for purifying a cyto- 
chrome bc 1 complex from R. rubrum.. The complex is 
vitually free of BChl, is highly stable, shows a high 
turnover number and exhibits activity that is sensitive 
to inhibition by two highly specific irthibitors of cyto- 
chrome bc 1 complexes. The isolated R. rubrum complex 
has an electron transfer prosthetic group content similar 
to that observed for other cytochrome bc 1 complexes 
[1-3,5]. The two different E m forms of cytochrome b 
typical of other cytochrome bc 1 complexes [1,2,4,5] are 
also present in the R. rubrum complex. The E m values 
obtained for the cytochrome components in the isolated 
R. rubrum complex at pH 7.4 differ somewhat from 
those obtained in redox titrations of the complex in situ, 
using R. rubrum chromatophore membranes at pH 7.0 
[29]. However, the values obtained in this study for 
cytochromes'c 1 and the lower potential b cytochrome 
are comparable (i.e., they differ by 30 mV or less) to 
those observed with other isolated complexes (Refs. 1 
and 27; and Crofts, A.R. and Robertson, D.E., personal 
communications). The E m value obtained in this study 
for the higher potential cytochrome b is approximately 
70 mV more negative than those reported for complexes 
from other photosynthetic bacteria. 

The most striking property of the R. rubrum cyto- 
chrome bcl complex is the simplicity of its peptide 
composition. The only peptides detected were those that 
carry the electron-transfer prosthetic groups: the proto- 
heine-containing cytochrome b peptide ( M  r = 35 000); 
the cytochrome c 1 peptide (M r = 31000) and the Rieske 



iron-sulfur protein ((M, = 22 400). The minimal molecu- 
lar mass of the complex, assuming one copy of each 
peptide, is thus 88.4 kDa and one would thus predict a 
heine c content of 11.3 nmol per mg protein instead of 
the 6.1 nmol per mg protein we detected. It is possible 
that the subunit molecular masses determined by elec- 
trophoresis are inaccurate, as is often the case for 
membrane-bound proteins, or that the method used for 
protein determination in this work is somewhat inaccu- 
rate because the standard (bovine serum albumin) and 
the complex subunits react differently. It is also possible 
that there are inaccuracies in the heine determination 
due to the contribution of other pigments to the mea- 
sured absorbance. The molecular masses of cytochrome 
cl and of the Rieske iron-sulfur protein in the R. 
rubrum cytochrome bc 1 complex are similar to those 
reported for cytochrome bc~ complexes isolated from 
other photosynthetic bacteria. However, the molecular 
mass of the R. rubrum cytochrome b peptide is signifi- 
cantly lower than the 42-48 kDa values obse/'ved for 
the Rb. sphaeroides and Rb. capsulatus b cytochromes 
[1,3,6,25]. Attempts are currently underway in one of 
our laboratories to determine the true molecular mass 
of this R. rubrum protein from the nucleotide sequence 
of its gene (Harman, J.G., K.naff, D.B., Shanker, S. and 
Kim, Y.-A., unpublished results). 

No evidence for the presence of a low molecular 
mass (i.e., 8-12 kDa) peptide in the complex was found, 
although the presence of such peptides has been re- 
ported for cytochrome bCl complexes isolated from 
other photosynthetic bacteria [1,6,25-28]. Since genetic 
studies have located only genes for the three prosthetic 
group-containing peptides in these bacteria [7,8], it is 
possible that the fourth peptide observed in some 
photosynthetic bacterial cytochrome bca complex pre- 
parations may be either a fortuitous contaminant or a 
proteolytic degradation product of one of the three 
subunits (Ref. 3, and Robertson, D.E. and Daldal, F., 
personal communication). It is also possible that the R. 
rubrum complex contains a fourth peptide in situ which 
is lost during purification. However the fact that the 
turnover number for the R. rubrum complex compares 
favorably with those observed for complexes isolated 
from Rb. capsulatus and Rb. sphaeroides, which have 
been reported to have four subunits [6], and the ob- 
servation that the R. rubrurn complex retains sensitivity 
to two highly specific inhibitors [1,2,4,5] of electron 
flow through the cytochrome bc 1 complex, antimycin A 
and myxothiazol, make this possibility seem unlikely. 

The photoaffinity labeling experiments with the 
ubiquinone analog azido-Q identify a major site for 
quinone binding on the cytochrome b peptide, con- 
sistent with the Q-cycle model for electron transport 
which postulates semiquinone o:(idation and quinone 
reduction by the low- and high-potential protohemes of 
the cytochrome b peptide, respectively [1,2,4,5]. A1- 
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though the Q-cycle model also postulates quinol oxida- 
tion by the Rieske iron-sulfur protein, no azido-Q bind- 
ing to the R. rubrum Rieske protein could be observed 
at levels significantly above those of the background. 
Somewhat surprisingly, since there is no evidence for 
direct interaction between ubiquinone and cytochrome 
c 1 [1,2,4,5], significant azido-Q binding to the cyto- 
chrome c 1 peptide was observed. We attribute this to 
some non-specific binding of azido-Q to the complex. 
In contrast to results obtained with azido-Q photo- 
affinity labeling of the Rb. sphaeroides cytochrome bc 1 
complex [28], which showed extensive labeling of a 12 
kDa peptide, no low-molecular-mass peptides were 
labeled in the R. rubrum complex. This finding 
eliminates the possibility that a low-molecular-weight, 
quinone-binding protein is present in the isolated R. 
rubrum complex but escaped detection because it stained 
poorly with either Coomassie Brilliant Blue or with 
silver. 

The results reported above represent the first detailed 
characterization of a cytochrome bcl complex, isolated 
from a photosynthetic bacterium, that unambiguously 
contains only three peptide subunits (see Ref. 3 for a 
recent discussion of the subunit composition these com- 
plexes). However, a three-subunit complex has been 
isolated from the non-photosynthetic bacterium Para- 
coccus denitrificans [30,31]. The R. rubrum complex 
differs from the P. denitrificans complex in that the 
former contains a cytochrome Cl peptide similar in size 
to that found in mitochondria [1] while the P. denitrifi- 
cans cytochrome c I is considerably larger, with M r = 
62000 [30,32]. 
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