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Functional size measurements on the chloroplast cytochrome bf complex
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Radiation inactivation studies on the functional size of the chloroplast cytochrome bf complex showed the
following characteristics. (1) In the purified complex, the cytochrome b-563, cytochrome f and Rieske
polypeptides gave independent target sizes close to those obtained from gene sequence data. (2) The
molecular mass required for electron transport from plastoquinol-1 to plastocyanin in chloroplast membranes
was approximately 75 kDa. This indicates that one copy of each major polypeptide forms a functional
complex. (3) Measurements on the Rieske EPR signal indicate that the binding of the inhibitor 2,5-dibromo-
6-methyl-3-isopropyl-p-benzoquinone (DBMIB) involves more than one polypeptide. It is argued that the
quinone-binding site blocked by DBMIB involves both the Rieske and cytochrome b polypeptides.

Introduction

Chloroplast cytochrome bf complex isolated
from thylakoid membranes is one of a family of
oxidoreductases which are also found in the elec-
tron transport systems of mitochondria and
bacteria [1-3]. Cytochrome bf complex catalyses
the oxidation of plastoquinol by plastocyanin,
which involves both electron and proton transport
across the thylakoid membrane and facilitates
electron transfer between the two photosystems.
The membrane-bound complex contains four
major polypeptides and several redox centres: (a)

Abbreviations: DBMIB, 2,5-dibromo-6-methyl-3-isopropyl-p-
benzoquinone; Mes, 4-morpholineethanesulphonic acid; Chl,
chlorophyll; SDS, sodium dodecyl sulphate; PS, Photosystem.
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cytochrome 5-563, 23.4 kDa (spinach) containing
two b-type haem groups [4]; (b) cytochrome f,
31.1 kDa (pea) containing a c-type haem group
[5,6]; (c) a Rieske-type iron-sulphur protein, 18.9
kDa (spinach; Herrmann, R.G., personal com-
munication); (d) plastoquinone/ ol bound to one
or more proteins [7]; (e) a 15.2 kDa (pea) poly-
peptide of unknown function [8] which is related
to the C terminus of the larger mitochondrial
cytochrome b. This suggests that the cytochrome b
in chloroplasts is a split gene [9].

The molecular mass of each major polypeptide
has been derived from gene sequence data and
does not include the electron carriers associated
with the polypeptide. As with the membrane pro-
teins of the Rhodopseudomonas viridis reaction
centre [10], it demonstrates that molecular size
data based on SDS-polyacrylamide gel electro-
phoresis can contain large over- or underestima-
tions.

Models of possible structures for the four poly-
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peptides indicate that they all span the membrane
and these models also allow suggestions for the
location of some electron carriers [3,9]. However,
the mechanism of electron and proton transport
remains to be firmly established. ‘Q’ and ‘b’ cycle
models involving the two b cytochromes and also
a quinone-binding site on either side of the mem-
brane have been suggested (see Refs. 1-3 for
review).

Knowledge of the number and stoichiometry of
the major polypeptides is important to the under-
standing of the structure and function of the com-
plex. Many techniques including quantitative
staining or radioactive labelling of SDS-poly-
acrylamide gels, cross-linking and binding studies,
light scattering, gel filtration, sedimentation and
electron microscopy [1-3,11-17] have been ap-
plied to cytochrome bc type complexes. No agree-
ment has been reached on either the stoichiometry
or number of individual polypeptides.

Radiation inactivation measures the functional
size of proteins and protein complexes [18-21].
The rate of loss of activity with increasing radia-
tion dose is measured. If activity declines as a
single exponential function of dose, a linear plot
of dose versus log activity is obtained. The slope
of this plot is related to the molecular mass by
calibration using enzymes of known molecular
mass [20]. The technique is particular suitable for
membrane-bound protein complexes, which are
often difficult to purify. Using this technique,
purification is only required to the stage where the
characteristic or activity can be accurately mea-
sured. However, the interpretation of results can
be complicated by the presence of detergents,
which may affect rates of inactivation [20].

This paper reports an investigation of the cyto-
chrome bf complex using radiation inactivation.
Measurements were made on both purified com-
plex and chloroplast membranes. The rate of elec-
tron transport from plastoquinol to plastocyanin
was used to measure overall electron transport,
and the site of DBMIB binding was investigated
using the characteristic shift of the EPR spectrum
of the Rieske iron-sulphur centre. The results indi-
cate that a monomeric complex of subunits is
active and that the binding site for DBMIB in-
volves more than one polypeptide.

Materials and Methods

Chloroplast membranes were prepared from the
leaves of greenhouse-grown peas (Pisum sativum,
var. Feltham First) by the method described in
Ref. 22 and were suspended in 20 mM Mes/ 15
mM NaCl/5 mM MgCl,/20% (v/v) glycerol.
Purified cytochrome bf complex was prepared by
the method of Hurt and Hauska [23]. Samples
were prepared for radiation treatment as described
in Ref. 19 and irradiated in the presence of en-
zyme standards, malate dehydrogenase (70 kDa)
and glucose-6-phosphate dehydrogenase (104
kDa), as described in Ref. 20. The use of bovine
serum albumin was avoided, due to the reversal of
DBMIB inhibition by this protein [24]. 0.5 mg/ ml
transferrin was used in place of bovine serum
albumin as a protein buffer. Radiation treatment
was carried out at a dose rate of 2 Mrad per min
as detailed in Refs. 20 and 21. Samples irradiated
at room temperature were cooled during treatment
using air driven over a block cooled by liquid
nitrogen. Treatment was given in a series of 4-Mrad
doses with a cooling period between each, until
the required dose was achieved.

Irradiation was carried out at 77 K using sam-
ples in quartz glass tubes immersed in liquid
nitrogen contained in a finger dewar. Treatment
was given in 15- or 20-Mrad doses until the re-
quired dose was achieved.

Assays

Chlorophyll a and b were measured by the
method of Arnon [25] using 80% (v/v) acetone.
Enzymes were assayed at either 20 or 25°C using
duplicate or triplicate assays of each sample. Tem-
perature variation was +0.5°C and could be cor-
rected for by using control samples. Enzyme as-
says were as described in Ref. 20 using a Cary 219
spectrophotometer and 1 ml, 1 cm pathlength
quartz cuvettes. Malate dehydrogenase (porcine
heart cytoplasmic, EC 1.1.1.37) was assayed by the
rate of oxidation of NADH monitored at 340 nm,
using freshly made oxaloacetate solution as sub-
strate. Glucose-6-phosphate dehydrogenase from
Leuconostoc mesenteroides (EC 1.1.1.49) was as-
sayed by the rate of reduction of NAD™, moni-
tored at 340 nm using glucose 6-phosphate as
substrate. The Rieske iron-sulphur protein was



estimated using the size of the EPR signal at
g = 1.89 and the effect of DBMIB by the height of
the modified Rieske EPR signal at g = 1.95. Cyto-
chromes b and f were measured as the height of
the absorption peaks at 563 and 554 nm in a
reduced-minus-oxidised (ferricyanide) optical dif-
ference spectrum using automatic baseline correc-
tion. The cytochrome f peak was obtained by
reduction with hydroquinone and checked by fur-
ther reduction with sodium ascorbate. The cyto-
chrome b-563 peak was obtained by subtraction of
the cytochrome f peak from a sodium dithionite-
minus-ferricyanide difference spectrum.

Plastoquinol / plastocyanin oxidoreductase ac-
tivity was measured by following the reduction of
plastocyanin at 579 nm [26]. The reaction mixture
contained 20 mM Mes (pH 6.2) /80 mM NaCl/10
pM plastocyanin/10 pM plastoquinol-1/0.1%
digitonin and chloroplasts (5 p.g chlorophyll) in a
total volume of 1 ml. After addition of digitonin,
the suspension was incubated for 2 min before
adding plastoquinol to start the reaction. Rates
were corrected for the uncatalysed rate observed
in the absence of chloroplasts (about 10%). Pea
plastocyanin was purified by the method of
Plesnicar and Bendall [27] and plastoquinol-1 was
synthesised as described in Ref. 26.

EPR spectrometry

EPR spectrometry was performed at cryogenic
temperatures using a Jeol FE1 X-band spectrome-
ter with 100 kHz field modulation and an Oxford
instruments liquid helium cryostat. 0.3-ml samples
in 3 mm diameter calibrated quartz tubes were
used. Chlorophyl! concentration of samples and
EPR conditions are described in the text. Samples
were prepared as follows. (a) Rieske iron-sulphur
centre: 10 mM sodium ascorbate was added to
samples, which were then dark adapted for 15-20
min before freezing in liquid nitrogen in the dark.
This treatment reduces the Rieske centre but not
the iron-sulphur centres which act as PS I electron
acceptors. (b) DBMIB/Rieske centre; samples
were prepared with addition of 100 uM DBMIB
and after 15 min of dark adaptation were frozen
under illumination from a 1000 W lamp. Samples
were examined by EPR at 15 K, the measurement
of the size of EPR signals is described in the text.
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Data analysis

A Minitab statistical programme (Penn State
University) was used for linear regression and
analysis of variance. Enzyme activities were
expressed as a percentage of control values and
target analysis performed as in Refs. 19 and 20.
Regression lines were checked for error by a plot
of standard residuals versus dose. Molecular mass
was estimated by comparison with the protein
standards [20,21]. Errors, expressed as S.D., were
approximately + 10%. A Tectronix 4051 micro-
computer was used to store EPR spectra.

Results

The rates of inactivation of the electron carriers
were first established using data from the absorp-
tion spectra of cytochromes » and f and EPR
spectra of the Rieske iron-sulphur centre. The
purified cytochrome bf complex was investigated
by radiation inactivation of freeze-dried samples.
Fig. 1 shows in a single experiment the inactiva-
tion of the Rieske centre compared to the enzyme
standards malate dehydrogenase and glucose-6-
phosphate dehydrogenase. Comparison of the rate
of inactivation of the Rieske centre with the stan-
dards gave a molecular mass of 19 kDa with
malate dehydrogenase and 17 kDa with glucose-
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Fig. 1. Rate of inactivation of the Rieske centre in the cyto-
chrome bf complex. Freeze-dried samples were irradiated at
room temperature and assays performed as given in materials
and methods. ®, Rieske iron-sulphur centre (g=1.89); m,
malate dehydrogenase; a, glucose-6-phosphate dehydrogenase.
Slopes of regression lines (Mrad™!): @, (1.41+0.05)-10"%; m,
(5.2840.07)-1072; &, (8.77£0.12)- 1072,
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6-phosphate dehydrogenase. This compares
favourably with the mass from sequence data (18.9
kDa) and shows the accuracy of measurement
from a single experiment to be approximately
+10%. Similar comparisons for cytochrome » and
f (not shown) were made and gave molecular sizes
of 25 kDa (cytochrome b) and 30 kDa (cyto-
chrome f), indicating that the inactivation was a
function of the whole molecule. The size of the
individual targets for these three polypeptides
which carry most if not all of the electron transfer
components suggests that the overall functional
size of the complex could be measured.
Chloroplast membranes irradiated at 77 K were
used to measure oxidoreductase activity. This
avoided the presence of detergents, which have
been shown to affect molecular size estimations
[20]. Fig. 2A and B shows the rates of inactivation
of malate dehydrogenase and plastoquinol-1/
plastocyanin oxidoreductase activity compared to
the Rieske iron-sulphur centre in chloroplast
membrane samples. The results of two separate
experiments using identical conditions were com-
bined to increase the accuracy of measurement.
The rate of inactivation of chlorophyll was used
as a baseline (molecular weight, 1000) to subtract
secondary inactivation processes. Subtraction of
the chlorophyll inactivation from that of Rieske
centre, malate dehydrogenase and oxidoreductase
produces rates showing that the inactivation of the
oxidoreductase was more than three times that of
the Rieske centre. The rate of inactivation of the
oxidoreductase activity was also very similar to
that of malate dehydrogenase. These comparisons
indicate a molecular size of around 75 kDa for
oxidoreductase activity using plastoquinol-1. This
is similar to the combined molecular masses of the
cytochromes b and f plus the Rieske polypeptide.
It shows that a monomeric arrangement of poly-
peptides is functionally competent and, with an
accuracy of +10%, indicates that the 15 kDa
polypeptide may have no functional role.

DBMIB

The effect of DBMIB binding on the rate of
inactivation of the Rieske centre was measured
using the change in EPR characteristics. Condi-
tions were established which allowed full conver-
sion of the normal Rieske EPR signal to the signal
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Fig. 2. Rate of inactivation of cytochrome bf complex in
chloroplast samples irradiated at 77 K. Comparison of the
rates of inactivation of the Rieske centre (g =1.89) (@) with
(A) malate dehydrogenase (M), (B) plastoquinol-1/plastocyanin
oxidoreductase (¥v) and (C) the g=1.95 signal caused by
addition of 100 uM DBMIB (). Results of two separate
experiments are combined in A and B. EPR samples were
prepared and measured as given in the text. Slopes of regres-
sion lines (Mrad ') (each experiment): ®, 3.2-10~3 and 3.15-
1073 ®,9.2-107% and 8.4-107%; v, 9.4.10~ and 9.1-107%;
¢. 5.8:1073. Chlorophyll concentrations of the two experi-
ments were 4 and 1.75 mg/ml. Rate of inactivation of chloro-
phyll, 1.1-1073.

caused by DBMIB interaction [28,29]. As demon-
strated in Fig. 3, the addition of DBMIB to the
ascorbate reduced cytochrome bf complex pro-
duced a variable mixture of signals from centres
where DBMIB was bound (g=1.95) and not
bound (g =1.89). It was found that reproducible
conversion of the g=1.89 Rieske signal to the
g =1.95 form could not be achieved using chem-
ical reduction but occurred when chloroplast sam-
ples were frozen under illumination following
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Fig. 3. EPR spectra of the Rieske iron-sulphur centre showing

the effect of DBMIB, Both spectra are from chloroplast sam-

ples containing 100 pM DBMIB and 3 mg Chl/ml. Upper

line, sample reduced by 10 mM sodium ascorbate and frozen

after 15 min dark adaptation. Lower line, sample frozen under

illumination. The significance of the g values marked is given
in the text.

DBMIB addition (Fig. 3, lower spectrum). Mea-
surement of the rate of inactivation of the g=1.95
signal revealed a significantly increased rate as
compared to that of the normal Rieske centre
(Fig. 2C). Further experiments were performed on
freeze-dried chloroplast membranes in order to
obtain a greater rate of inactivation by using room
temperature radiation treatment. Fig. 4 shows the
results of two experiments. The upper graph shows
the rate of inactivation of the g=1.89 ‘normal’
Rieske signal together with the rate of inactivation
of the standard malate dehydrogenase. The lower
graph compares the rates of inactivation of the
g=1.89 ‘normal’ and g=1.95 DBMIB signals.
There is a clear difference between the two rates,
indicating a molecular size of around 45-50 kDa
for the g = 1.95 signal by comparison with 70 kDa
for malate dehydrogenase and 20 kDa for the
g = 1.89 Rieske signal. This shows that the bind-
ing site for DBMIB is not solely the polypeptide
of the Rieske centre. It suggests that binding
occurs either on a polypeptide adjacent to the
Rieske centre, which would still allow an interac-
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Fig. 4. Rate of inactivation of the g=1.89 and g=1.95 EPR
signals from the cytochrome bf complex. Freeze-dried chloro-
plasts were irradiated at room temperature and samples pre-
pared (3 mg Chl/ml) and assayed as given in Materials and
Methods. Upper graph, comparison of the rates of inactivation
of the g =1.89 Rieske EPR signal (®) and malate dehydro-
genase (M). Lower graph, comparison of the rates of inactiva-
tion of the g =1.89 (@) and g =1.95 DBMIB (@) EPR signals.
The Rieske and malate dehydrogenase data are from three
separate experiments and the DBMIB data from two experi-
ments. Slopes of regression lines (Mrad ~!) (each experiment):
®, 1.48-1072, 1.56-10"2 and 1.76-10"%; m, 5.25-1072, 49-
10" 2and 6.2-1072; ¢, 3.45-1072 and 4.4-1072.

tion, or perhaps involves both the Rieske centre
and an additional polypeptide(s).

Discussion

Several recent publications have provided evi-
dence that the cytochrome bc-type complexes
function as dimers. These results have suggested
that modifications are required to the hypotheses
put forward to explain the mechanism of catalysis.
According to the protonmotive Q cycle, the
oxidoreductase contains two centres, one where
plastoquinol is oxidised, QO (also designated Q,
or Q,, see Refs. 1-3) and another for plas-
toquinone reduction, QR (Q; or Q_). Two protons
are released at QO, with one electron passed to
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the Rieske iron-sulphur centre and the other passed
across the membrane to the QR site. Two classes
of inhibitor which independently block each of
these proposed sites have been demonstrated.
DBMIB inhibits at the QO site. The evidence for a
dimeric complex has been used mainly to provide
alternative explanations for the co-operative re-
duction of plastoquinone at the QR site, but a
double Q cycle has also been proposed [13]. The
strongest evidence for the existence of dimers
comes from electron microscopy of mitochondrial
cytochrome bc complex [12,17] and chloroplast
cytochrome bf complex [16]. However, the func-
tional unit could still be monomeric.

Nalecz and Azzi suggested that a monomer of
mitochondrial cytochrome was active [15], but with
the dimeric form having increased activity. Hurt
and Hauska [23] also argued that the monomeric
complex was active in their isolated cytochrome bf
complex preparation.

Studies on inhibitor binding have indicated one
binding site per complex for the mitochondrial
inhibitors of QO, myxothiazol [30] and stigmatel-
lin [31], suggesting a monomeric complex. On the
other hand, Graan and Ort [11] recently suggested
that there was only one DBMIB binding site per
dimeric complex of cytochrome bf. Therefore,
there is no concensus for the monomer or dimer
model.

The results presented in this study clearly show
that the cytochrome bf complex is a functional
monomer for plastoquinol-1/ plastocyanin oxido-
reductase activity. This does leave the possibility
that a slight enhancement of activity by dimerisa-
tion may occur. This should have caused a bi-
phasic inactivation but may not have been re-
solved.

The binding site for DBMIB and plastoquinol
has been suggested to be the Rieske iron-sulphur
polypeptide because this centre is probably the
electron acceptor at the QO site. Photqaffinity
labelling of cytochrome bf complexes with
plastoquinone analogues showed binding to the
Rieske polypeptide but also binding to the cyto-
chrome b, an effect which was reduced by DBMIB
binding [7]. The competition between the artificial
electron donor duroquinol and DBMIB has re-
cently been investigated, with the results suggest-
ing that they compete for the QO site [32].

The results presented here show that the
DBMIB site involves more than the Rieske poly-
peptide. It is possible that the site does not involve
the Rieske polypeptide at all, as its mass may only
feature because of the use of the EPR signal for
measurement of the DBMIB binding. However,
the data taken together with the photoaffinity
labelling results suggest that the DBMIB site, and
therefore probably the QO site, depend on both
the Rieske and cytochrome b polypeptide. Analy-
sis of the amino acid sequence information for the
cytochrome b [4,9] suggests that the most prob-
able candidate for quinone binding would have to
involve the conserved histidine residues involved
in haem binding. The two quinone-binding sites
may therefore occupy sites on either side of the
membrane close to the cytochrome b haem groups.
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