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Neutral and negatively charged dysprosiuin complexes are able to enhance the spin relaxation rate of the
Rieske iron-sulfur cluster only when added from the cytochrome c, side of the photosynthetic membrane,
indicating that the Rieske cluster is asymmetrically placed in the membrane, nearer the cytochrome c, side.
The g, -axis of the Rieske cluster, taken to be the iron-iron axis of this binuclear cluster, lies in the membrane
plane, as does the g -axis. Appropriately, the g -axis is orthogonal to the membrane plane. A comparison
with a mammalian mitochondrial standard indicates that there are (.65 + 0.1 Rieske clusters per reaction
center. This is in excellent agreement with previously determined estimates of the number of antimycin-bind-
ing sites, and binding sites for what is known phenomenologically as Q,, suggesting that there is one of each
per ubiquinol-cytochrome ¢, oxidoreductase.

Introduction a pK on the oxidized form at pH 8 [3,4]. Its

oxidation by cytochrome c, is rapid (¢, ,, = 200

The ubiquinol-cytochrome ¢ oxidoreductases of ps), and is inhibited by quinone analogs such as

mitochondria and many bacteria, and the plasto-
quinol-cytochrome f oxidoreductase of chloro-
plasts, contain a distinctive iron-sulfur cluster, first
reported by Rieske et al. [1], which has become
known as the Rieske cluster. Apparently function-
ing as the oxidant of a quinol and the reductant of
a bound c-type cytochrome, the Rieske cluster
plays an essential role in electron transfer in these
oxidoreductases [2].

The Rieske iron-sulfur cluster of the photosyn-
thetic bacterium Rhodopseudomonas sphaeroides
has already been extensively characterized and
studied [3-6]. It has an oxidation-reduction mid-
point potential of +280 mV at pH 7, and exhibits
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UHNQ, 2-(n-undecyl)-3-hydroxy-1,4-naphthoquinone.
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UHDBT [5] and UHNQ [6]. This paper addresses
the location and orientation -of the Rieske cluster
within the photosynthetic membrane, and assesses
the concentration of the cluster in the ubiquinol-
cytochrome ¢ oxidoreductase.

A powerful approach to determining the loca-
tion of a paramagnetic center such as the Rieske
cluster is to attempt to relieve the cluster’s inher-
ent microwave saturation properties by adding
paramagnetic rare earth ions [7-9]. Dy>" is a good
extrinsic probe because of its short spin-lattice
relaxation time (7)) and large magnetic anisotropy
[10]. Several groups [8,11,12] have found that the
microwave power needed for half saturation of a
biological paramagnetic center (see Ref. 13) varies
proportionately with the concentration of relaxing
extrinsic paramagnetic probe, and inversely pro-
portionately with the sixth power of the distance
of closest approach of the relaxing probe. In this
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work the distance of closest approach is assessed
when the dysprosium is added to the outside of
chromatophores or spheroplast-derived vesicles,
which have opposite polarity.

Oriented membrane vesicles have been widely
studied in recent years because they approximate
one-dimensional crystals oriented relative to the
membrane normal, but with no preferential orien-
tation in the plane of the membrane. The highest
‘dichroic ratios’ are obtained using partial dehy-
dration in a 90% relative humidity chamber
[14-18]. Blum et al. [17] have shown that although
the principal g values of a crystalline paramagnetic
center vary as the angle of the applied magnetic
field is varied, even a small amount of disorder, or
‘mosaic spread’, about the predominant orienta-
tion leaves the g values approximately constant.
However, under such conditions the amplitudes of
the individual g values show an orientation depen-
dence, being maximal when the magnetic field is
parallel to the g-axis of the paramagnetic center.

The results indicate that the Rieske iron-sulfur
cluster, which seems to be a [2Fe-2S] cluster, lies
near the cytochrome c, side of the membrane, with
the iron-iron axis in the membrane plane. There
seems to be a single Rieske center per ubiquinol-
cytochrome ¢, oxidoreductase, and 0.65 + 0.1 of
these complexes per reaction center in the chro-
matophore membrane.

Materials and Methods

Rps. sphaeroides Ga was grown anaerobically in
the light on a medium containing succinate as the
sole carbon source [19]. Chromatophores were pre-
pared using a French pressure cell [19] and
spheroplast-derived vesicles were prepared by the
method of Takemoto and Bachmann [20]. The
concentrations of reaction centers in the chro-
matophores and spheroplast-derived vesicles were
assayed by monitoring the 605 nm absorbance
band of the reduced bacteriochlorophyll ‘dimer’ in
a Johnson Foundation rapidly responding dual-
wavelength  spectrophotometer following flash
activation [19]. Chromatophores contain cyto-
chrome c, inside the vesicles [21] and less than 5%
of the reaction centers were accessible to exter-
nally added mammalian cytochrome ¢. In contrast,
the spheroplast-derived vesicles are essentially de-

void of cytochrome c,, and more than 90% of their
reaction centers were accessible to externally ad-
ded mammalian cytochrome c.

DyCl,, LaCl, and Dy(NO,), were obtained
from Alfa Chemicals, Danvers, MA. The chlorides
were chelated 1:1 with EDTA (sodium salt) or
HEDTA (sodium salt). All were prepared as 100
mM stock solutions at pH 6.8, and were added
immediately prior to freezing the samples, after
poising the ambient redox potential, to minimize
the possibility that they might permeate the mem-
brane.

Chromatophores were oriented by layering a
concentrated suspension onto mylar and partially
dehydrating the sample in a 90% relative humidity
atmosphere for 36 hours at 4°C.

Results

The location of the Rieske cluster in the photosyn-
thetic membrane

The derivative EPR spectrum of the Rieske
cluster of Rps. sphaeroides is well known, with
g.= 181, g,=190 and g,=203 [3-6]. Fig.1
shows saturation profiles of the g, = 1.90 signal in
chromatophores and spheroplast-derived vesicles
supplemented with dysprosium and lanthanum
complexes. LaEDTA is used as a diamagnetic
control. The Rieske cluster is not very sensitive to
paramagnetic relaxation from the added Dy’",
indicating that the cluster is well buried in the
membrane. Nevertheless, both DyEDTA (a nega-
tively charged complex) and DyHEDTA (a charged
complex with no net charge) consistently affected
the Rieske cluster when added to spheroplast-de-
rived vesicles, but not to chromatophores. The
effects of the two complexes were similar, and
linearly dependent on their concentration (data
not shown). At 13 K the change in microwave
power for half-saturation was 0.7 (£ 0.1) mW /mM
dysprosium complex.

The orientation of the Rieske cluster in the mem-
brane

Fig. 2 shows spectra taken at representative an-
gles of oriented multilayers of chromatophore
membranes; the magnetic field and the membrane
plane are parallel at 0°C. Circular coordinate plots
for the three g values are shown in Fig. 3; clearly,
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Fig. 1. The effect of dysprosium complexes on the microwave power saturation properties of the Rieske iron-sulfur cluster of Rps.
sphaeroides. Chromatophores (1.5 mM bacteriochlorophyll) or spheroplast-derived vesicles (0.7 mM bacteriochlorophyll) suspended in
20 mM Mops, 100 mM KCI were reduced with a few crystals of solid sodium ascorbate plus 10 uM N-methylphenazonium
methosulfate. This brings the E}, to approx. +150 mV. Immediately prior to freezing in ligroin cooled to near 77 K with liquid
nitrogen, 10 mM of the indicated lanthanum or dysprosium complex was added. The magnitude of the 8, = 1.90 signal was measured
at 13 K and the data normalized for easy visual inspection. The curves were fitted from Fig. 5 of Ref. 33. The arrows indicate the

power required for half-saturation.

the g -axis is normal to the membrane plane, with
g,~ and g, -axes in the membrane plane.

The addition of inhibitors such as UHDBT or
UHNQ shifts the g values of the Rieske cluster to
g.=2.04, g, =1.89 and g = 1.79 [5,6]. Samples
oriented in the presence of these inhibitors showed
that the g-axes retained the same orientation shown
in Figs. 2 and 3.

Upon reduction of the quinone pool of Rps.
sphaeroides, the g band of the Rieske clusters
shifts from g=1.81 to g=1.79. It has proven
impossible to produce oriented multilayers with
the Q pool reduced by the addition of reductants
prior to partial dehydration, but dehydrated sam-
ples treated with reductant after orientation do
reveal the g =1.79 signal at the same orientation
as when the signal was at g = 1.81.

De Vries et al. [23] have concluded that there
are two equal populations of slightly different
Rieske clusters in mammalian mitochondria, with

slightly different line shapes. No clear evidence for
such a dichotomy can be seen in Fig. 2, but if
there are two centers, their orientation seems to be
very similar.

The concentration of the Rieske cluster in the photo-
synthetic membrane

Attempts to integrate the derivative EPR spec-
trum of the Rieske cluster have proven difficult
because of the ubiquitous presence of a variety of
free radical signals in the chromatophore mem-
brane, which sometimes overlap the g, signal of
the Rieske cluster. However, the Rieske cluster of
Rps. sphaeroides seems to be so similar to that of
mammalian mitochondria that comparison with
the concentration of the Rieske cluster in the
mitochondrial ubiquinol-cytochrome ¢ oxidore-
ductase (Complex III) may yield a reasonable
estimate of its concentration. There is a large
amount of evidence that mitochondrial ‘complex
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Fig. 2. The orientation of the Rieske iron-sulfur cluster in
chromatophores of Rps. sphaeroides. Partially dehydrated sam-
ples were measured at 10° intervals, and representative spectra
are shown. At 0° the membrane plane of the dehydrated
sample is parallel with the applied magnetic field. The tempera-
ture was 19 K, with 2 mW of microwave power and 1.6 mT
modulation.

11T’ contains one Rieske cluster per cytochrome c,
[22-24) although De Vries et al. [23] have con-
cluded that there are in fact twd slightly different

918! 9190

Fig. 3. The orientation of the Rieske iron-sulfur center in
chromatophores of Rps. sphaeroides. This figure plots the am-
plitudes of the three g values seen in Fig. 2. At 0° the mem-
brane plane is parallel with the applied magnetic field.

forms of the Rieske cluster, each present at a
stoichiometry of one-half per cytochrome ¢,. As-
suming that the mitochondrial cytochrome b-c,
complex contains one equivalent of the Rieske
cluster per cytochrome ¢, (measured spectrophoto-
metrically as described by Rieske [22]), and mea-
suring the height of the g, = 1.90 signal in both the
mitochondrial and chromatophore systems under
identical, nonsaturating conditions (see Fig. 1), a
relative concentration of the Rieske cluster in the
chromatophore membrane could be obtained. This
in turn could be related to the concentration of
photochemical reaction centers in the chromato-
phore membranes, determined spectrophotometri-
cally as described by Dutton et al. [19]. Since the
concentration of chromatophores was so different
in these two assays, they were normalized using
the total amount of bacteriochlorophyll in the
sample, measured as described in Ref. 19. In such
comparisons ten separate preparations of chro-
matophores compared to two separate prepara-
tions of the mitochondrial cytochrome b-c, com-
plex yield a stoichiometry of 0.65+ 0.1 clusters
per reaction center.

Discussion

The location of the Rieske cluster in the photosyn-
thetic membrane

Added dysprosium complexes of either negative
or neutral charge are able to relieve the inherent
microwave saturation properties of the Rieske
cluster of Rps. sphaeroides only when added from
the cytochrome c, side of the membrane, indicat-
ing that the Rieske cluster is asymmetrically dis-
posed in the membrane. Estimates of the distance
from the Rieske cluster to the membrane surface
are at best only very crude, but using the relation-
ship between the change in power for half-satura-
tion (AP, ,,) and distance () found by Blum et al.
[12] for the high-potential tetranuclear cluster from
Rps. gelatinosa:

AP, ,, (mW/mM)=4.12-10% r®exp( - 12.5/T)

yields a value for r of 25 A. This must be de-
creased by 5 A because the dysprosium is at the
center of the chelator, yielding a distance of 20 A.
Furthermore, since the dysprosium complexes are



not symmetrically disposed about the Rieske clus-
ter, but are restricted to only the membrane surface
this must be reduced by about 30% [25], to yield
an estimate of 14 A from the aqueous/membrane
interface. Probably the major errors in this calcu-
lation are the assumptions that the membrane is
‘flat’ and that the dysprosium complex can only
approach this membrane surface. Nevertheless, the
estimate is reasonable, it agrees fairly well with
mammalian mitochondrial estimates (17-20 A
from the cytochrome c¢ side, [25]), and is in accord
with the finding that electron flow from the Rieske
cluster, probably via cytochrome ¢,, to cytochrome
¢, is not accompanied by a carotenoid band shift
{S), indicating that if the reaction is indeed an
electron transfer, as the equilibrium properties
would suggest, it does not occur through the re-
gion of low dielectric constant which is usually
believed to be the middle two-thirds of the mem-
brane.

Orientation of the Rieske cluster

The mammalian mitochondrial Rieske cluster is
a [2Fe-28] cluster [26,27] and the g values of the
bacterial cluster suggest that it is very similar. As
such, the model of Gibson et al. [28] predicts that
the g,-axis is the iron-iron axis of the cluster, and
the data presented in Figs. 2 and 3 indicate that
this lies in the membrane plane. This is identical to
the orientation of the Rieske cluster in both animal
[29] and plant (Bonner, W.D. and Prince, R.C,,
unpublished observations) mitochondria and of
the binuclear centers S-1 and N-1 of animal
mitochondria [29]. It is also similar to the orienta-
tion of the Rieske cluster in chloroplasts [18], but
in this case the g = 1.90 axis is orthogonal to the
membrane plane (cf. Figs. 2 and 3). Furthermore,
DBMIB shifts the g = 1.90 axis of the chloroplast
cluster to g=1.95, in the process changing the
orientation so that this new g value lies in the
membrane plane [18). DBMIB had no effect on
the Rieske cluster of Rps. sphaeroides, and while
UHNQ and UHDBT shift all three g values slightly
[5,6] they do not alter the orientation of the axes in
the membrane plane.

The concentration of the Rieske cluster in the photo-
synthetic membrane
The stoichiometry measured here, 0.65 1 0.1
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Rieske clusters per reaction center, is in excellent
agreement with other estimates of the number of
ubiquinol-cytochrome ¢, oxidoreductase (or cyto-
chrome bc, complexes) in the photosynthetic mem-
brane. Thus, there are 0.7 + 0.1 antimycin-binding
sites per reaction center [30], and 0.8 1 0,.1 special
quinone-binding sites (for the so-called Q, [31))
per reaction center, suggesting that there is one
Rieske cluster, one Q,-binding site and one anti-
mycin-binding site per oxidoreductase. These are a
somewhat unsatisfactory group of numbers, be-
cause they lie between a clearcut 1 or 2 reaction
centers per oxidoreductase, but it should be borne
in mind that Rps. sphaeroides is capable of aerobic
metabolism, and some oxidoreductases may be in
parts of the membrane that lack reaction centers
and some reaction centers are known to lack
oxidoreductases (e.g., see Refs. 30-32).

The relatively low concentration of the Rieske
clusters, Q,-binding sites and antimycin-binding
sites is in contrast to the amount of b-type cyto-
chromes present. Chromatophores contain an ap-
parent 4-fold excess of cytochrome 5-560 over
reaction centers [32]. A role for this apparent
excess has not been suggested.
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