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Summary

The Rieske iron-sulfur center in the photosynthetic bacterium Rhodo-
pseudomonas sphaeroides appears to be the direct electron donor to ferricyto-
chrome c¢,, reducing the cytochrome on a submillisecond timescale which is
slower than the rapid phase of cytochrome oxidation (t,,, 3—5 us). The reduc-
tion of the ferricytochrome by the Rieske center is inhibited by 5-n-undecyl-
6-hydroxy-4,7-dioxobenzothiazole (UHDBT) but not by antimycin. The slower
(1—2 ms) antimycin-sensitive phase of ferricytochrome ¢, reduction, attributed
to a specific ubiquinone-10 molecule (Q,), and the associated carotenoid spec-
tral response to membrane potential formation are also inhibited by UHDBT.
Since the light-induced oxidation of the Rieske center is only observed in the
presence of antimycin, it seems likely that the reduced form of Q, (Q.H,)
reduces the Rieske center in an antimycin-sensitive reaction. From the extent
of the UHDBT-sensitive ferricytochrome ¢, reduction we estimate that there
are 0.7 Rieske iron-sulfur centers per reaction center.

UHDBT shifts the EPR derivative absorption spectrum of the Rieske center
from g, 1.90 to g, 1.89, and shifts the E,, , from 280 to 350 mV. While this
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latter shift may account for the subsequent failure of the iron-sulfur center to
reduce ferricytochrome c,, it is not clear how this can explain the other effects
of the inhibitor, such as the prevention of cytochrome b reduction and the
elimination of the uptake of Hy;; these may reflect additional sites of action of
the inhibitor.

Introduction

Light-driven electron flow in the photosynthetic bacteria is initiated in
photochemical reaction centers, where the photon elicits the oxidation of a
bacteriochlorophyll dimer and the reduction of a bacteriopheophytin molecule.
In turn, the latter reduces the primary quinone which is also tightly associated
with the reaction center and remains with it on isolation of the reaction center
from the membrane. Thus within a few hundred picoseconds of the arrival of
the photon the reaction center has an oxidized bacteriochlorophyll dimer
[(BChl);] and a reduced primary quinone (Qf) (see Refs. 1 and 2 for recent
reviews). The direct electron donor to the (BChl)} is a e-type cytochrome (see
3), but the fate of the electron on Qj is less clear. Nevertheless, the reaction cen-
ter drives a cyclic electron transport system, and the electron on Q; eventually
returns to the ferricytochrome ¢, by passing through a ubiquinone-cytochrome
b-c; (Q-b/c,) oxidoreductase [3—6]. The Q-b/c, oxidoreductase has been
studied in some detail in the closely related bacteria. Rhodopseudomonas
sphaeroides and Rhodopseudomonas capsulata, and it seems that it is func-
tionally very similar to the ubiquinone-cytochrome b-c, oxidoreductase of
mitochondria (e.g., see Ref. 7).

A functionally unique molecule of ubiquinone-10 (Q,, formerly known as Z)
plays a central role in the Q-b/c, oxidoreductase. It is not visible spectro-
scopically, so its properties have been determined by its effects on ferricyto-
chrome ¢, reduction [8—11] and by differential ubiquinone extraction experi-
ments [12—15]. In Rps. sphaeroides the interaction of Q, with ferricyto-
chrome c, appears to be rate limited by a collisional, second order reaction
[9,10] with the kinetics indicating a stoichiometry of 0.8 Q, molecules per
reaction center [9]. Under optimal conditions the reduction of ferricyto-
chrome ¢, by Q, has an apparent halftime of 1—2 ms [8—10].

Antimycin abolishes the 1—2 ms reduction of ferricytochrome ¢, by Q,, and
under these inhibited conditions three turnovers of the reaction center are
required to convert all the ferrocytochrome c, into a stably oxidized form
[16]. Approximately half of the total ferrocytochrome is stably oxidized on
the first flash, and the extent of oxidation on each flash fitted a model where a
pair of cytochromes ¢, were electrostatically attached to each reaction center
[16,17]. Such a situation was apparently analogous to the case of Chromatium
vinosum, where two cytochromes c¢-555 are bound to each reaction center,
both in situ and in detergent-solubilized reaction center preparations. However,
this model has required reappraisal in the light of recent observations using the
‘ubiquinone analog’ 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole (UHDBT)
[20,21]. The presence of UHDBT increases the amount of cytochrome c,
stably oxidized after a single flash, suggesting that it inhibits an antimycin-
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insensitive ferricytochrome ¢, reduction which is normally so rapid that it is
undetectable. The source of the antimycin-insensitive, UHDBT-sensitive elec-
trons, designated J, appeared to be approximately equipotential with cyto-
chrome ¢, (E,, 7 295mV), and Bowyer et al. [22] suggested that it might be the
Rieske iron-sulfur center (E,, 7 285 mV [23]). This was not unprecedented, for
Evans et al. [24] had previously reported the light-induced oxidation of the
Rieske iron-sulfur center in C. vinosum, and similar results were obtained in
Rps. sphaeroides [23). However, these experiments had used continuous illu-
mination, and the possibility remained that the observed oxidation was the
result of slow equilibration reactions of little physiological significance.

In this paper, we examine whether the Rieske iron-sulfur center is indeed the
direct reductant of ferricytochrome ¢, in a UHDBT-sensitive reaction, and
whether Q,H, reduces the oxidized Rieske center in an antimycin-sensitive
reaction. A preliminary report of this work has been presented [28].

Materials and Methods

Rhodopseudomonas sphaeroides Ga was grown and chromatophores were
prepared as described in Ref. 16 for the EPR and H' binding experiments, and
as described in Ref. 29 for the other measurements. EPR measurements were
made with a Varian E-109 spectrometer equipped with a flowing helium cryo-
stat [23]. Chromatophore samples for EPR analysis were frozen within 10 s of
removal from the anaerobic vessel in a 5: 1 mixture of 2-methylbutane and
cyclohexane at liquid nitrogen temperature. When samples were illuminated
before freezing, this was done within 10 s of removal from the vessel, and the
samples were frozen within 700—1000 ms. Flash illumination was provided
either by a 20 ns flash from a Q-switched ruby laser (Apollo Lasers Inc., 6365
Arizona Circle, Los Angeles, CA 90045) or by a 6 us Xenon flash. Continuous
illumination was provided by a focused 8 V, 5 A microscope lamp 10 cm from
the sample.

Flash-induced optical changes were measured as described previously [22]
using either a 24 us Xenon flash or a 300 ns laser flash (Phase-R DL 1200).
Flash-induced proton binding was measured optically as described in Ref. 30,
using a 6 us Xenon flash.

The control of the state of reduction of the chromatophores was achieved
using redox potentiometry as previously described [16]. Valinomycin was
routinely added to prevent build-up of a membrane potential, and UHDBT, a
generous gift from Drs. Karl Folkers and Thomas Porter of the University of
Texas at Austin, was added as an ethanolic solution.

Ferrocytochrome c¢, oxidation and (BChl), oxidation were measured at
551—542 nm (€redq.ox = 18.1 mM™! - cm™?) and 542 nm (€gx.req = 10.8 mM™1-
cm™?), respectively. Reaction center oxidation was measured at 542 nm because
absorption changes due to cytochrome ¢, and cytochrome b are negligible at
this wavelength, and the background absorption due to the light harvesting
pigments is low. The extinction coefficients were based on those obtained by
Dutton et al. [16] after correction for the slightly different measuring wave-
lengths used here. The degree of saturation of the flash was determined at high
E,, when there are no electron donors available to re-reduce (BChl)} [16,20].
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Results
Electron paramagnetic resonance spectroscopy

Fig. 1 shows the results of an experiment designed to determine whether the
Rieske iron-sulfur center was involved in electron flow after a single turnover
of the reaction center. Samples of chromatophores were poised at a redox
potential (£, 200 mV) where the Rieske center and cytochrome c, were
reduced and Q, was oxidized before illumination, and antimycin was added to
slow electron flow around the Q-b/c, oxidoreductase. A single laser flash
caused the oxidation of more than 40% of the Rieske iron-sulfur center under
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Fig. 1. Effect of illumination and UHDBT on the gy signal of the Rieske iron-sulfur center. Chromato-
phores were suspended to 11.2 uM reaction center in 20 mM Mops, 100 mM KCl, pH 7.0 containing 500
uM potassium ferrocyanide, 30 uM FeClj, 1 mM EDTA, 30 uM FCCP, 5 uM valinomycin, and 30 uM
antimycin. The redox potential was 200 * 10 mV. Spectrometer settings: sample temperature 12 K;
microwave power 20 mW; modulation amplitude, 16 gauss; microwave frequency, 9.134 GHz, Iluminated
samples were frozen about 700 ms after excitation by a ruby laser flash or by 10 s of continuous illumina-
tion.

Fig. 2, The effect of UHDBT on the oxidation reduction midpoint potential of the Rieske iron-sulfur
center. Chromatophores were suspended to 9 uM reaction center in 100 mM Mops, 100 mM KC), pH 7.0,
50 uM DAD and PMS (@), and plus 300 uM UHDBT (4). EPR spectrometer settings: sample temperature,
18 K: microwave power, 5 mW; modulation amplitude, 16 gauss, microwave frequency, 9.134 GHz. The
points show the relative concentration of reduced ironsulfur center (measured from the amplitude differ-
ence between the high field trough and low field peak of the gy 1.90 band) as a function of redox poten-
tial, in the presence and absence of UHDBT. Superimposed are theoretical curves for one electron carriers
with midpoint reduction oxidation potentials of 280 mV and 350 mV.
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these conditions (Fig. 1), and continuous illumination resulted in its complete
oxidation. As shown on the right of the figure, UHDBT eliminated all light-
induced oxidation.

UHDBT also shifts both the derivative absorption spectrum of the Rieske
center and its midpoint oxidation reduction potential. As shown in Fig. 1, the
g, value of the Rieske center is shifted from g 1.90 to g 1.89 by the addition of
UHDBT. However, this shift disappeared between 0 and —100 mV at pH 7,
possibly because of a change in the redox state of the UHDBT (£, 7 —40 mV;
2 electron, 2 proton carrier (measured in collaboration with Haggerty, J. and
Trumpower, B.L.)). The shift in the derivative spectrum is accompanied by a
shift in the Ey,, ; of the Rieske center from 280 mV to 350 mV (Fig. 2).

The incomplete oxidation of the Rieske iron-sulfur center in Fig. 1 was not
due to an insufficiently bright flash since the result was unaffected by a 20-fold
decrease in flash intensity. Up to 80% of the total concentration of the Rieske
center could be oxidized by two closely spaced flashes. This incomplete oxida-
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Fig. 3. The effect of varying the time between flash excitation and freezing on the extent of Rieske center
oxidation, Chromatophores were subjected to 2 Xenon flashes with 25 ms between flashes, and then
frozen after the times indicated. (o) Conditions as in the legend to Fig, 1, () Conditions as in the legend
to Fig. 1 but with no antimycin, and the redox potential was 110 * 5 mV, (®) Conditions as in the legend
to Fig. 1 but with no antimycin.

Fig. 4. The relaxation kinetics of cytochrome ¢, oxidized by flash excitation under conditions similar
to those used in the EPR experiments. Chromatophores were suspended to 0.7 uM reaction center in 50
mM Mops, 100 mM KCl, 1 mM MgCl,, pH 7.0 containing 30 uM FeCl3, 1 mM EDTA, 500 uM potassium
ferrocyanide, 10 uM FCCP and 2 uM valinomycin. Antimycin was added where indicated to 2 uM, and
UHDBT to 25 uM. Chromatophores were subjected to 2 Xenon flashes, with 25 ms between flashes.
The traces in (A) are an average of 2, instrument response time 50 us. Those in (B) and (C) were not
averaged and the instrument response time was 200 us.
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tion could be the result of some re-reduction in the 700—1000 ms between
illumination and freezing, and Fig. 3 shows that this could indeed be occurring,
although the extent of re-reduction reached a steady state within less than 12 s
(and possibly less than 3 s) of the flash, and did not increase further for tens of
seconds. Fig. 3 also shows that in the absence of antimycin, no oxidation of the
Rieske iron-sulfur center could be detected either with @, reduced (E, 108
mV) or with Q, oxidized (E;, 200 mV), indicating that re-reduction occurred
within the 700—1000 ms period between flash and freezing.

Fig. 4 shows the behavior of cytochrome ¢, under conditions similar to those
used in the EPR experiments. In the absence of antimycin, the flash-oxidized
cytochrome was almost completely re-reduced within 40 ms of the second
flash, but this was dramatically slowed by antimycin. The addition of UHDBT
slowed the reduction even further, and as reported earlier by Bowyer et al.
{20,221, the amount of stably oxidized cytochrome ¢, after the first turnover
is markedly increased by UHDBT (Figs. 6, 8 and 9).

Optical spectroscopy

a. Redox potential dependence of the antimycin-insensitive ferricytochrome c,
re-reduction at pH 7.0

The points in Fig. 5 show a redox titration of the difference between the
extent of cytochrome ¢, oxidation 40 ms after a Xenon flash in the presence of
antimycin, with and without UHDBT. If it is assumed that the difference in
extent reflects UHDBT-sensitive electron transfer from the Rieske center to
cytochrome c¢,, the maximal extent of antimycin-insensitive cytochrome c, re-
reduction indicates a stoichiometry of 0.6—0.7 Rieske centers per reaction
center, assuming E_ values of 285 mV for the Rieske center and 295 mV for
cytochrome c,.

o]
En(mv)

Fig. 5. The redox potential dependency of the effect of UHDBT on cytochrome ¢4 oxidation. Chro-
matophores were suspended to approximately 1.1 uM reaction center in 50 mM Mops, 100 mM KCl,
PH 7.0 containing 2 uM antimycin and 2 uM valinomycin, Redox mediators used were at least 200 uM
potassium ferrocyanide and 7 uM N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) (at redox poten-
tials above 300 mV), and 7 uM each of DAD, 1,4-naphthoquinone, 1,2-naphthoquinone and 2-hydroxy-
1,4-naphthoquinone (at redox potentials below 300 mV). The points (®) show the difference between the
extent of cytochrome c; oxidation 40 ms after a Xenon flash in the presence and absence of 40 uM
UHDBT, as a function of redox potential. Superimposed is a computer-fitted theoretical Nernst curve for
a one-electron carrier of midpoint potential 270 mV,
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Superimposed on the data is a computer-fitted Nernst curve for a one elec-
tron carrier of E,, 270 mV, close to that of the Rieske center. The fit of the
experimental data to a Nernst curve is somewhat fortuitous, since the proxim-
ity of the E, values of the Rieske center and cytochrome ¢, should lead to
some deviation, depending on the E,, values, stoichiometry and relative mobility
of the redox centers. Nevertheless, the redox potential range over which the
putative re-reduction titrates is consistent with the proposed role of the Rieske
center.

b. Optical spectroscopy at alkaline pH
The oxidized form of the Rieske iron-sulfur center exhibits a pK at pH 8.0
[25], while cytochrome ¢, has no significant pK that affects its E,, between
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Fig. 6. The effect of pH on the pattern of cytochrome c; oxidation on multipulse excitation. At pH
7.0, chromatophores were suspended to 1.2 uM reaction center in 50 mM Mops, 100 mM KCI containing
10 uM each of DAD, 1,2-naphthoquinone, 1,4-naphthoquinone, and 2-hydroxyl-1,4-naphthoquinone, and
1 uM valinomycin. The redox potential was 200 = 5 mV. Antimycin and UHDBT were added as indicated.
Chromatophores were subjected to 8 Xenon flashes with 20 ms between each flash (indicated by arrows).
At pH 10.5, chromatophores were suspended to 1.2 uM reaction center in 20 mM glycine, 100 mM KCl,
1 mM MgCl,. Other additions were as at pH 7.0, and nigericin was also added to 1 uM. Other conditions
are shown in the figure. Signals were not averaged, and the instrument response time was 200 us.
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Fig. 7. The kinetics of cytochrome ¢, oxidation, Chromatophores were suspended to 0.7 uM reaction
center in 50 mM Mops, 100 mM KCI containing 5 uM each of PMS and PES, 10 uM each of DAD, 1,4-
naphthoquinone, 1,2-naphthoquinone and 2-hydroxy-1,4-naphthoquinone, 1 mM potassium ferrocyanide,
2 uM valinomycin and 1 uM nigericin, The redox potential was 180 + 5 mV. Antimycin was added where
indicated to 2 uM and UHDBT to 25 uM. The cytochrome ¢, changes were induced by a single Xenon
flash and are an average of 8 with an instrument response time of 5 us.

pH 5 and 11, at least in vivo [26,27]. At pH 10.5 the E_, of the Rieske center
is therefore approximately 135 mV, and one would expect UHDBT to have
little effect at E, values more positive than this. This is shown in Fig. 6; at
potentials where cytochrome c, is reduced but the Rieske center is oxidized
(Ev, 155 mV, pH 10.5), UHDBT has little effect. When both the Rieske center
and cytochrome c¢, are reduced (E, 200 mV, pH7; E, 70 mV, pH 10.5)
UHDBT has a substantial effect.

c. The kinetics of electron flow from the Rieske iron-sulfur center to ferri-
cytochrome ¢,

The traces in Fig. 7 (see also Fig. 3 in Ref. 22) show that UHDBT does not
affect the fast phase of cytochrome ¢, oxidation (t,,, about 3 us) representing
about 40% of the total oxidation [31], but clearly affects the slower phase
(12 200—400 us) [16,22,31]. This indicates that the Rieske iron-sulfur center
re-reduces the cytochrome c, at a rate similar to the slower phase of cyto-
chrome oxidation. Because oxidation of cytochrome ¢, is occurring over the
same period as its re-reduction, kinetic parameters for the reaction between the
iron-sulfur center and cytochrome ¢, cannot be directly determined from the
data in Fig. 7.
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d. Extents of cytochrome c, oxidation and (BChl)} re-reduction in the presence
of UHDBT

If ferrocytochrome ¢, is the sole direct reductant of (BChl)3, there should be
a precise matching of the extent of ferrocytochrome ¢, oxidation and (BChl)}
reduction following flash excitation when all electron transport to ferricyto-
chrome c, is inhibited. Dutton et al. [16] found such a match in the presence
of antimycin at pH 7 and E,, 200 mV, and came to the conclusion that there
were two molecules of cytochrome ¢, associated with each reaction center. In
contrast, Bowyer et al. [20—22] found only a poor correlation unless UHDBT
was added to the sample. This discrepancy was one of the major reasons for the
experiments reported here, and we have attempted to determine whether any
difference in interpretation or experimental approach might provide an expla-
nation,

Bowyer et al. [22] estimated the extent of ferrocytochrome ¢, oxidation in
the presence of antimycin after a transient ‘spike’ in the eytochrome ¢, oxida-
tion kinetics (about 5 ms after the flash; see Fig. 8). They interpreted the spike
as representing an overshoot of cytochrome ¢, oxidation during re-reduction of
cytochrome ¢, via an antimycin-insensitive, UHDBT-sensitive pathway by a
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Fig. 8. The extents of cytochrome ¢, oxidation and reaction center reduction on flash-excitation, Chro-
matophores were suspended to 0.67 uM reaction center in 50 mM Mops, 100 mM KCl, pH 7.0 containing
10 uM DAD, 2 uM valinomycin and 2 uM antimycin. UHDBT was added as indicated to 25 uM. The
redox potential was 200 + 5 mV. Chromatophores were subjected to two flashes 20 ms apart. The first
flash was provided either by a dye laser (L) or by a Xenon flash lamp (X). The second flash was always
provided by the Xenon flash lamp. The signals were not averaged. The instrument response time was 50
us. The changes at 551—542 nm show the cytochrome c; change, those at 542 nm show the reaction
center change. The horizontal lines drawn above the changes at 542 nm represent the full extent of
oxidation of the reaction center achieved by the flash, as estimated from measurements made with cyto-
chrome ¢, oxidized before excitation. The vertical arrows indicate where absorbance changes were mea-
sured.
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previously uncharacterized component, J. However, Dutton et al. [16] mea-
sured the extent of cytochrome c, oxidation at about 1 ms after the flash (at
the peak of the spike in slower kinetic measurements), considering that any
subsequent reduction of the cytochrome c, represented antimycin-insensitive
non-specific reduction by redox mediators or ‘endogenous reductant’. They
also carried out their detailed matching experiment at E,, 240 mV where the
Rieske center is only 85% reduced, and therefore the transient overshoot in the
cytochrome ¢, oxidation kinetics was less marked and the extent of rapid anti-
mycin-insensitive cytochrome ¢, re-reduction somewhat smaller (Figs. 4 and 6
in Ref. 16). Thus the experimental conditions and analysis used by Dutton et
al, [16] were not optimized to demonstrate the existence of an antimycin-
insensitive donor to cytochrome c,.

Although the analysis of Bowyer et al. [22] indicated that the correlation
between the extent of cytochrome ¢, oxidation and (BChl)} re-reduction was
considerably improved by the addition of UHDBT to antimycin-treated chro-
matophores, they found that the amount of ferricytochrome ¢, formed was
slightly greater than the amount of (BChl)} re-reduced. In these experiments,
the flash duration was 24 us at half maximal intensity, and not 5 us as pre-
viously reported. A simple cause of the extra ferrocytochrome ¢, oxidation
could be that the intensity of the exciting flash had not fallen to a negligible
level before significant (BChl)} reduction and reduced primary acceptor (Qf)
oxidation had occurred. This would result in a second turnover of some of the
reaction centers, and in further oxidation of any remaining ferrocytochrome c,.
Fig. 8 and Table I compare the extents of ferrocytochrome ¢, oxidation and
(BChl)} re-reduction following excitation by either a 24 pus Xenon flash or a
300 ns laser flash. They show that, in the presence of UHDBT, use of the
shorter laser flash resulted in both a diminution in the extent of ferrocyto-
chrome c, oxidation (after allowing for any difference in flash saturation) and
an apparent increase in the extent of reaction center re-reduction, as would be
expected if the Xenon flash caused some ‘double hits’. Even when using laser
excitation, there was an apparent over-oxidation of ferrocytochrome ¢, (Table
I). It is possible that an additional oxidant for ferrocytochrome ¢, other than
(BChl)} is generated following excitation in the presence of UHDBT, but it

TABLE I
ANALYSIS OF THE RESULTS SHOWN IN FIG. 8

Ferrocytochrome cy oxidized (BChl)zf re-reduced
(nM) (nM)
Antimycin present
Flash 1 Laser 276 525
Flash 2 Xenon 376 400
Flash 1 Xenon 318 540
Flash 2 Xenon 323 359
Antimycin and UHDBT present
Flash 1 Laser 556 501
Flash 2 Xenon 139 143
Flash 1 Xenon 621 4717

Flash 2 Xenon 83 98
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Fig. 9. Antimycin-like effects of UHDBT, Chromatophores were suspended to 0.7 uM reaction center in
50 mM Mops, 100 mM KCl, pH 7.0 containing 5 uM each of PMS and PES, 10 uM each of DAD, 1,4-
naphthoquinone, 1,2-naphthoquinone and 2-hydroxyl-1,4-naphthoquinone, 2 uM valinomycin and 1 uM
nigericin. The redox potential was 100 * 3 mV. Antimycin was added where indicated to 2 uM, and
UHDBT to 25 uM. Chromatophores were subjected to one Xenon flash, The changes recorded at 503 nm
show predominantly the carotenoid response; those at 5561—542 nm show the cytochrome ¢, change.

seems more likely that a systematic error in the measurements is responsible.
As reported previously, the matching was poor in the presence of antimycin
alone [22] (Table I and Fig. 8). The correlation on the second flash was poor
for all the measurements made. This in part reflects the fact that a laser could
not be used for the second excitation, and also the fact that the extent of ferro-
cytochrome ¢, oxidation on the second flash in the presence of UHDBT was
small,

e. Other effects of UHDBT

UHDBT causes some effects that are similar to those of antimycin. It inhibits
the flash-induced binding of Hj; [32,33], but not Hj, and, as shown in Fig. 9,
UHDBT also inhibits the third phase of the carotenoid bandshift, which seems
to be linked to the reduction of ferricytochrome ¢, by Q,H, [13] (via the
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Rieske center). UHDBT also inhibits all ferricytochrome ¢, reduction in the
absence of antimycin (Fig. 9). In addition, UHDBT inhibits cytochrome b,
reduction, but this will be discussed in more detail elsewhere.

Discussion

We interpret our results as showing that the Rieske iron-sulfur center func-
tions between the special ubiquinone (Q.) of the ubiquinone-cytochrome
b-c, oxidoreductase and cytochrome c¢,. The inhibition by UHDBT (but not
antimycin) of both Rieske center oxidation and cytochrome ¢, reduction, and
the redox potential-dependency of the antimycin-insensitive phase of cyto-
chrome ¢, re-reduction, indicate that the Rieske center is the direct electron
donor to cytochrome c,. Confirmation will require matching the kinetics of
Rieske center oxidation and ferricytochrome ¢, reduction in chromatophores
depleted of Q,. The shift in the E,,, of the Rieske center caused by the addition
of UHDBT may account for the subsequent failure of the Rieske center to
reduce ferricytochrome ¢,. However, UHDBT has the additional effect of inhib-
iting cytochrome b5, reduction and the binding of Hj;, and it is not clear how a
binding of the inhibitor to the Rieske iron-sulfur center should affect these
reactions. Indeed, UHDBT has the effect of disconnecting the reaction center
and cytochrome ¢, from the Q-b/c, oxidoreductase.

In the light of the experiments reported here and earlier [22], it seems clear
that only a single cytochrome ¢, is functionally associated with each reaction
center, even though substantially more cytochrome ¢, may be present inside
the chromatophore lumen [16].

Role of the Rieske center in other systems

The direct electron donor to ferricytochrome ¢, thus seems to be the Rieske
iron-sulfur center. Such a role for the Rieske center is in accord with recent
developments in the study of mitochondrial electron flow. Trumpower et al.
[7,35,36] have demonstrated that the Rieske center is necessary for electron
flow from succinate to cytochrome c,, but is not necessary for the reduction
of cytochrome b unless antimycin is present. Further indications of an impor-
tant role for the Rieske center were reported by Leigh and Chance [37]; a
rapid oxidation of the Rieske center was observed following photodissociation
of carbon monoxide from cytochrome oxidase at —20°C. There are several
lines of evidence that the Rieske center plays the role of an electron carrier
between plastoquinone and cytochrome f in chloroplasts [38—41], and the
results of Koike et al. [42] using 2,5-dibromo-3-methyl-6-isopropyl-p-benzo-
quinone (DBMIB) bear a noteworthy resemblance to those reported here with
UHDBT. They showed that DBMIB approximately doubled the extent of
cytochrome f oxidation by a single flash, and also slowed the subsequent reduc-
tion. The extra oxidation in the presence of DBMIB had slower kinetics, and
they interpreted their observations to indicate that DBMIB blocked the reduc-
tion of ferricytochrome f by the Rieske center. DBMIB apparently shifts the
EPR spectrum of the chloroplast Rieske center to g 1.95 [43], and also inhibits
duroquinol reduction of the Rieske center [38]. However, DBMIB does not
block either the antimycin- or UHDBT-sensitive phases of ferricytochrome c,
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reduction in chromatophores, although it does inhibit cytochrome b reduction
at redox potentials above 200 mV (Bowyer, J.R., unpublished observations,
and see Ref. 44), so there are some subtle differences between the chloroplast
and bacterial systems.

One other candidate has been suggested as the direct electron donor to ferri-
cytochrome c¢,. A detailed analysis of the absorption changes in C. vinosum led
van Grondelle et al. [34] to conclude that a soluble ¢ type cytochrome with
Ein.7.0 0260 £ 10 mV was the direct reductant of cytochrome ¢-555. If UHDBT
blocked the reduction of ferricytochrome c; by a soluble cytochrome, the total
steady-state level of cytochrome ¢ oxidation on multiple flash excitation in the
presence of antimycin would be greater in the absence of UHDBT than in its
presence, assuming that antimycin blocked re-reduction of the soluble cyto-
chrome. This is clearly not the case. Difference spectra of the flash-induced
change (not illustrated) show that the extra absorption decrease recorded at
551—542 nm in the presence of UDHBT is indeed an oxidation of cytochrome
¢,. However, the peak position of the 550 nm band of cytochrome c, is some-
what variable and is always shifted 1—2 nm to the red of the isolated cyto-
chrome, implying some heterogeneity in the cytochrome ¢, content. This will
be discussed in more detail in a forthcoming paper.

Location of the Rieske center within the membrane

At pH 7.0, in the presence of antimycin A to inhibit phase III of the caro-
tenoid spectral shift, UHDBT barely affects the remaining carotenoid response
(not shown, but compare Fig. 9 with data in Refs. 13 and 17). This indicates
that the Rieske center is close to the inside of the chromatophore membrane,
near to cytochrome c,, if indeed the Rieske center is the direct electron donor
to cytochrome c,. A position closer to the outside of the membrane would be
expected to result in a blue shift of the carotenoid spectrum concomitant with
electron flow (at pH values below the pK on the oxidized form at pH 8, Ref.
25) from the Rieske center to ferricytochrome c,, so that an increase in the red
shift would occur when UHDBT was added to antimycin-inhibited chromato-
phores; this is not seen. A position for the Rieske center near the inner side of
the membrane in C. vinosum is also indicated in measurements of the effects of
the impermeant paramagnetic gadolinium cation [44].

Relative mobility of the redox centers

In the chromatophore it appears that the Rleske center, Q,, and the anti-
myecin binding site all occur at a stoichiometry of 0.7 + 0.1 per reaction center
[9,33], and by analogy with the mitochondrial cytochrome b-c; complex, it
seems likely that the three components are associated in a discrete complex in
the chromatophore membrane. The antimycin-sensitive phase of ferricyto-
chrome ¢, reduction attributed to electron transfer from Q,H, has second order
kinetics [9,10]. Our results suggest that this phase is rate-limited either by the
reaction between Q,H, and oxidized Rieske center, or between the Q, semi-
quinone generated in that reaction and its reaction partner (see Ref. 9). The
overall second order kinetics of @,H, oxidation indicate that the reactants in
one or both of the above reactions are mobile with respect to one another.
Mobility between Q,H, and the Rieske center might be mediated either by a
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direct mobility of the two components or by direct two-electron transfer
between Q, species in separate complexes. There is evidence that one molecule
of Rieske protein may serve multiple cytochrome b-c, segments in the mito-
chondrial system, since electron transfer in resolved succinate-cytochrome c¢
reductase proceeds at a rate which is not diminished in direct proportion to the
loss of the Rieske center (Ref. 46, and interpreted in Ref. 7).

Some limited mobility of the Rieske center, and indeed cytochrome c¢,, in
the photosynthetic system may also occur, sufficient to allow full reduction of
(BChl); and ferricytochrome c, even though the stoichiometry of reactants
may be less than unity. This limited mobility would explain the observation
that a small fraction of the (BChl)} re-reduction in the presence of antimycin is
UHDBT-sensitive (Fig. 8 and Ref. 20).

Finally, the demonstration of a phase in the oxidation kinetics of cyto-
chrome ¢, which is not seen in the absence of UHDBT necessitates a reappraisal
of previous observations, which we shall list below.

(a) Extinction coefficients of (BChl); and cytochrome c,. These were pre-
viously obtained under conditions in which the Rieske center was either com-
pletely oxidized and thus could not act as a rapid electron donor, or was dis-
sociated from the chromatophore membrane by addition of detergent. Thus
the published values [16] still appear valid. However, it is worth recalling how
the original extinction coefficients were determined. The addition of detergent
to the chromatophore suspension to allow the access of the external mam-
malian cytochrome ¢ standard caused an apparent increase in the extinction
coefficient of the (BChl)}. Although this was ascribed to a hypochromic effect,
an alternative explanation is that it is due to optical ‘sieve effects’. These may
not have a linear dependency on concentration, and may make the original
extinction coefficient inappropriate for other concentrations of chromato-
phores. Experiments are in progress to evaluate this possibility.

(b) Kinetics of Q,H, oxidation. The kinetics of Q,H, oxidation have been
followed by analysis of the re-reduction kinetics of cytochrome ¢, [9—11].
Since it now appears that Q,H, re-reduces cytochrome c, via the Rieske center,
the behavior of Q,H, will have to be reevaluated. The Rieske center re-reduces
cytochrome ¢, with an estimated t,,, of <1 ms. If we assume that the 1—2 ms
phase of cytochrome ¢, re-reduction is rate-limited by the reaction between
Q.H, and the Rieske center, and not by the reduction of ferricytochrome c, by
the latter, then the slow phase of cytochrome ¢, reduction gives a measure of
the kinetics of the proposed Rieske center reduction by Q,H,. However, since
the concentration of the Rieske center is apparently similar to that of cyto-
chrome ¢, [20—22], this reappraisal of the nature of the actual reactants does
not significantly change the measured parameters of the reaction, nor the over-
all interpretation that the reaction between Q,H, and ferricytochrome c, is
mediated by a collisional process of apparent second order rate constant of
(3.0+1.8)X10°M™!- s ! with 0.8 * 0.1 molecules of Q, per reaction center.

{c) The number of antimycin binding sites per reaction center. The titer was
obtained by several methods, some of which appear to be independent of any
involvement of the Rieske center [33].
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