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(1) Current models for the mechanism of cyclic electron transport in Rhodopseudomonas sphaeroides and 
Rhodopseudomonas capsulata have been investigated by observing the kinetics of electron transport in the pres- 
ence of inhibitors, or in photosynthetically incompetent mutant strains. (2) In addition to its well-characterized 
effect on the Rieske-type iron sulfur center, 5-(n-undeeyl)-6-hydroxy-4,7-dioxobenzothiazole (UHDBT) inhibits 
both cytochrome bs0 and cytochrome b_9o reduction induced by flash excitation in Rps. sphaeroides and Rps. 
capsulata. The concentration dependency of the inhibition in the presence of antimyein (approx. 2.7 mol 
UHDBT/mol reaction center for 50% inhibition of extent) is very similar to that of its inhibition of the antimyein- 
insensitive phase of ferricytoehrome c re-reduction. UHDBT did not inhibit electron transfer between the reduced 
primary acceptor nhiquinone (QI) and the secondary acceptor ubiquinone (QH) of the reaction center acceptor 
complex. A mutant of Rps. capsulata, strain R126, lacked both the UHDBT and antimycin-sensitive phases of 
cytochrome c re-reduction, and ferricytochrome bso reduction on flash excitation. (3) In the presence of anti- 
myein, the initial rate of cytochrome bso reduction increased about 10-fold as the Eh(7.o) was lowered below 180 
inV. A plot of the rate at the fastest point in each trace against redox potential resembles the Nernst plot for a 
two-electron earlier with Em(7.0) ~ 125 +- 15 mV. Following flash excitation there was a lag of 100-500 #s 
before cytochrome bso reduction began. However, there was a considerably longer lag before significant reduc- 
tion of cytochrome c by the antimycin-sensitive pathway occurred. (4) The herbicide ametryne inhibi- 
ited electron transfer between Q~ and QII- It was an effective inhibitor of cytochrome bso photoreduction at 
Eh(7.o) 390 mV, but not at Eh(7.o) 100 mV. At the latter Eh, low concentrations of ametryne inhibited turnover 
after one flash in only half of the photochemical reaction centers. By analogy with the response to o-phenanthro- 
line, it is suggested that ametryne is ineffective at inhibiting electron transfer from Q~ to the secondary acceptor 
nhiquinone when the latter is reduced to the semiquinone form before excitation. (5) At Eh(7.o) > 200 mV, anti- 
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mycin had a marked effect on the cytochrome bs0 reduction-oxidation kinetics but not on the cytochrome c and 
reaction center changes or the slow phase III of the electrochromic carotenoid change on a 10-ms time scale. This 
observation appears to rule out a mechanism in which cytoehrome bso oxidation is obligatorily and kinetically 
linked to the antimycin-sensitive phase of cytochrome c reduction in a reaction involving transmembrane charge 
transfer at high Eh values. However, at lower redox potentials, cytochrome bso oxidation is more rapid, and may 
be linked to the antimycin-sensitive reduction of cytochrome c. (6) It is concluded that neither a simple linear 
scheme nor a simple Q-cycle model can account ad¢quately for all the observations. Future models will have to 
take account of a possible heterogeneity of redox chains resulting from the two-electron gate at the level of the 
secondary qninone, and of the involvement of cytochrome b_9o in the rapid reactions of the cyclic electron 
transfer chain. 

Introduction 

In the purple non-sulfur photosynthetic bacteria 
Rhodopseudomonas sphaeroides and the closely 
related Rhodopseudomonas capsulata, the light-acti- 
vated reaction center drives an electron from a high 
potential donor ((BChl)2) to a low potential acceptor 
(QI/Qi) (see Ref. 1 for a recent review). Normally, 
the electron on Q~ is delivered to a secondary accep- 
tor ubiquinone (QII) in the reaction center complex 
with a halftime in the range 30-60/.ts [2,3]. Recently, 
Rutherford and Evans [4] have shown in Rps. sphae- 
roides that QII forms a stable semiquinone on equilib- 
rium redox titration, the Em(a.o) being 40 mV for 
the quinone/semiquinone couple, and - 4 0  mV for 
the semiquinone/quinol couple. In isolated reaction 
centers, and in chromatophores under certain condi- 
tions, when QII is oxidized before excitation, meta- 
stable Q[I is generated following flash-excitation 
(halftime for decay approx. 1 min). It is further 
reduced to the quinol form by a second turnover of 
the reaction center and is subsequently re-oxidized, 
probably to the quinone form. In this way, QIx acts 
as a two-electron gate [3,5-8].  

The photo-oxidized reaction center, (BChl)~, is re- 
reduced by a c-type cytochrome in a reaction which 
is normally complete within about 1 ms. Cytochro- 
me c2 (Em(7.o) 360 -+ 15 mVin both Rps. sphaeroides 
and Rps. capsulata [9], ~kma x of the a band in the 
reduced minus oxidized difference spectrum at 
550.5 -+ 0.5 nm [10]) appears to be the direct elec- 
-tron donor to (BChi)~ [11-14].  Another species of 
cytochrome c, designated Cb (for bound c) (Era(7.0) 
290 mV, ~kma x of the O~ band in the reduced minus 
oxidized difference spectrum at 552.0 -+ 0.5 nm [15]) 
is only photo-oxidizable in the presence of cytochro- 

me c2 [11,12,14,15] and probably represents the 295 
mV component in earlier titrations of photo-oxid- 
izable cytochrome c [16,17]. It seems likely that 
cytochrome c2 (analogous to mitochondrial cytochro- 
me c) acts to carry electrons between cytochrome c b 
(analogous to mitochondrial cytochrome cl; see Ref. 
18) and the reaction center. We will refer to the pool 
of cytochrome c b and c2 as cytochrome c. 

The electron donor to ferricytochrome c appears 
to be the Rieske Fe-S center [19-21].  Cytochrome c 
re-reduction by the Rieske Fe-S center occurs with a 
halftime of less than 1 ms, but is incomplete due t o  
the redox equilibrium and apparent stoichiometry. 
The electron transfer is inhibited by 5-(n-undecyl)-6- 
hydroxy-4,7-dioxobenzothiazole (UHDBT), but is 
insensitive to antimycin [19,22]. Complete cytochro- 
me c re-reduction is achieved in a slower reaction 
(tl/2 1 -2  ms under optimal conditions) which is both 
antimycin- and UHI)BT-sensitive [19,23,24]. This 
slower reaction is attributed to a bound ubiquinone 
molecule, Qz (Em(7.o) ~" 155 mV for the couple Qz/ 
QzH2 in Rps. sphaeroides and very similar in Rps. 
capsulata [25-27]).  It is currently considered that 
QzH2 reduces cytochrome c via the Rieske center 
[19], transiently generating an unstable semiquinone 
(QzH" of Qz) in a reaction which is inhibited, proba- 
bly indirectly, by antimycin [28 ]. 

Another component known to be involved in the 
electron transfer system is cytochrome bso (EmtT.o~ 
50 mV [29], Xmax for reduced-oxidized difference 
spectrum, 560.5 nm [14]). Following flash excitation 
in the presence of antimycin, cytochrome bso is 
reduced at a rate and to an extent dependent on 
redox potential [29,30]. In the absence of antimycin, 
the apparent extent of flash-induced cytochrome bso 
reduction is greatly diminished, and at lower redox 
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Fig. 1. Schemes for the cyclic electron transfer mechanism in 
Rps. capsulata and Rps. sphaeroides. OUT and IN refer to the 
aqueous phases on the outside and inside of the chromato- 
phore membrane, respectively. The thick arrows represent 
transmembrane electron transfer reactions. The double-line 
arrows represent ubiquinone redox reactions outside the 
reaction center complex. Single arrows represent other elec- 
tron, hydrogen, or proton transfer processes. The proton 
release steps are those thought to occur at pH 7.0. Q~ is able 
to reduce both QII (--- ~) and Q~I (H÷) ( ,), depending 
on the redox state of QII before flash excitation. (A) Linear 
model; (B) Q-cycle model. 

potentials, the cytochrome is rapidly and completely 
re-oxidized [23,31]. The mechanism of cytochrome 
bso reduction and oxidation is not yet understood. 
Crofts and co-workers have favored a linear scheme 
(eg., see Ref. 23) (Fig. 1A) in which cytochrome bso 
is reduced by electrons delivered from the reaction 
center, with no coupling to redox events at the 

oxidizing end of the chain. In this model, the ubi- 
semiquinone Qz H" generated during oxidation of 
QzH2 acts as an oxidant for ferrocytochrome bso in 
an antimycin-sensitive reaction involving transmem- 
brane charge transfer. Other workers have favored a 
Q-cycle scheme (Fig. 1B) in which cytochrome bso 
reduction is obligatorily linked to re-reduction of 
cytochrome c [28,32,33]. It is proposed that ubisemi- 
quinone Qz (H+) generated during oxidation of QzH2 
reduces ferricytochrome bso in an antimycin-insensi- 
rive process. 

We present here studies using inhibitors of cyto- 
chrome c re-reduction and Q~ re-oxidation which 
reveal effects not previously considered, and suggest 
that neither scheme accounts adequately for the ob- 
servations. 

Materials and Methods 

Rps. sphaeroides Ga and Rps. capsulata strains 
N22 and Ala pho ÷ were grown and chromatophores 
were prepared as described previously [3]. Rps. cap- 
sulata R126, a strain unable to grow photosyn- 
thetically but which possesses active reaction centers, 
and Rps. capsulata MR126, a photosynthetically 
competent strain derived from strain R126 by treat- 
ment with gene transfer agents, were grown in 1% 
oxygen [34]. Cells grown in this way were stored in 
20 mM Mops/100 mM KC1/10% glycerol, pH 7.0 at 
-70°C, shipped in dry ice, and chromatophores were 
prepared by the usual procedure. Rps. capsulata 
R126 and MR126 were provided by Dr. B. Marrs 
et al. [34]. 

Detergent-solubilized reaction centers from Rps. 
sphaeroides R26 were provided by Dr. R.E. Overfield. 
UHDBT and 6-(n-dodecyl)amino-5,8-quinoline qui- 
none were gifts from Prof. Karl Folkers, piericidin A 
was a gift from Dr. C.J. Coles, and ametryne was 
from CIBA-GEIGY and was kindly made available to 
us by Dr. C.J. Arntzen. All inhibitors were added as 
solutions in ethanol. 

Redox poising of samples in a stirred anaerobic 
redox cuvette for kinetic measurements was carried 
out as described previously [3]. Valinomycin was 
routinely added to prevent the build up of a mem- 
brane potential during flash excitation, and to diminish 
electrochromic absorption changes. The computer- 
linked single beam kinetic spectrophotometer equip- 
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Effect of  UHDBT on light-induced cytochrome b 
reduction. Fig. 2 shows spectra of  the absorption 
changes in Rps. sphaeroides Ga induced by  two excita- 
tions, spaced at 20 ms, in the presence of  antimycin, 
before and after addit ion of  UHDBT. In the absence 
of  UHDBT, the spectra, after correction for the reac- 
t ion center change, indicate contr ibut ions from cyto- 
chrome c and cytochrome b (Fig. 2A). After  further 
correction for the cytochrome c change (not  shown), 
the residual spectrum after the first flash resembles 

that normally at t r ibuted to cytochrome bso, although 
small contr ibut ions from other components  are 
apparent  as a broadening of  the spectrum and a 
shoulder at 566 nm [14]. The spectrum of  the change 
induced by  the second flash resembles that  of  cyto- 
chrome b_9o (Era(7.0) ~ - 9 0  mV; split a band with 
~kma x at 558.5 and 566 nm in the reduced-oxidized 
difference spectrum [14]), providing evidence that  
the low potential  cytochrome b_90 is available to 
accept electrons from the photosynthet ic  system on a 
millisecond time scale. By appropriate choice of  mea- 
suring wavelength, and by  subtraction of  absorbance 
changes due to known components ,  kinetic changes 
at tr ibutable to cytochrome b_9o can be resolved on 
both the first and second flashes. These show a half- 
time for reduction in the presence of  antimycin at 
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ped with a shutter over the measuring beam is de- 
scribed elsewhere [14,35]. All measurements were 
performed at room temperature.  Flash-excitation was 
provided by a Phase-R DD1200  dye laser, by a 
General Radio Stroboslave xenon flash lamp, or by a 
home-made xenon flash lamp using a flash tube made 
to design by T.W. Wingent Ltd., Cambridge, U.K., 
with respective durations at half-maximal intensity of  
300 ns, approx.  5 / i s  and 24/.ts. Chromatophore con- 
centrat ion was adjusted to give a flash saturation of  
approx. 90% in each case. 

Extinct ion coefficients used to estimate cytochro- 
me c and (BChl)~ were 19.0 mM -1" cm -1 at 5 5 0 - 5 4 0  
nm and 10.3 mM -t" cm -~ at 540 nm, respectively 
[ 16] after normalisation to appropriate values for the 
wavelengths used, 5 5 1 - 5 4 2  nm for cytochrome c and 
542 nm for (BChl)~. No reliable ext inct ion coefficient 
for cytochrome b is available; a value of  13.2 mM -~ • 
cm -t at 5 6 0 - 5 7 0  nm was used [3]. 

Fig. 2. Light-minus-dark differences spectra of cytochrome 
changes in Rps. sphaeroides Ga chromatophores in the pres- 
ence and absence of UHDBT. (A) Chromatophores were sus- 
pended to 1.2 /aM reaction center in 50 mM Mops/100 mM 
KCI, pH 7.0 containing 10 ,uM each of DAD, 1,4-naphtho- 
quinone, 1,2-naphthoquinone, 2-hydroxy-l,4-naphthoqui- 
none; 1 gM valinomycin and 4/~M antimycin at E h 190 ± 
5 inV. At each wavelenth, chromatophores were subjected to 
two 24-gs xenon flashes with 20 ms between each flash. 
Signals were not averaged. 33 s elapsed between each measure- 
ment. (A) The change 13 ms after the first flash; (+) The 
change 5 ms after the second flash, using the point 17.5 ms 
after the first flash as the baseline. The contribution of the 
reaction center change was removed by subtraction of the 
appropriately normalised change recorded at 603 nm. (B) As 
in A but with 25 /~M UHDBT added. 
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Eh(7.o) ~ 50 mV of  ~400  /~s [36]. Similar changes 
have been measured in chromatophores  from Rps. 
capsulata. 

The spectra recorded in the presence of  UHDBT 
show the inhibition of  cytochrome c re-reduction 
following flash one (as indicated by an increased level 
of  oxidat ion) and the consequent diminution of  cyto- 
chrome c oxidat ion on the second flash (see also 
Fig. 11C, G). They also show that  cytochrome b 
reduction is fully inhibited on both  flashes (see also 
Fig. 11D, H). Equilibrium redox t i trat ions indicated 
that UHDBT does not  have a marked effect on the 
E m values of  the cytochrome b complement  (Mein- 
hardt,  S.W. and Crofts, A.R., unpublished results). 

UHDBT also inhibited cytochrome bso reduction un- 
der similar conditions in Rps. capsulata. 

The concentration dependencies of  the inhibition 
by UHDBT of  the reduction o f  cytochromes c and b 
following a single flash in the presence of  antimycin 
are very similar (Fig. 3). About  2.7 mol UHDBT/mol 
reaction center were required to inhibit  the extents of  
both  reactions by  50%, and about  20 mol /mol  reac- 
t ion center were required to completely inhibit  both  
processes. UHDBT also inhibited cytochrome b 
reduction in the absence of  ant imycin [37]. UHDBT 
became less effective at inhibiting cytochrome bso 
reduction in Rps. sphaeroides at Eh(7.0) greater than 
approx. 380 mV (i.e., at the potential  range over 
which the Rieske Fe-S center becomes oxidized in the 

presence of  UHDBT [11,19]). 
Effect of UHDBT on electron transfer from the 

reaction center. A possible way in which UDHBT 
could inhibit cytochrome b reduction might be by 
blocking electron transfer between the reaction cen- 
ter primary and secondary acceptor quinones, as is 
the case in Chromatium vinosum [38,39]. Inhibit ion 
of  electron transfer from Q~ to QIt can be demon- 
strated in two ways: (a) if the primary acceptor 
remains reduced following a flash excitation,  but  the 
reaction center is rapidly re-reduced by  cytochrome 
c, turnover on a second flash is prevented; (b) if  cyto- 
chrome c is oxidized before flash-excitation (high 
redox potential) ,  the photo-oxidized reaction center 
is re-reduced slowly (halft ime of  several seconds). If  
electron transfer from Q~ to QII is inhibited, (BChl)~ 
is re-reduced with a halft ime of  approx. 60 ms by a 
back reaction from Q~ [40]. UHDBT elicited neither 
of  these effects (results not  shown). 
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Fig. 3. Effects of UHDBT on cyclic electron transport .  (o) 
Antimycin-insensitve cytochrome c re-reduction. Chromato- 
phores of Rps. capsulata Ala pho ÷ (1.5 ~tM reaction center) 
were suspended in 50 mM Mops/100 mM KCI, pH 7.0 in the 
presence of 2 ~M valinomycin and 5 uM antimycin in a stir- 
red anaerobic cuvette. No redox mediators were present, but 
the rate of cytochrome c re-reduction before addition of anti- 
mycin indicated an E h of about 100 mV. UHDBT was added 
to increasing concentration. Measurements were made at least 
5 min after each addition of UHDBT to allow time for 
removal of any oxygen dissolved in the ethanolic UHDBT 
solution. Chromatophores were subjected to single 24-~ts 
xenon flash excitations. The trace of the excitation-induced 
change recorded at 551-543 nm at each UHDBT concentra- 
tion was subtracted from the trace obtained at 551-543 nm 
with 50 ~M UHDBT present. No further increases in the 
extent of cytochrome c oxidation occurred at UHDBT con- 
centrations in excess of 50 ~tM. The points show the extent 
of the UHDBT-sensitive change 18 ms after the excitation. 
The traces were an average of four, and the instrument 
response time was 20 us. (=) Cytochrome bso reduction in 
the presence of antimycin. The conditions were as in (o). The 
points show the extent of the single flash-excitation-induced 
change at 560-570 nm recorded 18 ms after the flash, at 
each UHDBT concentration. 

In experiments with detergent-solubilized reaction 
centers partially depleted o f  secondary acceptor qui- 
none QII, addit ion of  excess ubiquinone-10 slows the 
rate of  (BChl)~ re-reduction by acting as a sink for 
electrons which would otherwise back-react from 
Q~ to (BChl)~. UHDBT could not  replace ubiquinone 



in this reaction, neither did it prevent ubiquinone 
from slowing the back reaction. In addition, UHDBT 
had no effect on the binary oscillation in semiquinone 
anion formation in chromatophores [3,7,8], attributed 
to the two-electron gate function of QII (results not 
shown). It therefore seems clear that UHDBT does 
not inhibit cytochrome b reduction by an inhibition 
of electron transfer from Q[, but in some way dis- 
rupts electron transfer, direct or otherwise, between 
QII and cytochrome b. 

The quinone analogue piericidin A also inhibited 
cytochrome c reduction and cytochrome b reduction 
in the presence of antimycin, but much higher con- 
centrations (approx. 400/.tM) were required for full 
inhibition. 6-(n-Dodecyl)amino-5,8-quinoline qui- 
none, a potent inhibitor of Q~ to QII electron transfer 
in C. vinosum [38,39], had no effect on cytochrome c 
re-reduction, cytochrome b reduction, or Q[ oxida- 
tion by QII in Rps. sphaeroides and Rps. capsulata. A 
similar derivative, 6-(n-pentadecyl)amino-5,8-quinol- 
ine quinone was previously shown to be a poor inhib- 
itor of electron transfer in the cytochrome b-c1 seg- 
ment of yeast mitochondria, whereas UHDBT was 
very effective [41]. 

Effect of  UHDBT on photoredox reactions in Rps. 
capsulata R126. Rp~ capsulata R126 shows no light- 
induced cytochrome b reduction and lacks the anti- 
mycin-sensitive slow phase of cytochrome c reduction 
(Ref. 34, and Prince, R.C., Dutton, P.L., Zannoni, D. 
and Marrs, B., unpublished observations). The elec- 
tron transfer system in this mutant was also totally 
insensitive to UHDBT, and comparison of the extents 
of ferrocytochrome c oxidation and (BChl)~ reduc- 
tion indicated that the phase of cytochrome c 
re-reduction attributed to Rieske Fe-S center oxida- 
tion is missing in the mutant. The Rieske Fe-S center 
is, however, present in its membranes (Dutton, P.L., 
Prince, R.C. and Marts, B., personal communication). 

Rps. capsulata R126 showed the UHDBT-insensi- 
rive oscillation in semiquinone anion formation with 
flash number (result not shown) and its cytochrome b 
complement appears to be similar to that of a photo- 
synthetically competent strain (Rps. capsulata 
MR126), derived by treatment of R126 with gene 
transfer agents, and grown under similar conditions 
(Meinhardt, S.W., Zannoni, D., Prince, R.C., Marrs, 
B. and Dutton, P.L., unpublished observations). The 
behavior of the R126 mutant therefore appeared to 
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be very similar to that of UHDBT-treated wild-type 
chromatophores. 

Interpretation of  the effect of  UHDBT. The inhibi- 
tion of both cytochrome c and cytochrome b reduc- 
tion by UHDBT, with a similar titration for inhibition 
of the two processes, suggests that they may be 
mechanistically linked as in the Q-cycle mechanism. 
However, a large molar excess of UHDBT is required 
and even if inhibition of both processes required addi- 
tion of 0nly one UHDBT molecule per electron trans- 
fer chain, it may have diverse effects on independent 
reactions arising from conformational changes 
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Fig. 4. Redox titration of the maximal rate of cytochrome 
bso reduction in the presence of antimycin. Rps. sphaeroides 
chromatophores were suspended to 0.43 gM reaction center 
in 50 mM Mops/100 mM KCI, pH 7.0 containing 3 ~tM PMS 
and PES, 10 gM each of 1,4-naphthoquinone, 1,2-naphtho- 
quinone, 2-hydroxy-l,4-naphthoquinone and DAD, 1 #M 
PYO, 2 #M TMPD, 2/~M antimycin, and 2 gM valinomycin. 
Chromatophores were subjected to a single 5-/~s xenon flash. 
The points show the fastest rate of cytochrome bso reduc- 
tion measured at 560-570 nm. Traces were an average of 
four. The maximal rate for E h values below 130 mV was nor- 
malised to account for the decreased extent of cytochrome 
bso reduction. Superimposed are theoretical Nernst curves 
for two ( ) and one ( . . . . . .  ) electron carriers, with an 
E m value of 117 mV. 
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Fig. 5. Redox titrations of the maximal extents of cytochro- 
me bso reduction in the presence of antimycin. (A) Data for 
Rps. sphaeroides Ga from the experiment of Fig. 4; (+) Data 
for Rps. capsulata N22. Rps. capsulata N22 chromatophores 
were suspended to 0.4 ~zM reaction center in 50 mM Mops/ 
100 mM KC1, pH 7.0 containing 3 ~M PMS and PES; 10/zM 
each of 1,4-naphthoquinone, 1,2-naphthoquinine, 2-hydroxy- 
1,4-naphthoquinone and DAD; 2/zM antimycin, 4/zM 
valinomycin and 80 t~g/ml gramicidin. Chromatophores were 
subjected to a single laser flash. Traces for the titration were 
an average of two or four and the instrument response time 
was 5 -50  ,us depending on the sweep time used. 

of cytochrome bs0 reduction following flash excita- 
tion in the presence of antimycin in Rps. sphaeroides 
Ga chromatophores. The data fit better to a two- 
electron Nemst curve than to a one-electron curve, 
with a midpoint potential for the acceleration of 
125 + 15 mV at pH 7.0. Almost identical results were 
obtained with Rps. capsulata N22. 

The extent of cytochrome bso reduction increased 
by 35% as the Eh(7.o) was lowered from 240 to 120 
mV, and then subsequently decreased, over a slightly 
lower potential range in Rps. capsulata than in Rps. 
sphaeroides (Fig. 5). The maximal extent of cyto- 
chrome bso reduction per reaction center was 20% 
greater in Rps. sphaeroides Ga (about 0.7 mol/mol 
reaction center). The decrease in extent of cytochro- 
me bso reduction at lower Eh is presumed to reflect 
equilibrium reduction before excitation. On the 
assumption that the flash-excitation-induced reduc- 
tion of cytochrome bso involves a collisional reaction 
(discussed by Van den Berg et al. [28]), the maximal 
reduction rates at E h values lower than that at which 
the maximal extent was observed were normalised to 
this maximal extent. The rates at higher Eh values 
were not normalised, on the assumption that the 

induced in a multicomponent complex, as appears to 
be the case for antimycin. Similarly, the behavior of 
the photo'synthetic mutant Rps. capsulata R126, in 
which both cytochrome c and cytochrome b reduc- 
tion are blocked, cannot be taken as def'mitive evi- 
dence for an obligatory linkage, since it is not yet 
known what component or components are affected. 
On the other hand, the dual effect of UHDBT cannot 
be easily explained by a linear scheme for electron 
transfer unless two distinct sites of action are pro- 
posed. Such an explanation does not readily account 
for the pattern of  electron transfer in strain R126. 

Kinetics of cytochrome bso reduction in the pres- 
ence of antimycin. It has previously been reported 
that in Rps. capsulata chromatophores, the rate of 
cytochrome bso reduction following laser excita- 
tion in the presence of antimycin accelerates as the 
Eh(7.o) is lowered from 130 to 80 mV, and that the 
extent of cytochrome bso reduction doubles between 
Eh(7.o) 220 and 130 mV [30]. 

Fig. 4 shows a redox titration of the maximal rate 

E h 110mV f '  

Fig. 6. Reduction kinetics of cytochrome bso following a 
single flash excitation in the presence of antimycin in Rps. 
sphaeroides Ga chromatophores. The traces are from the 
experiment in Fig. 4. The trace recorded at E h 160 mV is an 
average of four, instrument response time 50 #s, that at E h 
110 mV is an average of four, instrument response time 5 ,us. 
The vertical arrows indicate when the flash occurred. The 
diagonal lines indicate how the rate of reduction was mea- 
sured. 



decreased extent reflected a characteristic of the 
reduction mechanism, rather than the availability of 
ferricytochrome bso. 

Fig. 6 shows sample kinetics of the cytochrome 
bso reduction in the presence of antimycin at Eh(7.o) 
110 and 160 mV in Rps. sphaeroides Ga. Similar 
results were obtained with Rps. capsulata N22. There 
was a time lag before reduction began; 100-300 #s 
at Eh(7.o) 110 mV and 500-600 ~s at Eh(7.o) 160 
mV. These lag times are much longer than the time 
for QI to QII (H~) transfer in Rps. capsulata (tl/2 ~ 
30 ~s at Eh(7.0) 390 mV [3]), but are similar to the 
rate of the UHDBT-sensitive electron transfer from 
the Rieske Fe-S center to cytochrome c [19], and the 
faster rates of binding of H~I (the antimycin-sensitive 
H ÷ binding) [42]. In chromatophores from both 
species, the maximal rate before normalisation to 
extent increased about 10-fold as the potential was 
lowered. Adjustment of the rates at Eh(7.o)< 100 
mV to compensate for the decreased extent leads to 
an even greater rate increase. After normalisation to 
the same reaction center concentration, the rate was 
faster in Rps. sphaeroides Ga than in Rps. capsulata 
N22 over the whole potential range. 

Semilogarithmic plots of the reduction kinetics 
indicate that the reaction is first-order after the lag. It 
is possible that the reaction is rate-limited by a first- 
order process following the 'collision' between cyto- 
chrome bso and its reductant. Halftimes determined 
from semilogarithmic plots do not include the lag; for 
example, in Rps. sphaeroides, at Eh(7.o) 200 mV, the 
tl/2 was 5.2 ms, following a lag of 0.5 ms; at Eh(7.o) 
100 mV, the t~/2 was 0.38 ms, following a lag of 
approx. 0.24 ms. 

At pH 6.0, the acceleration in initial rate of cyto- 
chrome bso reduction was less marked (in Rps. sphae- 
roides Ga, the initial rate was 1.31 • 10 -3 
ZX/1560_ST0nm/mS. reaction center at Eh(6.o) 280 mV, 
and 7.0. 10 -3 /X,4560_570nm/mS reaction center 
(after normalisation) at Eh(6.o) 110 mV) and had a 
midpoint potential in the titration at 180 mV, i.e., 60 
mV higher than that at pH 7.0. This suggests that the 
component involved in the acceleration requires the 
same number of protons bound as electrons for its 
equilibrium reduction between pH 6.0 and 7.0. 

Redox centers which may affect the rate of  cyto- 
chrome bso reduction. The apparent n value of the 
titration of the maximal rate of cytochrome bso 
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reduction is the same as that of the QzH2/Qz compo- 
nent involved in the 1 -2  ms phase of cytochrome c 
reduction [24] and that of the ubiquinone pool (19 
molecules per reaction center with Em(7.o) 90 mV in 
Rps. sphaeroides Ga [43]). A Q-cycle mechanism, in 
which Qz (H*) was the reductant for cytochrome bso 
(Fig. 1B), would provide a simple explanation for the 
acceleration. With Qz reduced to QzH2 before excita- 
tion, the rate of generation of Q~ (H +) (by re-reduc- 
tion of the photo-oxidized Rieske center)would be 
increased. With Qz oxidized before excitation, the 
formation of Q~ (H*) would presumably be limited 
by the rate at which electrons from the reaction cen- 
ter could reduce Qz to QzH2, with the redox equilib- 
rium between Qz and its reductant limiting the extent 
of cytochrome bso reduction. However, as pointed 
out by Crofts et al. [23], and more recently by Van 
den Berg et al. [28], the kinetics and extent of cyto- 
chrome bso reduction and cytochrome c re-reduction 
in the presence of antimycin are not compatible with 
a Q-cycle mechanism if antimycin simply acts to 
prevent cytochrome bso re-oxidation. The Q-cycle 
mechanism of Fig. 1B indicates that the kinetics of 
reduction of cytochrome bso in the presence of anti- 
mycin should reflect the kinetics of oxidation of 
QzH2. The kinetics of oxidation of QzH2 have been 
measured as the slower phase of cytochrome c reduc- 
tion. In the absence of antimycin, this rate (minimum 
ti/2 1-2  ms) is considerably slower than the fastest 
rate of cytochrome bso reduction (t I/2 < 0.5 ms) due 
mainly to the different lag times involved. In the pres- 
ence of antimycin, the rate is of course much slower 
(>200 ms). The fastest rate of cytochrome bso reduc- 
tion in the presence of antimycin is similar to the 
apparent rate of the antimycin-insensitive rate of 
cytochrome c reduction. However, this phase is 
attributed to electron donation from the Rieske iron 
sulfur center, and there is as yet no convincing evi- 
dence that QzH2 is involved, at least when all the 
reaction centers are activated by the flash. In addition, 
the apparent midpoint potential for the acceleration 
(approx. 125 -+ 15 mV at pH 7.0) is somewhat lower 
than that of Qz/QzH2 (gm(7.o) 155 mV). 

It seems likely that the reduction of cytochrome 
bso in the presence of antimycin is mediated by elec- 
trons delivered directly from the reaction center qui- 
none acceptor complex (probably from QnH2 or by 
way of a component of equivalent stoichimetry) and 



226 

that any dependence on the redox state of  Qz is indi- 
rect. Removal of  the ubiquinone pool and Qz (as indi- 
cated by the loss of the 1 - 2  ms antimycin-sensitive 
phase of cytochrome c reduction) does not prevent 
flash-excitation induced cytochrome bso reduction 
[27,44], but the detailed redox potential dependency 
of the rate and extent of cytochrome bso reduction 
in these depleted chromatophores is not yet known. 
It is possible that the ubiquinone pool (or a fraction 
of the pool close to the reaction center quinone) may 
compete with cytochrome bs0 as an electron accepter 
from QnH2, and would be unavailable as it became 
reduced before excitation. This would require that 
the pool molecules could interact with QIIH2 on a 
millisecond time scale, and it would become neces- 
sary to explain how any cytochrome bso reduction is 
observed, in view of the lower midpoint potential of  
this component. 

Another redox component which may be involved 
in the increased rate and extent of cytochrome bso 
reduction is the QII/QII (H+) couple. The data of 
Rutherford and Evans [4] suggest that Em(7.o) for 
QII/QII (H+) is 100 mV, and that o fQ i i  (H+)/QII H2 
is 20 mV. Reduction of QII to Q~I (H+) before excita- 
tion would mean that QII H2 rather than Q~I (H+) is 
generated following the flash and this would be a 
stronger reductant. However, computer simulation 
and other data presented later indicate that the redox 
state of Qn under the conditions of these experi- 
ments is not a reflection of the equilibrium midpoint 
potentials of the Qn/QII  (H+) and QII (H*)/QII H2 
couples. In addition, if Qn/Q~I (H+) could act as a 
reductant for cytochrome b s o, it would be re-oxidized 
at En(7.o) > 200 mV as cytochrome bso became re- 
oxidized, and would then not act as a metastable 
intermediate in a two-electron gate mechanism, as is 
observed at Eh(7.o) > 300 mY. Furthermore, a depen- 
dency on the redox state of the Qn/QII  (W) couple 
before flash excitation would lead to an n = 1 redox 
potential dependency rather than n = 2. A resolution 
of this problem will require knowledge of the redox 
state of QII before excitation in these experiments, 
and of the reaction mechanism leading to cytochrome 
bso reduction. The possible involvement of cytochro- 
me b_9o in the reactions of  the secondary accepter 
pools will be discussed extensively elsewhere [36]. 

Inhibition o f  electron transfer from Q~ using 
ametryne. Ametryne (2-methylymercapto-4-ethyl- 

No Ametryne 

(BChl)2 542n~ 

[AA:O.O02 
Fig. 7. Effects of ametryne on flash-induced cytochrome bso 
reduction and on (BChl)~ re-reduction at high E h. Rps cap- 
sulata N22 chromatophores were suspended to 0.71 /~M reac- 
tion center in 50 mM Mops/100 mM KCI, pH 7.0 containing 
a total of 1.5 mM potassium ferrocyanide/ferricyanide, 10 
~tM DAD, 2 xtM antimycin, 2 ,aM valinomycin and 1/~M 
nigericin, at E h 390 mV. Chromatophores were subjected to 
two 24-/1s xenon flashes with 8 s between flashes (long 
enough for (BChl)~ re-reduction and cytochrome b s o re-oxi- 
dation) following at least 3 min dark-adaptation. The top 
traces show the effect of 500 /~M ametryne on (BChl)~ re- 
reduction following the first flash. The lower two traces show 
the effect of ametryne on cytochrome bso reduction on the 
second flash. The traces were not averaged, and the instru- 
ment response was 100 ,us. 

amino-6-isopropylamino-l,3,5-triazine) is a herbicide 
which appears to inhibit electron transfer from the 
reduced primary accepter quinone to the oxidized 
secondary accepter of the Photosystem II reaction 
center in chloroplasts [45,46] and in detergent- 
solubilized reaction centers from Rps. sphaeroides 
R26 (Stein, R.R. and Wraight, C.A., personal commu- 
nication). The upper set of traces in Fig. 7 shows that 
ametryne had this effect in Rps. capsulata N22 chro- 
matophores, as indicated by the acceleration in the 
re-reduction of (BChl)~ when cytochrome c was 
largely oxidized before flash excitation. At this high 
redox potential (Eh(7.0) 390 mV), cytochrome bso 
reduction was markedly inhibited by ametryne. The 
lower set of traces in Fig. 7 shows the cytochrome 
bso change in the presence of antimycin, recorded 
following a flash excitation given 8 s after the first 
flash from the dark-adapted state (sufficient time for 
complete (BChl)~ re-reduction). In the absence of 
ametryne, the extent of cytochrome b reduction on 
the second flash is normally greater than that on the 
first, probably owing to the operation of the gating 
mechanism in the reaction center quinone accepter 
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Fig. 8. Concentration dependencies of the effects of ametryne 
(A) on reaction center turnover on two closely spaced flash 
excitations, and (B) on cytochrome bso reduction following 
a single flash. (A) Rps. capsulata N22 chromatophores were 
suspended to 0.4 #M reaction center in 50 mM Mops/100 
mM KCI, pH 7.0 containing 3 jJM each of PMS and PES; 10 
/JM each of 1,4-naphthoquinone, 1,2-naphthoquinone, 
2-hydroxy-l,4-naphthoquinone, and DAD; 2/JM antimycin, 
25 xtM UHDBT and 1 /JM valinomycin at E h 105 mV. Chro- 
matophores were subjected to a laser flash (flash 1) and a 24- 
/Js xenon flash (flash 2) 5.3 ms later. The points show the 
maximal extent of the reaction center turnover on flash 1 (A) 
and on flash 2 (o). Reaction center turnover was obtained by 
summing, after appropriate normalisation, the extent of 
stable reaction center oxidation (measured at 542 nm) and 
cytochrome c oxidation (measured at 551 -542  nm) (in the 
presence of UHDBT to block rapid re-reduction) 0.8 ms after 
each of the two flashes. (B) Rps. capsulata N22 chromato- 
phores were suspended as in (A), except that UHDBT was 
not added. Chromatophores were subjected to a single 24-~s 
xenon flash. The points show the maximal extent of cyto- 
chrome bso reduction in the presence of antimycin, moni- 
tored at 560 -570  nm. 
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complex [3]. In the presence of ametryne, a major 
fraction of the electrons on Q~ after the first flash 
returned to (BChl)~ by back reaction (see above), so 
that in most centers QII remained oxidized after the 
first flash. 

At Eh(7.0) 100 mV, when the rate of cytochrome 
bso reduction is close to its maximum, a different 
pattern is observed. Fig. 8A shows the effect of 
increasing ametryne concentration on the extent of 
reaction center turnover on each of two excitations 
spaced 5.3 ms apart. Reaction center turnover was 
estimated by adding the extent of cytochrome c 
oxidized to the amount of reaction center remaining 
stably oxidized, in the presence of UHDBT. Fig. 8A 
shows that in 35-40% of the reaction centers, Q~ 
re-oxidation was inhibited by relatively low concen- 
trations (<100 #M) of ametryne, as indicated by the 
diminution in turnover on the second flash. At higher 
concentrations, the extent of the remaining reaction 
center turnover on the second flash diminished with a 
dependency very similar to that on the first. The reac- 
tion center turnover on the second flash in the 
absence of ametryne was lower than that on the first 
due to incomplete (BChl)~ re-reduction following the 
first flash. Experiments performed in the absence of 
UHDBT but in the presence of antimycin, using the 
fast phase of the carotenoid spectral response to 
monitor reaction center turnover, gave essentially the 
same result. 

Fig. 8B shows that the maximal extent of cyto- 
chrome bso reduction following a single 24/.ts xenon 
flash, recorded in the presence of antimycin, showed 
no decrease at the low concentrations of ametryne 
which partially inhibited Q~ re-oxidation. These low 
concentrations (<100 gM) of ametryne had no sig- 
nificant effect on the kinetics of cytochrome bso 
reduction. Higher concentrations of ametryne dimin- 
ished the extent of cytochrome b reduction roughly 
in proportion to the inhibition of reaction center 
turnover on the first flash seen in Fig. 8A. Control 
experiments performed at a few selected ametryne 
concentrations indicated that the use of different 
flash durations in these experiments was not a sig- 
nificant variable. 

Interpretation of the effects of ametryne. The 
results suggest that at Eh(7.o) 100 mV, the reaction 
center acceptor complexes are heterogeneous in the 
sensitivity to ametryne of primary to secondary qui- 
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non electron transfer, and furthermore, that cyto- 
chrome bso reduction is considerably more sensitive 
to ametryne at Eh(7.o ) 390 mV than at 100 mV. A 
similar diminution in the inhibition of cytochrome 
bso reduction with decreased redox potential is seen 
with o.phenanthroline (not shown). Evidence is now 
accumulating that o-phenanthroline inhibits electron 
transfer from Q] to Qu, but not from QI to Q[I, 
both in reaction centers and in situ [8,47]. Prelimi- 
nary experiments (Stein, R.R. and Wraight, C.A., 
personal communication) indicate that in reaction 
centers, ametryne has a similar effect. The equilib- 
rium redox titration data of Rutherford and Evans 
[4] suggest that in the dark state, QIx would be fully 
oxidized at En(7.o) 390 mV, and 50% reduced to the 
Q~I (H*) state at Eh(7.0) 100 mV. At Eh(7.0) 390 mV, 
it appears that cytochrome bso is reduced by QHH2 
which is generated following two excitations [3]. On 
the first excitation in the presence of ametryne at 
Eh(7.0) 390 mV, Qi would be formed, but back-reacts 
with (BChl)~, and this process would be repeated on 
the second excitation, so that no cytochrome bso 
reduction occurs. At Eh(7.o) 100 mV, about 50% of 
the centers would be in the Q~x (H*) state before 
excitation, and would thus be converted to QxIH2 
following the flash, and reduce cytochrome bso. If 
ametryne behaved in chromatophores in the same 
way as o-phenanthroline, this process would be un- 
affected b3, ametryne. Centers in the QII state (fully 
oxidized) before excitation would not contribute to 
bso reduction on the first flash, but electron transfer 
from Q~ to Qn would be inhibited by ametryne and 
prevent turnover in these centers on the second flash. 

The situation is more complex, however. At the 
concentrations of redox mediators used in millisec- 
ond kinetic experiments, QH appears to become at 
least partially reduced to the semiquinone form at 
considerably higher potentials than would be pre- 
dicted from equilibrium potentiometric data. Thus, 
the binary oscillation in cytochrome bso reduction 
and semiquinone anion formation disappears as the 
Eh(7.o) is lowered below 300 mV in Rps. capsulata 
Ala pho +, and at Eh(7.o) 210 mV cytochrome bso 
reduction was considerably less sensitive to ametryne 
than at Eh 390 mV. Both observations may be 
attributed to the presence of a significant amount of 
Q~I (H+) before excitation. The semiquinone oscilla- 
tion has been reported at considerably lower poten- 

tials in the presence of concentrations of redox- 
mediating dyes (50 ktM TMPD, approx. 500 /~M 
DAD) [7,8] much greater than those normally used 
in kinetic studies (Rutherford, A.W., personal com- 
munication), and it was shown that the oscillation 
in the extent of cytochrome bso reduction may be 
observed at considerably lower potentials (Eh(6.o) 
250 mV) than previously using 50 ~M TMPD as 
redox mediator. This suggests that QII/Q~I (H+) does 
not readily come to equilibrium with the levels (<10 
/.tM) of redox-mediating dyes normally used in 
kinetic experiments. 

An alternative explanation based on a Q-cycle 
mechanism may also be suggested for the decreased 
efficiency of ametryne in inhibiting cytochrome bso 
reduction at Eh(7.o) 100 mV. At this potential, Qz 
would be reduced before excitation and would be 
expected to reduce cytochrome bso in a reaction 
linked to cytochrome c re-reduction. This reaction 
would not be affected by an inhibition by ametryne 
of Qi oxidation. At Eh~7.o~ 390 mV, reduction of Qz 
to QzH2 would depend on electron delivery from Q~ 
to both QII and QII, so that cytochrome bs0 reduc- 
tion would be fully inhibited. At Eh(7.o) 210 mV, 
QzH2 would only be generated in those centers con- 
taining Q~I before excitation, and these would be un- 
inhibited by ametryne. However, such an explanation 
suffers from the kinetic difficulties mentioned earlier. 

Relationship between cytochrome bso oxidation and 
reduction and cytochrome c re-reduction 

(a) Qz reduced before excitation. 
When Qz is reduced before flash excitation, the 

kinetics of the resolved 1-2 ms phase of cytochrome 
c re-reduction, phase III of the carotenoid response to 
membrane potential formation, and cytochrome bso 
oxidation, are very similar and are all inhibited by 
antimycin. They all accelerate as QzH2 titrates [23, 
48]. On the basis of these observations, Crofts et al. 
[23] proposed a linear mechanism (Fig. 1A) in which 
the unstable oxidant for ferricytochrome bso (QzH') 
was a product of the one-electron transfer reaction 
between QzH2 and ferricytochrome e. The model 
predicts that the re-reduction of Qz H" by ferrocyto- 
chrome bso must occur in order to achieve net cyto- 
chrome c reduction, owing to the high midpoint 
potential of QzH'/QzH2. Inhibition of either reaction 
by antimycin would then inhibit both. 
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Fig. 9. Kinetics of cytochrome bso and eytochrome c following single flash excitation in the presence and absence of antimycin. 
Rps. capsulata N22. (Traces A-F). Chromatophores were suspended to 0.41 #M reaction center in 50 mM Mops/100 mM KCI, pH 
7.0 containing 3 #M PMS and PES, 10 #M each of 1,4-naphthoquinone, 1,2-naphthoquinone, 2-hydroxy-1,4-naphthoquinone and 
DAD, 100 t~M potassium ferrocyanide, 2 uM valinomycin, 1 #M nigericin and 4 #g/ml gramicidin, at E h 80 mV. Chromatophores 
were subjected to a 24-us xenon flash. The traces are an average of 16, and the instrument response time was 10 t~s. Antimycin 
was added to 2 uM (traces B and E). The two traces at the right (C and F) show the antimyein-sensitive phases of the cytochrome 
c and bso kinetics. They have been normalised to approximately the same extent. The vertical dashed lines indicate when the 
flash occurred. The initial rapid rise in the changes monitored at 560-570 nm is not attributable to eytochrome b. Rps. sphaero- 
ides Ga. Chromatophores were suspended to 1.2 vM reaction center in 50 mM Mops/100 mM KC1, pH 7.0 containing 2 vM PMS, 
10 #M each of 1,4-naphthoquinone, 1,2-naphthoquinone, 2-hydroxy-l,4-naphthoquinone; 10 #M carbonylcyanide-p-trifluoro- 
methoxylphenylhydrazone, 4 vM valinomyein and 1 mM MgCI 2 at E h 140 mV. They were subjected to a single 24-~s xenon flash. 
Measurements at 560 and 570 nm were an average of 64, those at 551 and 542 nm an average of 16. The instrument response 
time was 5 #s. 

Crofts et al. [23] noted that the transient reduc- 

tion of cytochrome bso following excitation appeared 
to be a much faster process than the reoxidation reac- 

tio_n or the re-reduction of cytochrome c. This is seen 
clearly in the kinetic traces of Fig. 9, and the time- 
resolved spectra of the light-induced change (Fig. 10). 
The latter figure shows that the overall redox state of 
cytochrome c did not  change significantly between 

0.24 and 0.79 ms after the flash, whereas that of 
cytochrome b reduced during this time. Correction 
for the cytochrome c change indicates that the main 
cytochrome b species becoming reduced (~kma x ~ 560 
nm) was cytochrome bso. 

The kinetic matching between ferrocytochrome 
bs0 oxidation and ferricytochrome c re-reduction was 
achieved by subtracting the kinetics of the change 
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Fig. 10. Time-resolved spectra of single-turnover cytochrome 
b and cytochrome c changes in Rps. sphaeroides Ga in the 
absence of antimycin. Chromatophores were suspended to 
1.2 ~M reaction center in 50 mM Mops/100 mM KCI, pH 
7.0, containing 2/~M PMS, 10 ~tM each of 1,4-naphthoqui- 
none, 2-hydroxy-l,4-naphthoquinone; 10 ,~M carbonyl- 
cyanide-p-trifluoromethoxylphenylhydrazone, 4 ~tM valino- 
mycin and 1 mM MgCI2 at E h 140 mV. At each wavelength, 
chromatophores were subjected to a single 24-/~s xenon flash- 
excitation. Kinetic traces were an average of eight, with 4 s 
between each measurement. The instrument response time 
was 100 /~s. The reaction center contribution was subtracted 
out using the change at 603 nm as the reaction center refer- 
ence trace. The spectra show the corrected absorption change 
induced by the flash after 0.24 ms (+), 0.79 ms (a) and 2.44 
ms (-) .  

with and without antimycin (Refs. 23, 31, and Fig. 9). 
In Rps. capsulata chromatophores, such a kinetic 
matching occurs over the E h range that Qz titrates, 
and below [49]. In Rps. sphaeroides Ga chromato- 
phores, the transient change measured at 560-570 
nm in the absence of antimycin appears to have a 
smaller maximum amplitude than is observed at 
similar potentials in Rps. capsulata (compare Fig. 11B 
and 9), and net cytochrome b photo-oxidation is 
sometimes observed at potentials greater than would 
be expected if cytochrome bso was the electron 
source. The apparent kinetics of the antimycin-sensi- 
tive oxidation of cytochrome bso (Fig. 1 IF) can then 
be considerably faster than those of the antimycin- 
sensitive phase of cytochrome c reduction (Fig. 11E). 
Traces A, C, and E in Fig. 11 show that there is a 
lag of 0.6 ms in the antimycin-sensitive cytochrome c 
re-reduction kinetics, with a t~/2 for the subsequent 
reduction of 0.84 ms leading to an overall t~/2 of 

1.24 ms. In terms of the linear scheme, the lag would 
reflect the availability of ferrocytochrome bso as the 
electron donor to Qz H'. In contrast, the apparent 
halftime for cytochrome b oxidation is 0.56 ms 
following a lag of less than 200 #s, giving an overall 
halftime of 0.76 ms (Fig. 11F). However, the appar- 
ent kinetics of cytochrome b oxidation are fairly 
similar to the overall kinetics of electron flow to 
cytochrome c and reaction center, measured by sum- 
ming (after normalisation) the difference kinetics for 
the two components with and without UHDBT (Fig. 
111). 

(b ) Qz oxidized before excitation. 
The traces in Fig. 12 show that on a 10-ms time 

scale at Eh(7.o) 210 mV, when Qz is oxidized before 
excitation, antimycin had a negligible effect on the 
cytochrome c and carotenoid shift phase III changes 
(and the (BChl)~ change, not shown), but had a 
marked effect on the cytochrome b redox change. At 
Eh(7.o) 380 mV, when cytochrome c is largely oxid- 
ized, antimycin had a negligible effect on (BChl)~ re- 
reduction on a 10-ms time scale on either the first or 
second flashes following dark-adaptation, but again 
had a marked effect on the cytochrome bso redox 
changes (not shown). At both potentials, antimycin 
appeared to increase the maximal steady extent of 
cytochrome bso reduction following flash-excitation. 

Mechanism of cyclic electron transfer. Although 
the antimycin-sensitive phases of cytochrome c reduc- 
tion and cytochrome bso oxidation may match 
kinetically, as predicted by the linear model of Fig. 
1A, there is no mechanistic requirement that they 
should match in terms of the number of electrons 
involved in the two phases. This is because about 50% 
of the electrons delivered from QzH2 are used to re- 
reduce the Rieske Fe-S center oxidized in the un- 
resolved phase of electron transfer to cytochrome c, 
and a few percent are delivered through to (BChl)~. 

As shown in Fig. 11E and F, a kinetic matching 
between the apparent antimycin-sensitive phases of 
cytochrome b oxidation and cytochrome c reduction 
is not always observed when Qz is reduced before 
excitation in Rps. sphaeroides Ga chromatophores. 
When net photo-oxidation of cytochrome b occurs, 
the 'net '  ferricytochrome b is re-reduced on a seconds 
time scale, and on this basis and on the redox poten- 
tial dependency, Dutton and Jackson [50], and Dut- 
ton and Prince [33] suggested that the component 
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Fig. 11. Fast kinetics of cytochrome c (traces A, C, E, and G in columns 1 and 3) measured at 551-542 nm and cytochrome bso 
(traces B, D, F, and H in columns 2 and 4) measured at 560-570 nm following a single 24-/~s xenon flash excitation in Rps. 
sphaeroides Ga chromatophores. Chromatophores were suspended to 0.7 /~M reaction center in 50 mM Mops/100 mM KCI, pH 
7.0, containing 5 ~M each of PMS and PES; I0 ~M each of 1,4-naphthoquinone, 1,2-naphthoquinone and 2-hydroxy-l,4-naph- 
thoquinone; 2 ~ valinomycin and 1 /zlVl nigericin. Antimycin was added where indicated to 2/aM (C, D, G, H) and UHDBT to 
25 /aM (G, H). The Eh(7.0) was 100 mV. The traces at 551-542 nm are an average of four, those at 560-570 nm an average of 
eight, and the instrument response time was 10 ~s. The time between each measurement was 45 s. The vertical arrows indicate 
the time a~ which the xenon flash-excitation occurred. Traces E and F show the difference between the change recorded in the 
presence and absence of antimycin, normalised to the same extent, and in the same direction, for easier comparison. Trace I was 
obtained as follows: 

(Change at 551-542 nm - Change at 551-542 nm with antimycin and UHDBT) 

F, 18.1~ 
+[~Change at 542 nm - Change at 542 nm with antimycin and UHDBT) X 1-~.8J 

The second term gives the kinetics and extent of the UHDBT (and antimycin)-sensitive phase of (BChl)~ re-reduction. The sub- 
traction is reversed to account for the opposite direction of the absorption change on re-reduction of (BChl)~ in comparison to 
cytochrome c at the measuring wavelength used. Normalisation by 18.1/10.8 approximately accounts for the difference in extinc- 
tion coefficients for cytochrome c at 551-542 nm and (BChl)~ at 542 nm. 

involved, proposed to be cytochrome bass (Em(7.o) 
155 mV [50]), could be oxidized in an antimycin- 
sensitive reaction by ferricytochrome c, but  could not  
accept electrons rapidly from the reaction center qui- 
none complex. This reaction would diminish the ob- 

serfable extent of the transient cytochrome bso 
reduction, and would be consistent with the much 
smaller effect and considerably lower level of cyto- 
chrome bass in Rps. capsulata chromatophores than 
in Rp~ sphaeroides Ga. However, such an explanation 

could not  explain the kinetic discrepancy unless the 
electrons delivered from cytochrome b lss  to cyto- 
chrome c bypassed the rate-limiting reaction between 
QzH2 and Rieske center, and re-reduced the Rieske 
center (or cytochrome c) at a rate similar to the rate 

of electron transfer from the Rieske center to cyto- 
chrome c. Time-resolved spectra of the net cytochro- 
me b oxidation in Rps. sphaeroides Ga show a greater 
bandwidth than that of cytochrome bso reduced in 
the presence of antimycin, and a contribution from 
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of an t imycin  on the kinet ics  of  cyclic electron Fig. 12. Effect 
transfer with Qz oxidized before flash excitation. Rps. 
sphaeroides Ga chromatophores were suspended to 0.43 ~tM 
reaction center in 50 mM Mops/100 mM KCI, pH 7.0, con- 
taining 5 ~M PMS and PES; 10 ~zM each of 1,4-naphtho- 
quinone, 1,2-naphthoquinone, 2-hydroxy-l,4-naphthoqui- 
none and DAD, 2/zM TMPD and 2 jam valinomycin at E h 

210 mV. Antimycin was added where indicated to 2 ~tM. 
Chromatophores were subjected to a single 5-/zs xenon flash 
excitation. The traces are an average of four, except those at 
503 nm, which were not averaged. The instrument response 
time was 10 ~zs. The vertical arrows indicate when the flash 
occurred. 

cytochrome bx s s could not be ruled out [ 14]. Clearly, 
more experiments are required to determine the 
involvement of cytochrome b x s s as an electron donor 
to the Rieske center or cytochrome c. 

The kinetics of cytochrome bso and cytochrome c 
when Qz is oxidized before excitation are not readily 
explained by schemes in which cytochrome bso is 
reoxidized at all potentials via transmembrane elec- 
tron transfer leading to carotenoid shift phase III, 
concomitant with the antimycin-sensitive phase of 
cytochrome c reduction. A possible interpretation of 
the effect is that antimycin, as well as blocking rapid 
cytochrome bso re-oxidation associated with trans- 
membrane charge transfer when Qz is reduced before 
excitation, also shifts the redox equilibrium between 
cytochrome bs0 and its reductant in favor of cyto- 
chrome bso reduction. Thus, when the rate of cyto- 
chrome bso re-oxidation is intrinsically very slow 
(Qz oxidized before excitation), a simple enhance- 
ment in the level of cytochrome bso reduction is ob- 

served. This may be achieved either by raising the E m 
of cytochrome b, or by lowering that of its reductant. 
Current evidence suggests that antimycin does not 
raise the E m value of any of the cytochrome b species 
in Rps. sphaeroides or Rps. capsulata (Ref. 28, and 
Meinhardt, S.W. and Crofts, A.R., unpublished results) 
and no firm information is available on the effect of 
antimycin on ubiquinone redox properties in chro- 
matophores. Ohnishi and Trumpower [51] have, 
however, observed that antimycin destabilizes a ubi- 
semiquinone species in isolated mitochondrial suc- 
cinate-cytochrome c reductase, and this could arise 
from a lowering of the E m value for the QH'/Q 
couple relative to that of QHJQH'.  Alternatively, 
when Qz is oxidized before excitation, it is possible 
that cytochrome b s o is in equilibrium with an optically 
invisible component, such as the ubiquinone pool, in 
a reaction which is sensitive to antimycin but which 
does not involve transmembrane charge transfer. At 
lower redox potentials, this process would be unable 
to compete effectively with the considerably faster 
antimycin-sensitive re-oxidation by QzH" associated 
with transmembrane charge transfer. This would be 
consistent with the observation that depletion of the 
Q-pool, but apparently not Qz, had a marked effect 
on cytochrome bso oxidation but not on cytochrome 
c re-reduction, under conditions in ~vhich the cyto- 
chrome c re-reduction was slow [44]. 
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