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Spectrophotometric, kinetic, thermodynamic and stoichiometric properties of the low-potential b-type cyto- 
chrome of chromatophores from Rhodopseudomonas sphaeroides are reported. Cytochrome b-566 has a 
double a-band with maxima at 559 and 566 nm. Resolution of the spectrum by full-spectral redox 
potentiometry showed no indication that the two peaks represent more than one component. The component 
titrated with Era, 7 = - 8 0  + 10 mV. By appropriate choice of wavelength pairs and by subtraction of the 
contribution due to other components, the kinetics of cytochrome b-566 absorbance changes following flash 
excitation have been resolved from those of other components. Time-resolved flash spectra corrected for the 
contributions of other components are consistent with the behavior of both peaks of the a-band as a single 
kinetic species. The kinetics of cytochrome b-566 in the presence of antimycin show that the reduction of this 
cytochrome occurred only if cytochrome b-561 was reduced before the flash, either chemically, by poising the 
ambient redox potential (Eh) below the E m of cytochrome b-561 (Era, 7 = 50 mV), or photochemically at 
higher redox potentials by a previous flash. The rate of reduction of cytochrome b-566 varied with E h. At low 
E h (approx. 0 mV) reduction on the first flash showed tt/2 = 1.25 ms; at high E h (approx. 180 mV) reduction 
on the second flash showed tt/~ ~ 10 ms. In the absence of antimycin at E h ~ 0 mV,  cytochrome b-566 was 
observed to become rapidly reduced (tl/2 = 500 [~s) and then reoxidized (tt/2 ~ 2 ms) after a single flash. At 
higher redox potentials (E  h > 80 mV) no kinetic changes which could be unambiguously attributed to 
cytochrome b-566 were observed following a single flash. The results are interpreted in terms of a Q-cycle 
mechanism in which the reductant for cytochrome b-566 is the semiquinone formed on oxidation of ubiquinol 
from the quinone pool. The oxidation of the ubiquinol occurs by a concerted reaction in which one electron is 
accepted by the Rieske-type FeS center and the other by cytochrome b-566. We suggest that the kinetic 
characteristics may indicate a pathway for reduction of the b-type cytochromes in which cytochrome b-566 is 
the immediate electron acceptor and donates to cytochrome b-561 in a serial pathway. The experimental 
results in the presence of antimycin are compared with data from a computer simulation of the thermody- 
namic behavior of the chain, and the computer model is shown to provide an excellent fit. 

Abbreviations: Mops, 4-morpholineethanesulfonic acid; DAD, 
2,3,5,6-tetramethyl-p-phenylenediamine; Bistrispropane, 1,3- 
bis[tris(hydroxymethyl)methylamino]propane. 

Introduction 

Chromatophores from anaerobically grown 
Rhodopseudomonas sphaeroides have been shown 
to contain three b-type cytochromes; cytochrome 
b-150 (b-561(150)) (Era. 7 = 150 m g ,  a-peak at 561 
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nm), cytochrome b-50 (b-561) (Era, 7 ---50 mV, a- 
peak at 560.5 nm) [1], and cytochrome b-90 (b-566) 
(Em,  7 = - 9 0  mV, double a-peak at 559 and 566 
nm) [1,2]. Cytochrome b-561 has been shown to 
undergo light-induced oxidation-reduction reac- 
tions following illumination both by continuous 
light and by single-turnover flashes in the presence 
[1,3,4] and absence of antimycin [1,4]. Cytochrome 
b-566 has been shown to be reduced upon continu- 
ous illumination in the presence of antimycin [3], 
and flash reduction of cytochrome b-566 was 
shown to occur on the second flash in the presence 
of antimycin [2]. No unequivocal evidence for 
cytochrome b-561(150) oxidation or reduction by 
single-turnover flashes has been obtained. 

Recently, we have shown that the Rieske Fe-S 
center [5] and a bound, c-type cytochrome, c~ [6,7], 
are involved in cyclic electron transport along with 
the previously observed components; a soluble 
c-type cytochrome (cytochrome c2) [1,4], cy- 
tochrome b-561 [1,4,8,9], ubiquinone [10,11] and 
the reaction center. Because of the similarity of 
components present in the ubiquinol : cytochrome 
c 2 oxidoreductase (cytochrome b-c~ complex) of 
the photosynthetic bacteria to those of the 
ubiquinol :cytochrome c oxidoreductase (cyto- 
chrome b-c~ complex) of mitochondria, and in the 
light of our previous work [2], we set out to 
ascertain if the low-potential b cytochrome (cyto- 
chrome b-566), which is analogous to cytochrome 
b-566 (E  m = - 4 0  mV, double a-peak at 558 and 
566 nm) in mitochondria, is involved in cyclic 
electron transport. 

In this paper we present evidence obtained 
through the use of time-resolved spectra of the 
absorbance changes following flash illumination, 
and through measurement of the kinetics of the 
cytochromes at specific wavelength pairs, to show 
that cytochrome b-566 is involved in the function- 
ing of the cytochrome b-c~ complex of Rps. 
sphaeroides in cyclic electron transport. We also 
present a thermodynamic model for the behavior 
of the cytochrome b-c~ complex in the presence of 
antimycin which explains the results obtained here 
in terms of a Q-cycle mechanism [12-15]. 

Materials and Methods 

Chromatophores of Rps. sphaeroides strain Ga 
were prepared as described in Ref. 16. The 

technique of redox poising is also described in Ref. 
16. Flash spectra and kinetic traces were obtained 
as described in Ref. 2 except that in some experi- 
ments a flow system, described below, was used to 
provide a fresh dark-adapted sample for each ex- 
periment. Reaction center concentrations were 
estimated by the method described in Ref. 2. 

The flow system used here consisted of a dark, 
anaerobic redox vessel which could contain from 
20 to 50 ml of sample. The sample was adjusted to 
the desired potential by small additions of con- 
centrated sodium dithionite or potassium ferri- 
cyanide solutions. The sample was transferred 
anaerobically to a flow cuvette, 0.4 ml volume, 
through a Teflon tube surrounded by a black 
gas-tight tube of butyl rubber through which a 
stream of oxygen-free argon flowed. Transfer to 
the flow cuvette was driven by top pressure on the 
surface of the sample in the redox vessel and after 
flash activation of the sample, the flow cuvette was 
emptied back into the redox vessel, by reversal of 
the gas pressure difference. The system used a set 
of solenoid valves, which were activated under 
computer control, to direct the flow of the gas. 
This allowed a dark-adapted sample to be ob- 
tained every 15 s. The system will be described in 
greater detail in a subsequent paper (Robinson, 
H.H., and Crofts, A.R., unpublished work). 

The kinetics of cytochrome b-566 redox changes 
were obtained by taking the difference in the 
kinetics measured at 566 and 575 nm, and then 
subtracting 0.5-times the cytochrome b-561 change, 
measured at 561 minus 569 nm. Traces were fur- 
ther corrected for the reaction center change by 
subtracting 0.076-times the 542 nm change. 

Valinomycin and nigericin were included in 
kinetic experiments, as indicated in the figure 
legends, to allow equilibration of the proton gradi- 
ent before illumination. Valinomycin also allowed 
rapid dissipation of the membrane potential 
formed by electrogenic electron transfer following 
flash illumination, and rapid decay of the associ- 
ated electrochromic absorbance changes [2]. In 
some experiments valinomycin was replaced by 
gramicidin which, at the concentration used, more 
effectively eliminated the electrochromic ab- 
sorbance changes. 

In kinetic experiments, redox mediators of two 
classes were used. Substituted quinones were pre- 



sent at a relatively high concentration (5-10 #M) 
to provide redox buffering. Reactive mediators 
(generally, those with relatively stable one-electron 
reaction intermediates) were present at a low con- 
centration (1 /~M). The concentrations of media- 
tors were determined on the basis of extensive 
control experiments in which the kinetics were 
measured as the concentration of one mediator 
was varied over a wide range while the others were 
held constant. Extensive control experiments using 
oxidative or reductive titrations showed that, 
within experimental error ( +  10 mV), redox equi- 
libration was established reversibly at the con- 
centrations used routinely. At these concentrations 
there was no significant contribution of mediator 
reactions to the kinetic curves measured. Control 
experiments showed that all absorbance changes 
had decayed to the dark values within a few 
seconds of the flash or group of flashes. In the 
experiments where the flow system was not used a 
period of 60 s or longer was allowed between 
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groups of flashes, and prolonged dark intervals did 
not change the kinetics or titration curves mea- 
sured. 

Absorption spectra were obtained by use of a 
computer-linked scanning single-beam spectropho- 
tometer described elsewhere [17]. Full-spectra re- 
dox titrations were performed as described in Ref. 
18. Fitted spectra of components of known redox 
midpotential were obtained by a method to be 
fully described in a subsequent paper  (Meinhardt, 
S.W. and Crofts, A.R., unpublished work); the 
method is summarized where appropriate in the 
text below. 

Results 

Redox titration of the low-potential cytochrome b 
We have previously reported preliminary results 

showing the absorption spectrum of cytochrome 
b-566 in chromatophores of Rps. sphaeroides at 
low E h [2]. Fig. 1A shows the spectrum of the 
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Fig. 1. Redox resolved spectra of cytochrome b-566. Chromatophores of Rps. sphaeroides Ga strain (approx. 3 #M reaction center) 
were suspended in 100 mM  KCI, 50 m M  Mops, pH 7.0, with 20 # M  phenazine methosulfate, 20 #M phenazine ethosulfate, 20 #M 
pyocyanin; 20 #M 1,4-naphthoquinone; 20 #M  1,2-naphthoquinone; 20 #M 2-hydroxy-l ,4-naphthaoquinone; 40 jaM duroquinone; 
100 # M  DAD;  2 # M  valinomycin; 2 # M  nigericin. Spectra over the wavelength range 515-579 nm were measured at approx. 10 mV 
steps during a reductive titration over the range from 220 to - 170 inV. (A) The difference between - 120 and - 6 0  mV is shown. The 
sloping baseline is due to reduction of the mediator 2-hydroxy-i ,4-naphthoquinone.  (B) The absorbance change at 566-575 nm was 
analyzed for one, two, three or four one-electron components.  The four-component fit gave Era. 7 values of  155, 50, - 8 8  and - 140 
mV for components  contributing the ratios of  1.1 : 1.3 : 1.0 : 0.1 to the change. These values were used for further analysis of the change 
at the other points in the a-band region; the data for the - 88 mV component  are plotted here to give a spectrum. The component  at 
- 140 mV was the mediator 2-hydroxy-l ,4-naphthoquinone.  
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absorbance  change observed at p H  7 on lowering 
the redox poten t ia l  f rom - 6 0  to - 1 2 0  mV. The 
spec t rum includes a con t r ibu t ion  from the ab- 
sorbance  change  due to 2 -hyd roxy - l , 4 -naph -  
thoquinone,  present  as a redox media tor ,  which 
cont r ibutes  a s loping basel ine  in the range 520-560 
nm. The spec t rum was ob ta ined  from a full-spec- 

t rum redox t i t ra t ion which showed a componen t  
of  E m = - 88 mV at p H  7 on compute r  analysis  of 
the absorbance  change occurr ing at 566-575 nm. 
The  t i t ra t ion curves showing changes in ab- 
sorbance  as a funct ion of  E h at a series of poin ts  
through the spectral  region from 515 to 579 nm 
could  be ext rac ted  f rom a set of spect ra  ob ta ined  
at a series of E h values on reduct ive or  oxidat ive  
t i t rat ion.  By process ing such t i t ra t ion curves, the 
compute r  could  select the con t r ibu t ion  of the com- 
ponen t  with E m = - 8 8  mV at each wavelength 
and plot  the set of  values as a funct ion of  wave- 
length. The result ing spect rum is shown in Fig. 1 B, 
normal ized  by  reference to the absorbance  at 570 
rim. The two spectra  of Fig. 1 are clearly similar,  
and  show a double  peak  in bo th  the c~- and B-bands  
with max ima  at 566, 559, 539 and 532 nm. The 
lack of var ia t ion of  the shape of the spec t rum with 
E h and the similari t ies of the two spectra  of Fig. 1 
are consis tent  with the presence of a single compo-  
nent  cont r ibu t ing  the double  max ima  of the a-  and 
/3-bands. However ,  we cannot  exclude the possibi l -  
i ty that two separa te  componen t s  having near ly  
ident ical  redox midpo in t  potent ia ls  con t r ibu te  sep- 

ara te  a-  and  B-bands  to a compos i te  spec t rum as 
suggested for the mi tochondr ia l  cy tochromes  
[19-22].  

Kinetics of cytoehrome b-566 absorbance changes on 
flash illumination 

The spectra  of Fig. 1, together  with our previ- 
ously publ i shed  spect ra  for the absorbance  changes 
due to ox ida t ion  of  (BChl)2, cy tochrome c~, cyto- 
chrome c 2 and cy tochrome b-561 [2,23], have ena- 
b led  us to select wavelengths and correct ion fac- 
tors which allow us to measure  the kinetics of 
cy tochrome b-566 wi thout  major  con tamina t ion  
from other  known species (see Mater ia ls  and  
Methods) .  The traces of  Fig. 2 show absorbance  
changes due to cy tochromes  b-566 and b-561 fol- 
lowing a series of flashes at several values of  E ,  i n  
the presence of ant imycin .  At  E ,  values where 
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Fig. 2. Kinetics of cytochrome b-566 and cytochrome b-561 at 
pH 6.9. Chromatophores (approx. 0.3 /LM reaction center) in 
100 mM KCI, 50 mM Mops, pH 6.9, were adjusted to the E n 
values shown. Kinetic traces (average of four, 500 ms sweep, 
500 ,as filter RC, 64 ms between flashes, 60 s between groups) 
were accumulated at a set of wavelengths and stored for 
analysis. Cytochrome b-561 was measured at 561-569 nm; 
cytochrome b-566 was measured at (566-575 nm)-  
[0.5(561-569 nm)]. All changes were corrected for reaction 
center by subtraction of the normalized 542 nm trace. Anti- 
mycin (10 ,aM), valinomycin (2 p,M), and nigericin (2 p,M) were 
present for all experiments. Mediators present were as follows: 
10 ~tM p-benzoquinone, 10 ,aM 1,2-naphthoquinone, 10 /zM 
1,4-naphthoquinone, 10 ,aM duroquinone, 2 ,aM DAD, 1 ~M 
phenazine methosulfate, 1 p,M phenazine ethosulfate and 1 ~M 
pyocyanin. Flash duration was approx. 25/ts at half amplitude. 

cy tochrome b-561 was oxidized before  the flash 
t ra in  (traces at E h = 120 mV), the first flash in- 
duced  reduct ion  of cy tochrome b-561, but  lit t le 
reduct ion  of  cy tochrome b-566. On a second flash, 
reduct ion  of cy tochrome b-566 occurred with litt le 
change  in cy tochrome b-561. Subsequent  flashes 
induced  add i t iona l  reduct ion of  cy tochrome b-566. 
At  values of E h where cy tochrome b-561 was par-  
t ial ly reduced before  the flash train ( trace at E h = 
60 mV), the first flash induced reduct ion of cyto- 
ch rome b-561 (with a lesser extent)  and  par t ia l  
reduct ion  of  cy tochrome b-566. A second flash 
p roduced  further reduct ion  of cy tochrome b-566 to 
a maximal  extent.  At  values of E h where cyto-  
ch rome b-561 was a lmost  comple te ly  reduced,  but  
the p r imary  acceptor  ub iqu inone  (QA) was par-  
t ial ly oxidized before  the flash train (traces at 
E h = 0 mV), no marked  reduct ion of  cy tochrome 
b-561 was observed,  but  cy tochrome b-566 was 
most ly  reduced on the first flash and the remain-  
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Fig. 3. Redox  t i t ra t ion  of the extent  of f lash- induced changes  of cy tochrome b-566 and cy tochrome b-561 at  pH  6.9. Chroma tophores  
(approx.  0 .56/~M react ion center  (RC))  were suspended in the same buffer  as Fig. 2 with the same mediators .  Kinet ic  traces (average 

of two, 500 ms sweep, 1 ms fi l ter  RC, 64 ms between flashes, 60 s be tween groups)  were acqui red  as in Fig. 2. The cy tochromes  were 

measured  as descr ibed in Fig. 2. (A) The m a x i m u m  change was measured  as the m a x i m u m  deflect ion of the trace from the basel ine  

af ter  four f lashes 64 ms  apart .  Through  the points  for cy tochrome b-561 is a hand-d rawn  n = 1 curve wi th  E m = 66 inV. Through  

cy tochrome  b-566 is d r awn  an n = 1 curve with E m = - 3 mV. (B) The  change  on the first flash was measured  at  50 ms after  the first 

flash. Through  the po in t s  for cy tochrome b-561 is d rawn an n = 1 curve with E m = 66 inV. D r a w n  through the poin ts  for cy tochrome 

b-566 are two n = 1 curves  wi th  E m = 80 and  - 3  inV. The scale on the r ight  is based on ex t inc t ion  coefficients  of 10.3 mM i. c m -  J at 

542 nm (for the react ion center)  and  19.5 m M  ~.cm - t  at  5 6 1 - 5 6 9  n m  (for cy tochrome b-561) (2), or at 5 6 6 - 5 7 5  n m  after  
correc t ion  for cy tochrome  b-561 (for cy tochrome b-566). The  scale is inc luded solely to faci l i tate compar i son  with the computer -gener-  

a ted curves of Fig. 6; precise values for the ext inct ion coefficients of the b-type cytochromes  are not  known.  
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Fig. 4. Redox t i t ra t ion  of cy tochrome b-566 and cy tochrome b-561 at pH  8.87. Chroma tophores  (approx.  0.22 # M  react ion center  

(RC))  in 100 m M  KCI, 50 mM Bistr ispropane,  pH  8.87, were adjus ted to the E h shown. The k ine t ic  traces (average of four sweep 200 

ms, 200 #s  fi l ter  RC, 32 ms between flashes, 60 s be tween groups)  were acquired as in Fig. 2. The med ia to r  concen t ra t ions  and  the 
measu remen t s  of the cy tochromes  were the same as in Fig. 2. Kinet ics  were measured  as in Fig. 2. (A) M a x i m u m  change  was 
measured  as the m a x i m u m  deflect ion f rom the basel ine af ter  four f lashes 32 ms apart .  Drawn  through the points  for cy tochrome b-561 
is a hand -d rawn  n = 1 curve with E m = 20 mV. Through  cy tochrome b-566 is d rawn an n = 1 curve wi th  E m = - 130 inV. (B) The 
change  on the first f lash was measured  as the change  approx.  30 ms  after  the first flash. Through  cy tochrome  b-561 is a hand -d rawn  
n = 1 curve, E m = 0 mW. Through  cy tochrome b-566 are drawn two n = 1 curves, E m = 0 and  - 130 mV. The scale on  the r ight  was 

es t imated  as in Fig. 3. 
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ing cytochrome b-566 was reduced by subsequent 
flashes. In a similar set of experiments at pH 8.9, 
but performed at E h values appropriate to the 
midpoint potentials of the components at this pH, 
the kinetics of reduction of cytochrome b-566 as a 
function of flash number showed a pattern with 
respect to the reduction of cytochrome b-561 simi- 
lar to that observed at pH 7. In Figs. 3B and 4B 
the levels of reduction of cytochromes b-561 and 
b-566 at a point 50 ms (Fig. 3B) or 30 ms (Fig. 4B) 
after one flash are plotted as a function of redox 
potential. The extent of reduction of cytochrome 
b-566 induced by the first flash titrated in as the 
E h was lowered over the range in which the flash- 
induced change of cytochrome b-561 titrates out, 
due to its chemical reduction before the flash. 
Cytochrome b-566 titrated out on chemical reduc- 
tion of QA. The reduction of cytochrome b-566 on 
the second flash was of a constant extent over the 
E h range where cytochrome b-561 was fully 
oxidized before the first flash. On lowering the E h, 
the amount of cytochrome b-566 reduced on the 
first flash increased while the amounts on the third 

and fourth flashes decreased to zero, after which 
the amount reduced on the second flash then 
decreased as the change on the first flash in- 
creased. The total extent of cytochrome b-566 re- 
duction after four flashes was relatively constant, 
and the total change titrated out with the reduc- 
tion of QA as  shown in Figs. 3A and 4A. The data 
of Fig. 5A and B are points derived from a com- 
puter model of the thermodynamic behavior of the 
chain in which the changes in redox levels of 
cytochromes b-561 and b-566 to be expected after 
rapid equilibration with the flash-generated redox 
species were calculated; these will be discussed 
more extensively below. 

The traces of Fig. 6 show on a faster time scale 
the kinetics of reduction of cytochrome b-566 on 
the first and second flash at a series of potentials. 
The reduction had a half-time ( t l /2)  of = 1.25 ms 
on the first flash a t  E h 0 m V ,  the value being 
somewhat variable with preparation. A slightly 
longer half-time of 1.41 ms is seen on the second 
flash a t  E h 100 m V ,  where cytochrome b-561 was 
oxidized, but the ubiquinone pool was partly re- 
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Fig. 5. Theoretical flash titrations of cytochrome b-561 and cytochrome b-566 on the first flash. The amounts of cytochrome b-566 and 
cytochrome b-561 reduced after one flash were calculated on the basis of a thermodynamic model of the Q-cycle. (A) At pH 6.9, the 

input parameters were: cytochrome b-561, Era= 56 mV; cytochrome b-566, E m = - 8 4  mV; Rieske Fe-S center, E m = 290 mV; 
cytochrome c I, E m = 260 mV; cytochrome c 2, E m = 345 mV; reaction center, E m = 450 mV; quinone pool, E m = 96 mV; primary 
acceptor (QA), Era = l0 mV; and saturation of reaction centers on each flash was 100%. The relative concentrations of cytochrome 

b-566, cytochrome b-561, Rieske Fe-S center, cytochrome c h and cytochrome c 2 were all 0.5 per reaction center. The concentration of 
QA was 1 per reaction center and the quinone pool was made up of 30 quinones per reaction center. From each reaction center turning 
over, 0.5 reduced quinones were added to the quinone pool after each flash. The range of the titration was from - 2 0  to 200 mV in 
20-mV steps. (B) At pH 9.0 the input parameters were: cytochrome b-561, E m = 0 mV; cytochrome b-566, E,n = - 2 1 0  mV; Rieske 

Fe-S center, Era = 200 mV; cytochrome cl, Era = 260 mV; cytochrome c2, E m = 345 mV; reaction center, Era = 450 mV; quinone pool, 
E m = - 3 0  mV; and QA, Era = - l l 0  inV. The concentrations of all the components were as listed in A. Saturation was 90% and 0.5 
reduced quinones per reaction center were added after each flash. The range of the titration was from - 160 to 140 mV in 20-mV 

steps. 
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Fig. 6. Rapid kinetics of cytochrome b-566 followm~ a flash in 
the presence of antimycin. Chromatophores (0.6 #M reaction 
center) were suspended in 100 mM KCI, 50 mM Mops, pH 7.0, 
and the E h adjusted to the value shown, using mediators as in 
Fig. 2. Antimycin (10 #M) and gramicidin (10 #g/ml) were 
also present. Kinetic traces (average of 32, 20 ms sweep, 50 #s 
filter RC, flashes approx. 90 ms apart) were obtained from 
dark-adapted samples provided by the recycling flow cuvette 
system described in Materials and Methods. 

duced  before  the flash, while at values of  E h > 200 
mV, the ha l f - t ime after  a second flash was much 
slower (t]/2 ~ 7 - 1 0  ms). Because of  the subtrac-  
t ions required to correct  these traces, the noise 
level, especial ly short ly  after  the flash where rap id  
t rans ient  changes due to the react ion center  have 
cancel led,  makes  the measurement  of  lags in the 
traces somewhat  ambiguous .  

In  Fig. 7 the kinet ics  of  absorbance  changes of 
the easily measured  componen t s  of  the chain are 
shown fol lowing flash act ivat ion in the absence of 
inhibi tors ,  at Eh. 7 ----- 0 mV, where cy tochrome b-561 
was reduced  before  the flash. The traces show a 
r ap id  reduct ion  (tl/2 ---500 #s)  of  cy tochrome b- 
566 fol lowed by a slower ox ida t ion  ( / 1 / 2  ~ 2 ms), 
and  a slow ox ida t ion  of cy tochrome b-561 (t~/2 ~ 2 
ms), which occurs after  a lag of  approx.  500 /ts 
dur ing  which cy tochrome b-566 was being re- 
duced.  Af te r  ox ida t ion  (kinetics unresolved on this 
t ime scale), reduct ion  of  most  of  the cy tochrome c 2 
occurs  rap id ly  af ter  the flash ( / 1 / 2  "~- 300 #s), 
oxida t ion  of  cy tochrome c~ occurs  with a tl/2 = 200 
#s,  fol lowed by  reduc t ion  with kinetics s imilar  to 
that  of the ox ida t ion  of  the b- type  cy tochromes  
( t l /z  -- 2 ms). 

Time resolved spectra of the flash-induced changes 
In the kinet ic  traces of Figs. 2 - 7  above,  the 
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Fig. 7. Kinetics of cytochrome changes in uninhibited chro- 
matophores. Chromatophores (approx. 0.5 #M reaction center) 
in 100 mM KCI, 50 mM Mops, pH 7.0, were adjusted to the E h 
shown. Kinetic traces (average of 32, 5 ms sweep, 10 p.s filter 
RC) were obtained from dark-adapted samples from a recy- 
cling flow cuvette system. Cytochrome c t (total cytochrome c) 
was measured at 551 nm, cytochrome c I at 552-548 nm, and 
cytochrome c 2 at 550-554 nm. Cytochrome b-561 and cyto- 
chrome b-566 were measured as described in Fig. 2. All traces 
were corrected for the reaction center change by subtraction of 
the normalized 542 nm trace. The mediators present were 1 #M 
phenazine methosulfate, 1 #M phenazine ethosulfate, 1 /.tM 
pyocyanin, 5 #M duroquinone, 5 #M 1,2-naphthoquinone, 5 
p.M 1,4-naphthoquinone, and 5 #M 2-hydroxy-l,4-naph- 
thoquinone. Also present were 2 #M valinomycin and 10 
#g/ml gramicidin. 

wavelength  pa i r  566-575 nm was used to follow 
the changes due to cy tochrome b-566. This  pa i r  of 
wavelengths would  not  have included any large 
con t r ibu t ion  f rom the peak  at 559 nm, if this had 
been due to a separa te  componen t .  We have previ- 
ously  shown that  the spec t rum of  the componen t  
reduced  on a second flash in the presence of  

an t imycin  at  E h ----190 mV was s imilar  to the 
redox difference spec t rum of cy tochrome b-566, 
showing the character is t ic  double  a - b a n d  [6]. In 
Fig. 8 we show t ime-resolved spect ra  of  the changes 
fol lowing flash i l lumina t ion  under  the other  condi-  
t ions in which reduct ion  of  cy tochrome b-566 is 
observed.  In  each case, the spect ra  were correc ted  
by  subt rac t ion  of  the changes due to (BChl)2 
oxida t ion ,  and,  when necessary,  for the change due 
to cy tochromes  c 1 and c 2 as measured  at 551-542 
nm. (The la t ter  correc t ion  does not  dis t inguish 
be tween the separa te  absorbance  changes of  the 
two c- type cytochromes,  and  the difference be- 
tween the spect ra  results  in the appea rance  of  a 
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Fig. 8. Time-resolved spectra of the flash-induced changes of 
cytochrome b-566 under several different conditions. 
(,x zx) Chromatophores were suspended to approx. 0.5 
/~M reaction center in 50 mM Bistrispropane, 100 mM KCI, 
pH 8.95, with the following mediators: 2 btM phenazine 
methosulfate, 2 ~ M phenazine ethosulfate, 2/~M pyocyanin, 10 
~M 1,2-naphthoquinone, 10 /LM 1,4-naphthoquinone, and 10 
~M duroquinone. Also present were 10 ~M antimycin, 2 /~M 
valinocycin and 2 #M nigericin. Kinetic traces (average of 16, 
20 ms sweep, 20 #s filter RC) were obtained from a dark- 
adapted sample supplied by a recycling flow cuvette system 
with 50 ml of sampled poised at -42_+ 3 mV. Shown are the 
changes from 0.2 to 1.0 ms after the flash. Changes are cor- 
rected for the reaction center change. (O O) Chromato- 
phores (approx. 0.5 #M reaction center) were suspended in 100 
mM KC1, 50 mM Mops, pH 7.0, with the following mediators: 
1 #M phenazine ethosulfate, 1 /LM pyocyanin, 10 ~M duro- 
quinone, 1 #M nigericin, 4 /~g/ml gramicidin and 10 ~tM 
antimycin. The E h was adjusted to 0_+ 5 mV and traces (aver- 
age of 16, 5 ms sweep, 10 t~s filter RC, 60 s between flashes) 
were obtained as in Fig. 2. The spectra show the changes that 
occurred from 20/~s to 1.22 ms after the flash and are corrected 
for changes due to the reaction center, and cytochrome (c I + 
c2). (~  ~ )  Conditions were the same as in Fig. 7. The 
spectra show the changes which occurred over the interval from 
140 to 390/~s after the flash and are corrected for changes due 
to the reaction center and cytochrome (c 1 + c2). 

spec t rum cor respond ing  to reduct ion  of cyto-  
chrome c 2 and ox ida t ion  of cy tochrome c~ for 
poin ts  in the ' co r rec ted '  spectra  in the t ime range 
50 /~s -1  ms.) Fo r  each of  the exper imenta l  condi-  
t ions under  which reduct ion of  cy tochrome b-566 
was shown to occur,  the t ime-resolved difference 
spec t rum over the t ime scale of  reduc t ion  shows a 
componen t  with a double  a - b a n d  of  similar  shape 
and with the same values for )~m~x as that  of the 
redox-di f ference  spect ra  of Fig. 1. There  is no 
ind ica t ion  in these results of any  kinetic inhomo-  

genei ty  in the behavior  of the two peaks  of  the 
a - b a n d  spectrum.  Al though  we canno t  exclude the 
poss ib i l i ty  that  two componen t s  showing very sim- 
i lar  kinetic behavior  con t r ibu te  to compos i te  
t ime-resolved spectra,  we can say on the basis of 
these results and  those of Fig. 1 that  if two compo-  
nents  do cont r ibu te  to the spectrum, they behave 
for kinetic  and  t he rmodynamic  purposes  as one. 
The  ass ignment  of  the doub le  a - b a n d  of cyto- 
ch rome b-566 to a single heme is suppor ted  by  a 
magnet ic  circular  d ichro ism ( M C D )  study of  the 
low-poten t ia l  b cy tochrome of the mi tochondr ia l  
cy tochrome  b-e 1 complex  (Em, 7 ~ - 4 0  mV, dou-  
ble  a -band ,  )~ma* = 558 and 566 nm); it was con- 
c luded that  the M C D  spectra  were best  expla ined  
by  a single heme with a split  double  a - b a n d  [24]. 

Discussion 

Reduction of  cytochrorne b-566 
The redox midpo in t  potent ia l  of cy tochrome 

b-566 has a value of - 9 0  mV at p H  7 and varies 
with p H  by approx.  - 59 m V / p H  unit [9]. N o  p K ,  
value has yet  been measured.  I t  seems l ikely that  
cy tochrome  b-566 is reduced as an H carr ier  with 
the same opera t ing  E m as that  measured  in equi- 
l ibr ium redox t i t rat ion,  since the E m value of  the 
e lec t ron-car ry ing  couple  would  be lower than 
- 2 1 0  mV, which is below the opera t ing  potent ia l  
of  the p r imary  quinone  acceptor .  Even with a 
value for Era, 7 of - 9 0  mV, p rob lems  arise in 
cons ider ing  candida tes  for the reductan t  for cyto- 
ch rome b-566. F lash - induced  reduct ion  occurs at 
values of E h below that  at which the secondary  
acceptor  t i t rates out  (Era, 7 ~ 40 mV), as measured  
by  the turnover  of  the react ion center  on a second 
flash fol lowing short ly  (500 /~s) after  the first 
(Cogdell ,  R.J., Jones,  K.R.  and  Crofts,  A.R.,  un- 
pub l i shed  observat ions) .  It is clear  that  at a value 

for  Eh, 7 of approx.  0 mV, an electron leaves Q~ in 
only  a small  f ract ion of the centers  ac t iva ted  by  a 
first flash, but  nevertheless,  a subs tant ia l ly  full 
reduct ion  of cy tochrome b-566 occurs  (Figs. 2 and 
7). We may  therefore exclude Q~ as the reductan t  
for cy tochrome b-566. It also seems unl ikely for 
t he rmodynamic  reasons that  ei ther  of  the couples  
of  the secondary  qu inone  acceptor  acts as re- 
ductant .  The  Era, 7 values for the p ro tona t ed  species 
measured  by  Ru the r fo rd  and Evans [25] are both  



much higher than that of cytochrome b-566, and 
the only couple likely to provide sufficient reduc- 
ing potential would be Q H ' / Q H -  [25], which 
would not be expected to be present at a signifi- 
cant concentration under equilibrium conditions 
because of the high pK a for dissociation of the 
quinol. Furthermore, oxidation of QB in any of its 
reduced forms would provide an acceptor for elec- 
trons from Q~,, and no oxidation of Q f, was ob- 
served over a time scale of several milliseconds. 
No other stable component of the chain has a 
value for Era, 7 low enough to provide sufficient 
reducing potential. 

Two different sorts of mechanisms might be 
envisaged to account for the reduction of cyto- 
chrome b-566. We have previously suggested the 
possibility that the operating E m for the cyto- 
chrome might be modified by interaction with the 
oxidized form of one of the high-potential compo- 
nents, so as to raise its value to a range in which 
cytochrome b-566 could act as acceptor from one 
of the low-potential components (the couple 
Q ~ H / Q B H  2, for example) [6]. We recognized that 
this suggestion, though not unreasonable, involved 
a number of ad hoc postulates for which there was 
no experimental justification, and we now prefer 
the alternative explanation below. The second pos- 
sibility is that a reductant of low redox potential is 
produced dynamically, as in the oxidation of 
ubiquinol to an unstable semiquinone as originally 
suggested by WikstriSm and Bearden [26], and 
incorporated by Mitchell [12,13] into the Q-cycle 
mechanism. We have recently discussed a variant 
of the Q-cycle which explains with great economy 
many of the kinetic phenomena which were previ- 
ously anomalous, and we will discuss our present 
result in the context of this new formulation [27]. 

Interpretation of the role of cytochrome b-566 in 
terms of a Q-cycle 

We have presented a summary of the postulates 
leading to our new formulation of the Q-cycle 
mechanisms elsewhere [27], and have discussed 
these and their justification at greater length in the 
preceding paper [28] which contains a scheme 
showing the components of the cyclic chain of 
Rps. sphaeroides arranged as a Q-cycle, and a table 
summarizing pertinent thermodynamic, kinetic and 
stoichiometric parameters for the components and 
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reactions of the cycle. Points of importance in the 
context of the present discussion are outlined be- 
low. 

(a) The ubiquinol:cytochrome c 2 oxidoreduc- 
tase complex acts to oxidize ubiquinol which has 
the thermodynamic and kinetic characteristics of 
the quinone pool. This point is justified and dis- 
cussed at length in the accompanying paper [28]. 

(b) Ubiquinol from the pool is oxidized by a 
second-order reaction with the complex, described 
by the equation: 

QH 2 + (FeS +. b-566) ~ Q + (FeS. b-566H) + H + ( I ) 

The physiological equilibrium constant is given 
by: 

Keq = exp[{( Em(FeS ) + Era(b-566)) - 2 Em(Q))F/RT ] (2) 

and has the value of approx. 2.20 at pH 7, 25°C. 
(c) Following a flash, cytochrome c I, cyto- 

chrome c2, the FeS center and (BChl)2 come to 
redox equilibrium. Cytochromes b-566 and b-561 
also come to redox equilibrium with each other at 
a rapid rate (which is not rate determining for the 
overall process), but do not equilibrate with the 
high-potential components. Effectively, the dispro- 
portionation reaction at the quinol-oxidizing site 
does not occur at a rate comparable with the 
turnover of the chain. 

(d) In the presence of antimycin the oxidation 
of the b-type cytochromes is inhibited, and the 
reaction of Eqn. 1 comes rapidly to a quasi equi- 
librium. Given that the high- and low-potential 
chains do not interact (see c, above), the con- 
centration of the reactants of Eqn. 1 after equi- 
libration can be established from the relationships: 

2E~ = E ' ( F e S ) +  E ' (b-566)  and E ' (FeS)  :~ E ' (b-566)  (3) 

where E '  is the effective potential of the redox 
couple indicated, given by: 

RT (oxidized) 
E' = E m + ~ -  In (reduced) 

where R, T and F have their conventional mean- 
ings, and z is the electron stoichiometry for the 
couple. 

Using these postulates and those discussed in 
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detail in the accompanying paper [28i as a frame- 
work, we have written a computer program to 
calculate the changes in concentration of the com- 
ponents of the chain following one or two flashes 
in the presence of antimycin. Input parameters are 
the stoichiometries and redox midpoint potentials 
of all the components; the initial value for E h (the 
ambient redox potential with which the compo- 
nents equilibrate before the flash), the value by 
which this is to be incremented for each cycle of 
the program, and the finishing E h value; the 
saturation of the flash; and the fraction of centers 
containing Q~ before the flash. The percent 
saturation of the flash, and the stoichiometry of 
reaction centers with respect to the chain de- 
termine how many electrons are abstracted from 
the high-potential end of the chain, and these 
factors, together with the fraction of centers with 
Q~, determine the number of equivalents of QH 2 
introduced to the quinone pool. The program then 
uses an iterative procedure to compute the distri- 
bution of oxidizing and reducing equivalents which 
satisfies the relationship of Eqns. 2 and 3 and 
postulate c. 

In the context of the assumptions above, the 
following series of events account for the results 
observed. 

(1) A t  Eh,7  .~ 200 inV. At this potential the 
ubiquinone pool, cytochrome b-561 and cyto- 
chrome b-566 are oxidized, and the high-potential 
components (FeS center, cytochrome c~, cyto- 
chrome c 2 and (BChl)2) are all reduced before the 
flash. 

(a) Excitation leads to oxidation of (BChl) 2 (to 
give approx. 2 (BChl)~-/complex), reduction of Q 
to Q~ in approx. 50% of the centers, and reduction 
of Q~ to QH 2 in the remaining centers, to give 
approx. 1 QH2/complex in the pool. 

(b) (BChl)~" is reduced by electrons from the 
high-potential chain leading after a brief lag 
(100-200 tts), to oxidation of the FeS center, with 
t l /2 = 200-300/~s. 

(c) QH 2 produced at the QB site diffuses via the 
pool to the Qz site. 

(d) The reaction of Eqn. 1 occurs. 
(e) The electron passed to the FeS center is 

shared among the high-potential components, 
according to their relative E m values. 

(f) Cytochrome b-566 reduced by the reaction is 

rapidly oxidized by cytochrome b-561, so that no 
significant increase in concentration of reduced 
cytochrome b-566 occurs. 

(g) In the presence of antimycin, cytochrome 
b-561 becomes stoichiometrically reduced, and re- 
mains reduced. The rate and stoichiometry of 
reduction are determined by the second-order re- 
action with QH 2 from the pool. 

(h) Cytochrome b-566 remains oxidized after 
transient reduction, because all the reductant has 
been consumed. 

(i) Following a second flash, the sequence a -e  is 
repeated, but now the electron remains on cy- 
tochrome b-566, because its oxidant, cytochrome 
b-561, is already reduced by the preceding flash. 

(j) In the absence of antimycin the sequence 
following the first flash is the same through to f, 
but the cytochrome b-561 reduced is reoxidized by 
ubiquinone from the pool at a separate catalytic 
site (the antimycin-binding site) in an electrogenic 
reaction, producing QH 2 which recycles over a 
longer time scale around the sequence of reactions 
outlined above [28]. 

(2) A t  Eh,7 .~-. 100 inV. At this potential the 
ubiquinone pool is approx. 30% reduced, the 
high-potential components are completely reduced 
and the b cytochromes are largely oxidized. 

(a) The sequence of reactions above proceeds, 
except that now the rate of the reaction of Eqn. 1 
is no longer limited by diffusion of QH 2 from the 
QB site [28]. 

(b) In the presence of antimycin, following one 
flash, the reaction of Eqn. 1 proceeds to equi- 
librium, as defined above (Eqns. 2 and 3). Al- 
though QH z is present in excess, the extent of 
reduction of cytochrome b-566 is limited by the 
degree to which the high-potential chain and cy- 
tochrome b-561 have become reduced on oxidation 
of the first equivalent to QH 2 (see below). The 
data of Fig. 5 show the extent of reduction of the 
two b-type cytochromes to be expected after a 
single flash at the E h values indicated, given the 
assumptions summarized in the model above and 
in the figure legends. 

(c) Following a second flash the reaction of 
Eqn. 1 is pulled over to the right by oxidation of 
the FeS center, and cytochrome b-566 reduction 
occurs as equilibrium is reestablished. 

(3) A t  Eh.  7 -~ 0 inV. At this potential the primary 



acceptor, QA, and cytochrome b-561 are, respec- 
tively, 40-50 and 85-90% reduced, the quinone 
pool and the high-potential components are practi- 
cally completely reduced, and cytochrome b-566 is 
96% oxidized. 

(a) In reaction centers in which QA was  oxidized 
before the flash, (BChl)~- and Q~, are generated, 
and the reactions on the donor side proceed as 
above, leading to oxidation of the FeS center. On 
the acceptor side, Q~ remains reduced on the 
millisecond time scale. 

(b) The reaction of Eqn. 1 occurs, leading to the 
reduction of cytochrome b-566 and of the FeS 
center (leading to loss of one oxidizing equivalent 
in the high-potential chain) and the generation of 
1 Q/complex  in the pool. 

(c) In the absence of antimycin, the quinone 
diffuses to the quinone reductase site, and oxidizes 
both cytochrome b-561 and cytochrome b-566. 

(d) On oxidation of cytochrome b-566, the 
quinol oxidase site (the reaction of Eqn. 1) can 
turn over a second time, leading to reduction of 
the components of the high-potential chain (mainly 
cytochrome Cl) which remained oxidized after the 
first turnover of the site, and rereduction of cyto- 
chrome b-561. The quinone produced is available 
for reduction either at the reductase site of the 
complex, or by QT, of the reaction center. 

The sequence of events discussed above pro- 
vides a satisfactory explanation for the kinetic and 
thermodynamic behavior of the b-type cytochro- 
mes in terms of a Q-cycle in which the cytochro- 
mes are arranged in series. Such a serial arrange- 
ment is strongly indicated by the differential ef- 
fects of antimycin and myxothiazol on cytochrome 
b-561 and cytochrome b-566, respectively [30]. On 
the basis of our present results, an alternative 
plausible arrangement would be one in which the 
b-type cytochromes were arranged in parallel as 
alternative acceptors for the low-potential electron 
from the quinol oxidase site as suggested by 
Velthuys [31]. In this case it would be necessary to 
postulate that the two were in rapid equilibrium so 
that the distribution of electrons would be 
determined solely by the relative electron affinities 
(E. ,  values). A more general scheme would have 
the b cytochromes available as a two-electron stor- 
age device, without specifying the pathway. In any 
case, it is clear from the sensitivity to antimycin 
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that the electrogenic event indicated by the slow 
phase of the carotenoid change is not associated 
with reduction of the b cytochromes, but with their 
oxidation. 

In the above discussion we have assumed that 
the complex functions as a monomeric unit. In 
mitochondria, there is a considerable body of evi- 
dence to suggest that the ubiquinol : cytochrome c 
oxidoreductase complex occurs and functions as a 
dimer [32]. The mechanism we have suggested can 
be readily adapted to this situation by postulating 
that the quinone reductase site is formed at the 
dimer interface, enabling the dimeric complex to 
reduce quinone by a single electron transfer from 
each half of the dimer. In this case, a single 
turnover of the dimeric complex would lead to 
oxidation of two equivalents of quinol and reduc- 
tion of one equivalent of quinone, to give a net 
oxidation of 1 quinol/dimeric complex. 
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