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The transdieleclric charge sepm'atlon reaction ca,+a!yzed by th,: cbiquino~techrome Cz oxidereductase is 
achieved in two fractional steps. We present a detailed analysi,; which addresses the nature of the charge 
U'ansferred, the redox Woups &reefly invoh'ed in charge separation and the contributions of each to the lull 
charge separation catalyzed by the enzyme. Accounting |0~" light saturation effects, reaction centers 
unconnected to e ~  e2 and the fraction of total cytochrm,~ bet turning over per flash permits 
detailed quanfitafion of: (1) the red carotenoid bandshilt associated with electron transfer between ubiqlnol 
at site Q: and the high- (2Fe2S center, cytochrome ct) and Iow.petentiM (cytocla'eme bL, cytocMmne b . )  
components of cytodumne be 6 (2) the blue bundshi|t acctmtpanying Rductitm of cytochrome b u by 
ubiquinol via site Q,  (the reverse of the physiological reaction); and (3) tim effect ol d4, on the 
Q~-cytechreme b .  redox equilibrium. Studies were perlormed at pH values above and below the redox-lin- 
ked pK values of the redox centers known to he involved in each reaction at eqaili~um. The condasiom of 
this stedy m y  he sumatarlzed as follows: (I) there is no lyMsd~lecmic charge separation aplpm'ent in the 
redox reactimts between Q~ and ~tuehrome bt., 2FeIS and cytoclumm c t (in agreement with Glaser, E. 
and Crefts, A.R. (1~84) Biochim, Bloph,vs. Acta 766, ZZ3--?,35), i.e., charge separation ~ i e s  electron 
transfer between ~tedtmnm bL and cyle¢Inme bu; (2) the redox mactloas between cytoda'ome bL and 
cytnchrome bn and between eytochrome b s and Q,  constitute the full electmgenic span; (3) electron 
trlmfer between odtochrome b L and cytochreme b n conirlbutes approx. 60% of thig spaa; (4) eleemm 
transfer between cytuchreme bH and Q,  contributes 45-55% as cak'ulated from the blue bandshift or the 
d4,-dependent equillbdum shift; (5) there is no dlseernable pH depeadence of the Q;-t~tochrome b H or 
Q~-cytoehrome b .  charge-separation reacfiens; (6) cytochrome b L, Q:, 2Fe2S, and cytoehrome et are on 
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the pedplasmie side out of the low dldeetrie part of the membrane while cytochrome bu is buried in the low 
dielectric medium; (7) electron transfer is the predominant if not the sole contributor to charge separation; 
(8) Q~ and Q¢ are on opposite sides of the membrane dielectric profile. 

Introduction 

The ubiquinoI-cytochrome c2 oxidoreductase 
(cytochrome bq ) of RkodoLacter sphaeroides acts 
in concert with the photosynthetic reaction center 
protein (RC) to complete a cycle of electron trans- 
fer in anoxygenic photosynthesis (for reviews, see 
Refs. 1-3). The cyclic system is part of the chro- 
matophore membrane of the bacterium. Electron 
transfer between RC and eytochrome bCl is medi- 
ated by a pool of ubiquinone (Q~t) contained in 
the membrane and a complement of water-soluble 
¢ytochrome c2 located in the periplasm. Following 
light activation the RC separates charge across the 
membrane to create a membrane potential (Ar) 
and to generate ubiquinol (QH2) and ferricytoch- 
rome c2. The cytochrome bel complements the 
RC by utilizing the free, energy difference between 
QH2 and ferrieytochrome c2 to catalyze further 
charge separgtion and proton gradient formation 
across the membrane. The electrochemical proton 
gradient (A~H-) generated is used by the cell to 
drive phosphovJlation and transporL 

Of the two membrane proteins the RC is the 
best described, and in the present report it serves 
as a reference for the cytochrome bc 1. The charge 
separation that the RC catalyzes, directed across 
the membrane from the perlplasm to the cyto- 
plasm, has been shown to involve several distinct 
electron.transfer reactions, ea0h step contributing 
to charge separation across a fraction of the mem- 
brane low didectric. The existence of more than 
one contributing eleetrogenie charge transfer was 
first revealed [4] from resolved phases of electro- 
chromic red shifts (called phases i and II) in the 
absorption bands of the A¢-reporting [5] 
carotenoid molecules contained in the membrane. 
These findings were later confirmed and extended 
by direct-voltage measurements [6-12] and, in cer- 
tain reactions, by ~,~-induced shifts in redox equi- 
libria (see Reh. 11 and 13). 

An important aspect regarding the use of the 
flash-activated carotenoid response to follow 
charge separation is that it is temperature insensi- 

tire and its use is unrestricted well into the submi- 
crosecond range; this permits the kinetic details of 
¢lectrogenic events beyond this time to be faith- 
fully reported not only under ambient conditions 
[4,14,15], hut also at cryogenic temperatures [161. 
It is also pertinent to the current work that the 
flash-activated bandshifts have proven to be a 
useful exploratory tool with the RC to reveal not 
only individual steps of charge separation, but 
also, under suitably arranged conditions, in- 
traprotein charge recombination which is reported 
as a blue shift [14]. 

In comparison, less is known about the details 
of charge separation reactions of the cytochrome 
bc 1. Although turnover of eytochrome be1 induces 
red bandshifts in the carotenoid spectrum of simi. 
lax magnitude to the RC (termed Phase 1II, Refs, 
4 and 17-19), only t~:ently [20-22] has the ques- 
tion been investigated that there may be, in this 
type of redox protein, individual and fractional 
steps contributing to the transmembrane charge 
separation. This kind of investigation is feasible 
with the cytochrome bc i with current, detailed 
descriptions of the components and electron- 
transfer pathways. The present view of the ¢yto- 
chrome bc 1 electron transfer system is briefly sum- 
marked below. 

(1) Electron transfer into and out of the 
Rhodobacter cytochrome be I is governed by two 
protein-assocaited sites of quinone oxidation and 
redaction called Q. and Q¢, respectively. Reduc- 
tion of cytochrome c (or cytochrome e2) occurs at 
a third site. Evidence that the postulated Q: and 
Q~ sites [2~1,24] represent discrete structural enti- 
ties has been provided by: (a) their mutually ex- 
clusive sensitivities to inhibitors [25]; (b) the ex. 
istence of two types of cytochrome be1 mutant 
which each have lesions in the Q= site while retain- 
ing wild-type activities assocaited with Qc [26-28]; 
and (¢) differences in their ability to stabilize the 
intermediate semiquinon¢; a stable senfiqeinon¢ 
can be formed at equilibrium in the Q¢ site [29]. 

(2) The first catalytic step in cytochrome bct 
involves oxidation of QH 2 from the membrane- 
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bound Qpool at the Q~ site [30-32]. One electron 
from Q~H2 passes to a high-potential sequence 
comprised of a tightly associated 2Fe2S center 
(E~7 = 280 mV; gefs. 33 and 34) and cytochrome 
c I (Era7 = 280 mV; gels. 35 and 36) which then 
reduces the soluble eytoehrome c 2 (EmT=3a0 
mV; gels. 35 and 36). Simultaneously (i.e., no 
stable semiquinone), a second electron from the 
QH 2 in the Q, site reduces a low.potential se- 
quence involving first the reduction of cytochrome 
b c (Era7 = - 9 0  mY; Refs. 37 and 38) and then 
cytoehrome b n (Era 7 ffi 50 mV; Rugs. 37 and 38). 
The reduced cytochrome b 8 is then thought to 
reduce a Q that enters the Qc site trom the Qr~o~, 
resulting in the formation of a semiquinone. This 
stable seraiquinone is considered to remain in the 
Q~ site until, upon a second turnover of the eyto- 
chrome bq, it is reduced again to form the doubly 
reduced qainol which returns to Qpool [3]. Thus 
two QH 2 moleettles are required but only one is 
net oxidized per full turnover of the eytochrome 
bc 1 . 

(3) Early proposals for the function of the ey- 
tochrome bq [23,24] suggested the locations for 
Q~ and cytochrome b L along with 2Fe2S and 
cytochromes c t and c2 on or near the periplasmie 
side of the membrane., and Qc and cytochrome ba 
on or near the cytoplasmic side. In this arrange- 
ment the charge separation (two unit charges per 
QH 2 oxidized) was proposed to occur between 
QJcytochrome b L and QJcytochrome b H and 
to involve electron transfer through the low dielec- 
tric medium of the membrane. However, recent 
studies have shown that a complete charge sep- 
aration is achieved in at least two distinct steps 
involving the reduction of eytoehrome b H and its 
subsequent oxidation via site Q~ 120]. The ques- 
tions that remain regarding these reactions con- 
eern the nuture of the charge or charges moved in 
each eleetrogenie reaction and the distance they 
are translocated through the membrane dielectric 
medium. 

The intradielcctrie positions of the Q~ and Q~ 
sites, as woll as their positional relationships with 
cytoehrome b L and cytochrome bn have direct 
bearing on the mechanism of charge separation 
[39]. Each of these redo:< centers [29,401 as well as 
the 2F¢2S [41] exhibits redox-linked protenations 
and deprotonations which accompany electron 

transfer at equilibrium. These protolyt]¢ reactions 
provide possibilities for dectrogenic proton 
transfer. Depending on intradielec~,ric positions of 
redox partners, a reaction may separaie charge by 
the net movement of dectrons or protons [42A31 
or some distinct sequential combination of b61h 
through a fraction of the low dielectric medium. 
The transdielectric movement of a semiquinone 
anion has also been proposed as a possible 
chargeseparation mechanism of c3aochrorne bq 
(see for example Ref. 44). 

in this study we have characterized a charge 
separation accompanying the reaction between cy- 
loclu'ome b n and Q¢, Carotenoid bandshifls and 
the effects of A~ on the reaction were rigorously 
calibrated with respect to the coupled re.dos ~ents 
in order to provide more accurate quantitatiom of 
the electrogenie contribution of the eytochrorne 
bwQ ~ reaction. Preliminary, semiquantitative 
work on tiffs mzeficn has been reported 145]; 
however, this was done without making several 
essential corrections to the measurements, Conse- 
quently, the electrogenie contribution to the over- 
all charge separation was considerably under- 
estimated. A similar level of quantitation has been 
applied to the Q:mediatcd reduction of cyto- 
chrome bH permitting reevaluation of earlier 
estimates. In addition, we have addressed the issue 
of wh¢ther the elcctrogenic species in each of th¢~ 
reactions is an deetron or proton or a combina- 
tion of bo|h, Thi3 has b~n  done hy examination 
of the charge separation over a pH range encom- 
passing the redox-linked pK values of the redox 
cofaetors. 

Materials and Methods 

Chromatophores were prepared from RB. 
spltaeroides, strain Ga, as previously described [15]. 
Rapid kinetie~ were measured on a Johnson 
Foundation dual-wavelength spectrophotometer 
equipped to deliver short (full width at half height, 
8 ~s) flashes of actinic light [15], Redox poten- 
tiometry was performed using the equipment and 
protocols described in Ref. 46. Buffers used for 
flash-induced kinetics experiments were. as fol- 
lows: 50 ram Mops (pH 7-7,5); 50 mM Trieine 
(pH 8-8,5); 50 mM glycine (pH 9-9.5); 50 mM 
Caps (pH 10-10.5). Each buffer was 100 mM in 
KCI, Further experimental details are provided in 
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each figure legend. Reaction center, eytochrome b 
and cytochrome c concentrations were determined 
using previously published extinction coefficients 
[151. 

Antimycin, vaiinomycin, N-methyldibenzo- 
pyrazinc methylsulfate (PMS), N-ethyldibcrlzo- 
pyrazine ethylsulfate (PES) and Good buffers were 
purchased from Sigma, myxothiazol from Boeh- 
ringer-Mannhelm and 2-hy&oxy-l,4-aaphthoqui- 
none (OHNQ) and 2,3,5,6-tetramethyl-p-phenyl- 
enediamine (DAD) from Aldrich. All other chem- 
icals were reagent grade and were purchased from 
commercial sources. 

The following points oudine the bails of the 
experiments described. 

(1) Use of inizibitar~; isolation of partial reactions in 
cytochrome bct 

(a) Amimycin. Antimyein binds tightly and 
specifically to the Q~ site and blocks eytochrome 
b n oxidation by Qc [47] and cytochrome b n re- 
duction by Q~H2 [48,49]. In the presence of anti- 
mycin, cytochrome bH reduction occurs via Q~ 
and cytochrome b L. This reaction (i.e., 'oxidant- 
induced reduction') is driven by obligatory dec. 
tron transfer through the 2Fe2S, cylochrome et 
and c~ [3,50,51]. 

Myxothiazol. Myxothiazol binds tightly and 
specifically at the Q~ site and blocks the simulta- 
neous re&cSon by QzH 2 of 2Fe2S (and hence 
eytoehrome ct and c2) [52,531 and cytochrome bt 
(and hence cytochrome bn) [18,48,49,52,53]. How- 
ever, it ~hould be noted that in the presence of 
myxothiazol, deetron transfer still can occur from 
2Fe2S through the cytochrome c I and eytochrome 
e2. 

(b) Antimycin and rayxothiazol. In the presence 
of both antlmycin and myxothlazol, flash activated 
turnover of the ¢ytoehrome be~ is restricted to 
electron transfer between the 2Fe2S, cytochrome 
c~ and eytochrome c2. 

(2) Flash-activated carotenoid bandshift measure- 
menl s  

(a) Experimental conditions. In all the flash- 
activated carotenoid bandshift measurements re- 
ported here, the redoctant for cytochrome bc~ was 
provided directly by the RC. Thus all experiments 
were performed with Qp~l poised oxidized prior 
to activation and hence, after the flash, QH2 en. 

tered Qpoo, and interacted with cytochr0me be1 
via the Qz or Qc sites. In each case, inhibited by 
antimyein or myxothiazol, respectively, cyto- 
chrome bri reduction was observed. 

(b) Standardizations for carotenoid bandshift 
measurements. The magnitude of the carotenoid 
bandshift associated uniquely with the cytoc~ome 
c~-RC eleetrogenle reactions was used as a scale; 
against wlfich the bandshifts associated with reac- 
tions of the eytoehrome be1 are compared. At 
least two carotenoid bandshift phases have been 
resolved in the RC; Phase I associated with the 
oxidation of [BChl]~ and reduction of QA and 
Phase II with the rereduetion of [?,Chl]~" by cy- 
toehrome c~. Since one QH2 is produced as sub- 
strate for the eytoehrome be1 per two RCs, this 
means that two unit charges are moved from the 
cytochrome c: complement across the membrane 
through the RC per QH2 produced. Hence, half 
the magnitude of bandshift associated with the 
production of one QH 2 represents the amplitude 
of bandshift generated by the movement of one 
charge across the entire merabrane. 

(c) Quantitation of cytachrome bct carotenoid 
bandshift. In a normal, high-quallty, ez,apled 
chromatophore preparation there are several fac- 
tors that must be accounted for in quantitation of 
eleetrogenie events as reported by carotenoid 
handshifts. Efforts were made to identify those 
electron-transfer events in the RC and ¢ytoehrome 
be1 that were directly coupled to carotenoid band- 
shifts and correct for those that were not. Also we 
corrected for reactions that for energetic or staffs. 
tieai reasons do not go to completion. These are 
summarized in Fig. 1 for a hypothetical experi- 
ment analyzing the eytochrome bc 1 handshift after 
QH 2 oxidation at the Q. site. 

O) Chromatophore sheets. In a normal prepara- 
tion of chromatophores, 10-185 of the mem- 
branes are in the form of sheets. This fraction was 
assa)ed by measuring [BChl]~" remaining o~idized 
20 ms after a single flash in uncoupled chromato- 
phores (valinomyein + nigcricin) poised at an E h 
of 100 mV. Any [BChl]~" remaining at this point 
has no associated eytoehrome c 2 inside the 
chromatophore. Addition of exogenous ferroeyt c 
(horse heart) causes complete [BChl]~" reduction, 
confirming that the [BChlh + remaining was ex- 
posed to the external aqueous phase and was 
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reducible by the added c~ltochrome c. These shee:s 
yield no carotenoid bmadsl~ift, as in Fig. in, and 
because there is ,~cJ associated ~tochrome c2 do 
not elicit any reactions ~n cytochrome bq. Thus, 
this population was sobtr~cted from the total 
[BChl]2 in subsequent experiments. 

(~0 Limitations on redvction of [BChl] ~ by cyto- 
chrome e 2. It has been sl-~own that the electrogenic 
electron t~ansfer from cytochrome c2 to [gC1"d]~ 
is impeded by A~ [13,54]. It is also possible that 
statistical factors may control to some degree the 
collision and electron transfer between these 
centers. This has obvious effects on the amplitude 
of phase It of the bandshift. Hence, the contribu- 
tion of phase II to the charge separation across the 
entire membrane (phase I + IlL needed for the 
standardizations required above (subsection 2b. 
Standardizations for carotenoid bandshift mea- 
surements) can be undercslinlated. Thus experi- 

RC cyt bc I 

® 

c . . . .  ._1 

<|H|__] 

men~s ",,viU yield a mixture of states b and c (Fig. 
1). Correction3 to obtain an amplitude that is 
represerttative of a completed reaction as shown in 
Fig. 1¢ were obtained as follows. The fraction of 
[BChl]~ left oxidized 20 ms after a flash in the 
presence of inhibitor was calculated, accxmnting 
for flash saturation and for [BCM]2 in sheets 
(flash saturation was measured at an E h of 430 
mV and was in the range " ' "  ,,~t,, Ot ow-:ta~].  Frou--i thq~s~ 

data a scaling factor (the 'lost ¢ytoehrome c" 
correction factor) was calculated and was used to 
multiply bandshift data to reflect a situation where 
all oxidized [BCld]2 in closed, coupled vesicles 
was reduced by cytochrome e2, i.e., as in Fig. lc). 
The carotenoid bandshift measured in the pres- 
er~ce of myx and ant was multiplied by the sealing 
f~etor to produce a complete phase ! + 11 for 
every photoactivated RC donating a QH2 to Qr~,~. 
This corrected bandshift was used as the standar- 

475-490  nm 

chromolophofe frocjment 
t,~ z ~, no cyt c2;no Cytbl~re~uction 

no bonddlift 

closed vesicle; 
[BChl]z not ,educeO 
by c~tc e 

complete RC lumover; 
fult RC ¢ontfibation 
to CBS 

RC turnover 
no OHz/cyt bcl 
collision 

RC turnover 
cyt b L reduction 

RC turnover; 
Ox- ind reduction 
of cyl b H 

Fi& 1. Turnover of the cyclic ©learon.tran~fer system in various tractions of an antimycin-trcatcd d~romatophorc prcpration; 
contributions of each fraction to the carot~oid bandshift. These contributions were q~ntitatcd and used to correct bandshift data. 

The proced.utes for calibration are ntttlbaed in Materials and Methods. cyL cytechrome. 
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dized absorbance change reflecting the movement 
of two charges across the full didech-ic of "~hc 
membrane. 

(iii) Oxidation of QH~ by cytochrome bct. The 
oxidation of QH 2 produced by RC appears to he 
controlled by statistical factors which relate the 
collisional frequency to turnover in cytochrome 
be 1. These factors are particularly evident in ex- 
periments where Qp~ is poised oxidized prior to 
delivery of a flash. Thus, the maximum amplitude 
of cytochrome bu reduction is only established 
after three or four flashes. Reasons for incomplete 
reduction after a single flash may be due Io an 
absence of collision of QH 2 and cytochrome bc 1 
(Fig. ld) or a double collision of QH~ with a 
cytocl~ome bcp (Fig. le), It is also possible that 
A~ established by RC turnover may provide some 
energetic restriction on electron transfer betwcon 
cytochrome b L and cytochrome b n. The amount 
of cytochrome b L and cytochrome b a reduced 
following the flash was determined using analysis 
of the spectral region between 555 and 575 nm 
(see Results). Ultimately, to provide a good basis 
for comparison from experiment to experiment, all 
data were corrected to reflect a perfect system 
(Fig 10, where each photoact results in complete 
[BChl]2 reduction and QH2 oxidation in a closed, 
coupled vesicle. Experiments which analyzed the 
Q:cytochromc b H reaction were calibrated in an 
analogous manner. 

Taking the above corrections into account, the 
extent of charge transfer in the cytochrome bct 
occurring across past of the membrane dielectric 
profile (x) was determitted using 

AAba/ra _ _ _  

x (~) - ~A-T~-~c/2 × 1uo 

In this equation AAbc 1 is the shift associated with 
events in cytochrome bct and AARc is the cor- 
rected phase I + If baodshift, m is the number of 
charges moving through the membrane per cy- 
tochrome be t in response to the Qz-cytochtome 
b H or Q,-cytochrome bit electron-transfer reac- 
tions. 

(3) The effect of A~ O~ the equilibrium of the 
Q:cytochrome b# reaction 

(a) Experimental condMons. Chromatopbores 
were poised at pH 8 and at E h 80 mV to establish 

the equilibrium constant for the reaction (see Eqn. 
5) to be near unity, If the reaction is electrogenJc, 
the equilibrium constant and hence the level of 
cytochrome b H reduced after a flash should he 
maximally sensitive to the prevailing At.  

(b) z~ 6 calibration. The AS generated on a per 
flash basis was calibrated by imposition of valino- 
mycin-promoted potassium-diffusion potentials of 
known magnitude and simultaneous observation 
of carotenoid bandshift extent [5]. The magnilude 
of the bandshifl developed after a single flash 
under experimental conditions used for observa- 
tion of the Q:cytochrome b H reaction was com- 
pared to the K + diffusion potential data to obtain 
A~ generated by the PC. 

(c) Quantitation. The amplitude of cytochtome 
b a reduction was measured in the presence of 
myxothiaz.ol and the presence and absence of 
valinomycin. In this way the Aq,-induced shift in 
the equilibrium constant was determined. The 
analysis is similar to that used by Hinlde and 
Mitchell [55] and Takamiya and Dutton [13] and 
is described by; 

x 0¢) = ~ xl00 (2) 

In this equation E h' and E h are the redox poten- 
tials of cytochrome bH, calculated from the Nernst 
equation, in the presence and absence of mem- 
brane potential, respectively (A~ is the transmem- 
brahe potential, periplasmie minus cytoplasmic 
sides); m is the number of charges moved through 
the low dielectric medium of the membrane. 

Results 

The carotenoid bandshtfi generated by uninhibited 
cytocbrome bc I when the Qpool is oxidized 

Fig. 2 shows the flash-lnduced carotenoid 
bandshift in uninhibited chromatophores in which 
the Qpool is oxidized before activation. The data 
are shown for experiments performed at pH 7. 
The wavelength pair 475-490 run was chosen to 
observe the bandshift. After an initial first phase 
(containing the unresolved phases I and II associ- 
ated with the PC) there is a slow phase that 
reaches a maximum after about 30 ms. This slow 
phase is abolished by addition of antimycin and 
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pH 7D Opec4 ox 

, ~ ' ~ ' ~ ~ N o  Inhibition ~ +Ant 
+ My~, Ant 

50 ms 
Fig, 2. Carotenoid baadshift kinetics in chromatophores of 
Rhodobacter gphaeroides Ga at pH 7. Chromatophores were 
suspended in ~0 mM Mops, 100 ram KC] (pH 7) to a final RC 
¢ortcemratioa of 0.2 pM. 5 ,aM OHNQ, 2.5 ,aM DAD. and 1 
pM each of PMS, PES and pyoeyanine were added as ¢e8o~ 
mediators. The ambient E h was adjusted to poise the O~,ool 
oxidized, i.0., approx. 220 inV. A single flash was delivered and 
the kinetics of the optical change at the wavelength pair 
475-490 am was observed. Where indicated, antimy¢in was 

added to 5 pM and m~othiazol to 3 ~M. 

myxothiazol, consistent with it arising from chazge 
separation in cytochrome be I. The amplitude of 
the slow phase is about half of that which is 
generated optimally with QH 2 already present in 
the Qpool (not shown); this result is consistent 
with earlier fmdings [3,20]. 

The lack of carotenoid bandshift gemraled by elec- 
tron transfer through lhe high-potential 2Fe2S, cy. 
tochrome ct and c2 segment 

After the addition of myxothiazol and anti- 
mycin (Fig. 2), some contributions to the remain- 
ing bandshift could conceivably arise if charge 
separation was associated with dectron transfer 
from 2Fe2S to cytochrome c~ (t~,q~-200 ~s; 
[56,57]) and from cytoc~ome ct to cytochrom¢ c, 
(h/2 = 150 ~s [57]). This possibility was pursued 
by exhaustive examination of the bandshift under 
a wide range of conditions of pH (from 7H 7 to 10 
and redox potential (E h ffi 80-400 mV). The band- 
shifts were measured with different components of 
the 2Fe2S and cyto~hrome cl/c 2 trio o~idized or 
reduced before activation. Further examination 
was also made when electron transfer between 
2Fe2S and eytochrome c~ was eliminated by use 
of UHDBT instead of myxothiazol [34]. The re. 
salts (not shown) failed to reveal any evidence for 
charge separation in this segment of the electron- 
transfer system. This evidence support~ the inter- 

pretation that; (a) there is no elect~ogenic reaction 
between 2Fe2S, eytochrom¢ c I and cytochrome 
c:; ~and (b) aatin~y_-'in and m}~othiazol te.ge'~.~r 
abo|jsh a!! electrogenio reactions in the cy- 
tochrome bcv 

The carotenoid bandsh~fi associated with the photo., 
synthetic reacffon center 

A corollary of the final conclusion in the previ- 
ous section is that, in the presence of antimyein 
and myxothiazo|, the fast bandshift phase is du~ 
to electron transfer associated with the cy- 
tochrome cz-RC an~ represents ',.he net transfer of 
two charges across the dielectric per flash, i.e., 
QH 2 formed; similar conclusions were reported in 
Ret. 20. This amplitude is used to provide a value 
for AA~c for Eqn. ! subject to the corrections 
outlined in Materials and Methods. 

Qz medialed cytochrome b H reductiw~ a~d the caro- 
tenoid bandshift 

In the presence of antimycin, oxidant-induced 
reduction of cytochrome b H occurs with a tl/2 of 
approx. 7 ms when Qpoot is poised oxidized before 
flash activation [21. In Fig. 2 the difference be- 
tween the trace generated in the presence of anti- 
mycin minus that generated by the RCs is e,,i. 
dence for an electrogenic charge separation in the 
mechanism of electron a'ansfer from the Q= site 
through cytochrome bL to cytochrome ba. These 
data are in agreement with Ref. 20. The contribu- 
tion, x, of this charge movement to the total 
bandshift may be obtained after following care- 
fully the correction protocols as outlined in 
Materials and Methods and below. 

Fig. 3 shows spectra in the region between 530 
and 585 nm taken 30 ms after one or two flashes 
delivered at pH 7. Tb~ spectra in the presence of 
antimycin (panel B) were compared to one ob- 
tained with antimycin plus myxothiazol (panel A). 
Note that more cytochrome c oxidatioa o¢~u~ in 
the presence of myxothiazol due to the block of 
electron transfer between Qz and 2Fe2S (see also 
Ref. 26). The difference in the region between 560 
and 570 nm is due to the two b-type cytochromes 
(cytochrome bl. AA,,~ = 566 nm; cytochrome b~ 
AA,,~ = 560 ran [58]) and clearly shows contribu- 
tions from each, The contribution of cytochrome 
b L a~t 566 nm is particularly evident on the second 
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myxothlazo[. 

TABLE 1 

CHARGE-SEPARATION MAGNITUDE OF THE Q:CYTOCHROME b H REACTION VS, pH 

The extent of the carotenoid bandshifl due to electron transfer in ¢ytochrome be t was measured and compared to the ¢on'gctfd 
bandshift elicited by photoactivated turnover of the Re. Lisht saturation of RC was measured at an E h of 430 mv. The proportion 
of RC in sheets, i.e.. those whose turnover does not generate A~k or contribute to the bandshift, was determined by measuring the 
difference in the number of RC reduc~l 20 ms aflc¢ a flash in the presence and absence of exogenously added horse-heart 
mochrome e. This js determined in the presence 0f valinomydn (5 t~M) and nigericin (2 pM), i.e., in an uncoupled system. The 
proportion of RC in sheets was subtracted at the outset of experiments. This population, between 10 and 18% of the total RC in a 
typical preparation, does nm exhibit oxidant-induced reduction (see Matcriuls and Methods). The bandshift magnitudes are 
expressed in arbitrary units derived from calibrated absorban~ diffor,.moos. 

pH Phases I and ]l a; Lost ey~:hrome c Phases I and [I; Bandshift; Cylochrome b .  $ ful] charge 
measured correclion factor b corrected ~ (-I-ant)-( + am,myx) factor d separation 

7.0 37.0 1.166 43.14 11.0 1.14 56.9(+2.1) 
7.5 35.5 1.139 40.40 8.8 1.18 51.2 
8.0 35.0 1.250 43.75 11.5 1.21 63.4 ( ± 0.8) f 
8.5 33.0 1.104 36.40 9.8 1.18 c 63.4 
9.0 32,0 1.244 39~80 9.4 1,18 e 55.8 
9,5 31.1 1,076 33,40 9.3 1,19 65.8 { + 3.6) 

10.0 30.9 1.130 35.00 10.1 1,18 ~ 67.9 
10.5 2g.0 1.074 30.10 6.9 1.18 • 53A 

' Phases I +II were measured in the presan~ of antimycin (3 pM) and myxothiazol (3 FM) with Qp~ok poised oxidized. 
b The lost c correction factor is derived from the proportion of [BChlh ÷ in vesial~ which ,~re not reduced within 20 ms following a 

flash delivered in the absence of vaiinomycio. 
¢ The corrected phases 1 + tI number is derived from the product of a and b and represents the bandshih elicited when two charges 

pass across the full membrane dielectric. 
d The cytochrome b8 factor corrects the number of cytochrome b H reduced if each QH 2 produced by RC reducea cylochrorn~ b u 

in a cytochrome be 1 complex, 
e Cytochrome b .  factors were determined at pH 7.0, g.0 and 9.5 and averaged to provide a factor (1.18+0.04) for es~ at other pH 

val,,es. 
r Standard deviatiou values are the cumulative sum of deviations from multiple Octcrmmalions of the lost c a.d cytochromc b. 

correction factors and the measured values of phases 1 + II and the fraction of full charge separation. 
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flash [38]. It is also dear, however, that more 
cytcchrome b8 is reduced on the second flash, i.e., 
all cytochrome ba is not reduced on the f;.rst flash 
with Q ~  oxidized. This point is important to the 
quantitatiou of the carotenoid bandshift ampli- 
tude accompanying this reaction. 

These spectra were deconvoluted after assess. 
ment of the additive individual contributions of 
the ¢ytochrome b L and cytochrome b u spectra. 
The method involved a simple fitting of pure 
spectra of the two cytochromes to the total dif- 
ference spectrum. This method yields an ap- 
proximate total cytochrome b L or cytochrome b H 
reduced after multiple flashes, or the fractional 
amounts of total cytochrome b L or eytochrome 
b H reduced after single flashes. The number of 
cytochrome b ,  reduced as a function of the num- 
ber of QH 2 generated by the RC was expressed as 
a factor (see Table I) by which the bandshift was 
multipfied to correct for eytochrome bc~ com- 
plexes which do not receive a QH z or those in 
which QH 2 has reduced cytochrome bL 30 ms 
after the flash. 

Taken together with the corrections to the cylo- 
chrome c2-RC derived bandshift, the fractional 
contribution for the charge transfer during oxi- 
dam-induced reduction was calculated. The de- 
tails of the correction procedme are explained in 
the legend to Table I which shows data for the 
bandshift at pH values from 7.0 to 10.5. This 
range of ambient pH values was chosen to cover 
the pK values for the cytochromc b a [59] and 
2Fe2S center [41] in an attempt to study any pH 
dependence of the bandshift magnitude. The data, 
however, show no apparent trend as pH is in- 
creased. The values for the percentage of the total 
charge separation vary around a mean of 59.gq~ 
( + / -  6.1~). 

Q~.mediated cytochrome bH reduction and the care. 
lenoid bandshifl 

The remaining 40% of the carotenoid bandshift 
can be presumed to accompany events following 
the oxidation of cytochrome b ,  via Q~. The ap- 
proach to the problem of directly measuring caro- 
tenoid bandshift amplitudes and/or of locating 
Qc within the electrogeaic span is complicated by 
the complex redox chemistry of Q¢. Direct mea- 
surement after initiation of the reaction~ via the 

Q: site is obscured by the difficulty of isolating 
individual, singlc-dcctron redox steps involved in 
reducing Qc first to the semiquinone and then to 
the quinol [29]. However, the question of the 
electrogenic character of the reaction may be ad- 
dressed more directly by studying the cytochronLe 
bwQ~ interaction in a direction opposite to that 
observed under physiological conditions. Cyto- 
chrome bll reduction via Q¢ has been shown to be 
feasible thermodynamically [29] and kinetically at 
high pH [48,49]. Hence, this approach avoids the 
complications of activation via the Q: site. 

The Qfmcdiated route to cytochrome b H re- 
duction is in essence a reversal of the physiologi- 
cal, second, singlc-dectron reduction of Qc by 
cytochrome ha; that is, the reduction of scmi- 
quinone to quinol which is followed by QH z re- 
lease into Qpoou- Thus, in the rcvcx~¢ of this reac- 
tion, quinol from Qeoo, binds to the Q~ site (reac- 
tion 3 bdow) and reduces ¢yioehron~ b a (re.ac- 
tion 4 or 5, depending on the pH), presumabl:¢ 
leaving a semiquinone in the Q~ site. At pH values 
greater than the Q~ site-associated pK at 9 (for 
Rhodobactet sphaeroides [29]), the Q~ equilibrium 
redox properties indicate that the electron-transfer 
from ¢ytochrom¢ b a is coupled to the releas~ of 
one proton from QH 2 while another H + (in 
parenthesis) tannins associated with the Qc site 
(Eqn. 4). At pH values lower than the pK, the 
reaction is considered to be as shown in Eqn 5 
which indicates the release of two protons, 

OH2 ~ + Or site = OcH2 (3) 

QcH2 + ferd~toch~ra¢ b a  

- (H + )Q~" + ferrocytochrome bu + H  + (4) 

(H*)QcH2 + fen-icytoc~ome b n 

(H + )Qr ~ + fettocytochrome b n +2H ÷ (5) 

Occurrence of a blue carotenoid bandshifi with 
cytochrome bx reduetio~ In the presence of 
myr, othiazol at pH values greater than 9.0 and Eh 
values where Qr,,ol is oxidized, eytochrome bu 
reduction via the Q¢ route is favored. Under con- 
ditions of flash-activated multiple turnover the 
total amount of cytochrome be redec~l after four 
flashes, however) is less than that observed for 
oxidant-induced reduction via Q: (not shown). 
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Fig, 4. Kinetics of ¢ytoehrome b H reduction via Q, and the 
associated carotenoid bandshift. Chromatophores wex¢ sus- 
pended in 50 mM glycine (pH 9.5), 100 mM gel to a final RE 
concentration of 0.2 FM. My×othiazol (5 pM) and antimycin 
(5 ~.M) were added where indicate6. The cavette contained the 
following redox mediators: PMS, PES, pyoeyanine (1 t~M): 
DAD (2.5 ~M) and OHNQ (3 pM). The ambient redox 
pot~tial was adjusted to maintain Qp,~ ofidized b0fore the 
flash. Turnover was i]dtiated by ddivecy of a short (8 ps) pulse 
of actinic light. Cytoehrome b was Qbsorved at the wavelength 
pair 560-540 nm and the carotenoid bandshift at 475-490 nm. 

A, absorbance. 

This is expected because of limitations placed on 
the reducaion of [BChI]2 between flashes when Qz 
is blocked by myxothiazol rather than on a lower 
amount of eytoehrome b~[ available for reduction 
via Q~ (Robertson, D,E. and Dutton, P.L., un- 
published results). 

A typical flash induced cytoehrome b H reduc- 
tion trace is shown on the left. of Fig. 4; the 
reaction is complete in approx. 30 ms and is 
inhibited by antimyein. On the right of Fig. 4 are 
kinetic traces showing the change in the carotenoid 
bandshift measured at ,175-490 nm under identi- 
cal conditions. In the presence of myxothiazol 
alone the amplitude of the red carotenoid band- 
shift is smaller than that observed with both in- 
hibitors present (see also Ref, 60). The difference 
is considered to be due to a blue shift in the 
carotenoid absorption bands due to charge re- 
combination associated with the reduction of cy- 
tochrome b H via the Qc site. 

Kinetic matching of flash-activated cytochrome b 
reduction and the blue carotenoid bandshift. If the 
blue shift is coupled to cytochrome b n reduction, 
the kinetics of these two phenomena should be 
identical. Fig. 5 shows a trace of Q~-medlated 
cytochrome b n reduction together with a sub- 
traeted trace of the time-dependent change in the 
carotenoid spectrum oceufing under the same con- 
ditions. These two phenomena display similar 
kinetic behavior. 

Redox-polential dependence of the amplitude of 
flash-acavated cytochrome b a reduction and the blue 
carotenoid bandshift. If the blue bandshift is a 
manifestation of transmembrane charge transfer 
linked to cytochxome b n reduction, the redox 
potential dependence of the two phenomena 
should be strictly correlated, The top panel of Fig. 
6 shows redox titrations of the carotenoid band- 
shift associated with the RC alone and when the 
Q¢-raediated cytochrome b .  reduction occurs. The 
difference between the two conditions, the blue 
carotenoid bandshift, is shown in the center panel 
where it is compared with the amplitude of flash- 
induced cytochrome b.  reduction. 

The appearance of flash-induced cytochrome 
b.  reduction over the 10-90 mV Eh range is 
consistent with known Emg.5 of 20 mV of cyto- 
chrome bn [37,381, However, eytochrome ba re- 
duction via the Q~ route is also affected by the 
state of reduction of the Qpoot (Em9.5 = --60 mV) 
and this leads to a complicated Nernst curve (see 
Rcf. 49). At higher E h values the amplitude of 
cytochrome b n reduction also diminishes; this is 
due to complications with the cytochrome c2-RC 
performance at these high E~ values (Robertson, 
D.E. and Dutton, P.L., unpublished results). At all 
values d E h from 0 to 275 mV the ratios of the 
magnitudes of cytochrome b H reduction and the 
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Fig, 5. g2nelie~; of antimycin-sensilive ~toehrome b,  reduc- 
tion and of the formation of the carotenoid blue shift. Experi- 
ments were performed as outlined in Fig, 4, The carotenoid 
differen~ was calculated at time points chosen from trac4m 
obtained in the presence of myxolhiazol and myxothiazol phm 

anllmye.J~ A, absurbance. 
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Fig. 6. Redox potential dependence of the carotenoid bands hilt 
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ambient redox potential was adjusted by incremental additions 
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carotenoid difference are, within a reasonable ex- 
perimental uncertainty, the same (lower panel). 
Thus, there is a good correspondence between the 
E h dependence of the magnitudes both of tyro- 
chrome b n reduction and the blue shift of the 
c~otenoids. 

Fig. 7 shows spectra of optical changes 30 ms 
after flash initiation of turnover in the presence of 
antimycin and myxothiazol (panel A) or 
myxothiazol alone (pane! B). The spectra clearly 
show the reduction of cytocMome b n via Q¢ in 
the 5(30 run region of panel B; there was no 
.;ndication of cytochrome b L reduction even 'after 
mmtiple flashes (not shown). As was done for the 
Q:-cytochrome bu reaction, the fraction of the 
total cytochrome b n reduced per QH2 provided 
by the RC was determined and then corrected for 
the fraction of ey|ochrome b H unreduced (the 
cytochrome bH correction factor). The total re- 
ducible cytochrom~ bn is the amount observed via 
the Q:-cytochrome bu reaction at pH 9,~, The 
cytochrome b n correction factor was used in con- 
junction with the ¢ytocbxome c2-RC bandshift 
correction procedure to arrive at the percentage 
contributions tabulated in Table lI for three pH 
values. Note that the lesser amount of cytochrome 
b~ reduced per flash via Q¢ than via Q: at an 
equivalent pH is reflected in a larger cytochrome 
bH correction factor. In the case of pH 9.5 ap- 
proximately half the available eytocMome b~ is 

TABLE II 

CHARGE-SEPAR.A'I'~ON MAGNITUDE OF THE Q~-CYTOCHROME b H REACrlON 

The procedures for dcfiv~tlon of the band, hilt proportion of thi~ reaction a~e detailed in the legend of Table 1, 

pH Phases I and 1I~ lost cytochrome ca Phases I and II; bandshift; Cytochrome bH $ full charge 
nleasutcd * cotr~tion fac to r  ~" corrected c ( .4- myx)-(+ ant,m3~) factor d s~arat i¢~ll  

9.5 31,9 1,076 34.2 3,5 22.g 45.6 (+2.3) ~ 
10.0 33,5 1.120 37,5 3,6 2,41 45.0 (+ i.3) • 
10,5 31.0 1.056 32.7 &0 1.92 51.3(+6.1) ~ 

a Phases I + I[ were measured in the presence of antimycin {3 ~M) and myxothmzol (3 pM) with Q~I  poised oxidized. 
h The lost c cor~ction factor is delved from the proportion of [BChl]2 ~" in vc~ic]~ which are not reduced within 20 ms follo~ng a 

flash delivered in ~e absence of valinomycin. 
c The conect~i phases I + 1[ number is derived from the product of a and b and represents the bandshif! elicited when two charges 

pa~ across the full membrane dielectric. 
The cytochtome b a factor ¢onects the number of cytoch~ome bH reduced if each QH 2 produced by Re reduces eytochrome b H 
in a ~tocl~om¢ bcl complex, 

® ~andat'd deviation value~ a~e the cumulative sum of deviations from multipte determinations of the lost ¢ e~d eylocl~ome b~ 
cortecficm factors and the measured values of phases I + II and the fraction of full charge separatlon~ 
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Fig. 7. Spectrum of optical changes accompanying eytochrome b H Igdu~.lifffi via Qc. Conditions were as d~cfibed in Fig. 4. Spectra 
were constructed as in Fig. 3. The spectrum in panel A was obtahted in the presence of antimy¢in and myxothiazol to prevent 

cyloehrora¢ b reduction. 

reduced via Q¢ than is observed via the Q, site 
(data not shown). 

The pH range between 9.5 and 10.5 is the area 
in which the blue shift is easily visualized and also 
the rang, ~ in which the reaction between Q~ and 
cytochrome h H is described by reaction 4. There 
was no apparent pH dependence observed in the 
amplitudes of the blue bandshifts. The mean value 
(from three determinations) for the percent of the 
total normalized carotenoid bandshift that occurs 
with the redox reaction between Q~ and cyto- 
chrome b .  was 47.3 (+3,55). 

Thus, it can be concluded from the bandshift 
data that some mechanistic aspect of the Qc-cyto- 
chrome b n electron.transfer reaction is e!.ectro- 
genie at pH values above the pK of the Q~ site. 
Depending on the relative position of Q~ with 
respect to cytochrome b H in the membrane pro- 
file, Eqn. 4 indicates that the source of the blue 
shift could be: (a) electron movement from Q¢ to 
cytochrome blt in a direction from the cyto. 
plasmie side towards the periplasmic side; or (b) a 
proton from QH 2 moving in the opposite direc- 
tion as a response to a non-electrogenie electron 
transfer from Q~ to cytochrome bn, i.e., Qc and 
cyt0chrome b ,  are at the same position in the low 
dielectric profile ot the membrane; or (c) partial 
contributions from (a) and (b). These possibilities 

might conceivably be explored by observing the 
bandshift masnitude above and below the p g  of 
Q¢. Presumably, if one H ÷ leaves the site above 
the pK, i.e., m = 1 (Eqn. 4) and two H + below the 
pK, m = 2 (Eqn. 5), the bandshift amplitude per 
cytochrome bx reduced should double as the pH 
is lowered if protons are the electrogenic species. 
Unfortunately, the reaction is less favorable at 
lower pH. An experimental strategem is available, 
however, to resolve these possibilities by studying 
the effect of imposed field, i.e., A•,, on the amount 
of cytochromc bx reduced at a pH below the pK 
of Q~ (reaction 5). 

Effzet of electric field on the redox equilibrium 
between Q~ and cytochrorae bx 

At pH = 8, the equilibrium constant of the 
Q~-cytochrome b x is close to unity and thus is 
optimally sensitive to test the affect of A~. Single 
turnovers of the RC were used to establish A@ 
prior to QH2 oxidation by cytochrome bc I. The 
effect of this A~ on reduction levels of cyto- 
chrome b n was studied by constructing spectra in 
the 530-585 nm region following single flash 
activation in the presence and absence of 
valinomycin, 

Spectra were first obtained plus and minus 
valinomycin in the absence of any cytochrome b 
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Figr 8. Spectxal rcsolutian of the membrane potemia] effect on cytocl'aome b u reduction. Experiments were performed in 50 mM 
Mops 100 mM KCI ~H 7.0} using S69 lira as a reference wavelength. Kinetics trar.es were accumulated at each wavelength minus the 
569 nm reference and the extent was plotted at 25 ms following delivery of a flash. The data in panel A ~ere obtained in the presence 
of salutaling amounts of myxothiazol and antimycin [o prevent cytochrome bH rcdu~ion by either the Q: or Q¢ ro,t~. Only optical 
changes due to cytochrorne q + c2 and RC oxidation4~tuction and Iv the earotanoid bandshift are observed. Valinomycin was 
subsequently added to $/~M to cancel any optical contribution from carotenoid. A similex stratagem was applied in pane,' B with the 
exception that anfimy~in-sens[five ¢ytcehrome b H reduction was allowed to proceed, i.e., no antimycin. Again. spectra were obtained 
in ~he absence and presence of valinemycin to isolate the carotenoid spectra] contribution. Pand C is a difference .~pectrum which 

isolates the spectral changes due to A~ during anlimycin-sensilive cytochrome b n :~duction. 

reduction (+  anthnycin and my-~othiazol; Fig. 8A). 
There ate clearly contributions from carotenoid as 
well as from cytochrome c t and cytochrome c2 
oxidation in the spectrum taken without 
valinomycin. Subtracting the optical changes 
observed in the presence of valinomycin leaves a 
spectrum due to carotenoid under conditions simi- 
lar to those used for subsequent experiments. 

Fi 8. 8B shows that, in the absence of antimycin, 
reduction of cytochrome b u occurs. In the pres- 
ence of A~ (positive on the ~dplasmic side rela- 
tive to the cytoplasmic side of the membrane) 
there is a f~ther  increase in the optical change 
after the flash in the 560 ran region. If the A~-de- 
pendent difference between the spectra of panel A 
(i,e,, the spectrum of carotenoid) is subtracted 
from the A@dependent difference between the 
spectra of panel B, the resulting spectrum should 
be an indication of the amount of ~@dependent 
cytochrome bu reduction. This procedure shows 
that the A~ generated on a single flash increases 
the 561-569 nm absorbance significantly (panel 
C). In three experiments the increased level of 
reduction after a flash was between 0.026 and 
0.035 I~M, or approx. 255 of the total cytochrome 
b n available. 

Eqn. 2 was used with these dam to estimate the 
extent of the electrogenic contribution of the Q~- 
cytochrome b e reaction. The value for A~ for the 
first flash generated under identical conditions 
was between 45 and 55 mV (three determinations). 
Assuming a single charge is involved, the per- 
centage contribution of this. reaction (the x-value) 
is between 42 and 55. The mean value (from three 
determinations) for the contribution of this reac- 
tion is 495, in dose agreement with that calcu- 
lated from the calibrated bandshih at pH 9.5, The 
suggestion from these two sets of data is that 
electrons and not protons move through the low 
dielectric in this reaction and that Q~ is on the 
outside of the membrane. 

Discussion 

The data summarized in Results provide ex- 
perimental support for the idea that transdielectric 
charge separation events accompany two redox 
reactions in the cytochrome bc 1. These reactions 
were isolated experimentally and were demon- 
strated independently of each other. Both directed 
electrons to the same component, Le., cytochrome 
b a was reduced either via the Q: site or via the Q,. 
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site. In the latter case (see Eqns. 3-5) the reduc- 
tion reaction is occurring in a direction which is 
net opposite to that operating physic-3ogicalty. This 
represents a reversal of a reaction. hat is consid- 
ered to occur in the cytochromc bc~ on every 
second oxidation reaction of cytoehrome bH. The 
physiological reaction results in the reduction of 
the semiquinone in Q~ (Q~-) to the quinoL 

It is essential to note that: after a saturating 
flash delivered in the presence of tither antimycin 
or myxothiazol, not all cytochrome bE is reduced. 
It is clear from the data of Figs. 3 and 7 that after 
a first flash some cytochrome bc~ does not receive 
reducing equivalents. A reasonable interpretation 
of data indicating incomplete turnover of the cy- 
tochrome bcl population is that statistical factors 
predominate in determining effective collisions be- 
tween QH 2 from Qpool and either of the two 
functional sites of the cytochrome bel complex. If 
some eytoehrome bq encounter one QH z, some 
two and some none, the distribution of ey. 
mchromc be: turning over on any given flash 
could be represented by a Poisson distribution. 
Consistent with this view is the well-known ob- 
servation that, with uninhibited cytochrome bc~, 
the carotenoid bandshift magnitude is smaller by 
approximately one-half when Qp,~ is oxidized (a 
typical trace under these conditions is shown in 
Fig. 2) as compared to the situation when QHz is 
in excess (Qp,~l reduced). This possibility is cur- 
rently under investigation (gobestson, D.E., 
Moser, C.C. and Dutton, P.L., unpublished re- 
suits). Whatever the exact reason for heterogene- 
ity, the important point for the present work was 
that all forms of heterogeneity were corrected for 
in quantitation. 

The nature and magnitude of the charge.separation 
reactions 

Our interpretation of the corrected data is that 
electron transfer through the low didectrlc medium 
between cytochrome b L and cytochrome b a and 
between cytochrome b H and Q~ is responsible for 
practically all of cytochrome bct charge sep- 
aration. In fact, the contributions of the cyto- 
chrome bL tO cytochrome b H and the Q¢ to cyto- 
chrome b8 reaction~ account for the entire mem- 
brane didectric distance (in the range of 107 :t: 9%). 
Experimen~,s w.hich is~hted the Q:-2Fe2S-cyto- 

chrome cl-cytochrome cz, 2Fe2S-cytochrome c t- 
cytochrome c2, or cytochrome ct-cytochrome cz 
sequeztces failed to show any contribution of these 
redox reactions to the cytochrome be~ charge sep- 
aration. 

The evidence for cytoehrome bL-Cytoehrome 
b H charge separation during the Q~-mediated oxi- 
dant-induced reduction is based in part upon the 
interpretation of Glaser and Crofts [20] who iso- 
lated the Q.-cytochrome b t reaction by careful 
redox poising. Their data supported the idea that 
electron transfer between the Q: and cytochrome 
b g produced no carotenoid bandshift at pH 8.35. 
The conclusion that electron transfer between the 
b-cytochromes was responsible for part of the 
dectrogenic reaction of c~ochrome bez is sub- 
stantiated by the work of Gopher and Gutman 
[61] who studied the effect of ALp on the cyto- 
chrome bL-Cytochrome be equilibrium in mito- 
Cnondfial eytochrome bei. 

Our concerns have focused on the quantitation 
of the carotenoid bandshift elicited by the reaction 
between cytochrome bL and cylochrome be. 
Glaser and Crofts 120] reported that with Qpoo~ 
oxidized prior to activation, the contribution was 
35%, and with Q ~  reduced it was 50% of the full 
cylochrome bet-dependent bandshift [201. It can 
he appreciated from the results presented here 
that the difference between these two numbers is 
related to the availability of QH: in the prepoised 
Q~ol. the fraction of the total cyt~hrome b a 
subsequently reduced after a single flash and the 
number and extent of corrections required to 
standardize the responses using uncorrected data. 
Our own work with Q ~  oxidized is in good 
agreement with the work by Glaser and Crofts. 
Applying corrections, particularly the cytochrome 
b e factor, to data obtained with Qwa oxidized 
adjusts this value to approx. 60%. We chose to 
work with the Qpoo~ oxidized so that both the Q~- 
and Q=-mediated routes to cytochrome be reduc- 
tion could be examined under the same sta, ~g 
conditions (the Qc route is blocked with Qwl 
reduced [491). We have not examined the Qz route 
with the Qooo~ reduced; however, it is weB-known 
that, compared to the situation when Qpo~ is 
oxidized prior to activation, more cytochrome be 
is reduced after a flash. Hence the 50~ value 
obtained 1201 with Qpool reduced is expected to be 
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closer to the fully corrected 60% value. 
The bandshift due to Q:-mediated cytochrome 

b a reduction was q.t~antitated over a range of pH 
values which encompassed the known pK values 
of cytochrome &'l redox-linked acid-base groups. 
This study was motivated by the idea that ob- 
servation of the reaction at one pH value might 
miss a proton movement contributing to the band- 
shift (above the p g  of a functional redox group) 
or that proton movement might cancel the electro- 
chromic effect of electron transfer (below the pK 
of a functional group). In fact, our data reveal no 
change in electrochromism due to redox-tinked 
protonation/deprotonation reactions when oxi- 
dant-induced reduction operates between pH 7.0 
and pH 10.5. The data are, then, consistent with 
the interpretation that an electron transfer be- 
twcen the two b-cytochromes is responsible for the 
charge separation event following oxidation of 
QH 2 at Q:. 

OULr data also provide no evidence for proton 
involvement :.n *.he reaction between Q,. and tyro- 
chrome b n. No significant difference was seen i~ 
the charge separation when the reaction between 
QH 2 and ¢ytochrome bn was observed below and 
above the pK of the Q¢ site, evidence for an 
electron as the charged group moving through the 
dielectric. The fact that the value for charge sep- 
aration magnitude sums with that for Q:-cyto- 
chrome ba to approx. 100$ also sugoorts the idea 
that the charge separation mechanism is the same 
for electron transfer from cytochrome bH to either 
Q or semiquinon¢ in the Qc site. In other words, 
electrons are the electrogenic species in the oxida- 
tion of ¢ytochrome b 8 via Q, during physiological 
turnover of the enzyme and the species involved in 
the charge separation (electrons) is the same on 
each of two electron transfers to form QH 2 from 
Q at Qc. 

The position of cytochrvme bcj red~x centers in the 
membrane 

Evidence derived from protein folding al- 
gorithms applied to primary sequence data for the 
cytochrome b polypeptide [62-64] has been in- 
terpreted as showing that the heine centers are 
approx. 2 am from each other in the polypeptide. 
If the polypeptide is arranged such that both 
hemes are within the low dielectric of the mem- 

brane they would then span approx. 50-60~ of 
the estimated 35-40 nm low dielectric hydro- 
carbon core [1,65]. Though this value is close to 
the fractional contribution of this reaction a few 
qualifications must be kept in mind when translat- 
ing percentage values of any electrogenic contribu- 
tion of a reaction into structural positions of the 
reactants. The A~ generated by each electrogenic 
reaction is a function of the dielectric cons!ant of 
the medium whole the charge separation occurs 
and the distance of separation across this medium. 
rhe low dielectric medium is almost certainly not 
continuous in magnitude throughout the mem- 
brane. Moreover, the contribution of protein di- 
electric constant may introduce more complex dis- 
continuities in the electrical capacitance of the 
membrane medium. Indeed, there is a puzzling 
variance between Ark reporting phenomena and 
X-ray structural analysis in the determination of 
RC redox center positions in the membrane. 
Several studies relying on electrical potential mea- 
surements and assuming a homogeneous dielectric 
medium [4~13.66-68] ;.reply a distance between 
cytochrom¢ c 2 and the RC [BChlh that is 
several-fold larger than would be expected from 
the X-ray structure analysis [65,69,70]. 

Our data may be interpreted to support a posi- 
tion for the heine span in the dielectric such that 
cytochrome bL is near the periplasmic side of the 
membrane. It should he noted, however, that Kunz 
and Konstantinov [71] have proposed that cyto- 
chrome bH is near the cytoplasmic surface and 
cytoehrome b L is buried in the low dielectric 
medium, based upon evidence with a water-solu- 
ble reductant, a possibility inconsistent with our 
data and with that of Ref. 20 (see Note added in 
prod0. 

EPR experiments using paramagnetic relaxa- 
tion probes have shown that the 2F¢2$ center is 
probably dose to the periplasmic membrane 
surface [72]. A similar location has been assumed 
for cytochrome e~ based upon its redox interac- 
tion with cytochrome c2 and upon carotenoid 
bandsbift data from a mutant of Rhodobaeter 
capsulate' lacking cytochrome c 2 [73]. The data of 
this investigation support this positioning. 

There are also data which indirectly address the 
location of the two quinone sites relative to the 
membrane surfaces~ A number of inhibitor-re- 
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2H ~ 
O, II ~'I"I <. 

BPh 

H +",,~,.H . . - - - . I - - H +  H + 

2h" 

Fig. 9. Model showing the elcctrogenlc reactions of the cyclic electron transfer system when each of the two rout~ to ~ductioqa of 
cytochrome bu are isolated. The syslem is depiet~ with a single RC turning over and a parlial re~ion of cytochron~ bCl+ The 
positioning of cytochrome ba is based on a literal translation of percent electrogenic contribution into intramembrane distance, Cyt. 

cylochrome, 

sistant mutants of cylochrome bcl from mouse 
[74,75], yeast [76] and Rhodobacter capsulatus 
(Daldal, F., personal communication) map in the 
cytochrome b polyoeptide. A folding algorithm 
has been applied to the sequence of the cyto- 
chrome b polypeptide from a number of species 
[77] and the locations of amino acid substitutions 
conferring inhibitor resistance have been mapped 
relative to the membrane span. Those giving resis- 
tance to myxothiazni, stigmatellin and mucidin 
are grouped near the pefiplasmic face of the mem- 
brane (the cytoplasmic side of the mitochondrion) 
while those conferring antimycin, diuron or 
HQNO resistance are near the bacterial cyto- 
plasmic side (or raitochondrial matrix side) of the 
membrane. 

Taken together with these observations, our 
data are consistent with a simple mode] for the 
positions of the fedox c¢~ters of cytochrome be1; 
(1) Q+, cytochrome b L, 2Fe2S and cytochrome cl 

are neat the periplasmic edge of the dielectric: (2) 
cylochtome b .  is buried in the low dielectric 
medium between cytochrome bL and the cyto- 
plasmic surface; and (3) Q+ is on or near the 
cytoplasmic edge of the membrane low dielectric. 
These conclusions me summarized in Fig. 9 which 
shows the electrogen~c r~act~ons of the RC and the 
electrogenic contributions of each of the two reac- 
tions studied here which result in cytochrom¢ b H 
reduction in cytochrome bct. 

As was the case for similar work done before 
the X-ray crystal structure of the RC, the reaults 
on cytoehrome bc] outlined in this paper provide 
a valuable preliminary structural view. However, 
just as important, these studies reveal the relative 
contributions of each reaction to the overall elec- 
trogenic function of the complex as well as the 
chemical species moved through the membrane 
dMectric medium. 

Consideration of the model of Fig. 9 when 
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operating in a physiological direction under unin- 
hibited conditions suggests that the oxidation of 
the first QH2 at the Q: site will yield a much 
smaller A,~ than will oxidation of the second QH 2 
whi~ completes the cytochrome bc~ turnover. 
This can be appreciated in a simplified description 
of the stepwise approach to steady state: after 
charge separation through the eytochrome cz-gc 
span the A~ is about 55 inV. The first QH, 
oxidized at the Q: site will lead to cytochrome b L 
reduction in a manner unaffected by the prevail- 
ing A6, since there is no electrogenic component 
in this reaction sequence. Because of the relatively 
large AE~, (+110 mV) between cytochrome bL 
and cytochrome b a, electron transfer from cyto- 
chrome b g to cytochrome bH across 60~ of the 
membrane dielectric (i.e., apparent AE~7 = 110 - 
(55 × 0.6) = 77 mV) also should be essentially un- 
affected (less than 107o) by the opposing A~ ~t 
this stage. In contrast, the AEm~ between cyto- 
chrome b a and Qc is near zero [29] and hence, 
electron transfer from cytochrome bu to Q¢ 
(AEm 7 = 0 mV) will not profe:d very far against 
the Aq~ and wUl add very little more to the eyto- 
chrome be 1 charge separation. 

The second QH2 oxidized at the Q. site will, as 
before, lead to cytochrome bL reduction, adding 
nothing to A,k. With eytochrome ba reduced after 
the oxidation of the f~st QH2 the electrogenie 
cytochrome b L tO cylochrome b a reaction will be 
blocked. However, in the equilibrium between cy- 
tochrome ba and Q~, every lime Q¢ l iS formed, 
cytochrnme bL has a chance to rereduee the 
oxidized cytochrome b H. At this point the free 
energy between the reduced cytochrome bu and 
Q~- is very large (AE~ 7 about 250 mV [29l) and 
x, All proceed to completion even against the pre- 
valUng a~. 

Two predictions emerge from this model. 
Ca) The ratio of A6 generated following the 

first and second QH 2 oxidized will be about 
60:140. In order to demonstrate this it will be 
necessary to resolve the oxidation of the first and 
second qui~ols at Q: so that the state formed after 
the first oxidation is experimentally isolated and 
prevented from immediately being removed by 
subsequent (i.e., second) QH 2 oxidation. The diffi- 
culty here is that, as described above, the second 
oxidation is driven by a very much higher free 

energy than the first and is not kineticaily sep- 
arable. During the present study we have become 
aware of a surprisingly large statistical element 
governing the fate of QH 2 donated to the Qpc~t by 
the RC Several possibilities are evident, especially 
when QHa is limiting as is the case when Qpool is 
oxidized before activation; these were the basis of 
the several corrections we made to the bandshifts 
in order to normalize the events with respect to 
electrogenic reactions. Extending this to careful 
accounting of the various states of the ensemble 
comprised of RC, cytochmme bc~, Q and QH2 
and ferro/ferrieytoch:ome c, may lead to a 
qu~mfitative test of the model. 

(b) After the first full turnover of cytoc.htorqe 
~ l  (i.e., two QH 2 orddized, one Q reduced, two 
charges moved across the membrane) the prevail- 
ing ~),~ will be raised from 55 to 110 inV. As is 
well-known [4,5,13], the cyclic system can be 
turned over several times before a,~ becomes large 
enough to impede its dectrogenic reaction. Of 
considerable importance to a complete mechanis- 
tic description of ¢ytochrome bc I is a correlation 
of the effect of increasing A~ on the kinetics of 
individual electrogenic re.actions. This approach is 
currently under study. 

Note added in lmmf (Received 16 August 1988) 

Since submission of this manuscript, we have 
become aware of two additional studies which 
bear directly on the interpretation of data pre- 
sented here. One has been in the literature for 
some time, the other has appeared since temple- 
lion of our manuscript: 

(1) Berden and Slater [78], studying the 
quenching of antimycin fluorescence after binding 
to cytochrome bc~, calculated a distance of 17-21 
A between bound antimycin and cytochrome b H. 
If we assume that antimycin occupoies the same 
vosition as Qc and that the 17 A distance is 
perpendicular to the membrane plane, this result 
is consistent with the idea that electron transfer 
between these groups accounts for approx. 45~ of 
the full charge separation catalyzed by the corn-" 
plex. 

(2) Ko~tantinov and Popova [79] have pro- 
posed a model for cytochrome bc~ where in Q~ 
and cytochrome ba are arranged ¢quilaterally near 
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the cytoplasmic membrane surface (mitochondrial 
matrix side) and Q~ and oytochrome b L are buried 
in the membrane. This model invokes electrogenic 
proton movement from Q~ to the aqueous phase in 
an event coupled to cytochrome b a oxidation. 
This model may, in pa-t, he reconciled with the 
data of this paper if it is assumed that (a) the 
redox equilibria and associated protoIytic reac- 
tions of cytochrome bc 1 are coupled across rather 
large intramembrane/intraprotein distances; (b) 
the protonation/deprotonations proposed to be 
dectrogenic in the model are distinct from the 
redox-linked protom measured by conventional 
equilibrium redox potenliometry; (e) the electro- 
genie protons are associated with protein groups 
with pK values below 7,0, i,¢., below the range 
studied with chromatophores in the present paper, 
Although there are data wllich may indirectly 
support the model proposing electrogenic protons 
we feel at prcsont compelled to support the sim- 
plest interpretation of our data, i.e., that shown in 
Fig. 9. 
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