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Summary 

The photoreduct ion  of  ubiquinone in the electron acceptor  complex (QIQII) 
of photosynthet ic  reaction centers from Rhodopseudomonas sphaeroides, R26, 
was studied in a series of short, saturating flashes. The specific involvement of  
H ÷ in the reduction was revealed by the pH dependence of  the electron transfer 
events and by  net  H ÷ binding during the formation of  ubiquinol,  which requires 
two turnovers of  the photochemical  act. On the first .flash QII receives an 
electron via QI to form a stable ubisemiquinone anion (Q]II); the second flash 
generates Qr~. At low pH the two semiquinones rapidly disproport ionate with 
the uptake of  2 H*, to produce QIxH2. This yields out-of-phase binary oscillations 
for the formation of  anionic semiquinone and for H* uptake.  Above pH 6 there 
is a progressive increase in H ÷ binding on the first flash and an equivalent 
decrease in binding on the second flash until, at  about  pH 9.5, the extent  of  H ÷ 
binding is the same on all flashes. The semiquinone oscillations, however,  are 
undiminished up to pH 9. It is suggested that  a non-chromophoric,  acid-base 
group undergoes a pK shift in response to the appearance of  the anionic 
semiquinone and that this group is the site of  protonat ion on the first flash. 
The acid-base group, which may be in the reaction center protein, appears to be 
subsequently involved in the protonat ion events leading to fully reduced ubi- 
quinol. The other  pro ton  in the two electron reduction of  ubiquinone is always 

* This work w as  pres e n te d  in part at the  22nd Annual Meeting o f  the  B iophys ica l  S o c i e t y ,  March 27--30, 
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taken up on the second flash and is bound directly to ~ ] .  At pH values above 
8.0, it is rate limiting for the disproportionation and the kinetics, which are dif- 
fusion controlled, are properly responsive to the prevailing pH. Below pH 8, 
however, a further step in the reaction mechanism was shown to be rate limit- 
ing for both H ÷ binding electron transfer following the second flash. 

Introduction 

The photochemical events of photosynthesis result in a charge separation 
between the chlorophyllous primary donor and a metastable primary acceptor. 
In purple photosynthetic bacteria and in Photosystem II of higher plants, this 
acceptor species was shown to be a quinone [1--6], specialized in some way by 
its environment; in bacteria this seems to involve association with an iron atom 
[2,4] which gives rise to a very characteristic ESR signal of the reduced semi- 
quinone form, centered at g = 1.82 [7]. 

Observation of oscillatory phenomena with a period of two in PS II of green 
plants led to the suggestion that two acceptor species were active in series, such 
that electrons were accumulated in pairs before transfer to the intermediary 
electron transport chain [8,9]. Both acceptors appear to be plastoquinones 
[6,10,11]. In reaction center preparations of .+,he purple, non-sulfur photo- 
synthetic bacterium, Rhodopseudomonas sphaeroides, binary oscillations in the 
appearance and disappearance of an anionic ubisemiquinone were observed 
directly by both optical and ESR techniques [12,13]. Similar behavior was 
reported in chromatophores [14,15]. These observations can be accounted 
for by an electron acceptor complex containing two ubiquinones [ 10,11 ] : 

1st flash QIQII ~ QIQII  -> QiQ~i(stable) (a) 

2 H ÷ 
2nd flash QIQ~ ~ Q~Q~I -*~-* QIQ~H2 (b) 
Scheme I 

ESR studies have shown that both Q~ and Q,I interact with a single iron atom 
[12] and that the species Q~IFeQ~I, which can be formed at low temperature, is 
diamagnetic, indicating that the two electrons are spin-coupled in some way 
[16]. 

Although the two semiquinones, ~ and ~ i ,  have very similar spectra below 
500 nm, Vermeglio and Clayton [17] showed that the local electrochromic 
effects on the bacteriochlorophyll and bacteriopheophytin spectra in the infra- 
red are distinct for the two anionic semiquinones, allowing measurement of the 
electron transfer from Q~ to QII. The transfer half-time was about 200 ps 
following either the first or the second flash indicating it to be independent of 
the redox state of QII [17]. 

This paper reports a more detailed study of the electron transfer events 
leading to the accumulation of two equivalents in the acceptor complex and, in 
particular, the protonation events involved in the two electron reduction of QI i 
to QIIH2. A tentative scheme is proposed in which a protonation step precedes 
the second electron transfer and, at high pH, is rate limiting. The detailed 
kinetics lead to the suggestion of an intermediary in a non-limiting protonation 
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step, which may involve an acid-base group in the protein undergoing an 
induced pK shift in response to the charge on the anionic semiquinones. This 
group appears to be subsequently involved in proton transfer to the fully 
reduced quinone. 

Materials and Methods 

Reaction centers were prepared from Rp. sphaeroides, R26, by detergent 
fractionation of chromatophores in 0.1 M NaC1, 10 mM Tris-HC1 (pH 8), with 
0.4% lauryl dimethylamine-N-oxide (Ammonyx-LO, a gift of the Onyx 
Corporation, Division of Millimaster, Jersey City, NJ 07023). The inclusion of 
salt in the detergent treatment was found to give a very clean separation of 
reaction centers and membrane fragments. Reaction centers were precipitated 
with 45% satd. (NH4)2SO4 and then purified by DEAE-cellulose chromatog- 
raphy (Whatman DE 52). The column was washed extensively with 0.06 M 
NaC1, 0.1% lauryl dimethylamine-N-oxide, 10 mM Tris-HC1 (pH 8). Reaction 
centers were eluted with 0.35 M NaC1, 0.1% lauryl dimethylamine-N-oxide, 
10 mM Tris-HC1 (pH 8) and de-salted and concentrated by ultrafiltration. 
Exposure to (NtL)2SO4 and any prolongation of the chromatographic proce- 
dure caused a variable degree of extraction of the ubiquinone content. Thus, 
after purification and concentration, reaction center stocks were supplemented 
with ubiquinone-10 (Sigma Chemicals, St. Louis, MO) added a suspension in 
30% Triton to a level of about one ubiquinone/reaction center. Reconstitution 
with ubiquinone-10 (Sigma Chemicals, St. Louis, MO) added as a suspension in 
ducible and strong oscillatory behavior of the quinone acceptor complex [12]. 

Kinetic measurements were performed on a single beam spectrophotometer 
and displayed on a storage oscilloscope (Tektronix D15). Flash excitation was 
provided either by a rhodamine 6G liquid dye laser (Phase-R, DL 1100) or by a 
xenon flash lamp of about 8 tzs duration. Light saturation was routinely esti- 
mated by comparing the extent of reaction center photooxidation (generation 
of P*) by a single flash in the absence of exogenous donor with that obtained in 
a series of closely spaced flashes. It consistently amounted to 92-97%. 

Each sample contained 1--2 #M reaction centers in 6 ml 0.1 M NaC1 in an 
anaerobic cuvette equipped with both platinum and pH electrodes. Lauryl 
dimethylamine-N-oxide, carried over from the reaction center stock solution 
did not exceed 0.002% in the cuvette. At the relatively oxidising potentials 
used in this study it did not interfere with the establishment of reproducible 
and steady redox potentials. 10 mM Tris-HCl buffer was present in some 
experiments. Ubiquinone, in 30% Triton, was routinely added to a concentration 
of 10 -20 ttlVl. The final concentration of Triton, therefore, was 0.03-0.06% 
which was sufficient to maintain the reaction centers in solution. Diamino- 
durene (2,3,5,6-tetramethyl-p-phenylene diamine), 1,4-naphthoquinone, 2- 
hydroxy-l,4-naphth oquinone, duroquinone (2,3,5,6-tetramethyl benzo- 
quinone),5-hydroxy-l,4-naphthoquinone,anthraquinone-l-sulfonate and indigo 
tri- and tetrasulfonates were added, when required for redox poising and titra- 
tions, to final concentrations of 5--20 pM. 

For spectroscopic measurements of the semiquinone kinetics, both diamino- 
durene (20--40 #M) and reduced, mammalian cytochrome c (15--20 #M) were 
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used as secondary donors. Diaminodurene was routinely used as it permit ted 
measurement  at the visible maximum of  the anionic semiquinone absorption at 
450 nm. At high pH, however,  a faster donation rate was needed to separate P÷ 
reduct ion from the progressively slowing semiquinone disproportionation and 
cy tochrome c was used. Even at the high ionic strength used in this work, cyto- 
chrome c donated  in less than 2 ms. Cytochrome c undergoes a reversible redox 
midpoint  potential  shift with an apparent pK at pH 9.3 [18--21].  Conse- 
quently,  donat ion to P* became very slow at high pH and diaminodurene was 
again used above pH 10.25. Measurements of  the semiquinone with cyto- 
chrome c as secondary donor  were performed at the isosbestic point  for cyto- 
chrome c oxidation-reduction near 432 nm, which is a shoulder on the semi- 
quinone absorption spectrum [22].  

Electron transfer from Q~I to QH was obserf.ed at about  750 nm where the 
electrochromic absorbance contributions of  Q]I and Q~zi are different [17].  
These measurements required some care in avoiding artifacts in response to the 
actinic flash. Flash artifacts were reduced to a small transient, complete  in 50 
ps, by  recessing the filter combinat ion (750 nm interference filter plus Wratten 
88A) and masking off  all except  the aperture necessary for the measuring 
beam. Resolution of  fast kinetics at 750 nm was still limited by this residual 
artifact, however.  

Flash-induced H ÷ binding was measured by the absorbance changes of  the pH 
indicator dyes chlorophenol  red, bromocresol  purple, phenol red, cresol red, 
and thymol  blue (50 ~uM) and calibrated by  addition of  aliquots of  standard 
HC1. H ÷ binding measurements were performed using cy tochrome c (15--20 
#M) as an exogenous electron donor  to the flash-generated P*. Potassium ferro- 
cyanide (0.4--0.8 mM), which maintained the ambient  redox potential  at about  
+250 mV, rereduced the flash-oxidized cy tochrome c with a half-time of  about  
30 ms. In a few experiments,  performed at lower potentials, ferrous/ferric 
EDTA was also added. The flash-induced responses of  the pH indicators were 
measured at the isosbestic point  for cy tochrome c oxidation at about  557 -559 
nm. The precise wavelength was set for  zero net  absorbance change before 
addition of  indicator. Very small oscillatory changes, however, were still 
evident and were subtracted from the indicator responses. Except  at very high 
pH, where net  I-F binding was small, these residual changes in absorption were 
insignificant. At the upper  extremes of  the pH range of  each dye, when the 
solutions were strongly colored, a dilution artifact contr ibuted significantly to 
the calibration response but  in all cases was readily corrected for. Results 
obtained from the different dyes in the regions of  overlap of  their pH ranges 
agreed well. For  H ÷ binding kinetics, 10 mM NaC1 was used rather than 100 
mM since high ionic strength limits the rate of  cy tochrome c oxidation [23].  
H ÷ binding was also determined in the absence of  exogenous donor,  measuring 
at 589 nm which is isosbestic for P÷ absorbance changes. 

All measurements with donors present were preceded by 15 min dark 
adaptat ion of  the sample. 

Results 

Electron transfer from Qz to QII 
The anionic ubisemiquinone absorbs characteristically at 450 nm, as does the 
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oxidized primary donor, P+. Fig. 1 shows the kinetics observed at this wave- 
length during a series of saturating, single turnover flashes. The slow decay 
(ti/2 ~ 100 ms) seen after every flash is P÷ reredUction by the exogenous 
donor, diaminodurene. After the first flash, a stable absorption change due to 
the semiquinone remains when P* has been fully reduced and is seen as the 
elevated baseline for the second flash [12,13]. The rapidly decaying compo- 
nent seen predominantly after even flashes is the loss of semiquinone. Since the 
fast phase was cleanly monophasic, both semiquinones (Qr x and Q111) disappear 
with the same kinetics, consistent with the overall disproportionation reaction 
of Scheme lb [12,13]. The ~ uptake processes involved in this reaction 
sequence were studied via the pH dependence of the rapid kinetics after the 
second flash. 

Electron transfer from QI to QI i was also studied by means of the distinctive 
electrochroreisre of the two semiquinones in the near infrared [17]. 750 nm is 
isosbestic for electrochromisre due to Q]II while that due to Q~ is cancelled by the 
P+ change. The precise wavelength was set for zero flash-induced absorbance 
change in the presence of 2 mM o-phenanthroline to block electron transfer to 
QII. In the absence of o-phenanthroline, therefore, and since P÷ rereduction 
was rather slow, this wavelength should reveal the loss of the Q~I electrochromic 
absorbance change as the electron transfers to either QI[ or Q~II following a 
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Fig. 1. I~u~.,induced absozbm~ce kinetics at 450 run. Approximately 2 #M re~t ion  centers° 40#M 
d l - m i n o d u r e n e ,  2 0  ~ M  u b i q t t i n o n e - 1 0  a n d  0 . 0 6 %  T r i t o n  X - 1 0 0  in  1 0 0  m M  NaCl  ( p H  8 .2 ) .  F l a sh  p e r i o d ,  
0 . 5  s;  e a c h  f l a sh  t r a c e  is o f f s e t  h o r i z o n t a l l y  f r o m  t h e  p r e v i o u s  o n e  to  s h o w  the  in/t ial  d e c a y  k i n e t / c s  m o r e  
clearly .  

Fig .  2.  F l a s h - i n d u c e d  absorbance  k i n e t i c s  at  7 5 0  n m .  C o n d i t i o n s  as in  Fig .  1,  e x c e p t  P H  as  i n d i c a t e d  in  the  
f igure.  Flash o n e  ( b o t t o m  o f  each  pa i r )  a n d  t w o  ( t o p )  a r e  s h o w n .  
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flash (Fig. 2). After the first flash the kinetics, associated with the ~- -~  Q~I 
transfer, were monophasic. After a second flash the kinetics were biphasic with 
a slower phase in good. agreement with the kinetics of  disproportionation seen 
at 450 nm, i.e. the Q]-+ Q]I~ electron transfer. However,  the rather small 
ampli tude of  this phase and the presence of  a significant fast phase, very similar 
to that seen after one flash, are anomalous and it seems probable that  the 
electrochromic spectral shifts are not  simple indicators of the two semi- 
quinones. 

Demonstrat ion of  two phases at 750 nm after the second flash was only 
possible in a limited pH range. Below about  pH 8 the 'slow' phase became 
quite fast and could not  be separated from the 'fast '  component .  Above pH 9 
the electron transfer on the second flash was sufficiently slow that the rereduc- 
tion of  P÷ interfered with the kinetic resolution. 

The pH dependence o f  Q~ -* Qu electron transfer rates 
The pH dependences of  the kinetics measured at 750 nm and 450 nm are 

shown in Fig. 3. After  the first flash, the kinetics at 750 nm exhibited a weak 
pH dependence of  0.3 decade/pH unit. This is not  indicative of  any specific 
protonat ion events and the process, therefore, appears no t  to be limited by H ÷ 
binding. This is consistent with the anionic nature of  the stable semiquinone 
formed. Nevertheless, the pH dependence was non-zero and was very similar to 
that  observed by Parson [24] for the electron transfer from primary to 
secondary acceptor  in Chromatium vinosum. Some other pH dependences of  
this anomalous type  (i.e. non-integral slope) have been shown [25] or suggested 
[26] to be due to inadvertant averaging over a pK region, but  there was no 
indication that  this was the case in this study. 

After  the second flash the kinetics at 450 nm, characteristic of  the anionic 
semiquinones, showed a marked pH dependence of  1 decade/pH u.nit above pH 
8 (Fig. 3) indicating that the second electron transfer (Q~I -+ Q]I) was rate 
limited by the binding of  a single proton.  It is likely that  this rate limitation 
arises from the need to neutralize the anionic charge of one of  the semi- 
quinones, probably Q~, since the midpoint  potential (Era) of  QI is pH indepen- 
dent  in reaction centers [27]. Electron transfer following the second flash 
would,  thus, be as follows: 

H + H ÷ 

QI{~II 
% --Q Qh , -Q C nH Q QHH- ¢ Q Q IH2 

Scheme 2 

This interpretation is consistent with known mechanisms of quinone reduction 
in aqueous solutions which occur by alternate addition of  electrons and protons 
[28].  

Below pH 8, the second flash kinetics at 450 nm exhibited the same 
anomalous pH dependence as the first flash kinetics at 750 nm (0.3 decade/pH 
unit), suggesting that  the electron transfer was no longer limited by H* binding 
but  perhaps by a process which may be common to both first and second 
electron transfers. 

Between pH 9 and 10, the second transfer was measured using both  diamino- 
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Fig. 3. p H  d e p e n d e n c e  of  e l ec t ron  a nd  p r o t o n  t r ans fe r  in the  q u in o n e  a c c e p t o r  c o m p l e x .  D a t a  po in t s  for  
the  e l ec t ron  t ransfers  (o,  D i )  were  t a k e n  f r o m  e x p e r i m e n t s  as s h o w n  in Figs. 1 and  2. Firs t  flash d a t a  (o),  
ob t a ined  a t  750  n m  b o t h  in the  p resence  a nd  absence  of  s eco n d a ry  d o n o r  ( d i a m i n o d u r e n e  or  c y t o e h r o m e  
c). Second  flash da ta ,  t a ke n  a t  450  n m ,  wi th  d i a m i n o d u r e n e  (u) or  c y t o c h r o m e  c (1)  as s e c o n d a r y  donor .  
H+-binding  kinet ics  were  d e t e r m i n e d  wi th  p H  ind ica to r s  (see legend  to  Fig. 8). H + b ind ing  on  the  first  
flash (4) was  m e a s u r e d  in the  absence  of  s e c onda ry  d o n o r ,  a t  586 n m .  The  da t a  for  H + b ind ing  on the  
second  flash (v ) ,  m e a s u r e d  at  559 n m ,  are t a ke n  f r o m  Fig. 8. 

Fig. 4. H + b ind ing  by  r eac t i on  cen te rs .  2/~M reac t i on  cen te r s ,  15 ~M c y t o c h r o m e  c,  10/~M u b i q u i n o n e - l O  
and  0 .03% T r i t o n  X-IO0 in  100  m M  NaCI. Flash pe r iod ,  1 s. M e a s u . ~ m e n t s  were  m a d e  a t  the  isosbest~c for  
c y t o c h r o m e  o x i d a t i o n - r e d u c t i o n  a t  a b o u t  559 n m .  p H  ind ica to r s  (50/~M each)  were  p r e sen t  as foUows: 
p H  5.9,  c h l o r o p h e n o l  red;  p H  7 .3 ,  p h e n o l  red;  p H  8.7,  cresol  red;  p H  9 .3 ,  cresol  red  and  t h y m o l  blue.  At  
each  p H  the  ac tua l  t races  are  s h o w n  ( lef t)  t o g e t h e r  w i th  the  c o r r e c t e d  H+/f lash  ( r ight )  a f t e r  su b t r ac t i o n  of  
small  b a c k g r o u n d  changes  seen  in the  absence  o f  ind ica tor .  

durene and cytochrome c as donors and no significant difference was noted in 
the kinetics o f  disproportionation at 450 nm (Fig. 3). Since in the one case P+ 
rereduction lagged and in the other preceded the disproportionation, it is 
apparent that the redox state of  P did not affect the rate-limiting process 
which, from the pH dependence, is a protonation event. 

H ÷ binding by reaction centers in a series of flashes 
Scheme 1, above, has previously been used to explain binary oscillations in 

H ÷ binding observed in reaction centers [29] and chromatophores [14]. How- 
ever, Fig. 4 shows that only below pH 6 were the oscillations in strict accor- 
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dance with the expected zero H + on the first flash and two on the second. At 
pH values higher than 6, the amount of  H + uptake on the first flash increased 
progressively while that on the second decreased until, at about pH 9.5, the 
oscillations were not detectable. 

At high pH, net H + binding decreased with an apparent pK at pH 9.3 (Fig. 
5a). This is very similar to an apparent pK reported for oxidized cytochrome c 
which is responsible for pH dependence of  the midpoint potential of  cyto- 
chrome c at high pH [18--21] .  Cytochrome c oxidation coupled to H + release 
might be expected to obscure the H + binding associated with reduction of  the 
quinone acceptor. However, the H + release from ferricytochrome c is driven 
by a very slow conformational change which occurs over tens of  seconds 
[19].  This slow change would not interfere with the H + binding measured 
shortly after each flash (within 0.5 s). Furthermore, ferrocyanide (0.4--0.8 
mM) rereduced the flash-oxidized cytochrome c within 100 ms so that there was 
no possibility of H + release even at longer times. The loss of H ÷ binding was, 
therefore, real and the probably source of  the decline is shown in Fig. 5b and c. 
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Fig. 5. p H  d e p e n d e n c e  o f  t u r n o v e r  in the  q u i n o n e  a c c e p t o r  c o m p l e x .  ( A )  H + / f l a s h ,  averaged over  the  fizst  
f o u r  or  s ix  f lashes.  C o n d i t i o n s  as for  Fig.  4 .  Data  p o i n t s  are g r o u p e d  in t w o  r e d o x  ranges:  o ,  + 1 2 0  - -  + 1 8 0  
m V ;  e ,  2 4 0  - -  + 3 0 0  i n V .  ( B )  O x i d a t i o n  o f  c y t o c h r n m e  c o n  t h e  s e c o n d  f lash re lat ive  to  that  o n  t h e  first.  
0 .9  /~M r e a c t i o n  c e n t e r s ,  15  ~uM c y t o c h r o m e  c ,  1 5 / ~ M  d i a m i n o d u r e n e ,  2 0  ~ M  u b i q u i n o n e ,  0 . 0 6 %  T r i t o n  X-  
1 0 0 ,  1 0 0  m M  NaC1. (C)  M a g n i t u d e  o f  t h e  f irst-f lash 7 5 0  n m  a b s o r b a n c c  c h a n g e  n o r m a l i z e d  to  1 at l o w  
p H .  C o n d i t i o n s  as for  Fig.  2 .  

Fig .  6 .  p H  d e p e n d e n c e  o f  H + b i n d i n g  osc i l la t ions .  D a t a  p o i n t s  are g r o u p e d  in  t w o  r e d o x  ranges:  o o 
+ 1 2 0  - -  + 1 8 0  m V ,  • e ,  + 2 4 0  - -  + 3 0 0  m V .  H+(1) ,  p r o t o n  u p t a k e  o n  first f lash; H+(2) ,  p r o t o n  u p t a k e  
o n  s e c o n d  f lash .  T h e  re lat ive  m a g n i t u d e  o f  the  f irst-f lash s e m i q u i n o n e  s ignal  at 4 3 2  n m ,  n o r m a l i z e d  to  1 
at  l o w  p H ,  is also s h o w n  (A).  C o n d i t i o n s  as for  Fig .  4 .  
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Fig. 5b shows that  the ratio of  cy tochrome c oxidation on the second flash, 
relative to that  on the first, fell of f  at high pH, suggesting that reoxidation of  
Q] was diminished above pH 8.5. Thus, the decline in net  proton uptake/flash 
(Fig. 5a) follows the failure in the reoxidation of  Q]~, consistent with H ÷ bind- 
ing accompanying the reduction of  QII- The 750 nm absorbance change after 
the first flash also decreased at high pH (Fig. 5c), consistent with it indicating 
electron transfer from ~ -  to QH or a closely related process. However, in view 
of  their electrochromic origin, it is possible that  the infrared absorbance 
changes are themselves pH dependent .  

The observed decrease in net  proton uptake affected the H ÷ binding stoichi- 
ometries for each flash and the pattern of  the oscillations. To compensate for 
this, the H÷-binding oscillations were normalized for net uptake on the first 
two flashes. The calculated data are shown in Fig. 6. The expression plot ted on 
the ordinate of  Fig. 6 is equivalent to the 'strength' of the oscillations. The H ÷- 
binding oscillations ti trated out  in two waves, the higher apparent pK display- 
ing some redox potential dependence.  Because of  the loss of  net  H ÷ binding in 
the same pH range (probably no t  redox potential dependent ,  Fig. 5a), the high 
pH wave of  the titration curve of  H ÷ binding was somewhat  truncated at the 
higher redox potentials. 

pH dependence o f  semiquinone formation 
Although H ÷ binding on the first flash increased progressively as the pH was 

raised above 6, the amplitude of  the stable semiquinone absorbance change was 
constant  up to about  pH 9. Fig. 6 shows the amplitude at 432 nm using cyto- 
chrome c as donor.  Since the protonated ubisemiquinone (QH) has a consider- 
ably lower extinction coefficient in this wavelength region than the anionic 
form [30],  Fig. 6 demonstrates that  the semiquinone maintained its anionic 
nature throughout  the pH range. The slight drop-off  above p.H 9 can be 
at tr ibuted to the increased failure of  electron transfer from Q] to QII .as 
described above (see Fig. 5) and a slightly lower absorbance at 432 nm for Q] 
than for qrii [17].  This was confirmed using diaminodurene as exogenous 
donor  and measuring at 450 nm, where the difference between Q] and Q]I is 
small (unpublished observations). The decrease in the flash-induced absorbance 
change above pH 9 was barely detectable.  The photooxidat ion  products  of  
diaminodurene, however, gave rise to absorbance changes both at low (pK 
7.7) and high (pK ~ 9.2) pH, necessitating a correction to the stable absorb- 
ance change seen. Furthermore,  if the decline at 432 nm were due to protona- 
tion of  the semiquinone, a rapid decay should be observable after the first 
flash; none was seen at either 432 nm or 450 nm. 

The pH dependence of  the semiquinone absorbance changes in a series of  
flashes is shown in Fig. 7. The magnitudes of  the absorbance changes are shown 
relative to those of  the previous flash. It is clear that  for even flashes a strong 
pH dependence set in above pH 8, while the odd flashes were unaffected up to 
pH 9.5. 

Kinetics o f  H ÷ binding 
The rate of  H ÷ binding after one or two flashes was studied as a function of  

pH. Good resolution was limited by the rate of  rereduction of  P÷ using cyto- 
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Fig. 7. pH d e p e n d e n c e  of  the  s e m i q u i n o n e  a b s o r p t i o n  oscil lat ions.  The  m a g n i t u d e s  of  the  odd  an d  even 
flash, s table s e m i q u i n o n e  a b s o r b a n c e  changes  at  432  n m  (Ai + 1) are  s h o w n  relat ive to those  on  the  
p rev ious  flash (Ai).  *, A 3 / A 2 ;  o, average  of  A 2 / A I  and  A 4 / A 3 .  Line a, the value for  A1 given by  the  first 
flash miss f a c t o r  as  desc r ibed  in the  t e x t  (f irst  flash hits  = (1 - -  x)  = ().94). Line b,  the  p H - i n d e p e n d e n t  value 
for  A i  + 1 / A i  ca lcu la ted  f r o m  the  overal l  d a m p i n g  f ac to r  a t  low p H  (overal l  d a m p i n g  fac to r  = 1 /2 (2x  + 
y)  = 0 .09) .  Line c, a t r i t a t ion  curve  d r a w n  t h r o u g h  the  e x p e r i m e n t a l  (o)  an d  ca lcu la ted  (+) po in ts  for  t h e  

to ta l  second-f lash  hits,  1 - -  (x + y).  The  add i t iona l  miss f ac to r  on  even flashes, y,  is p H  d e p e n d e n t .  

Fig. 8. F lash- induced  H + b ind ing  kinet ics .  Cond i t ions  as for  Fig. 4 e x c e p t  10 m M  NaCI and 30 ~uM cy to -  
c h r o m e  c. First  flash, lef t ;  second  flash, r ight .  Ind ica to r s  (50  pM) were  p re sen t  as follows: p H  6.8,  ch loro-  
pheno l  red ,  p H  7.3,  pheno l  red;  p H  8.6,  cresol  red.  B o t t o m  traces.  P+, abso rbance  change  seen in the 
p resence  of  4 m M  Tris-HCl buf fe r .  

chrome c as donor. Several kinetic traces are shown in Fig. 8. The kinetics of 
H ÷ binding can be obtained by subtraction of the P÷ change, measured either 
before addition of pH indicator or after addition of  excess buffer. The half- 
time of  H ÷ binding on the second flash was readily measured and it is clear that  
this u p ~ k e  included the rate-limiting proton inferred from the pH dependence 
of  the Q] -~ Qr n transfer on the second flash above pH 8.0. The rate of H ÷ bind- 
ing was in good agreement with that  of electron transfer throughout  the pH 
range covered (see Fig. 3, open triangles). The apparent bimolecular rate con- 
stant for this protonat ion step, calculated from the unit  slope region of Fig. 3, 
is about  10 ~1 M -1 • s -1. This is in good agreement with accepted values for 
proton transfer in aqueous solutions [31]. The fact that  the kinetics of proton 
binding match those for the electron transfer on the second flash below pH 8, 
rather than continuing to accelerate as the pH was decreased, indicates that  H ÷ 
binding was not  in response simply to the appearance of  Q] (i.e. an immediate 
pK shift in Q]~) but  that  an additional process exists which was limiting for 
both H ÷ binding and electron transfer at  low pH. 

The extent  of  H ÷ binding on the first flash increased with increasing ambient 
pH values above 6 (Figs. 4 and 6). The kinetics of  this H ÷ uptake were readily 
measured in the absence of exogenous donor. They were found to be only 
weakly pH dependent  and followed very closely the 750 nm absorption 
kinetics (Fig. 3). The rate of  I-I* binding after the first flash appeared, therefore, 
not  to be diffusion limited. Since it was not  controlled by the prevailing pH up 
to pH 9.5, a true, binding rate constant  could not  be determined. It is note- 
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worthy,  however,  that  at pH 9.5 the apparent rate constant  was 1012 M- '  • s- ' ,  
an order of  magnitude greater than that calculated for H ÷ binding on the 
second flash which was diffusion controlled. 

Discussion 

Electron transfer on  first and second flashes 
Vermeglio and Clayton [17] concluded from measurements in the infrared 

that  the half-times for the first and second electron transfer at pH 7.5 were the 
same (200 ps). The present work generally confirms this result for pH values 
below 8. Although the kinetics at 750 nm consistently appeared to be about  
twice as fast the second flash kinetics measured at 450 nm, this can be 
at tr ibuted to the higher n~ise level of  the absorption measurements in the infra- 
red. Furthermore,  below pH 8, the kinetics of  H ÷ binding following the first 
flash were in close agreement with the second flash electron transfer kinetics at 
450 nm (Fig. 3). 

At pH values above 8, however,  the second flash kinetics at 450 nm became 
progressively slower in a manner which suggested the rate-limiting involvement 
of  a protonat ion step. Although these slower second flash kinetics could be 
discerned at 750 nm (Fig. 2), there was a significant contr ibut ion from a faster 
phase similar to that  seen after the first flash. The magnitude of  the slow phase 
did not  agree well with that  expected from the measurements at 450 nm. 
Discrepancies in the amplitudes of  the infrared absorption changes were also 
reported by Vermeglio and Clayton [17].  

The absorbance changes in the infrared arise, in part, from perturbations of  
the porphyrin pigment spectra by the anionic semiquinones, e.g. electro- 
chromism [17].  Such effects are likely to be sensitive to events other  than 
electron transfer, including protonat ion and charge distribution. The absorb- 
ance at 450 nm, on the other  hand, is an at tr ibute of  the semiquinone itself 
[30] and thus reports directly on the fate of  the electrons. The discrepancies, 
at high pH, be tween the second flash kinetics measured at 450 nm and 750 nm, 
strongly suggest that  the fast componen t  at 750 nm is not  reflecting the 
electron transfer per se but  some other  related event which, at pH values below 
8, is rate limiting for the electron transfer. The similarity in the kinetics and pH 
dependences of  the fast 750-nm absorbance changes for first and second flashes 
indicates that  this event may be common to both  first and second electron 
transfer processes. 

The similar rates of  electron transfer for first and second flashes observed at 
low pH values is somewhat  surprising in view of  the different redox state of  
QII in the two cases. It should no t  be construed,  however,  that  the electron 
transfer is indifferent to the state of  QII since the pH dependence of  the second 
flash kinetics above pH 8 shows the transfer to be highly sensitive to the 
charge, i.e. the protonat ion state of  Q]~/Q~H. Furthermore,  it is suggested here 
that  even at low pH the electron transfer per se is not  rate limiting and that  
some other event, which also perturbs the infrared spectra, controls the transfer 
rate. 

H ÷ binding on  the first flash 
It is apparent f rom Figs. 4 and 6 that  at high pH a proton is bound on the 
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first flash and the H÷-binding oscillations disappear, but  the yield of  anionic 
semiquinone signal is undiminished. The at tenuation of  H ÷ binding on the first 
flash displays a complex dependence on pH, with two apparent pK values, and 
a possible dependence on redox potential.  A simple scheme cannot  account  for 
this bu t  the general phenomenon of  enhanced H ÷ binding on the first flash at 
high pH, with no concomitant  effect  on the semiquinone absorbance, can be 
readily accounted for by  the following scheme: 

Low pH: QIQ, ~ (~Qxl ~ QI(~II 

NH NH NH 

l observed pK 

High pH: QxQI  QiQx  -" Q (}h 

N- N- N- 

H+ 

shifted pK 
NH 

Scheme 3 

Here, N- /NH (or N/NH ÷) is a general acid-base group, perhaps associated with 
the reaction center protein, which undergoes a pK shift in response to the 
charge on the semiquinone, causing N- to protonate  following a flash at high 
pH. The semiquinone itself remains in the anionic form. First flash H ÷ binding 
thus titrates in with a pK appropriate for the dark-adapted, acid-base equilibri- 
um of N- /NH ('observed pK').  Since this H ÷ uptake was observed at the highest 
pH values used, the pK must  shift to at least 9.5 ( 'shifted pK').  It is not  clear 
whether  this rather large pK is in response to Q~ or Q~I or both but  o-phenan- 
throline, which inhibits electron transfer from QI to QII, abolishes H ÷ binding 
on first and subsequent  flashes in reaction centers (unpublished d.ata), consis- 
tent  with the reprotonat ion of  N- as a response to (~ii rather than Q~. However, 
o-phenanthroline does strongly affect  the physical chemistry of  Q, in chroma- 
tophores [25,27 ]. 

There is, currently, no evidence for formation of  QIIH after the first flash at 
any pH, and the pK for this protonat ion reaction must, therefore,.be low (less 
than pH 6). The possibility exists that  the lack of  protonat ion of  Q]I after the 
first flash is due to a kinetic limitation, but  the stability of  the anionic semi- 
quinone for many minutes [3,12,13,22] rather strains the notion of  a kinetic 
barrier. 

Access ib i l i t y  as a f a c t o r  in H ÷ binding  k ine t i c s  
Remarkably,  the rate of  H ÷ binding on the first flash is almost independent  

o f  pH and, at pH values above 8, is considerably faster than expected for 
diffusion-controlled protonat ion.  This can be seen clearly in Fig. 8 by 
comparison of  the first flash H ÷ binding with the diffusion-controlled uptake 
on the second flash. This kinetic anomaly cannot  be accounted for by electro- 
static arguments, i.e. the net  negative charge of  the reaction center causing a 
locally low pH, or by reduction of  dimensionality [32],  since the rate should 
still be fully pH dependent.  As an alternative for the anomalous, first flash H ÷- 
binding kinetics, it is possible that  the fast protonat ion reaction occurs directly 
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from the pro tonated  indicator which is present at relatively high concentrat ion 
(5--50 wM). The site of  protonat ion (N- according to the suggestion above) 
would,  therefore,  be 'accessible' to the pH indicators and located at a point  
exposed to the external phase of  the protein. Binding of  the pH indicator to 
the  reaction center cannot  be excluded at this time. 

Since the fast protonat ion is not  strictly pH dependent ,  even though the 
proport ion of  protonated  indicator varies with pH in a logarithmic fashion, it 
must  be assumed that over the useful pH range of any indicator used, the con- 
centration of  pro tonated  species (5--50 gM) is sufficient for H ÷ transfer not  to 
be rate limiting. 

A very similar situation is observed in chromatophores  of  both Chr. vinosum 
[33] and Rp. sphaeroides [37] where H ÷ binding also exhibits a pH dependence 
of  about  0.3 decade/pH unit  and is anomalously fast. By analogy with the reac- 
tion center system described here, it is suggested that  the in vivo protonat ion 
process may involve a similarly 'accessible' intermediary group. 

Electron and proton transfer in the production of QHH= 
The events leading to the two electron reduction of  QII are summarized in 

Fig. 9 which also shows the iron atom (Fe), known to interact with both QI 
and QII [16].  The first electron transfer from Q]I to Qii and the protolyt ic  
reactions of  the group N- /NH have already been discussed but  the results 
reported here also reveal several details of  the electron and proton transfer 
events following the second flash. 

Because of  the induced shift in the pK of N- /NH,  the state of  the acceptor  
complex prior to the second flash is QIQ]II at any pH and the immediate 

NH 
pho toproduc t  is Q~I~I. The disproport ionation of  the two semiquinones 

NH 
involves at least two steps. The first is revealed by the pH dependence of  the 
electron transfer after the second flash at high pH, implying that. uptake of  a 
single proton is rate limiting for the electron transfer from Oh-to QiII. Electron 
transfer follows H ÷ binding immediately and these processes, therefore, cannot  
be separated in the kinetics at 450 nm. It could be considered that the restric- 
tion on electron transfer prior to the proton uptake arises from electrostatic 
repulsion between the two semiquinone anions , or, equivalently, from a pro- 
hibitively low redox midpoint  potential  for .Q]I/Q~[ as expected from electro- 
chemical studies [28]. H ÷ binding, to give QIIH, releases this restriction. The 
dependence on bulk pH means that this .rate-limiting protonat ion does not  
occur from NH, either because the pK of  Q]I is not  high enough or for kinetic 
reasons. 

A second step in the dismutation of  the semiquinones is revealed at low pH. 
Thus, both H ÷ binding and electron trans2er are limited by the same rapid event 
at  low pH when H ÷ binding itself is not  limiting. This process could drive H ÷ 
binding either by following or preceding the protonat ion step. The latter is 
shown in Fig. 9, but  no distinction between the two can be made at the present 
time. It is parsimonious to suppose that  this event is the same as that  inferred 
from the 750 nm absorbance kinetics to limit electron transfer at low pH. An 
attractive possibility for this event is a conformational  change, or charge 
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Fig. 9. A s c h e m e  for  e l ec t ron  t~ansfer and  p r o t o n  b ind ing  in the q u in o n e  a c c e p t o r  c o m p l e x  of  p h o t o -  
s y n t h e t i c  r eac t ion  centers .  (A)  A t  high p H  the  p r o t o n  t a ken  up  on  the  first flash is n o t  init ially b o u n d  to a 
s e m i q u i n o n e  b u t  to a n o n - c h r o m a t o p h o r i c  g roup  ( N - / N H )  in the  r e a c t i o n  c e n t e r  c o m p l e x .  Af te r  the  
s econd  flash, the  d i s p r o p o r t i o n a t i o n  of  the  t w o  s e m i q u i n o n e s  is r a te  l imi ted  by  the u p t a k e  of  a single H +. 
This  is the  first p r o t o n  o n t o  the  qu inone  (QII) -  The  s u b s e q u e n t  e l ec t ron  t rans fe r  p r o d u c e s  fully r e d u c e d  
qu ino l  w h i ch  can  ob ta in  its s econd  p r o t o n  f r o m  the  g roup  NH,  p r o t o n a t e d  on  the  first flash. (B) At  low 
pH ( < 7 )  it  has  n o t  b e e n  possible to  k ine t ica l ly  dis t inguish the  t w o  p r o t o n s  t ak en  up on the  second  flash 
bu t  the  m o d e l  der ived  a t  high pH can be  readi ly  e x t e n d e d  to low pH.  In  this  case,  the  second  p r o t o n  
b o u n d  r egene ra t e s  N H.  The  t w o  p r o t o n s  wou ld  indeed  be kinet ica l ly  indis t inguishable  if the  in te rven ing  
steps,  inc lud ing  e l ec t ron  t rans fe r ,  were  suf f ic ien t ly  fast.  

redistribution, in the acceptor .complex making QE~ subject to.protonation.  
Following protonat ion of  QII the electron transfer from Q] to QIIH occurs 

in an unrestricted fashion to generate QIIH-. At high pH (Fig. 9A), only one 
proton is taken up on the second flash and this is seen in the rate-limiting role 
of  neutralizing Q]I. Thus, the second proton for the formation of  QIIH2 must  
come from NH, leaving N- as the dark-adapted equilibrium species. In Fig. 9B, 
the same series of  events is envisaged at low pH except  that  following proton 
transfer from NH, N- is reprotonated from the medium by the second of  the 
two H ÷ taken up on the second flash. So far, no kinetic distinction between the 
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two second-flash protons has been detected,  implying that electron transfer 
from Qr I to QIIH is, indeed, fast as suggested above. 

In order to complete  the photoredox  cycle necessary for multiple turnover 
of  the reaction center, oxidised QH must  be regenerated. No kinetic limitation 
due to this process was observed with the fastest flash repetition rates available 
(120 Hz; unpublished data). Restoration of  Q~I could be accomplished either 
by  reoxidation of  QIIH2 or by exchanging it for an oxidised quinone from the 
bulk quinone pool. The latter possibility would be consistent with the observa- 
tion that  extraction of  quinone from reaction centers is facilitated under 
reducing condit ions [4]. 

Kinetic and thermodynamic implications 
Whichever order is assumed for the conformational  and protonat ion events 

immediately following the second flash, the proposed proton binding by (~-i 
implies a large shift in effective pK for Q~I/QfxH. The free energy which is mani- 
fested as a shift in the pK of Q~ must come from the pho toac t  and, since the 
rereduction of  P* does not  affect the kinetics of  disproportionation,  is most  
likely associated with the appearance of  ~ _  The pK shift could, most  simply, 
arise from the electrostatic interactions between Q{ and Q{I. If this were the 
case, the change in pK should be reflected in an equivalent change in the mid- 
point  potential  for the QII/Q{I couple above the pK. Thus if, as appears to be 
the case, the pK shifts from less than 6 to greater than 10 then, prior to the H ÷ 
bindin~ to give QHH, the effective Em of QII/Q{I following the second flash, 
i.e. as Q{(QH/~-I), would be at least 240 mV lower than that for the long-lived 
semiquinone generated by the first flash [QI(QII/~-I)] .  Conversely, The Q I / ~ -  
couple will be similarly affected by the charge on Q{I and the Em for QI on the 
second flash will be at least 240 mV lower than that on the first. Similar 
effects, depending on the distances involved, will be felt between all the 
charged redox couples of  the reaction center. 

Although electrostatic interaction between the two anionic semiquinones is 
inevitable, H ÷ binding at low p.H is not  an immediate (i.e. diffusion-controlled) 
response to the appearance of  ~ and, as discussed above, another reaction step 
is indicated. If the pK shift were conformationally driven, rather than a direct 
electrostatic response, then the effect  on the Em could be manifested either 
above or below the pK and could, therefore, raise the E~ of  the QH semi- 
quinone to that  of  the Q ~ / Q H H  couple wi thout  affecting the anionic couple. 

Equilibrium between QI and QII 
The anionic semiquinone of  Qxl is stable for many minutes, depending on 

the ambient  conditions [3,12,13,22].  Nevertheless, since the net product  of  
successive illuminations is the fully reduced quinone, the semiquinone is seem- 
ingly metastable rather than stable. This is borne out  by redox potent iometr ic  
studies {unpublished data). Equilibration with external quinoid mediators is 
extremely slow, but  titrations exhibit  n = 2 character with a pH dependent  
midpoint  potential  of  about  +40 mV at pH 7. A rough calculation of  the one 
electron equilibrium constant  between QI and QII can be made using the 
forward rate constant,  obtained directly by measurement  at 750 nm, and rate 
constants for the back reaction between P* and Q] or Q]I, obtained from the 
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decay of  P÷ in the absence of  secondary donor  (unpublished data). At pH 7, 
one obtains a value of  10--20 indicating a redox midpoint  potential span of  
60--80 mV. Blankenship and Parson [37] have independently arrived at a 
similar conclusion. 

At pH values above 8.5, oxidation of  cy tochrome c on the second flash 
(Fig. 5b) and the magnitude of  the 750 nm absorbance change {Fig. 5c) 
diminish and the back reaction speeds up (unpublished data}. These effects 
could arise from a pH-dependent  midpoint  potential for Qii/(~fi due to the 
coupled protonat ion of  the group N-/NH. This would diminish the redox 
potential gap between Q1 and Q,I and displace the equilibrium in favor of  Q]. 
These effects could also arise from loss of  Q,I from the reaction center, perhaps 
due to the titration of  a binding site, and at present no distinction can be made 
between these possibilities. 

The midpoint  potential  of  Q , I / ( ~  at pH 7 is thus known relative to that of  
QI/Q~I. In reaction centers the latter is about  --50 mV and is pH independent 
[27].  This would place the Em for QII at +10--+30 mV, barely more negative 
than the n = 2 midpoint  potential  for QI,/QIIH2. This rather posit.ive value for 
the first one electron reduction step may explain the inability of  Q~x, to reduce 
the pool  quinone, which is likely to have a much more negative one electron 
potential  for semiquinone formation [28,35].  An approximate equivalence of  
the two reduction potentials also has the attraction of  requiring about  the same 
driving force for Q] -~ QII transfer on first and second flashes, i.e. the reduction 
potential of  Qf is equally sufficient in both cases. 

The situation is complicated, however, by the fact that  in chromatophores  
the Em of the primary quinone is pH dependent ,  although the p.rotonation 
event is probably too  slow to actually occur during the turnover of  Q] [26,41].  
The possibility that  the pH dependence of  QI observed in chromatophores  by 
equilibrium titrations is related, or coupled, to that  for Q~ is currently under 
investigation. 

Damping in the acceptor quinone complex 
Below about  pH 8, the binary oscillations in semiquinone formation and H ÷ 

binding could be quantitatively described by a constant  damping (miss) factor 
of  0.08 + 0.03. There was no indication of  double hits. A substantial port ion of  
these misses can be accounted for by the fraction of  reaction centers not  
activated in a single flash. This was routinely determined to be 3--8%. Below 
pH 8, there were no detectable indications that  the reconsti tution of active QII 
was incomplete.  This would give rise to asymmetrical oscillations. 

At pH values above 8, the damping increased markedly and unevenly 
with flash number  (Fig. 7). Thus, the semiquinone absorbance change elicited 
by even flashes declined precipitously with increasing pH. This additional damp- 
ing ti trated in with an apparent pK ~ 9.5. The one electron equilibrium between 
QI and QII or a pH-dependent  binding of  Q,I, described above, are major 
candidates for this source of  damping as the reaction centers in the Qf state 
would be blocked and register as misses on the next  flash. In either case the 
additional damping seen at high pH is at tr ibuted to the one electron reduction 
state of  the acceptor  quinone complex which is active on even flashes. The 
equilibrium estimated above would suggest a miss factor (y) of  0.05---0.1 from 
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this source, even at pH values below 8. Using a value of  0.06 for these additional 
misses on even flashes at low pH, and an overall damping factor of  0.09 taken 
from the data of  Fig. 7, one may calculate that  the constant  fraction of  misses 
(x) is also 0.06. This value is consistent with the percentage activation of reac- 
tion centers determined for a single flash (92 -97%) .  Finally, taking this value 
of 0.06 for the constant  miss factor, the pH dependence of  the even flash 
misses can be determined. This is shown in Fig. 7. It agrees well with the 
observed pH dependence of  the even-flash semiquinone absorbance change. 

The effect o f  iron and H ÷ binding on the QH semiquinone 
The role of  ~on in the acceptor  complex is currently not  unders tood but  it is 

known to interact almost equally with both quinones [12,16].  Removal of  the 
iron has been shown to modify  the redox properties of  QI [36] as well as 
inhibit electron transfer from Qz to QII [37].  It has been suggested that  the 
iron may be directly involved in this transfer [ 16,38],  bu t  a more general func- 
tion could be to modify  the oxidation-reduction and acid-base properties of  the 
quinones [ 16,36] or to participate in the binding of  QII. 

Semiquinones usually exhibit  rather low pK values [28] leading to pH- 
independent  midpoint  potentials at high pH. A low pK will generally contrib- 
ute to the stability of  the semiquinone relative to the quinol. The events 
described here, in which pH dependence of  the Q~t redox properties is imposed 
by the coupled protonat ion of  the group N-, therefore, serve to extend the pH 
dependence and thus should continue to destabilize the semiquinone. The 
redox properties of  the quinone are ultimately determined by the binding site 
and by a balance between the hydrophobic  and polar contr ibut ions of  the 
environment of  the quinone, including those of  the iron atom and other  
charged groups. 

The function of  the acceptor complex 
The two quinone acceptor  complex acts as a two electron gate between the 

essentially one electron photochemist ry  of  the reaction center and the compo- 
nents of  the subsequent  electron transport  chain. A central role for quinones in 
coupled electron transport  reactions is increasingly apparent from recent work 
and several related hypotheses  have been proposed which involve a subtle inter- 
play between one and two-electron reduction processes of  quinones [39,42].  
Nevertheless, there seems to be no obvious reason for a specialized mechanism 
of  electron pairing in the reaction center. On the other hand, restricting the 
two electron reduction to the reaction center in situ could ensure that the 
accompanying protons are taken up from one side of the membrane,  a 
necessary refinement for maximal energy conservation by a chemiosmotic  
mechanism. Free mobili ty of  the semiquinone forms, with their relatively low 
pK values [28],  could otherwise lead to random protonat ion on subsequent  
disproportionation.  

The proposal of  the group, N- /NH,  as an intermediary in the protolyt ic  reac- 
tions accompanying quinone reduction is obviously related to the suggestion by 
Chance et al. [33] of  a membrane-Bohr effect  in H ÷ binding by Chr. vinosum. 
The earlier proposal, however,  lacked any apparent capability for turnover and 
was thus not  suitable for adoption in an overall scheme of  transmembrane 
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pro ton  pumping. The mechanism proposed here, on the other  hand, is cyclical 
since the binding site is regenerated on transfer of  the H ÷ to fully reduced 
quinone and can be envisaged as an integral part  of  the process leading to 
proton translocation. 

Concluding remarks 
The complex pH dependence (i.e. two  apparent pK values) for H + binding is 

currently not  understood.  The two waves of  the titration each represent half a 
proton/react ion center for which no physical significance is apparent. A 
possible source of  this behavior is heterogeneity of  the reaction centers, half 
with a pK at about  pH 6 and half at pH 9 or so. This same behavior has been 
observed in at least three different reaction center preparations so it is unlikely 
to be purely artifactual or the result of  partial degradation but  such possibilities 
are under further  scrutiny. The possible redox potential dependence of  
the higher pK is also unaccounted for but  it is no tewor thy  that the poten- 
tial range involved is similar to that  found by de Grooth et al. [15] to regu- 
late the occurrence of  semiquinone oscillations in vivo. The significance of  
semiquinone oscillations in vivo is obscure at the present time since they have 
been observed so far, only under relatively exotic conditions [14,15].  Further- 
more, although binary oscillations in H ÷ uptake [14] and H ÷ release [43] have 
been reported for chromatophore  preparations the vast majority of  the litera- 
ture on this subject reports no indication of  oscillatory behavior [26,33,34,44--  
47].  If oscillations are, indeed, normally absent in vivo, rather than, for 
example, requiring very thorough dark adaptation, a mechanism may exist in 
vivo to circumvent them. An involvement of  cy tochrome b has been suggested 
as one possibility [15].  Cooperation between reaction centers at the level of  
QII would also achieve the same result and could lead to heterogeneity of  reac- 
tion centers on isolation. This possibility is currently under investigation. 
Cooperat ion at the level of  Q~ has been proposed for reaction centers in 
Rhodospirillum rubrum [48] but  no evidence supports such a model  in other  
species. 

In spinach chloroplasts, Mathis and Haveman [11] have reported that  the 
kinetics of  disappearance of  the plastoquinone absorption signal, following the 
second flash, are slower at pH 5.5 than at pH 7.6. This is in contrast  to the 
result reported here for the otherwise similar, bacterial acceptor system. How- 
ever, the pH dependences in both systems are quite small below 8.0 and the 
discrepancy is unlikely to reflect a fundamental difference. Mathis and 
Haveman also reported the first and second flash electron transfer rates to be 
very similar for chloroplasts in the rather narrow pH r .ange studied. This result 
might be surprising if the two transfer processes were Q~-* QH and Q~-~ Q~I, 
as they believed [11].  Analogy with the bacterial system, however, suggests 
that  at. relatively low pH the rate-limiting step of  the second transfer is, in fact, 
Q~I -~ QIIH. 
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