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The proton uptake, AH, +, associated with turnover of the quinone reduction site (here termed the Q ,  s i t e -  see 
abbreviations) of the chloroplast cytochrome bf complex has been kinetically resolved. It was approximately correlated 
with cytochrome / rereduction in a range of conditions. AH, + was inhibited by the quinol oxidation site (here termed 
the Qp site - see abbreviations) inhibitors stigmatellin and DBMIB,  but was unaffected by N Q N O ,  an effector of the 
quinone reduction site (the Q ,  site), or by antimycin A. At external pH of 6 and 8, AHn + was equivalent to about one 
proton per Photosystem I per flash, i.e., each turnover of the complex caused a proton uptake. At intermediate pH 
values on the first flash this value was lower, but it rose to around 1 on subsequent flashes, provided that they were 
given sufficiently rapidly. Comparable measurements were made in the absence of nonactin so that a transmembrane 
potential difference was present during proton uptake. This potential, of the order of 3 0 - 5 0  mV, had little effect on the 
extent of AHn +. 

Introduction 

The reaction cycle of the chloroplast cytochrome b f  

complex can involve an electrogenic electron transfer 
across the membrane.  This results in quinone reduction, 
with uptake of protons from the lumen. Overall, the 
result is the net translocation of additional protons 
across the thylakoid membrane  for each electron which 
is passed on to Photosystem I donors [1]. This proto- 
nmotive property makes the bf  complex similar to the 
bc 1 complexes of mitochondria  and photosynthet ic  

Abbreviations: DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-benzo- 
quinone; NQNO, 2-n-nonyl-4-hydroxyquinoline-N-oxide; DCMU, 3- 
(3",4'-dichiorophenyl)-l,l'-dimethylurea; PMS, 5-methylphenazinium 
methosulphate (phenazine methosulphate); Qp site, the quinol oxida- 
tion site of the cytoehrome bf complex which is in contact with the 
positive aqueous intrathylakoid phase (also termed the Qz or Qo site 
in bacterial and mitoehondrial systems); Qn site, the quinone reduc- 
tion site of the cytoehrome bf complex which is in contact with the 
negative aqueous extrathylakoid stromal phase (also termed the Qi 
site in bacterial and mitochondrial systems); QB (site), the (binding 
site of the) secondary quinone acceptor of Photosystem II; zaH + , 
proton uptake from the stromal side of the membrane caused by the 
reactions of the quinone reduction site, Qn, of the cytochrome bf 
complex; AH~'m, proton uptake from the stromal side of the mem- 
brane caused by reoxidation of the acceptor side of Photosystem I via 
methyl viologen by molecular oxygen to produce hydrogen peroxide. 

Correspondence: P.R. Rich, Glynn Research Institute, Bodmin, 
Cornwall, PL30 4AU, U.K. 

bacteria. However,  it is widely thought that, in contrast  
to the tight coupling of the bc I complexes,  those reac- 
tions in cytochrome bf  complex which are associated 
with proton translocation are facultative, and that un- 
der most  conditions the reaction cycle is not coupled to 
proton translocation [2]. A number  of  models which 
could produce this effect have been described [1,2]. 
However,  the evidence for such a view has recently been 
reexamined [3] and the possibility has been raised that a 
net proton-translocat ing reaction cycle might be the 
rule, rather than the exception. 

The Q-cycle has proved to be a useful model of the 
protonmot ive  action of the complexes [4]. It  requires 
two different sites for interaction with quinones, one of 
which, the Qp site, oxidises quinol and causes pro ton  
release to the intrathylakoid, positive, aqueous phase. 
The site has been well characterised with respect to 
specific inhibitors [5], and its required vectorial lo- 
cation, at least in chloroplasts, has been confirmed by 
the sensitivity of the quinol oxidation to lumenal  p H  
and by the observation of p ro ton  release into the lumen 
which is associated with quinol oxidation [6,7]. 

The second type of site, the Q ,  site, has been more  
difficult to characterise. I t  is required to be in protonic  
contact  with the negative aqueous phase so that protons  
are taken up from this phase when cytochrome b-563 is 
reoxidised by quinone [4]. In mitochondria ,  identifica- 
tion of the site has been aided by its quinol-quinone 
transhydrogenase activity [8], by its Qp site-independent 
quinol-cytochrome b oxidoreductase activity [9,10], and 

0005-2728/89/$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division) 



by the sensitivity of the site to specific antibiotics such 
as antimycin A [11]. In the cytochrome bf complex, this 
transhydrogenase activity is absent [12] and the quinol- 
cytochrome b oxidoreductase activity is difficult to as- 
say [12]; the reason for both is probably the low mid- 
point potentials of the cytochrome b-563. In addition, 
the site is entirely insensitive to antimycin A [1]. 

The introduction of NQNO was an important contri- 
bution, since it appeared to act like antimycin A on the 
Qn sites of both mitochondrial bc 1 [13] and chloroplast 
cytochrome bf [14,15] complexes. In both it promotes 
additional 'oxidant-induced reduction' of b-563, but in 
chloroplasts it does not inhibit steady-state electron flux 
through the enzyme [15], a finding which had 
strengthened the view that turnover of the Qn site of the 
cytochrome bf complex (and hence proton transloca- 
tion) might be facultative. 

One area which initially led to the identification of 
protonmotive action of the bf complex was measure- 
ment of proton uptake activated by continuous light 
[16-18] or by single turnover flashes [7,19-24]. Analo- 
gous studies have been made of the bacterial chromato- 
phore system where kinetic separation of proton uptake 
by the reaction centres and by the bc 1 complex was 
possible [25-27]. In this report we show that kinetic 
resolution of the proton uptake by the Qn site of the 
cytochrome bf complex is also possible. These measure- 
ments provide further insight into the catalytic cycle of 
the enzyme, the range of conditions in which proton 
translocation occurs, and the effects of inhibitors on the 
Q,  site. 

Materials and Methods 

Chloroplast preparation 
Pea plants were grown in a growth chamber at 

20-25°C, in an 8/16 h l ight/dark regime. The illumi- 
nance was about 50 /~mol quanta-m -2. s -1. Class C 
chloroplasts were prepared as already described [28] 
and stored in liquid nitrogen in resuspension medium 
plus 5% dimethylsulphoxide, or kept on ice for more 
immediate use. There was little difference in results 
from either source of chloroplasts. 

Proton uptake measurements 
The dye methods developed by Junge et al. were 

employed [29]. Proton uptake was monitored in a 
medium of 0.4 M sucrose and 50 mM KC1, containing 
in addition 10/.tM DCMU, 0.1 /zM nonactin, 100 ~M 
methyl viologen, 0.5 mM sodium azide and 0.5 mM 
duroquinol at 23°C. pH was kept within +0.05 of 
required value. In all cases except Fig. 1A, superoxide 
dismutase was also present at 10 t tg/ml (Sigma, from 
bovine erythrocytes; specific activity of 3000 U/mg). 
Light flashes of half-peak-width duration about 5 /~s, 
were delivered from a xenon fiashlamp system and 
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filtered with a Schott glass RG630 red filter. A baseline 
in the absence of pH indicator was first recorded at the 
appropriate wavelength, a number of responses being 
averaged (see figure legends). Indicator dye was then 
added and the measurement was repeated. The baseline 
was subtracted from the data with indicator to give the 
optical change due to flash-induced pH changed. The 
dye used was Bromocresyl purple (pH 6-7; 575 nm), 
Phenol red (pH 7-8; 560 nm) or Cresyl red (pH 7.5-9; 
575 nm) at concentrations between 20 and 100 ~tM. 

Cytochrome kinetics 
Measurements of cytochrome f kinetics were made 

in a medium similar to that described above, using 
flash-induced absorbance changes at the wavelengths 
542, 554, 563 and 575 nm. The individual changes due 
to cytochrome b-563, cytochrome f ,  P700 and plasto- 
cyanin were then obtained from matrix deconvolution 
using the matrix coefficients given in Ref. 30. Data were 
generally the average of ten recordings at each wave- 
length, with a response time-constant of 1 ms and a 
measuring beam bandwidth of about 1.5 nm. The re- 
sults represent the absorbance change at one wave- 
length of a single component, in this case of cytochrome 
f absorbance change at 554 nm. 

Carotenoid bandshift measurements 
The absorbance changes due to the flash-induced 

electrochromic shift [31] in carotenoids and/or  chloro- 
phyll b were measured at 518 nm in a suspension of 
chloroplasts equivalent to 50 /tM chlorophyll, in a 
medium as above but lacking nonactin. An average of 
ten runs was recorded, with a time-constant of I ms and 
measuring bandwidth 4 nm. The slow phase of the 
electrochromic signal was taken as the difference be- 
tween a control response and that of the same chloro- 
plast suspension to which had been added 2 /zM 
stigmatellin and 1/~M phenazine methosulphate (PMS) 
(c.f. Refs. 15, 32). 

Results 

Effects of superoxide dismutase on proton uptake 
Fig. 1 shows the signal due to proton uptake in the 

absence of Photosystem II turnover, and the effect on 
the kinetics of uptake of added superoxide dismutase. 
Without superoxide dismutase, the rise is roughly 
monophasic, with a half-time of around 100 ms. A 
general acceleration of the proton uptake associated 
with the autoxidation of reduced methyl viologen was 
first described by Polle and Junge [33]. Here the signal 
in the presence of superoxide dismutase becomes bi- 
phasic, with approximately half of its extent 'rapid' and 
complete in around 10 ms and the remainder occurring 
over the next 200 ms. 
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Fig. 1. The effects of superoxide dismutase on the kinetics of proton 
uptake by broken chloroplasts. Chloroplasts were resuspended to 20 
gM chlorophyll in a medium of 0.4 M sucrose and 50 mM KCI, and 
containing 10 /tM DCMU, 0.1 /LM nonactin, 100 gM methyl violo- 
gen, 0.5 mM sodium azide and 0.5 mM duroquinoi. The pH was 
adjusted to 7.55. A control signal in the absence of Cresol red was 
subtracted from that obtained in the presence of 30 gM Cresol red. A, 
control; B, plus 10 /zg/ml (30 U/ml) superoxide dismutase. Each 
trace is the average of 40 recordings (taken in batches of 20 on fresh 
samples); 5 ms time constant; 7 s dark adaptation before each flash. 

B, +Superoxide dismutase 

Effects of stigmatellin plus PMS on proton uptake 
U n d e r  out  experimental  condi t ions  where Photosys-  

tern II  is inhibited with D C M U ,  we expect two reac- 
t ions to cont r ibute  to the observed p ro ton  uptake.  The  
first o f  these is caused by  reoxidat ion of  Pho tosys tem I 
acceptors  by  the added  methyl  viologen (MeVi). The  
reduced viologen is reoxidised by  molecular  oxygen to 
p roduce  superoxide anions  which in turn dismute,  with 
the uptake  o f  p ro tons  f rom the external med ium to 
p roduce  oxygen and hydrogen  peroxide.  The  net  result 

is the up take  of  one  p ro ton  f rom the external med ium 
for each successful charge separa t ion in Pho tosys tem I: 

2 reduced PS I acceptors + 2 MeVi --, 2 PSI + 2 MeVi- 

2 MeVi - + 202 --* 2 MeVi + 20~- 

2 02 +2 H + . . . .  - - ~  02 +H202 

It  is this latter react ion which is accelerated by 
superoxide d ismutase  to p roduce  the change  in kinetics 
of  p ro ton  uptake  as seen in Fig. 1, as discussed by  Polle 
and Junge  [33]. In  the presence  of  duroquinol ,  however,  
charge separat ion in Pho tosys t em I will also cause 
oxidat ion  of  p las tocyanin ,  fol lowed by  electronic 
turnover  of  the cy toch rome  bf complex  as this plas to-  
cyanin  is rereduced.  If  the react ion cycle o f  the cy- 
tochrome bf complex  is p ro tonmot ive ,  then addi t ional  
p ro ton  up take  f rom the external  m e d i u m  is expected to 
occur.  This addi t ional  p ro ton  up take  is expected to be 
sensitive to inhibi tors  of  turnover  of  the c y t o c h r o m e  bf 
complex,  such as stigmatellin. 

A d d e d  stigmatellin plus PMS did indeed decrease 
f lash- induced p ro ton  up take  to a signal that  was, except  
for a small slow fraction, ' r a p i d '  (Fig. 2). Essentially the 
same result was ob ta ined  with sigmatell in alone. H o w -  
ever, t h roughou t  the exper iments  descr ibed here, PMS 
was added  together  with st igmatell in in order  to ensure 
that  electron donors  to PT00 + were comple te ly  re- 
reduced between flashes. It  had  the advantage  that  any  
possible residual bf-mediated oxidat ion  o f  p las toquinol  
was complete ly  prevented  by having a rapid p a th wa y  
for chemical  rereduct ion of  p las tocyan in  (with PMS 
act ing as an rapid redox media to r  be tween duroqu ino l  

A. Control 

AA575 
i 20Oms 

B. +Stigmatellin / PMS 

C. +NONO D. +Antimycin A 

Fig. 2. Effects of inhibitors on flash-induced proton uptake. Chloroplasts were re.suspended to 20 #M chlorophyll in a medium identical to that of 
Fig. lB. pH was adjusted to 7.6 for all experiments. Data shown have had the signal in the absence of Cresol red subtracted. Conditions were: A, 
control; B, +2 #M stigmatellin and 1/~M PMS; C, plus 1 #M NQNO; D, plus 2 gM antimycin A. Data  are the averages of 30 recordings, each 

taken in batches of 10 on fresh samples. Time constant was 20 ms with 7 s dark adaptation before each flash. 
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Fig. 3. Kinetic resolution of the stigmatellin/PMS-sensitive proton 
uptake. Chloroplasts were resuspended to 20 /~M chlorophyll in a 
medium identical to that of Fig. lB. pH was adjusted to 7.6 for all 
experiments. Data shown have had the signal in the absence of Cresol 
red subtracted. Conditions were: (A) control; (B) plus 2 p,M stigma- 
tellin and 1 /~M PMS; (C) (A) minus (B), i.e., s t igmatel l in/PMS- 
sensitive proton uptake. Data are the averages of 30 recordings, each 
taken in batches of 10 on fresh samples. Time constant was 5 ms with 
7 s dark adaptation before each flash; and measuring beam band- 
width was 2 nm. In the inset, the experiment of (C) was repeated at 
pH 7.65, but with a time constant of 0.5 ms, abandwid th  of 4 n m  and 
with 50 averages (taken in batches of 10 on fresh samples) for each 
condition. A simulated first-order rise of k = 70 s-1 is included for 

comparison. 

and plastocyanin and P700+), and also allowed P700 + 
to rereduce completely between flashes and so ensured 
that a full one electron per flash and per P700 reached 
viologen, even in those experiments which involved 
multiple flashes. Observations showed that in the pres- 
ence of 0.5 mM duroquinol with 2 /~M stigmatellin/1 
/~M PMS, P700 + was rereduced between flashes given at 
up to 10 Hz. 

By subtracting the s t igmatel l in/PMS-resis tant  signal 
(e.g., Fig. 2B) from control signals (all with pH-un-  
specific responses subtracted), the size and shape of the 
st igmatell in/PMS-sensit ive proton uptake was revealed. 
It is seen from Fig. 3 (inset) that this uptake was very 
nearly first-order, with a rate constant of 70 s-~ at pH 
7.65. 

Fig. 2 also shows that N Q N O  at 1 ptM or antimycin 
at 2 /~M was completely without inhibitory effect on 
proton uptake. 

pH-dependence of stigmatellin / PMS-sensitioe proton up- 
take 

When the kinetics of cytochrome f re-reduction and 
stigmatellin/PMS-sensitive proton uptake were com- 
pared, they were found to be correlated, but not identi- 
cal, over a range of externally adjusted pH values (Fig. 
4). The external pH-dependence of the size of stigmatel- 
l in/PMS-sensi t ive proton uptake on the first flash, 
expressed as a proport ion of the stigmatellin-insensitive 
uptake, is shown in Fig. 4 (inset); there was a minimum 
of about 0.55 in this ratio at pH 7.2, while it rose to 
0.8-0.9 at pH values larger or smaller than 7.2. 

Because this st igmatell in/PMS-sensit ive proton up- 
take is clearly associated with turnover of the cyto- 
chrome bf complex, we refer to it "as A H +" The proton 
uptake which remains insensitive to s t igmate l l in /PMS 
is that associated with reoxidation of reduced methyl 
viologen •33] and is termed AHe+sl. 

Effect of dark time between flashes 
The extent of st igmatell in/PMS-sensit ive proton up- 

take, A H # ,  upon the first flash was compared with that 

A. pH6"O2 
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H+uptake : !~Vil~ ~ 

B. pH 7-5 
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Fig. 4. pH-dependence of the kinetics of stigmatellin/PMS-sensitive proton uptake and of cytochrome f rereduction. Chloroplasts were 
resuspended to 20/LM chlorophyll for proton uptake measurements in a medium identical to that of Fig. lB. Proton uptake was measured using: 
(A) 30/aM Bromocresol purple at pH 6.0 (data average of 20 at 1 ms time constant); (B) 30/.tM Cresol red at pH 7.5 (average of 50 recordings at 
0.5 ms time constant); (C) 20 /.tM Phenol red at pH 7.9 (average of 50 recordings at 0.5 ms time constant,  followed by digital smoothing). 
Cytochrome f was monitored as described in Materials and Methods in the absence of any pH indicator. For comparison, first-order curves are 
plotted over the data of: at pH 6.0, 12 s -1 (H + uptake) and 6 s -1 ( f  rereduction); at pH 7.5, 70 s -1 (H + uptake) and 70 s - ]  ( f  rereduction); at 
pH 7.9, 65 s -1 (H + uptake) and 85 s -1 ( f  rereduction). (D) shows the pH-dependence of the extent of st igmatell in/PMS-sensit ive proton uptake, 

expressed as a fraction of the st igmatell in/PMS-resistant  signal. 
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Fig. 5. The  effect of flash number  on the extent of s t igmatel l in /PMS-sensi t ive  proton uptake. Chloroplasts  were resuspended to 20 # M  in proton 
uptake medium at pH 7.25 and Phenol red was used as the pH indicator. After 7 s dark adaptat ion,  a series of  flashes separated by 200 ms intervals 
were given. The  experiment was repeated in the presence of 2 # M  stigmatellin plus 1 # M  PMS. The number  of flashes was varied from one to a 
m a x i m u m  of five in fresh samples.  Proton uptake caused by flash n was obtained by subtract ion of data  taken with (n  - 1) flashes from that taken 

with n flashes. 

on subsequent flashes which were given at a frequency 
of 5 Hz (Fig. 5), at a pH of 7.25. It was found that the 
ratio AH+~/AH~sl rapidly approached a value close to 
1.0 on these subsequent flashes and did not diminish 
even after the fifth flash. 

The effect of dark time between flashes at pH 7.2 
was explored by delivering three flashes at 5 Hz, and 
then waiting a variable time in the dark before giving a 
fourth measuring flash. The ratio between total proton 
uptake (i.e., AH~ + + A  + Hpsl) and that insensitive to 
s t igmatel l in /PMS (i.e., A Hp+sl) as a function of this 
dark time is plotted in Fig. 6. It can be seen that the 
system relaxed back to that with the lower ratio with a 
half-time of approx. 760 ms. The fight-hand plot in this 
figure shows that it is ZIH +, rather than AH~-sl, which 
decreases during this time. 

pH Dependence of the slow electrochromic signal 
The slow electrochromic signal was measured over a 

range of pH. Some results of fitting first-order rate 
constants to the rise and decay of the slow phase and to 
the decay of the st igmatell in/PMS-insensit ive fast phase 
at pH 7.2 are shown in Fig. 7A. The variations in these 
fitted parameters with p H  are shown in Fig. 7B. It can 
be seen that the extent of both  the slow phase and the 
fast phase are essentially independent  of pH between 
pH 6 and 8.6. Only the rise-time of the slow phase was 
affected by pH, as would be expected because of the 
known pH-dependence of the quinol oxidation reaction. 

Effect of electric field on the extent of A H, + 
Fig. 8 shows the result of omitting nonactin from the 

medium, on the extent of total proton uptake as a result 
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Fig. 6. The  effect of dark adaptat ion on the extent of s t igmate l l in /PMS-sens idve  proton uptake at pH  7.2. Chloroplasts  were resuspended in proton 
uptake medium at pH 7.2.Three preflashes were given, followed by a dark-adaptat ion time, At, after which a four th  flash was provided. Proton 
uptake caused by this fourth flash was monitored with Phenol red. Da ta  are plotted as the ratio of total pro ton uptake : s t igmate l l in /PMS-res is tan t  

uptake measured in the same sample. The  extent of  this s t igmate l l in /PMS-res is tant  uptake as a funct ion of dark adapta t ion  is also given in (B). 
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Fig. 7. The pH dependence of riseume and extent of P518slow. Measurements were made as described in Materials and Methods using fresh 
chloroplasts. The rise time of the slow phase and the decay of total P518 change were assumed to be first order, so that a best fit to a single 
exponent could be made. This fit was reasonable, except at the extremes of pH. In (A), typical data at pH 7.2 are shown, together with the iterative 

simulations used. In (B), the pH dependence of the values needed for such iterations is shown. 
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Fig. 8. The effects of nonactin on the extent of proton uptake with multiple flashes. Chloroplasts were resuspended to 20 ~tM in proton uptake 
medium at pH 7.2 and 100 FM Phenol red was used as the pH indicator. After 7s dark adaptation, a series of five flashes separated by 100 ms 
intervals were given. (A) Control; (B) plus 0.1 btM nonactin. Data are the average of ten recordings, taken at a measuring bandwidth of 4 nm and 

with a recorder time constant of 1 ms. A baseline in the absence of indicator has been subtracted in both cases. 

of five flashes given at 10 Hz; the signal was depressed 
by about 9%. Further experiments (not shown) indi- 
cated that small decreases of both A H + and A Hp+sl 
contributed to this change. 

Discussion 

It is seen that proton uptake attributable to bf com- 
plex activity ( A H  +) can be resolved from that attributa- 
ble to reoxidation of Photosystem I acceptors (AH~-sl) 
both kinetically (though imperfectly) and as a result of 
the insensitivity of PS I electron transfers (and hence 
proton uptake due to methyl viologen autoxidation) to 
the quinol oxidation inhibitor [34] stigmatellin. Further- 
more, the extent of A H + can be quantified by scaling to 
the assumed one proton taken up per PV00 per flash as 
a result of electron throughput, which is represented by 
the stigmatellin/PMS-insensitive signal, A H~-s~. 

Complete cycling of the cytochrome bf complex is a 
two-step process with the intermediate being a stable 

(tt/2 of around 500 ms, at least under oxidising condi- 
tions) species with only one electron in the cytochrome 
b-563.. .  Q ,  region [3]. Proton uptake by bf complexes 
would not be expected from a single flash unless either 
double turnovers take place in the complexes, or, fol- 
lowing a single turnover, the one-electron reduced com- 
plex becomes protonated via the Q ,  site. We propose 
that at pH 7.2, such protonation is small, because the 
apparent pK suggested from the behaviour of proton 
uptake as a function of pH (data in Fig. 4B (inset), 
between pH 6 and 7.2) is about 6.6. Thus, proton 
uptake upon the first flash is due to double turnovers in 
some bf complexes. An upper limit for double turnovers 
can be calculated from a Poisson distribution of ran- 
dom oxidising collisions between diffusing, oxidized 
plastocyanin molecules and bf complexes. Thus, some 
complexes turn over not at all, some turnover once, and 
the rest turnover twice or more as a result of multiple 
reductions of iron-sulphur centres by quinol. For  a ratio 
of 0.7 bf complexes to P700 reaction centres, as mea- 
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sured for these chloroplasts, this calculation predicts 
that, during the (1/0.7) turnovers of bf complexes, 0.48 
double turnovers occur. Hence the ratio (AH+,/AH~s I) 
would be (2 × 0.48)/(1/0.7) = 0.67. The observed ratio 
of 0.55 at pH 7.2 is somewhat lower than this estimate, 
possibly indicating that complete randomisation is not 
achieved. 

In earlier experiments under oxidising conditions 
[7,22], any uptake due to double turnovers would have 
been submerged in the total, composed of uptake by 
Q~- in Photosystem II together with an amount due to 
bf complexes, much smaller than 0.55 because of the 
lower quinol concentration generated by single, infre- 
quent flashes in these conditions. 

From the shape of the curve in Fig. 4B, the effect of 
pH on the extent of proton uptake upon the first flash 
is due to a combination of at least two factors. As we 
have postulated, between pH 6.0 and 7.2 the uptake is 
increased above that due to double turnovers by proto- 
nation of the one-electron-reduced intermediate, (b- 
563. . .Qn)- .  However, AH + also increases to 0.9 be- 
tween pH 7.2 and 8.2. In order to explain the Em/pH 
relations of quinone when bound at the quinone reduc- 
tion site of the bc I complexes [35-37], it has proved 
necessary to postulate a protonatable group associated 
with the Qn site whose pK is lowered from a value 
higher than 11 when the site is occupied by quinone or 
quinol to around 7.6 (mitochondria) or 9 (bacteria) 
when semiquinone occupies the site [37]. Such a group, 
but with rather different pK values, could account for 
the increase in zlH + at high pH in our experiments - as 
the pH is raised above 7.2, the site would be progres- 
sively less preprotonated so that a proton is taken up 
when the one-electron-reduced intermediate is formed. 
Further experiments will be required to test this work- 
ing hypothesis. 

It is to be noted that the magnitude of the slow phase 
of the electrochromic signal did not decrease in concert 
with the AH~ + changes (Fig. 7B), but remained at a high 
constant value. This rather suggests that the protona- 
tion events described above do not contribute to the 
overall electrogenic charge separation, i.e., charge sep- 
aration by the cytochrome bf complex is caused by 
electrogenic electron transfer, rather than electrogenic 
proton transfer into the Q. site. A similar conclusion 
was reached by Robertson et al. [38] for the bacterial 
system, although an alternative possible view has been 
described by Konstantinov and Popova [39]. 

The speed of proton uptake is affected by external 
pH because average internal pH is to some extent 
lowered by reducing external pH. The quinol oxidation 
reaction at the p-site is known to be sensitive to pH, 
being slowed down as the pH is lowered below 7 [40]. It 
is this effect which causes the slowing of cytochrome f 
rereduction (Fig. 4) and the slowing of the rise of the 
slow phase of the electrochromic signal. Since proton 

uptake is to an extent correlated with cytochrome f 
rereduction (Fig. 4), if is concluded that the reactions at 
quinol oxidation sites are limiting for the whole reaction 
cycle occurring in the bf complexes. 

Dark time between flashes has an effect on the size 
of proton uptake after the second flash at pH 7.2. We 
propose that the one-electron reduced complexes, which 
normally await a second electron and take up two 
protons, oxidise slowly with a characteristic half-time of 
about 750 ms, probably by unbinding of plastosemi- 
quinone. It was previously concluded, from the effect of 
flash frequency on proton uptake attributed to bf activ- 
ity in oxidising conditions [22,41], that the correspond- 
ing lifetime was about 300 ms. In rough agreement, 
Rich [3] has estimated that ihe one-electron state oxidises 
with a half-time of around 500 ms under oxidising 
conditions. 

The lack of effect of antimycin A on A H~ + confirms 
the already strong evidence that it does not inhibit 
turnover of the Qn site of the cytochrome bf complex 
[1]. However, the lack of effect of NQNO on proton 
uptake is at variance with its often-assumed action as 
an inhibitor of cytochrome b-563 oxidation, through 
binding at Qn sites. As a control, we confirmed that 
NQNO had the effect [14,15] of increasing the extent of 
cytochrome b-563 reduction after a single turnover flash 
under the same conditions (data not shown). The results 
support the view that NQNO alters the relative mid- 
point potentials of cytochrome b-563 [42] and bound 
quinone such that the equilibrium is shifted to favour 
reduced cytochrome b-563 in the one-electron inter- 
mediate, hence causing increased 'oxidant-induced 
reduction' of cytochrome b-563 after a single turnover 
flash. However, it appears that it does not prevent 
double turnovers of the quinone reduction site and so 
has no effect on AH + (this work) or on steady-state 
electron transfer through the enzyme [15]. Previously 
reported effects of NQNO on proton uptake in oxidis- 
ing conditions [19] were attributed to an inhibition of 
Q-cycle proton uptake, but may have been confused 
with effects on proton uptake at the QB site of Photo- 
system II. 

It has previously been suggested that a transmem- 
brane electric field may inhibit electrogenic reactions of 
the cytochrome bf complex [43,44] and might reduce or 
prevent proton translocation by the complex [23,41]. 
This was tested in the experiments described above 
(Fig. 8) by comparing proton uptake in the absence of 
nonactin (i.e., in the presence of a transmembrane field) 
to that in the presence of a concentration of nonactin 
that collapsed the field before the enzyme turned over. 
Only a small effect on measured A H + was found, and 
this effect was not greater than the effect on AH~-s~. It is 
concluded that a transmembrane electric field does not 
prevent the protonmotive action of the cytochrome bf 
complex in these experiments and that the small de- 



crease of  signal in the absence  of  nonac t in  is caused by 

a small  a m o u n t  of  p r o t o n  t ransfer  across the m e m b r a n e ,  

d r iven  by the field. However ,  it should  be no ted  that  

this field was only  3 0 - 5 0  mV at its m a x i m u m ,  so that  

we canno t  rule ou t  the possibi l i ty  that  a larger  field 

cou ld  d iminish  p ro ton  t rans locat ion,  a l though it should  

be no ted  that  the ch lorop las t  in vivo is unl ikely to have 

a t r a n s m e m b r a n e  po ten t ia l  in excess of  the values at- 

t a ined  here. 
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