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We have investigated the stoichiometry of electron transport-driven proton uptake from the external medium 
and proton release into thylakoid vesicles of chloroplasts during single-turnover flash illumination. Proton 
uptake from the external medium was measured using a glass pH-electrode. For each electron originating 
from the oxidation of water by Photosystem II and ultimately forming H202 via the photoreduction of 
methyl viologen, approx. 2.7 protons were taken up from the external medium. For each electron originating 
from the oxidation of duroquinoi by the cytochrome b/ f  complex and ultimately forming H 2 0  z via methyl 
viologen under conditions in which water oxidation was inhibited by diuron, approx. 1.7 protons were taken 
up from the external medium. It is presumed that for each electron involved in the formation of H 202 that 
one proton is taken up. Therefore, these results indicate that the electron-transfer reaction from H 2 0  to 
Photosystem I involves the uptake of approx. 1.7 protons per electron, and that in the reaction from 
duroquinol to Photosystem I approx. 0.7 protons per electron are taken up. Proton release within the 
thylakoid vesicles was measured spectrophotometrically using the pH-sensitive dye neutral red. Flash.in- 
duced absorbance changes due to neutral red indicated that for each proton released within the thylakoid 
vesicle due to water oxidation approx. 1.9 protons appear inside the vesicle as a result of quinol oxidation. 
The flash-induced formation of ATP was determined by the incorporation of 3ZP i into ATP. The initiation 
of flash-induced ATP formation by Photosystem II operating alone required nearly twice as many flashes as 
were necessary when the Photosystem l-dependent turnover of the cytochrome b/ f  complex was responsible 
for proton accumulation, and nearly three times more than when Photosystem II and the cytochrome b/ f  
complex operated together. This is taken to indicate that both of the reactions that result in proton 
accumulation within the vesicle contribute energetically to ATP synthesis and contribute in proportion to 
their measured H + / e -  ratio. All of these flash-induced measurements, proton uptake from the external 
medium, proton release inside the vesicle, and the filling of the energetic threshold pool required for the 
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onset of ATP synthesis, demonstrate that for each electron transferred from water through the cytochrome 
b / f  complex to Photosystem I nearly three protons are accumulated within the thylakoid membrane. Thus, 
these data indicate that oxidation of quinoi by the cytochrome b/ f  complex is able to support the 
translocation of two protons per electron during flash energization. 

Introduction 

Proton accumulation within chloroplast 
thylakoid vesicles is the result of both proton 
release associated with the oxidation of water by 
Photosystem II and proton translocation associ- 
ated with the oxidation of plastoquinol by the 
cytochrome b/f complex. The translocation of 
protons across the thylakoid membrane includes 
reactions involved in the uptake of protons from 
the external medium in addition to the reactions 
involved in the release of protons into the vesicle. 
It is clear that one of the reactions resulting in the 
uptake of protons from the external medium is the 
reduction and subsequent protonation of plasto- 
quinone by the Photosystem II reaction center 
[1,2]. Patterned after the original proposals of a 
Q-cycle by Mitchell [3] and a b-cycle by Wikstrrm 
[4] numerous models are being considered for the 
oxidation of plastoquinol that involve a proposed 
second reaction for proton uptake from the exter- 
nal r~edium during intersystem electron transfer 
(reviewed in Refs. 5 and 6). Thus, in addition to 
the proton taken up for each electron involved in 
plastoquinone reduction by Photosystem II and its 
subsequent release into the vesicle upon plasto- 
quinol oxidation, these models provide for the 
uptake and release of an additional proton for 
each electron transferred through the Cyt b/f 
complex to Photosystem I. In either the Q-cycle or 
b-cycle mechanisms quinol oxidation is envisioned 
to occur near the inner surface of the membrane 
allowing for the release of one proton for each of 
the sequential single electron steps of the oxida- 
tion. The models have in common that one of the 
electrons originating from the quinol is trans- 
ported to Photosystem I via the Rieske FeS center, 
cytochrome f and plastocyanin, whereas the other 
is directed through the b-cytochromes. Although 
the alternative mechanisms differ in how the re- 
duced b-cytochrome leads to quinone reduction 
and the attendant uptake of protons from the 
external medium, they share the salient features 

that two sequential turnovers of a Cyt b/f com- 
plex result in the net oxidation of one quinol, the 
transfer of two electrons to Photosystem I, and the 
translocation of four protons across the mem- 
brane. 

There are numerous lines of experimental evi- 
dence that support the operation, under certain 
conditions, of some form of proton translocation 
coupled to an electron cycling through the Cyt 
b/f complex. Among these is the demonstration of 
a slow electrogenic reaction occurring between the 
photosystems indicating transmembrane charge 
transfer associated with the Cyt b/f complex [7]. 
Electrogenic charge transfer by the Cyt b/f com- 
plex is evident not only from the existence of the 
slow phase of electrochromic band shift, but also 
from the slowing effect of a transmembrane elec- 
tric potential on the turnover of the Cyt b/f 
complex [8,9]. The involvement of Cyt b 6 redox 
activity in transmembrane electron transfer is in- 
dicated by the kinetic correlation between the 
cytochrome's redox behavior and the formation of 
at least a significant portion of the slow electro- 
chromic shift [10-12]. One of the most convincing 
tests for the operation of a proton-coupled elec- 
tron cycle within the Cyt b/f complex, measure- 
ments of the number of protons taken up from the 
external media and the number of protons trans- 
located into the thylakoid vesicle during quinol 
oxidation, has yielded equivocal results. This is 
due in part to experimental difficulties in de- 
termining proton-to-electron ratios, and in part to 
the complexity of the plastoquinol-cytochrome b/f 
interaction. While there are several reports of pro- 
ton uptake from the external medium [9,10,14-16], 
and proton release into the thylakoid vesicle [17] 
indicating the operation of modified Q or b-cycle, 
there are other reports that have failed to detect 
any additional proton translocation associated 
with plastoquinol oxidation [18,19]. In the work 
presented here we examine the crucial issue of 
whether the protons disappearing from the exter- 
nal medium are accumulated within the thylakoid 
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vesicle and whether they contribute pro- 
portionately to membrane energization. We show 
that flash-induced proton uptake is indeed greater 
than that predicted for a linear electron-transport 
scheme and, through two independent methods, 
we show that these protons are translocated into 
the thylakoid vesicles. We measured electron- 
transport-driven proton uptake from the external 
medium and, using neutral red, we measured pH 
changes in the internal space of thylakoid vesicles. 
We found that the protons taken up from the 
external medium appeared inside the thylakoids. 
Furthermore, the protons released into the inner 
aqueous phase were shown to contribute to the 
generation of the threshold transmembrane pH 
difference required for the onset of ATP synthesis. 

Materials and Methods 

Isolation of chloroplast thylakoid membranes 
Thylakoid membranes were isolated from com- 

mercial spinach (Spinacia oleracea L.) as-de- 
scribed elsewhere [20] with the exception of the 
final resuspension medium. For potentiometric 
and ATP formation measurements the thylakoid 
membranes were resuspended in a medium con- 
taining 100 mM sorbitol/2 mM MgC12/20 mM 
KC1/5 mM Mes-KOH (pH 6.5)/5 mM Hepes- 
KOH (pH 7.0 and 7.5)/5 mM Tricine-KOH (pH 
8.0 and 8.5). For spectroscopic measurements the 
resuspension medium was the same as described 
above, except that the buffer used was 2 mM 
Hepes-KOH at pH 7.0, 7.5 and 8.0. The chloro- 
phyll concentration was determined using the 
specific absorption coefficients for Chl a and b 
published by Ziegler and Egle [21]. 

Measurement of flash.induced electron transfer 
The amount of electron transfer occurring per 

flash was measured using two different tech- 
niques. One method employed a glass pH-elec- 
trode to measure the irreversible flash-induced pH 
change resulting from proton release during water 
oxidation in the presence, of nigericin (3 /~M). In 
these experiments the terminal electron acceptor 
was ferricyanide (0.2 mM). In order to measure 
electron transfer through Photosystem II alone 
2,5-dimethylquinone (0,2 mM) was added to 
mediate electron transfer from Photosystem II to 

ferricyanide and DBMIB (0.5/~M) was present to 
prevent electron flow from plastoquinone through 
Photosystem I. The alternate method used a 
Clark-type oxygen electrode to measure, de- 
pending on the electron mediator employed, either 
oxygen uptake or evolution [20]. In order to en- 
sure an oxygen consumption to electron-transfer 
ratio of 2.0 for the duroquinol to methyl viologen 
reaction, excess superoxide dismutase was in- 
cluded to eliminate the oxidation of duroquinol by 
the superoxide radical anion that is produced as 
an intermediate in the aerobic oxidation of photo- 
reduced methyl viologen. For technical reasons 
the oxygen flash yield measurements were made at 
20°C, whereas proton flash yield measurements 
were made at 4°C. However, we demonstrated in 
an earlier study [20], and confirmed here, that 
flash-induced electron transfer measured at flash 
frequencies below 20 Hz was constant over the 
temperature range from 4 to 20°C. Assuming the 
predicted exponential saturation of the reaction 
centers as a function of increasing flash intensity, 
it was determined from light attenuation experi- 
ments with calibrated neutral density filters that 
the unattenuated xenon flashes (6 ~s at half peak 
height) were greater than 98% saturating. Reaction 
mixtures and further details are given in the figure 
and table legends. 

Measurement of flash-induced proton uptake from 
the external medium 

The amount of proton uptake was determined 
by measuring the extent of the reversible pH 
change of the reaction medium induced by a series 
of single-turnover flashes. The pH changes were 
measured with a glass pH-electrode and calibrated 
by addition of a standard HCI solution. We were 
able to fit the proton efflux occurring after the 
flash series to a single component exponential 
decay using an iterative nonlinear least-squares 
program [23] to calculate the total extent of pro- 
ton uptake as described previously [9]. The mea- 
surements were done at 4°C. Reaction mixtures 
and further details are given in the figure and 
table legends. 

Measurement of flash-induced proton release into 
the thylakoid vesicle 

The release of protons rapidly equilibrating with 



the internal aqueous space of  the thylakoid mem-  
branes was measured by a modif icat ion of  the 
procedure  developed by  Junge and co-workers 
[24-26] using the pH-indicat ing dye neutral  red. 
Light- induced absorbance  changes were measured 
using a laboratory-buil t  spectrophotometer .  The 
pathlength of  the measuring beam was 1 cm. The 
neutral  red-dependent  response was measured as 
the absorbanee change at 545 nm in the presence 
of  neutral  red minus the absorbance change at 545 
n m  in the absence o f  neutral  red. We determined 
that the measuring beam resulted in an average 
react ion center turnover rate of  less than once 
every 30 s. The actinic xenon flashes were filtered 
by a red (CS 2-58, C o m i n g  Glass Co. *, Roches-  
ter, NY)  blocking filter. The photomult ipl ier  tube 
was protected f rom scattered actinic light by  a 
C o m i n g  CS 4-96 blocking filter and a Balzers 
Interference Filter (DT-Green) .  For  technical rea- 
sons the absorbance  changes due to neutral  red 
reported were measured at 17°C.  Measurements  
done  at 4 ° C  gave similar results. React ion mix- 
tures and further details are given in the figure 
and table legends. 

Measurement of flash-induced A TP formation 
The A T P  synthesis resulting from a series of  

single-turnover flashes was measured as the incor- 
pora t ion  of  32p i into A T P  according to the method 
of  Smith et al. [27] as described previously [20]. 
The threshold number  of  flashes required for the 
onset  of  A T P  synthesis was taken to be the first 
flash resulting in more  than 0.2 mmol  A T P  per 
mol  Chl [20]. The measurements  were done at 
4°C.  React ion mixtures and further details are 
given in the figure and table legends. 

Results 

Flash-induced proton uptake from the external 
met~um 

The ratio of  the number  of  protons  taken up 
f rom the external medium to the number  of  elec- 

* Mention of a trademark, proprietary product, or vendor 
does not constitute a guarantee or warranty of the product 
by the U.S. Department of Agriculture or the University of 
Illinois and does not imply its approval to the exclusion of 
other products or vendors which may be suitable. 
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trons transferred f rom water through the Photo-  
system I acceptor  Methyl  viologen to 02 was 2.7 __+ 
0.3 for single turnover flash excitation (Table I). 
Fig. 1 shows that this H ÷ / e  - value was main-  
tained at turnover rates as high as 60 s -  t. 

Fig. 2 shows the dependence of  pro ton  uptake 
and electron transfer on the number  of saturating 
single turnover flashes absorbed by the sample at 
a flash frequency of  10 Hz. The  amount  of  elec- 
t ron transfer per flash was determined f rom mea- 
surements of  the irreversible, uncoupler-insensi- 
tive, pro ton  release associated with water oxida- 
tion and is independent  of  flash number.  How- 
ever, the flash-yield of  pro ton  uptake per flash is 
decidedly flash number  dependent,  so the maxi- 
m u m  H Z / e -  ratio of  2.6 is observed only during 
the first 20 -30  saturating flashes. For  example, if 
we calculate the H + / e -  f rom the slope of  the line 
between 50 and 80 flashes the apparent  value 
drops to 1.6. While this decline in H ÷ uptake 
most  likely reflects an actual change in the H + / e -  
ratio during the later flashes, we believe the actual 
p ro ton  uptake is likely to be somewhat  greater 

TABLE I 

THE RATIO OF PROTON UPTAKE FROM THE EXTER- 
NAL MEDIUM TO ELECTRON TRANSFER FOR DIF- 
FERENT ELECTRON-TRANSPORT REACTIONS 

Flash-induced proton uptake was measured with a glass elec- 
trode in 4 ml of reaction medium consisting of 100 mM 
sorbitol/2 mM MgCI2/20 mM KCI/0.5 mM Hepes-KOH 
(pH 7.5)/150 units per ml superoxide dismutase/0.5 t~M non- 
actin/thylakoid membranes containing 140 nmol chlorophyll. 
The concentration of methyl viologen was 1(30 /~M when 
present. When duroquinol (0.2 mM) was used as the electron 
donor, DCMU (5/~M) was present to prevent Photosystem II 
turnover. When 2,5-dimethylquinone (0,2 mM) was used to 
intercept electrons directly from Photosystem II, DBMIB (0.5 
/~M) was present to prevent electron flow beyond plas- 
toquinone. Flash-induced electron transfer through Photosys- 
tern II alone, or from H20 through PS II+ PS I, was measured 
using a glass pH-electrode as described in Materials and Meth- 
ods. Flash-induced electron transfer from duroquinol through 
P S I  was measured using a Clark-type oxygen electrode as 
described in Materials and Methods. The values given are the 
average___ standard deviation. 

Electron-transfer reaction H ÷/e- 

HzO ---, methyl viologen 2.7 + 0.3 
DQH 2 ---, methyl viologen 1.7 + 0.2 
HeO ~ DMQ 1.0_+0.3 
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Fig. 1. Ratio of proton uptake from the external medium to 
electrons transferred from H20 to methyl viologen as a func- 
tion of flash frequency. Proton uptake and electron transfer 
were measured with a glass pH-electrode as described in Table 
I. 

than  that  e s t ima ted  f rom the s lope of  the l ine f rom 
50 to 80 flashes shown in Fig. 2. The  reason for 
the  unde re s t ima t ion  of  p r o t o n  up take  arises f rom 
the fact that  the sys tem is beg inn ing  to enter  a 
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Fig. 2. The dependence of the efficiency of flash-induced 
proton uptake and electron transport on the number of flashes 
at a flash frequency of 10 Hz. Proton uptake (O) was measured 
in a 4 ml reaction mixture consisting of 100 mM sorbitol/2 
mM MGC12/25 mM KCI/0.5 mM Tricine-KOH (pH 8.1)/100 
/~M methyl viologen/0,4 /~M valinomycin/thylakoid mem- 
branes containing 175 nmol chlorophyll. Electron transport (A) 
was determined as described in Table I using a glass pH 
electrode. 
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s teady  state, in which the rate  of  p ro ton  up take  is 
equal  to the rate  of p ro ton  efflux so that  ad-  
d i t iona l  flashes result  in no net  p r o t o n  uptake.  

The effects that  nonac t in -  or  va l inomycin-ca ta -  
lyzed K + movements  are ap t  to have on the 
m e m b r a n e  surface charge raise the poss ib i l i ty  of 
f lash- induced p r o t o n  b ind ing  to the external  
surface of the thy lako id  m e m b r a n e  (e.g., Ref. 28). 
The  observa t ion  that  the in i t ia l ly  high H + / e  - 
value  observed  in the presence of nonac t in  is 
unaffec ted  by  m e d i u m  p H  (Fig.  3) indica tes  that  
ex terna l  p ro ton  b ind ing  is an unl ikely  possibi l i ty ,  
as do  the measurements  of  p ro ton  release in to  the 
inner  thy lako id  space tha t  are p resen ted  below. 

Since the  aerobic  ox ida t ion  of pho to reduced  
methyl  viologen involves the up take  of  one p ro ton  
f rom the externa l  m e d i u m  per  e lect ron to form 

H202,  the d a t a  in Fig. 2 indica te  that  abou t  1.6 
p ro tons  were taken  up f rom the external  m e d i u m  
by  the thy lako id  m e m b r a n e  for each e lec t ron 
t ransfer red  be tween  the photosys tems.  F lash-  
induced  p ro ton  up take  associa ted  with Photosys-  
tern I -dependen t  ox ida t ion  of duroqu ino l  by  the 
Cyt  b/f complex  is consis tent  with this not ion.  
W e  measured  the up take  of 1.7 ± 0.2 p ro tons  for 
each e lec t ron t ransfer red  to 02 via pho to r e duc e d  
methyl  viologen (Table  I). Since in this react ion,  
as for the one above,  one p ro ton  is taken  up f rom 
the external  m e d i u m  for each e lect ron reducing  

t 
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Fig. 3. Ratio of proton uptake from the external medium to 
electron transferred from H20 to methyl viologen per flash as 
a function of pH. Proton uptake was measured with a glass 
electrode and flashes were given at a frequency of 10 Hz. The 
reaction conditions were the same as in Table I, except that the 
buffers used were 0.5 mM Mes-KOH (pH 6.5), Hepes-KOH 
(pH 7.5), and Tricine-KOH (pH 8.0 and 8.5). 



oxygen, about 0.7 protons per electron are taken 
up by the thylakoid. With either water or duro- 
quinol as the electron donor it is presumed that 
for each proton consumed in the external medium 
during H20 z formation one proton is released and 
retained within the thylakoid vesicle. 

Flash-induced proton uptake from the external 
medium dependent solely on Photosystem II can 
be measured when dimethylquinone is present to 
intercept electrons directly from Photosystem II 
and DBMIB is present to prevent any residual 
electron flow through Photosystem I [29]. We ob- 
served 1.0 +_ 0.3 protons taken up from the exter- 
nal medium for each electron transferred from 
H20 to dimethylquinone to form dimethylquinol 
(Table I). The flash-induced proton uptake was 
entirely reversible after the completion of the flash 
series indicating that, as with H202 formation 
discussed above, one proton is retained within the 
vesicle for each one consumed externally in di- 
methylquinone reduction. 

Flash-induced proton release into the inner space of 
thylakoid vesicles 

The flash-induced release of protons into the 
internal space of thylakoid vesicles was monitored 
using the pH-indicating dye neutral red. Despite 
the fact that interpreting the neutral red ab- 
sorbance change is complicated and depends on 
several simplifying assumptions, Junge and co- 
workers [24-26] have shown that it can be a useful 
probe of internal proton release under carefully 
selected experimental conditions. In order to iso- 
late the portion of the neutral-red signal indicative 
of this release of protons into the inner space of 
the thylakoid vesicle, all absorbance changes of 
neutral red due to proton uptake in the external 
medium were eliminated by stabilizing the exter- 
nal pH with membrane-impermeant buffers such 
as Hepes or Tricine. Flash-induced absorbance 
changes due to components other than neutral 
red, for example Cyt f redox changes, were 
accounted for by subtracting the absorbance 
change observed at 545 nm in the absence of 
neutral red from that measured in its presence. 
The remaining flash-induced absorbance change 
observed at 545 nm in the presence of neutral red 
was sensitive to buffers that penetrate into the 
thylakoid vesicle and thereby prevent, or substan- 
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tially decrease, flash-induced pH changes. For ex- 
ample the presence of either 4-(2-hydroxyethyl)- 
morpholine (1 mM) or imidazole (10 mM) de- 
creases the absorbance change greater than 90%. 
Furthermore, the neutral red signal was abolished 
by nigericin (0.33/~M), and diminished more than 
85% by FCCP (0.5 #M). High concentrations of 
gramicidin (5 #M) failed to eliminate the neutral 
red signal (in some cases more than 30% of the 
signal remained); it should be noted that 
gramicidin has been reported to be less effective 
than other uncouplers in preventing the uptake of 
basic amines that are used to quantify the trans- 
membrane ApH [30]. 

Recently, De Wolf et al. [28] have shown that 
under certain circumstances neutral red can un- 
dergo flash-induced reduction by Photosystem I, 
resulting in an absorbance decrease. Using Photo- 
system I vesicles and ferredoxin and NADP as the 
terminal electron acceptor De Wolf et al. show 
that neutral-red absorbance changes can be caused 
by the reduction of neutral red as well as by pH 
changes. In our study, using methyl viologen as an 
efficient Photosystem I electron acceptor, we find 
no evidence for a redox indicator function for 
neutral red. We base this conclusion on the follow- 
ing: (1) there is no rapid absorbance decrease 
indicative of neutral-red reduction; (2) the neu- 
tral-red signal is sensitive to the uncouplers 
nigericin and FCCP; and (3) the neutral-red signal 
is abolished by permeant buffers. Additional sup- 
port for this conclusion is provided by the ob- 
servation that the absorbance change due to neu- 
tral red in the electron-transfer reaction from 
duroquinol to methyl viologen (Fig. 4, trace E) is 
inhibited 90% by 1.5/~M DBMIB (data not shown). 
Under these conditions we have shown that at the 
low flash frequency of 0.2 Hz used, Photosystem I 
continues to turn over, even though the rapid 
oxidation of quinol by the Cyt b / f  complex is 
inhibited. The sensitivity of a flash-induced neu- 
tral red absorbance change to DBMIB indicates 
that the signal is associated with quinol oxidation 
by the Cyt b / f  complex and is not due to the 
Photosystem I reduction of neutral red under our 
experimental conditions. 

The neutral red-dependent absorbance change 
associated with flash-induced water oxidation is 
shown in trace A of Fig. 4. In order to improve 
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the precision of the measurements the results of 64 
flashes given at a frequency of 0.2 Hz were summed 
for signal averaging. Even at this low repetition 
frequency the ApH does not entirely relax be- 
tween successive flashes, and as a result the inter- 
nal p H  becomes progressively lower during the 
flash series, This is an important  issue, since the 
differential absorption coefficient of the proto- 
nated and unprotonated forms of neutral red is a 
sensitive function of pH.  The extent to which the 
internal pH is lowered during the series of 64 
flashes will depend upon the number  of protons 
released per electron transferred. In order to 
evaluate the effect that a lower internal p H  brought 
on by higher H + / e  - ratios has on the size of the 
neutral-red absorbance change, we mimicked, with 

545 nm 

A A  

0.001 

flash 

f f f 

 __FZL 
2 0 0  ms 

Fig. 4. Flash-induced absorbance changes of neutral red mea- 
sured at 545 nm. The traces shown are absorbance changes of 
thylakoids in the presence of 10 I~M neutral red minus the 
absorbance change of thylakoids in the absence of neutral red. 
The 3 ml reaction mixture consisted of 100 mM sorbitol, 20 
mM KCI, 2 mM MgCI 2, 2 mM Hepes-KOH (pH 7.5), 0.5 ~M 
nonactin, 100 ~M methyl ~iologen, thylakoid membranes con- 
raining to 90 nmol chlorophyll, and the following additions: 
(A-C) H 20 to dimethylquinone, 500/~M dimethylquinone and 
0.5 izM DBMIB; (d) H20 to methyl viologen; and (E) DQH 2 
to methyl viologen, 250 /zM duroquinol and 10 ~M DCMU. 
The flashes are indicated by the arrows. The traces shown are 
the average of 64 flashes given at a frequency of 0.2 Hz. 

Photosystem II  turnovers, reactions of higher 
H + / e -  ratios by delivering groups of two (Fig. 4, 
trace B) or three (Fig. 4, trace C) flashes spaced 
100 ms apart  at a flash group frequency of 0.2 Hz. 
The results show that there is an increase in the 
average absorbance per flash of about 20% for the 
2- and 3-flash groups compared to the train of 
individual flashes. Thus, in making a quantitative 
comparison to the Photosystem II-dependent ab- 
sorbance change with absorbance change depen- 
dent on Photosystem I turnover it is important  
that this feature of neutral-red behavior be accom- 
modated. Additionally, any such comparison must 
be concerned with the relative abundance of Pho- 
tosystem II  centers relative to the Cyt b/f com- 
plex. We have shown previously [22] that the 
number  of Photosystem II  centers able to oxidize 
water in the presence of dimethylquinone is very 
nearly identical to the number  of Photosystem I 
centers and Cyt b/f complexes (that is, each is 
present at about 1.7 mmol  per mol Chl). There are 
numerous indications of Photosystem II  centers 
that under normal conditions have negligible 
turnover rates [31-34]. While these normally inac- 
tive centers can be induced to oxidize water rapidly 
by the introduction of halogenated benzo- 
quinones, they remain inactive with methyl-sub- 
stituted benzoquinones such as 2,5-dimethylben- 
zoquinone used in these experiments at flash fre- 
quencies greater than 1 Hz [33]. 

A comparison of the number of protons re- 
leased internally during electron transfer from 
H 2 0  to methyl viologen, and from duroquinol to 
methyl viologen is compiled in Table II. The ex- 
tent of the neutral red absorbance increase due to 
a single flash given at 0.2 Hz for the reaction H 2 0  
to methyl viologen (Fig. 4, trace D) is approxi- 
mately the same as that observed for the group of 
three flashes given to Photosystem II  (trace C); 
duroquinol to methyl viologen (trace E) is about 
the same as the two flash group (trace B). Thus, 
these measurements indicate that approx, twice as 
many  protons are released internally for each elec- 
tron transferred through the Cyt b/f  complex 
than are released due to water oxidation. Using 
faster time resolution than shown here we found 
that the half-time for the absorbance rise for 
proton release associated with the Cyt b/f  com- 
plex (approx. 15 ms) was much slower than for 



TABLE II 

A COMPARISON OF THE NUMBER OF PROTONS RE- 
LEASED INTO THE THYLAKOID VESICLE DURING 
ELECTRON TRANSPORT FROM WATER TO METHYL 
VIOLOGEN AND FROM DUROQUINOL TO METHYL 
VIOLOGEN 

Flash-induced proton release into the inner space of thylakoid 
vesicles was estimated from absorbance changes observed in 
the presence of neutral red. Internal proton release due solely 
to Photosystem II-dependent water oxidation was measured 
using dimethylquinone (0.2 raM) to intercept electrons directly 
from Photosystem II and DBMIB (0.5 #M) to prevent any 
residual electron flow beyond plastoquinone. The reactions 
H20  to methyl viologen, which includes PS II, Cyt b/ f  and 
PS I, and duroquinol to methyl viologen, which includes Cyt 
b/ f  and PS I, were measured as described in Fig. 4. Internal 
proton release due solely to PS II was assumed to be 1H+/PS 
II per flash. 

pH H20  ~ meth~ ~ o g e n  D Q H 2 ~  meth~ fi~ogen 

7.0 2.8±0.2 2.0±0.2 
7.5 2.7±0.3 1.9±0.3 
8.0 2.8±0.2 1.9±0.2 

water oxidation (equal to or faster than 1 ms). 
Analysis of the proton release kinetics associated 
with quinol oxidation will be discussed elsewhere 
(Jones and Whitmarsh, unpublished results). 

A TP synthesis associated with the flash-induced up- 
take and release of protons 

We investigated the relationship between the 
threshold number  of flashes necessary to initiate 
ATP synthesis and the amount  of proton uptake 
from the external medium. In the absence of a 
t ransmembrane electric field about 80 mmol.  H + 
per tool Chl need to be accumulated by thylakoid 
membrane vesicles for the initiation of net ATP 
synthesis [20]. This was found to be true even 
when the amount of H + uptake per flash was 
varied over a wide range and is documented again 
by the open circles in Fig. 5, where we measured 
the number  of flashes required for the onset of 
ATP synthesis for flashes of different intensities. 
The solid line is the predicted relationship for a 
uniform threshold pool of protons that must be 
filled in order for net ATP synthesis to commence 
[20]. Based on the H + / e -  ratios reported in Table 
I, it is anticipated that for the reaction D Q H  2 to 
methyl viologen ( H + / e  - =  1.7) about 1.5-times 
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Fig. 5. The relationship between the onset of ATP synthesis 
and the amount of proton uptake per flash. The threshold 
number of flashes required for the onset of ATP synthesis was 
determined as described under Materials and Methods. Proton 
uptake per flash was varied in the H20 to methyl viologen 
(open circles) by changing the intensity of the flashes with 
neutral density filters. The maximum H + uptake observed 
with saturating flash intensities was 5.4 mmol H + per tool Chl 
per flash. Proton uptake in PS II (solid circles) and P S I  
(triangles) reactions was measured using saturating flashes. The 
electron donor and acceptor systems are the same as in Table 
I, except for the addition of 0.1 mM ADP and 0.5 mM 
Na2H32po4 (10 #Ci) in the reaction mixture used to measure 
ATP synthesis. The flash frequency was 10 Hz. The solid line is 
the relationship predicted for the filling of a threshold proton 
pool by the translocated protons (details in the text and Ref. 
2o). 

more flashes should be required than for the reac- 
tion H 2 0  to  methyl viologen ( H + / e  - = 2.7). Simi- 
larly, for the reaction H 2 0  to D M Q  ( H + / e  - = 1) 
it is anticipated that about 3-times more flashes 
should be necessary to initiate net ATP synthesis 
than for H 2 0  to methyl viologen. In Fig. 5 the 
triangles represent the reaction D Q H  2 to methyl 
viologen and the solid circles represent the reac- 
tion from H 2 0  to DMQ. About 22 flashes were 
required for the onset of ATP synthesis for the 
D Q H  2 to methyl viologen reaction, about 50 for 
the H 2 0  to D M Q  reaction and about 15 for the 
H 2 0  to  methyl viologen reaction. Clearly these 
data points correspond closely to the predicted 
relationship (solid curve) indicating that the ad- 
ditional proton translocated by the Cyt b / f  com- 
plex contributes in proportion to the measured 
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H+/e ratios to the energetic proton pool that 
drives ATP synthesis. 

Discussion 

The mechanism by which electron transfer from 
Photosystem II to Photosystem I transports pro- 
tons across the thylakoid membrane has yet to be 
determined. A central element in efforts to under- 
stand this process is determining the number of 
protons that are translocated for each electron 
transferred through the Cyt b/f complex. While 
several previous studies support H+/e  - values 
greater than 1 these have measured either proton 
uptake from the external medium [9,14,15] or re- 
lease into the thylakoid vesicle [35], but not both. 
Thus, in these earlier studies the possibility that a 
fraction of the proton uptake or release was due to 
light-induced proton binding or debinding due to 
changes in the membrane surface charge could not 
be excluded. In the work presented here we mea- 
sured proton uptake from the external medium 
and proton release into the internal aqueous phase 
under similar conditions. The data show that for 
each electron transferred through the Cyt b/f 
complex to Photosystem I that 1.7-1.8 protons are 
taken up by the thylakoid membrane, and that 
1.7-2.0 protons are released into the inner aque- 
ous space of the thylakoid membrane vesicle. These 
results demonstrate that, for each electron trans- 
ferred through the Cyt b/f complex to Photosys- 
tem I an additional proton can be transferred 
across the thylakoid membrane. Moreover, these 
high H÷/e  - values for the flash-induced turnover 
of the Cyt b/f complex were not detectably af- 
fected by the pH of the external medium (Fig. 3 
and Table II). 

Independent evidence for the translocation of 
an extra proton by intersystem electron transfer is 
found in the onset behavior of ATP synthesis. In 
an earlier paper Hangarter and Ort [20] studied 
the filling of the threshold proton pool that drives 
ATP synthesis and found that the pool became 
sufficiently energized for ATP synthesis after about 
80 mmol H ÷ per mol Chl had been accumulated 
by the membrane vesicles regardless of the rate of 
accumulation. This was true when the rate of 
proton accumulation was varied by any of several 
different treatments that lowered the number of 

protons taken up per flash including the inhibition 
of either Photosystem II-dependent or Photosys- 
tem I-dependent proton uptake. Our data pre- 
sented here (Fig. 5) show that Photosystem II- 
driven proton accumulation required approx, twice 
the number of flashes to fill the threshold pool as 
did the Photosystem I reaction from DQH 2 to 
methyl viologen that includes the Cyt b/f com- 
plex. The most straightforward explanation of 
these data is that intersystem electron transport 
translocates two protons for each proton released 
by PS II and that the additional proton transloca- 
tion contributes to the electrochemical proton 
potential that drives the synthesis of ATP. 

While the data shown here demonstrate that 
oxidation of quinol by the Cyt b/f complex re- 
suits in the translocation of an additional proton, 
it must be emphasized that in electron transport 
under conditions of continuous high light intensity 
the question of additional proton translocation by 
the Cyt b/f complex remains unresolved. Several 
investigators support the suggestion that the extra 
proton translocation associated with the electro- 
genic steps of the Q- or b-cycle may be energeti- 
cally feasible only when the transmembrane elec- 
trochemical potential is small [8,9,16]. In fact, our 
results indicate that even with single-turnover 
flashes given at relatively low frequency (10 Hz) 
and in the presence of an ionophore that prevents 
the formation of an electric potential, the extra 
proton translocation associated with the Cyt b/f 
complex is fully present during the first 20-30 
turnovers after which the H+/e  - probably de- 
clines gradually toward the steady-state value. 
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