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The proton channel, CFo, in thylakoid membranes 
Only a low proportion of CF1-Iacking CFo is active with a high unit conductance (169 fS) 
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Biophysik, Fachbereich Biologie/Chemie, Universitat Osnabriick 

(Received June 2,1986) - EJB 86 0544 

We investigated the conductance of pea thylakoid membranes and their capacity for photophosphorylation 
as function of the extraction of chloroplast coupling factor CF1. The degree of extraction was varied via the 
incubation time in EDTA-containing hypo-osmolar medium and was measured by rocket electroimmunodiffusion. 
The conductance OF thylakoid membranes was measured by flash kinetic spectrophotometry. 

The time course of extraction followed the time course of thylakoid swelling. Contrary to expectation increasing 
loss of CF1 did not primarily increase the velocity of proton eMux from each vesicle. Instead proton-tight vesicles 
were converted to leaky ones, which lost phosphorylating activity. Two subpopulations occurred, although both 
types of vesicles, leaky and proton-tight ones, were CFl-depleted to a similar degree. This implied that only a 
small fraction of CFl-lacking CFo was functional as a proton channel. Tight vesicles had no functional channels 
while leaky ones had at least one. We determined the proportion of tight vesicles in three independent ways: via 
the residual phosphorylation activity, via measurements of proton efflux and via measurements of the electric 
relaxation across the membrane. The results obtained were identical. A statistical evaluation of the data led us to 
the following conclusions. (a) EDTA treatment produced vesicles containing approximately lo5 chlorophyll 
molecules, equivalent to a total of approximately 100 CFoCFl per vesicle. (b) Even at the highest degree of 
extraction (75% of total CF1 extracted) only 2.5 out of 75 exposed CFo per vesicle were proton-conducting. (c) 
The unit conductance of one open CFo channel was 169 f 18 fS at pH 7.5 and room temperature. At an electrical 
driving force of 100 mV this was equivalent to the passage of approximately 10' protons/s. 

The most important consequence of t h s  relatively high unit conductance was that a single open CFo channel 
was capable of dissipating the protonmotive force of one vesicle, thereby deactivating the whole remaining 
catalytic capacity of this vesicle. 

Proton-ATP synthases in thylakoid membranes of green 
plants as well as in other energy-conserving membranes con- 
sist of two complexes: F1 and Fo. The peripheral portion 
F1 (CF1 in chloroplasts) synthesizes ATP, coupled to the 
translocation of protons through the intrinsic portion, Fo 
(CFo in chloroplasts). For recent reviews refer to [l] and [2]. 

CFl is composed of five different subunits, named a, f l ,  y ,  
6 and E in order of decreasing molecular mass and probably 
occurring in a stoichiometry of 3 : 3 : 1 : 1 : 1 [3], with an overall 
mass of about 410 kDa [4]. In CFo three different subunits 
have been identified and named I, 11,111. Their stoichiometry 
is still under debate. For Escherichiu coli Fo, a molecular ratio 
of 1 : 2: 10 has been proposed [5,6], whereas for mitochondria1 
[7] and chloroplast [S] Fo only six copies of the proteolipid 
per Fo (subunit 111 in chloroplasts) have been reported. 

Only little is known about the physical mechanism of 
proton conduction through Fo. The models discussed so far 
all are based on theoretical considerations, e.g. by analogy 
with proton conduction in ice [9 - 121. Schindler and Nelson 
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measured the electrical conduction mediated by yeast subunit 
c (proteolipid) in black lipid membranes and at pH 2.2 [13]. 
Extrapolation of their data from pH 2.2 to pH 7 yielded a 
proton flow of about 100 H +  s-' channel-' at a potential of 
100 mV. With bacterial Fo, reconstitution of proton conduc- 
tion in K+-loaded lipid vesicles has been studied. The ob- 
served rates at Nernst potentials of approximately 100 mV 
and at a pH around 7 were between 2 and 5 H +  s-' F,' for 
E. coli Fo (14-16) and 47 H+  s-' F,' for the Fo of the 
thermophilic bacterium, PS3 [17]. From a kinetic point of 
view these rates are not sufficient to sustain reported rates of 
ATP synthesis in thylakoids. With 1000 pmol ATP hK' mg 
chlorophyll-' and 1 CF1/lOOO chlorophylls [41, 421 one CF1 
must synthesize 285 molecules ATP/s. (Even higher values 
were reported in the literature, cf. Junesch and Graber [18].) 
With a stoichiometry of 3 H+/ATP [19, 20, 381 a minimal 
proton flux of more than 900 H +  s- l  CF; ' is needed. 

By measurements of the protonic conductivity of 
thylakoid membranes after extraction of CF1 we obtained 
a conductance per CF1-lacking CFo of approximately 9 fS, 
equivalent to the passage of 5625 H+/s  at 100 mV and pH 7 
[57]. This was a minimal figure obtained under the assump- 
tion that every CFo exposed (by extraction of its CF1 
counterpart) was active as a proton channel. In this work we 
critically examined this assumption. We varied the degree of 
CF1 extraction and concomitant CFo exposure From zero to 
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70% by varying the incubation time in EDTA-containing 
hypo-osmolar medium. To our surprise the major effect was 
not a gradual increase of the proton conductivity, but instead 
a gradual conversion between two vesicle populations, namely 
from proton-tight to proton-leaky (despite homogeneous ex- 
traction of all thylakoids). Our data led to the conclusion that 
out of approximately 30 exposed CFo per vesicle only one 
contributed to proton conduction. Thus we had to infer that 
a unit conductance per exposed CFo of 9 fS, as previously 
determined, implied a unit conductance per active CFo of 
more than 150 fs. 

Throughout this article we used the following termino- 
logy: CFl-depleted thylakoids = ‘EDTA vesicles’; CFo after 
loss of its CF1 = ‘exposed CF,’; CFo which functions as 
proton channel = ‘open CF,’. 

MATERIALS AND METHODS 

Broken pea chloroplasts were prepared according to the 
procedure for ‘stacked thylakoids’ in [24] except that in the 
final suspending medium Mg2+ was omitted. Thylakoids 
were stored as concentrated stock suspension (2 - 3 mg 
chlorophyll/ml) on ice for up to 6 h before use. They were 
stable during this interval. 

CF1 depletion of thylakoids was carried out as follows: 
chloroplasts were diluted to 10 pM chlorophyll in a solution, 
containing 100 pM EDTA, 1 mM NaC1, 1 mM Tricine/ 
NaOH, pH 7.8 at room temperature for variable incubation 
times. Release of CF1 was stopped by adding 1 M NaCl to 
yield a final Na’ concentration of 30 mM. Thylakoids were 
spun down by a 20-min centrifugation at 30000xg (4°C) 
and resuspended in the same medium as used for the final 
resuspension after preparation: 10 mM NaCl, 100 mM 
Sorbitol, 10 mM Tricine/NaOH, pH 7.8. 

The CF1 content of thylakoids was determined by rocket 
electroimmunodiffusion after Laurel1 [21] modified as in [22]. 
The buffer system was changed to Tris/borate instead of bar- 
biturate. 

Measurements of scattering changes during EDTA in- 
cubation were carried out in an Aminco spectrophotometer 
(DW 2a, split-beam mode). Both the sample and the reference 
cuvette contained 3 ml extraction medium, but with sorbitol 
(400 mM) added to the reference sample. Aliquots of the stock 
solution were injected simultaneously into both cuvettes to 
yield a chlorophyll concentration of 10 pM. Suspensions were 
stirred throughout the measurement. Scattering differences 
were followed as apparent absorption changes at 550 nm with 
a full scale of 0.05 over up to 15 min. 

Flash spectrophotometry measurements were performed 
as described [23, 241. Transient pH changes in the external 
suspending medium were monitored via the pH,,,-indicating 
absorption changes of phenol red (13 pM) at 559 nm. The 
measuring cuvette contained, in a volume of 15 ml 10 pM 
chlorophyll, 10 pM methylviologen and 10 mM NaCl. The 
pH was adjusted to 7.5 by titration with NaOH and HCl. 
The thylakoid suspension was excited with short (15 ps) and 
saturating flashes of red light (> 610 nm) at 5-s intervals. The 
pH-indicating absorption changes of the dye were obtained 
by subtraction of two transient signals, one of which was 
measured with 13 pM phenol red added and the other one 
without the dye. 20 signals each were averaged and subtracted 
as described previously [24-261. The decay of the electrical 
potential across the thylakoid membrane was measured via 
the electrochromic absorption changes at 522 nm [27,281. In 

these experiments the pH was maintained at 7.5 by 1 mM 
Tricine/NaOH in the assay medium. 

N,N-Dicyclohexylcarbodiimide (DCCD) treatment to 
block proton conduction through CF, was performed in the 
measuring cuvette and with the standard assay medium (see 
above) for 10 min at room temperature in the dark. For mea- 
surements of flash-induced pH transients the pH was re- 
adjusted after incubation. 

ATP synthesis was monitored via the luciferin/luciferase 
assay as in [29]. Either 50 pM phenazinemethosulfate or 
50 pM methylviologen was present as electron acceptor (see 
legends). 

The luciferin/luciferase assay was obtained from LKB 
(Bromma, Sweden) and the luminescence measurements were 
done in a LKB 1250 luminometer. The agarose (standard 
EEO) was from Serva (Heidelberg, FRG). All other chemicals 
were of the highest grade available. 

RESULTS 
The time course of CF1 depletion 

followed thylakoid swelling 

CF1 extraction by EDTA incubation of thylakoid mem- 
branes is an established procedure [3,30] even for large-scale 
preparation of the enzyme (see also the accompanying paper). 
Berzborn and Schrijer [31] and Telfer et al. [32] evaluated the 
salt dependence of extraction and attributed the solubilization 
of CFI to diminished electrostatic screening. We studied the 
time dependence of this process under low salt conditions. 
The insert in Fig. 1 shows the rather slow progress of CFI 
release from thylakoid membranes. Since we expected the 
complexing reaction between EDTA and divalent cations 
(with pK values for Mg . EDTA of 8.69 and for Ca . EDTA 
of 10.59 [33]) to be completed within a few seconds, we looked 
for another delay mechanism with an appropriate time 
constant. The swelling of thylakoids in hypotonic media is 
known to exhibit a similar time dependence [34]. We attempted 
to diminish the swelling of thylakoids in our assay by addition 
of 400 mM sorbitol. Extraction of CFI was decreased from 
60% (1 mM NaC1, 10 min incubation) to 36% (1 mM NaCl, 
400 m M  sorbitol, 10 min incubation). We followed swelling 
in our samples via light-scattering changes at 550 nm. Fig. 1 
shows the correlation between scattering changes and CF1 
release. It was noteworthy that the time course of the 
scattering changes was independent of the presence of EDTA 
in the extraction medium. Therefore we propose a concerted 
mechanism for CF1 release: Swelling of the thylakoids, inde- 
pendent of EDTA, and increase of the negative surface charge 
density by EDTA. 

Increasing CF1 depletion increased primarily the extent, 
not the velocity of rapid proton efflux 
from EDTA-treated thylakoids 

Proton efflux out of extracted thylakoid membranes was 
measured via the absorption changes of the pHout indicator 
phenol red. Under our measuring conditions flash excitation 
caused the uptake of one proton per electron-transport chain 
from the medium [35] and the release of two protons per 
electron-transport chain into the thylakoid lumen (for a re- 
view see [36]). The net result of proton uptake and proton 
release was an acidification of the medium by one proton per 
electron-transport chain (after protons from the lumen had 
passed across the membrane into the medium). The half- 
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Fig. 1. CF1 extraction as function of scattering changes in thylakoids suspended in EDTA-containing hypo-osmolur medium. Scattering differences 
were measured as apparent absorption changes at 550 nm. The reference cuvette contained 10 pM chlorophyll in 10 mM NaCI, 100 pM 
EDTA, 1 mM Tricine/NaOH, pH 7.8, and 400 mM sorbitol to prevent swelling. In the sample cuvette the sorbitol was omitted. The time 
course of apparent absorption changes was recorded over a range of 15 min. The two symbols stand for two thylakoid preparations. The 
values represent arbitrary units, both given relative to the respective maximum. Insert: time course of CFI depletion. Abscissa: incubation 
time of thylakoids (10 pM chlorophyll) in the extraction medium before adjytment to 30 mM NaCl. Ordinate: relative amount of released 
CF1 as a percentage of control, as determined by rocket electroimmunodiffusion 

relaxation time for this was longer than 10 s in control 
thylakoids and also in EDTA-treated thylakoids if the proton 
leaks were blocked by DCCD. In CF,-depleted thylakoids 
proton efflux was drastically accelerated with relaxation times 
of several milliseconds. In the time domain of 500 ms, which 
was intermediate between these relaxation times, we observed 
either an alkalization (proton-tight membranes) or an 
acidification (membranes leaky to protons). As in Ref. [57] 
the extent and the time course of proton efflux were obtained 
by subtracting two transient signals, both obtained with 
EDTA-treated membranes but one without DCCD treatment 
and the other one after blocking of proton channels by 
covalent modification with DCCD (10 min incubation, 
10 pM, see [2] for a review). Fig. 2 shows the time course of 
proton efflux into the external medium at different degrees'of 
CF1 extraction. Obviously an increased degree of extraction 
caused primarily an increased extent of rapid proton efflux 
rather than increased velocity. Fig. 3 illustrates the 
dependence of the proton efflux on the degree of CF1 deple- 
tion. The extent of efflux was calibrated for each degree of 
extraction against the extent of proton uptake after DCCD 
treatment. It is represented by crosses in Fig. 3. The extent of 
proton uptake after DCCD treatment was independent of the 
degree of extraction. This confirmed that electron-transport 
chains were not affected by EDTA treatment. The second set 
of data in Fig. 3 (circles) represents the rates of ATP synthesis, 
measured in parallel and with the same sample of extracted 
thylakoids as proton efflux. 

For two reasons the results documented in Figs. 2 and 
3 did not match with the expected behaviour of uniformly 
extracted thylakoids. First, in such a preparation any increase 
of the degree of extraction should be reflected in an acceler- 
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Fig. 2. Proton efflux into the external suspending medium of thylukoids 
ufrer CFI extraction by EDTA treatment. The ordinate represents the 
number of protons, which have reached the medium after passage 
over the membrane. Traces are differences between pHi,,,-indicating 
absorption changes of phenol red before and after DCCD incubation 
of EDTA-treated thylakoids. DCCD concentration was 20 pM, 
10 min incubation in the dark at room temperature. Degrees ofextrac- 
tion curve (a) lo%, curve (b) is%, curve (c) 45% 

ation of proton efflux through an increased number of avail- 
able open channels. With uniformly extracted thylakoids all 
vesicles are expected to be leaky on the time-scale of 500 ms. 
The extent of net acidification of the external suspending 
medium is expected then to reach saturation at a moderate 
degree of extraction and to remain constant thereafter. This 
clearly was not the case (Fig. 2). Secondly, even at the highest 
degree of extraction we still found significant ATP synthesis 
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Fig. 3. Efects of CF1 depletion on ATP synthesis rates and proton 
leakage of thylakoid membranes. Proton leakage (+) was measured as 
in Fig.2, ATP synthesis rates (0) with 50 pM phenamethosulfate 
as electron acceptor. 100% represent 2 H +  per electron-transport 
chain and 1293 pmol ATP mg Chl-' h-'  respectively. CF, depletion 
was determined by electroimmunodiffusion as in Fig. 1 

rates, indicating the build-up of a protonmotive force suffi- 
cient for photophosphorylation in some vesicles. These 
considerations led us to the following model: treatment of 
thylakoids with EDTA created two subpopulations of vesicles, 
one proton-tight and active in ATP synthesis, the other one 
leaky to protons and inactive in photophosphorylation. It is 
worth pointing out that we do not assume different degrees 
of extraction with different thylakoids but a different response 
of single thylakoids to the same degree of extraction (ex- 
perimental evidence for this assumption is given below). 

CF1 depletion produced two subpopulations of vesicles, 
one leaky for protons and inactive in photophosphorylation 
and the other one proton-tight and active 

We tested the proposed heterogeneity of the vesicle popu- 
lation by measuring the decay of the flash-induced membrane 
potential via electrochromic absorption changes in the 
manner already introduced in another context [37]. Any sub- 
population of proton-tight vesicles should contribute a rela- 
tively slow decay component to the electrochromic signal, 
whereas leaky vesicles should show appreciably faster decays. 
Such a biphasic decay in fact was observed (curve a in Fig. 4). 
However, at this point this biphasicity could not be interpreted 
unequivocally. Either the two phases were contributions of 
two distinct subpopulations as anticipated, or the slow and the 
fast phases arose from a voltage gate effect on the conducting 
channel, which occurred with every vesicle. It was possible to 
discriminate between these two alternatives by measurements 
at various excitation energies (see [37] for another application 
of this rationale and refer to [38] for an example where this 
test revealed voltage gating). We expected the following: with 
two distinct subpopulations, at lower flash excitation energy 
(causing lower initial voltage across the membrane), the extent 
but not the kinetics of the signal should be altered. In contrast, 
a homogeneous population of vesicles with voltage-gated 
channels should give a slow decay of the signal if the initial 
voltage was below threshold. Fig. 4 shows the outcome of 
this experiment with a thylakoid preparation that was CF1- 
depleted by 60%. Trace (b) was obtained at lower excitation 
energy than trace a (saturating flash). When curve (b) was 
upscaled to the same initial extent as curve (a) and then 
subtracted, the difference signal (curve c) was a baseline. This 
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Fig. 4. Electrochromic absorption changes in pea thylakoids at various 
flash energies. Degree of extraction was 60% as determined by 
electroimmunodiffusion. Transient absorption changes were recorded 
at 522 nm. Flash energy was 1 mJ/cm2 (saturating) for curve (a) and 
0.25 mJ/cm2 for curve (b). Curve (c) represents the difference of both 
after multiplication of curve (b) with 2.36 to reach equal initial extents. 
For details. see text 

Table 1. ATP synthesis in pea thylakoids before and after CF1 depletion 
by EDTA treatment 
Extracted thylakoids had lost 60% of their original CF, content. 
Proton flux was induced by linear electron transport with 
methylviologen as final electron acceptor. Failure of P', P5- 
di(adenosine-5') pentaphosphate (Ap,A) inhibition indicated the ATP 
not to be due to action of kinases [40]. Background levels of ATP werc 
negligible since addition of 100 m M  trichloroacetic acid (CI,AcOH) 
before illumination largely prevented ATP synthesis. Observed ATP 
synthesis was related to CF,CF, as it was inhibitable by DCCD 

Sample Additions ATP synthesis 

Control none 
thy Iakoids 5 PM APSA 

100 mM C13AcOH 
20 pM DCCD 

5 W A P ~ A  

20 pM DCCD 

EDTA vesicles none 

100 pM CI~ACOH 

pmol mg YO 
Ch1Y'h-l 

387 100 
349 90 

18 5 
49 13 
60 16 
64 17 
19 5 
44 1 1  

not only confirmed the existence of two distinct vesicle 
populations but also revealed that the conduction behaviour 
of open CFo was approximately ohmic. 

The proposed heterogeneity of CFl-depleted pea thyla- 
koids was furthermore submitted to biochemical tests. In 
order to distinguish possible overrunning of the conductivity 
of open CFo channels by fast proton pumping under cyclic 
electron transport, as mediated by phenazinemethosulfate, we 
used methylviologen as terminal electron acceptor. Thereby 
we took advantage of the intrinsically lower rate limitation of 
the linear electron-transport chain. As Table 1 shows, the 
residual ATP synthesis was not due to overrunning proton 
leaks by very rapid phenazinemethosulfate - mediated pro- 
ton pumping. Taken together, the results presented in Table 1 
proved that a subpopulation of EDTA-extracted thylakoids 
still synthesized ATP upon illumination and thus provided 
further evidence for the existence of two fractions of vesicles: 
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T one sealed and active in ATP synthesis, and the other one 
leaky and inactive. 

CFl-depleted thylakoids on the average 
contained lo5 chlorophyll molecules per vesicle 

The above findings raised the question of the number of 
exposed CFo per vesicle. It was obvious (see above) that this 
number was related to the size of the vesicles. Whereas an 
untreated thylakoid suspension exhibited clearly discernable 
structures under the light microscope (magnification of lOOO), 
these structures had disappeared almost completely after 
3 min of EDTA extraction. In order to determine the vesicle 
size we titrated the suspension with the ion-channel-forming 
antibiotic, gramicidin. The aim of this experiment was to 
increase the ratio of channel molecules to chlorophyll 
molecules, starting from very low figures, until the decay of 
the electrochromic absorption change became first biphasic 
and then monophasic and fast, thereby indicating every single 
vesicle having at least one gramicidin channel inserted into 
the membrane. This ratio gives a direct measurement of the 
chlorophyll content of one electrically coupled unit as shown 
some years ago [39]. After 10-min of EDTA extraction (and 
with the proton leaks blocked by DCCD), 1 mol gramicidin/ 
lo5 mol chlorophyll was necessary to reach a monophasic 
decay, in contrast to 1 mol gramkidin/ > lo7 mol chlorophyll 
in control thylakoids (unpublished observation). 

0nl.v 3% of exposed CFo were conductingprotons 

Thylakoid membranes contain approximately 1 mol CFI / 
1000 mol chlorophyll [41, 421. EDTA treatment produced 
vesicles containing approximately lo5 chlorophyll molecules 
(see above). An extraction degree of 30% implied 30 exposed 
CFo and 70 CF,CF, remaining per vesicle. It was puzzling to 
learn that, despite the exposure of 30 CFo, one half of these 
vesicles still was proton-tight while only the other half was 
leaky. If an ensemble of homogeneously CF1-depleted 
thylakoids still contained sealed vesicles, not all of the 30 
exposed CFo molecules could be proton-conducting. We sub- 
jected this model to a quantitative test. For this purpose we 
re-evaluated the data in terms of Poisson statistics in a manner 
similar to the way Schmid and Junge [37] interpreted experi- 
ments on the action of valinomycin on thylakoid membranes. 
We assumed that out of 30 exposed CFo per vesicle on the 
average only one or two were active as proton channels 
(n = 1 or 2). Taking 30 as a big number, then the fraction of 
vesicles carrying 0,1,2. . . active channels (n = 0,1,2. . .) was 
given by Poisson's statistics: 

W(m,n) = n"/m! exp( -n)  . (1) 
Assuming that each active channel contributed an ohmic unit 
conductance G' to a vesicle the voltage in a vesicle with m 
active channels relaxed with a time constant 

wherein C is the capacitance of this vesicle and m G' the 
conductance of its membrane. We observed the 
electrochromic absorption changes after flash excitation of a 
vesicle suspension. These reflected the sum of transient 
voltages over the whole population. Using the approximation 
that those vesicles which had no open channels were 
completely tight, we obtained the following time course for 
the relaxation of the electrochromic absorption changes (see 
[37] for a derivation): 

I I 
20 m5 

t ime  
Fig. 5. Electrochromic absorption changes at three dflerent degrees of 
extraction. Points represent original data as in Fig. 4, solid lines havc 
been calculated by Eqn (3) as given in the text and by fitting n and 
G'. Curve (a) 20% extraction, curve (b) 32%, curve (c) 4846. The 
following fit parameters resulted (n /C ' ) :  (a) 0.7/145 fS, (b) 1.2/142 fS, 
(c) 1.5/183 fs 

d A ( t )  = dA,,=o) exp(-n) exp[n exp(t/s)] (3) 

z = F (C)/G' (4) 

where 

d A ( t )  = the extent of the electrochromic absorption change 
as function of time t ,  dA(,=o) = extent of the electrochromic 
absorption at time t = 0, n = average number of active 
channels per vesicle, G' = unit conductance of active CFo, 
F = total membrane area of one vesicle, and (C) = specific 
capacitance of the thylakoid membrane in S/cm2. For data 
fitting we wrote a computer program based on the simplex 
algorithm [43]. n and G' were fit parameters, the initial extent 
was taken from the original data and the area of one vesicle 
was calculated with lo5 chlorophylls/vesicle and with an area 
of 2.2 nm2/chlorophyll molecule in the thylakoid membrane 
[44]. The specific electric capacitance was assumed to be 1 pF/ 
cm2 as usual. Fits obtained by this method are shown for three 
different degrees of extraction in Fig. 5 .  It was impressive that 
C', the conductance of open channels, was constant under 
variation of n.  Before coming back to this highly interesting 
result of the statistical approach, we present further tests for 
the validity of the model. 

The fit values of n indicated that only a small fraction 
(approximately 3%) of CF,-depleted CFo was active in pro- 
ton transport. The value of n did not exceed 2.5 even at 70% 
CF1 extraction. For any n the Poisson distribution also gave 
an estimation of the proportion of sealed vesicles, namely 
those with no active channels. According to the above model 
we had to assume that these vesicles were the only ones re- 
maining active in ATP synthesis and, on the other hand, that 
their complement was responsible for rapid proton efflux into 
the external suspending medium. In order to test the validity 
of the model we determined ATP synthesis rates (under cyclic 
as well as under linear proton flow} and the extent of proton 
retention, and replotted these three parameters as function of 
the proportion of vesicles with no active channels calculated 
from the Poisson statistical fits of the electochromic decay 
curves. The outcome supported the model (Fig. 6). 

In an inverse approach we treated EDTA vesicles with the 
CFo-blocking reagent, DCCD [45]. If  there were only few 
active channels in each leaky vesicle, blocking of CFo was 
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synthases which remained on the vesicles after EDTA treat- 
ment. We determined the number of enzymes which remained 
on the membrane by immunoelectrophoresis (related to a 
total of 1 CFoCF1/lOOO chlorophylls in controls; see above), 
and the number of active ATP synthases by phenazinemetho- 
sulfate-mediated photophosphorylation rates, taking a figure 
of 400 ATP s-' CF;' as reference (see introduction). The 
fraction of proton-tight vesicles was taken from the Poisson 
fits. The outcome of such a comparison is presented in Table 2. 
The assumption of a homogeneous distribution of CFoCFl 
and exposed CFo over the entire vesicle population implied 
that several enzyme complexes, potentially capable of 
synthezising ATP, were located on leaky vesicles, where they 
could not contribute to the observed synthesis rates. On the 
other hand, those CFoCFl complexes located on proton-tight 
vesicles should account for the whole observed synthesis of 
ATP. These predictions were clearly fulfilled (last column : 
only the enzymes located on proton-tight vesicles as given by 
the Poisson fits of electrochromic decay curves were active in 
ATP synthesis). 
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% s e a l e d  v e s i c l e s  
Fig. 6 .  ATP synthesis rates andproton efflux of extractedpea thylakoids 
as function of the fraction of non-leaky vesicles. Abscissa: proportion 
of proton-tight vesicles as predicted by fitting the electrochromic 
decay curves as shown in Fig. 5.  Ordinate: relative extent of ATP 
synthesis with phenazinemethosulfate (0) or rnethylviologen (0) as 
electron acceptor and of proton retention (+) (determined as in 
Fig. 2). Degrees of extraction were between 1 I % and 67% of CF1 in 
control thylakoids. For ATP synthesis, controls were 762 pmol ATP 
mg Chl-' h-' w' ith phenazinemethosulfate and 396 pmol ATP mg 
Chl-' h-' w' ith methylviologen 
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Fig. 7. Titration of extracted thylakoids with DCCD. Abscissa: con- 
centration of DCCD (10 min incubation at room temperature in the 
dark). Ordinate: fraction of sealed vesicles resulting from fits of 
electrochromic decay curves as in Fig. 5 

expected to alter the extent of proton efflux after 500 ms but 
not as drastically its kinetics. Indeed, the increased blocking 
by incubation with increasing DCCD amounts resulted in the 
same behaviour of proton efflux as documented in Fig. 2, 
i.e. a decreasing extent of rapid efflux at increasing DCCD 
concentrations (not shown). Moreover, as shown in Fig. 7, 
the proportion of non-leaky vesicles, as calculated from a 
Poisson fit, increased with the employed DCCD concentra- 
tion. This 'quantizised' conversion of leaky vesicles to proton- 
tight ones again is only understandable under the assumption 
of very few active channels/vesicle. It is noteworthy that the 
concentration dependence for blocking leaky vesicles by 
DCCD was similar to the one for inhibiting the ATP synthase 
activity (not shown). This was an argument against a preferen- 
tial reaction of DCCD with exposed CFo. 

Finally we tested the model by comparing the number 
of active ATP synthases with the number of residual ATP 

Open CF, translocates about lo5 ionsls (100 m V.  p H  7.5) 

After corroboration of our model, i.e. the existence of one 
population of non-leaky vesicles (despite a high degree of CF1 
depletion) and another population of leaky vesicles with only 
few open CFo, we turned to the unit conductance of one active 
CFo, the second fit parameter (GI), It was determined by 
fitting those curves which were measured after EDTA incuba- 
tion times of more than 3 min, in order to avoid disturbances 
that might have arisen from residual large vesicles. The G1 
values fitted for these curves were averaged. For two different 
preparations, we obtained means of 166 17 fS ( N  = 6 )  and 
181 18fS ( N  = 4). In the DCCD inhibition experiment 
we averaged the fit parameter for the curves obtained with 
concentrations up to 10 pM DCCD, the range of apparent 
linearity in Fig. 7. This yielded a mean of 160 f 14 fS 
( N  = 12) for the time-averaged conductance of active CFo. 
Taken together these data indicated a unit conductance of 169 
f 18 f3 per active CFo (pH 7.5, room temperature). This is 
equivalent to the translocation of lo5  protons/s at 100 mV 
electrical driving force. 

DISCUSSION 

We measured the electrical conductivity and photophos- 
phorylation rates of thylakoid membranes after CF extrac- 
tion. Detachment of CF1 from CFo requires the unscreening 
of negative surface charges [31,32]. In a medium with low salt 
and EDTA we found the solubilisation of CF1 to follow the 
time course of thylakoid swelling. Swelling may affect both 
the curvature of thylakoid membranes and the distribution of 
lipids [47]. The extrinsic F1 portion of ATP synthase interacts 
with membrane lipids both in thylakoids [46] and in E. coli 
[48]. Either phenomenon may be the source of the observed 
dependence of CFI extraction on swelling. 

Our extraction protocol created two subpopulations of 
thylakoid-derived vesicles, one proton-tight and phos- 
phorylating and the other one leaky to protons and inactive 
in ATP synthesis. The crucial question was whether or not 
the integral CFoCFl complexes and the exposed CFo were 
homogeneously distributed between these two types of 
vesicles. In Table 2 we compared the fraction of proton-tight 
vesicles as determined via voltage relaxation with (a) the 
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Table 2. Cornparison qf residual and active CFl on EDTA vesicles of dcferent degrees of extraction 
Residual CF1 was determincd by electroimmunodiffusion relative to control thylakoids. Their absolute number (n)  was calculated by use of 
a stoichiometry of 1 CF1/l 000 chlorophylls in controls. ATP synthesis was measured with phenazinemethosulfate as electron acceptor. The 
absolute number of active ATP synthases (CFl,active) was calculated with a specific activity of 400 ATP s-’ CF; ’. The proportion of sealed 
vesicles was taken from the Poisson statistical fit of electrochromic decay curves as in Fig. 5. The number of ATP synthases located on these 
vesicles (CFl,sealcd) was calculated with a value of lo5 chlorophyll molecules/vesicle (see text), the respectivc degrees of extraction and the 
above CFl/chlorophyll ratio of ljl000 

CF1 remaining on membranes CFl active in ATP synthesis CF1 located on sealed vesicles &tire &tive 

l lresidual nrealed 

-- __ 

% I1  pmol ATP ?I % sealed n 
mg Chl-I h-’  vesicles 

82 4.9 x 10l2 425 1.8 x 10lZ 56 2.1 x 1012 0.37 0.67 
63 3.8 x 10” 282 1.2 x 10’2 35 1.3 x lo1* 0.32 0.92 
56 3.4 x 10’2 323 1.4 x 10” 39 1.3 x 10” 0.41 1.08 
33 2.0 x 10’2 99 0.4 x 10” 19 0.4 x 10’ ’ 0.20 1 .oo 

phosphorylation rate, which was taken as a measure of active 
CFI, and (b) with the total number of CF1 left on the vesicles 
after partial depletion. We found that the number of active 
CF1 was proportional to the number of proton-tight vesicles 
while the total number of remaining CFI was not. This implied 
homogeneous distribution of remaining CF1 over both sub- 
populations of vesicles. 

Two lines of evidence led us to conclude that only a small 
fraction of exposed CFo was open CF,. (a) High degrees of 
extraction were required to make nearly all vesicles leaky to 
protons and inactive in phosphorylation. (b) The observed 
decay of the flash-induced electric potential difference across 
the membrane could be fitted by Poisson statistics with the 
assumption of very few open CFo channels per vesicle. It 
was noteworthy that the proportion of closed vesicles, as 
calculated from experiments of type (a), agreed with that from 
type (b) (see Fig. 6). It is not known why only a few percent 
of exposed CFo were active although physiological advant- 
ages of inactive CFo, after loss of its counterpart, CF1, are 
obvious. A voltage gating, as established for the integral 
CFoCFl [29, 38, 55, 561 and as postulated for MFoMFl [49], 
could be excluded on the basis of Fig. 4 (see Fig. 2 in [38] for 
a similar experiment where voltage gating was expressed). 
CF, might be organized by CF1 as an active proton channel 
as proposed by Nelson [50]. Furthermore, we found that mild 
extraction of CF1 yielded mainly CF1 lacking the 6 subunit 
[51]. Concomitantly no proton leakage could be detected. This 
led us to postulate that the b subunit might function as plug 
to the proton channel through open CFo [51]. Reconstitution 
experiments lend further support to this proposal (cf. 
accompanying paper). 

The very high degree of extraction necessary for cancelling 
ATP synthesis could be misinterpreted as being indicative of 
‘localized coupling’ of proton production and proton con- 
sumption as first proposed by Williams and later extended by 
others [53] (for review, see [52]). Since one proton-conducting 
CFo channel per vesicle was sufficient to cancel ATP synthesis 
of the whole vesicle, the proton distribution in our vesicles 
appeared to be ‘delocalized’ as proposed by Mitchell [54]. This 
also is supported by the computation shown in Table 2, which 
indicated that only those CF1, which were located on sealed 
vesicles, were active in photophosphorylation. 

We calculated the unit conductance of CFo to be 169 fS 
(pH 7 3 ,  which was equivalent to the passage of about l o5  
protons per CFo at 100 mV electrical driving force. Previously 
renorted turnover numbers for Fn channels were several 

orders of magnitude lower [14- 171. It is rather satisfying that 
the turnover number here determined will not limit even the 
highest rates of photophosphorylation. We are currently in- 
vestigating the physical mechanism and specificity of proton 
conduction via CFo by studying pH and temperature 
dependence and the influence of isotopic substitution (D’ for 
H +). 
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