
Eur. J. Biochem. 181,485-491 (1989) 
0 FEBS 1989 

Cross-reconstitution of the FoF1-ATP synthases of chloroplasts 
and Escherichia coli with special emphasis on subunit S 
Siegfried ENGELBRECHT Gabriele DECKERS-HEBESTREIT’, Karlheinz ALTENDORF and Wolfgang JUNGE ’ 
Departments of Biophysics and Microbiology, University of Osnabruck 

(Received November 7, 1988) - EJB 88 1294 

FoF1-ATP synthases catalyse ATP formation from ADP and Pi by using the free energy supplied by the 
transmembrane electrochemical potential of the proton. The 6 subunit of F1 plays an important role at the 
interface between the channel portion Fo and the catalytic portion F1. In chloroplasts it can plug the protonic 
conductance of CF, and in Escherichia coli it is required for binding of EF, to EFo. 

We wanted to know whether or not 6 of one species was effective between Fo and F1 of the other species and 
vice versa. To this end the respective coupling membrane (thylakoids, everted vesicles from E. coli) was (partially) 
depleted of F1 and purified F1, F1(-6), and 6 were added in various combinations to the F,-depleted membranes. 
The efficiency or reconstitution was measured in thylakoids via the rate of phenazinemethosulfate-mediated cyclic 
photophosphorylation and in E. coli everted vesicles via the degree of 9-amino-6-chloro-2-methoxyacridine 
fluorescence quenching. 

Addition of CF1 to partially CF1-depleted thylakoid vesicles restored photophosphorylation to the highest 
extent. CF1(-6)+chloroplast 6, EF1, EF1(-6)+E. coli 6 were also effective but to lesser extent. CF1(-6)+E. coli 
6 and EF1(-6) +chloroplast 6 restored photophosphorylation to a small but still significant extent. With F1- 
depleted everted vesicles prepared by repeated EDTA treatment of E. coli membranes, addition of CFl,  CF1 
(-6) +chloroplast 6 and CF1(-6) + E. coli 6 gave approximately half the extent of 9-amino-6-chloro-2- 
methoxyacridine fluorescence quenching as compared to EF1 or EF1(-6)+E. coli 6 by energization of the 
vesicles with NADH, while EF1(-6) +chloroplast 6 was ineffective. All ‘mixed’ combinations were probably 
reconstitutively active only by plugging the protonic leak through the exposed Fo (structural reconstitution) rather 
than by catalytic activity. Nevertheless, the cross-reconstitution is stunning in view of the weak sequence similarity 
between chloroplast 6 and E. coli 6. It favors a role of 6 as a conformational transducer rather than as a proton 
conductor between Fo and F1. 

ATP synthesis in thylakoids, mitochondria, and in various 
microorganisms is mediated by FoF1-ATP synthases. These 
form a class of closely related enzymes consisting of a 
membrane-embedded Fo portion, an extrinsic F1 part and 
possibly a connecting stalk. Such a stalk was observed already 
in 1964 in electron microscopic studies of mitochondria1 inner 
membranes by Fernandez-Moran et al. [l] and recently the 
concept of a stalk has been ‘revived’ by Gogol et al. [2]. (For 
recent reviews on FoFl see [3 - 71). The Fo portion functions 
as a proton channel with extremely high conductance [8], the 
water-soluble F1 contains the substrate binding sites (upon 
detachment from the membrane F1 catalyses ATP hydrolysis) 
and the stalk is supposed to serve as the connecting link 
between Fo and Fl. FI is a heterooligomer with an a3P3y6c 
structure [9- 121. 

ATP synthesis is thought to occur spontaneously, the 
energy-requiring step being product release. Three different 
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active sites may by connected allosterically by negative 
cooperativity: Binding of ADP and Pi to one site causes ATP 
formation in a second site and ATP liberation in a third 
one. The concepts of spontaneous ATP formation, grossly 
enhanced ATP liberation by multisite catalysis, and possibly 
by functional rotation of active sites in time (the binding 
change mechanism) have been introduced and recently 
summarized by Penefsky I131 and Boyer [14]. 

In this context, it is interesting to study the function of 
subunit 6. 6 is one of the smaller subunits of CFl and EFl .  
Its molecular mass is around 20 kDa, the primary structures 
of both the Escherichia coli 6 and the chloroplast 6 are known 
[15- 171 and are only slightly similar [17]. 6 of both origins, 
E. coli and spinach thylakoids, appears to be an elongated, 
rather flexible molecule [I8 -201. Originally it was thought 
that in both E. coli and thylakoid membranes 6 was the 
connecting link between F1 and Fo, being necessary for the 
association of these two protein complexes [18, 21 -231. A 
similar conclusion was reached for Rhodospirillum rubrum 
ATP synthase [24]. Only for EFoEFl has this conclusion sur- 
vived the test of time; for CFoCFl it was clearly demonstrated 
that 6 is not required for rebinding of CFl to CF, [25]. By 
various approaches it was shown that chloroplast 6 controls 
proton flow: when isolated and added back to partially CF1- 
depleted membranes, it can keep the proton pore through 
CFo closed [26-331. Thus at least chloroplast 6 fulfills a 
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functional and not merely structural role [31, 321. The struc- 
tural role of E. coli 6 in the association of EFl with EFo does 
not exclude an additional functional role though, and this has 
been suggested [34, 351. 

It was interesting to compare E. coli 6 and chloroplast 6 
directly in mixed reconstitution experiments, adding CF1 
(-6)+E. coli 6 to CFo and EF1(-6)+chloroplast 6 to EFo. In 
view of the constraints that are posed by the necessity of 
precise matching of the interfaces between Fo, 6, and FI and 
considering the weak sequence similarity between the two 6 
subunits, the finding that E. coli 6 in the presence of CF1 
(-6) restored photophosphorylation to a small but significant 
extent was rather surprising. We interpreted this result as an 
indication of conformational coupling between proton flow 
and ATP synthesis, with subunit 6 playing the same role both 
in CFoCFl and EFoEF1. 

MATERIALS AND METHODS 

Spinach thylakoid vesicles that were partially depleted in 
CF1('EDTA vesicles') were prepared according to the pro- 
cedure of Shoshan and Shavit [36], spinach CFl,  CF1(-6) and 
chloroplast 6 according to published procedures [28, 30, 32, 
371. F l-depleted everted membrane vesicles were prepared 
from E. coli strain ML 308-225 as described by Vogel and 
Steinhart [38]. EFI from strains ML 308-225 or KY 7485 was 
prepared according to Steffens et al. [39]. Bacterial growth 
was performed as published [39, 401. The FPLC purification 
of EF1(-6) and E. coli 6 was performed with self-prepared 
columns [28] of Fractogel TSK DEAE 650(S) and Fractogel 
TSK Butyl 650(S). Reconstitution of photophosphorylation 
along with ATP determination was carried out as described 
[28, 321. Reconstitution of F l-depleted everted vesicles from 
E. coli with EF1 or CF1 was performed as outlined in [38]. The 
energization of reconstituted membrane vesicles with NADH 
(0.2 mM) or ATP (0.5 mM) was determined by 9-amino-6- 
chloro-2-methoxyacridine fluorescence quenching as de- 
scribed in [41]. Preincubations of F1(-6)+6 were carried out 
at room temperature in 25 mM Pi, pH 7.8 for 3- 10 min. 

Protein determinations were carried out after Sedmak and 
Grossberg [42], SDS electrophoresis with the Pharmacia 
PhastSystem [43] with silver/silicotungstic acid staining essen- 
tially according to Krause and Elbertzhagen [44] (see also [32, 
451). Rocket immunoelectrophoresis was carried out as in [28, 
321. 

Mega 9 was obtained from Oxyl Chemie (Bobingen, 
FRG); the fractogel resins came from Merck, the ATP-moni- 
toring reagent from Pharmacia LKB, Wallac, Finland and the 
ultrafiltration membranes from Amicon. 

Adenosine(5') pentaphospho(5') adenosine and tentoxin 
were purchased from Sigma. 

RESULTS 

Preparation of E. coli 6 and EFl(-6) 

The experiments necessitated the preparation of EF1(-6) 
and E. coli 6. We found that EF1 isolated from the ATP- 
synthase-overproducing strain KY 7485 in contrast to strain 
K12 [46] contained some 6, which rendered this preparation 
unsuitable as a source of EF1(-6). On the other hand, the 
amounts of 6 were too low for efficient preparation of this 
subunit from KY 7485. Initial attempts to purify all EF1 
subunits separately followed by reconstitution of EFl-(6) did 

Fig. 1. Elution profile of anion-exchange chromatography of' 10 mg 
EF, on fractogel TSK DEAE 650(S). The sample was pretreated as 
detailed in Results. Elution was by a linear gradient (0-300 mM 
within 150 ml) of NaCl in 25 mM Tris/HCl, 22 mM Mega 9; 1 mM 
EDTA, pH 7.8 at 5 ml/min. The absorption at 280 nm was detccted 
and the salt gradient as set by the controller is shown as a straight 
line (the chromatogram is not corrected for the delay between setting 
of the salt gradient and elution from the column). Note that the 
second peak contains ADP and ATP, which cause the absorption 
increase. The run was ended by a high-salt wash, seen on the right 
edge of the profile as a sharp increase of the salt gradient. The peak 
that was eluted contained no EF1-related subunits 

not look promising. The Smith and Sternweis procedure [47] 
for preparation of E. coli 6 in several experiments gave only 
pure E but never pure 6 and naturally no EF1(-6). Therefore, 
we focussed on preparation of EF1-(6) and E. coli 6 by appli- 
cation of the protocol for preparation of CF1(-6) and 
chloroplast 6 [30, 321. 

After some adjustments the following protocol was 
adopted, which allowed for the preparation of about 100 Fg 
E.  coli 6 from about 30 mg EF1 within 8 h (starting from 
purified EF1). Freshly prepared EF1 was dissolved at about 
1 mg/ml in 25 mM Tris/HCl, 22 mM Mega 9, 0.25 mM K- 
ADP, 0.25 mM Na-ATP, 0.5 mM MgCI,, 20% MeOH, pH 
7.8 and kept for 1 h on ice. The material was applied in batches 
not exceeding 15 mg to a 10-ml column packed with fractogel 
TSK DEAE 650(S) (referred to as anion-exchange column) 
and eluted with a linear gradient of NaCl in 25 mM Tris/HCl, 
22 mM Mega 9, 1 mM EDTA, pH 7.8. A first sharp peak 
around 50 mM NaCl contained subunits CI and E .  A second 
broad peak contained the nucleotides and subunits CI, 6, E ,  

and, depending on the starting material, small amounts of 
impurities. A mixture of EF1(-6) and EF1(-6,E) eluted in a 
third peak around 200 mM NaCI. This material precipitated 
shortly after elution from the column. In order to avoid this, 
after elution of the &containing peak, the column was im- 
mediately reequilibrated and eluted with NaCl in 25 mM Tris/ 
HCI, 1 mM EDTA, 0.1 mM dithiothreitol, pH 7.8. This com- 
pletely prevented precipitation of EF1(-6)/EFl(-b,E). The first 
peak and the last peak were combined and 0.1 mM 
di-isopropylphosphofluoridate was added to the combined 
a/s/EF1(-6)/EF1(-6,&) material and the o1/6/c peak. A typical 
chromatogram is shown in Fig. 1. 

A gel filtration of the recombined first and third peak on 
Superose 12 (Pharmacia) yielded EF1(-6) in the void volume 
and pure a subunit, thus demonstrating rebinding of c to 
EFl(-drE) (cf. Fig. 2). Alternatively, the recombined peak frac- 
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Fig. 2. SDS electrophoresis of surnples obtained during preparation (f 

EF, ( - 6 )  und E. coli 6 and samples thut were used fbr  the reconstitution 
expPrinwzts. Phastgels (10- IS?’”) [43] were silver-stained 132,441. The 
samples are as indicated, x 150 ng EF1, EF,(-6), CF1, CF1(4) ,  and 
% 30 ng of all other samples were run. Note that the c1 and f i  subunits 
of EF ,  were not separated by the system. The CI subunit contained in 
various samples was identified by doubling the separation time, which 
resultcd in clear distinction of E. coli LY and f i .  The two samples of E. 
coli 6 represent the achievable purity of the preparation under 
favorable and unfavorable conditions (cf. Results) 

tions were pressure-dialysed via Aiiiicon YM 10 membranes 
in order to remove detergent and salt. The E. coli 6 contained 
in the second peak remained to be further purified. This was 
achieved by hydrophobic interaction chromatography on 
fractogel TSK Butyl650(S). The detergent still present in the 
second peak was removed by rechromatography on the anion- 
exchange column. The peak fractions were diluted threefold 
with 25 mM Tris/HCI, 1 mM EDTA, 0.1 mM dithiothreitol, 
pH 7.8 (buffer A), applied to the column and eluted with 
25 mM Tris/HCI, 250 mM (NH4)2S04, pH 7.8. The material 
was applied immediately to a 3 -ml TSK Butyl65O(S) column, 
the nucleotides and F passed through, a was washed off the 
column by lowering the (NH4)2S04 concentration to 25 mM 
in buffer A and E. coli 6 was eluted by lowering the (NH4)2S04 
concentration to zero (data not shown). The &containing 
peak was pressure-dialysed via an Amicon YM 10 membrane 
in order to remove traces of (NH4)2S04 that otherwise inter- 
fered with the reconstitution experiments. All chroniat- 
ographies were carried out at room temperature. The eluted 
material was stored on ice until SDS electrophoretic 
characterization and after pressue dialysis/concentration in 
liquid nitrogen. 

Taken together, EF1(-6) and E. coli 6 were prepared by 
two chrornatographies: anion exchange in the presence of 
detergent and hydrophobic interaction chromatography. The 
anion-exchange chromatography yielded in three peaks a/&, 
c l j 6 j c  and EFl(-6)/EFl(-6,F). Recombination of the ale and 

0 100 200 300 400 
pg protein added 

Fig. 3. Restorution qf phenuzinemethosulfute-mediated cyclic 
photophosphorylution in spinach thylukoids (10  pg chlorophyll) by ud- 
dition qf CF, (Hi  and EF, ( 0 ) .  The activity of the thylakoids was 
2072 pmol ATP synthesized h-  ’ (mg chlorophyll)-’ 

EFl(-6)/EFl(-6,r) peaks gave EF1(-6) and CI, which could be 
separated by gel filtration. 6 could be purified out of the 
second peak by hydrophobic interaction chromatography. In 
view of the effectiveness of chloroplast 6 in the presence 
of CF,(-6), it was of critical importance to use two different 
sets of columns and ultrafiltration cells for the preparation of 
E. coli and chloroplast proteins, respectively. 

The procedure worked best with EF1 freshly prepared 
from strain ML 308-225. The major problem was contami- 
nation of E. coli 6 with a: in some cases contaminating CI could 
not be removed completely, even after incubation with 50 mM 
dithiothreitol in order to prevent disulfide linkage between a 
and 6 [48]. In these cases the Smith and Sternweis procedure 
[47] yielded the same a-contaminated 6 (in these latter EFI 
preparations, the first peak from the anion-exchange column 
was about half the size of the third peak so that the ‘success’ 
of the E. coli 6 preparation may be judged at this point 
already). Fig. 2 shows an SDS electrophoresis of the samples 
that were used in the reconstitution experiments. Western blot 
analysis of EF1, CFI, chloroplast 6, and E. coli6 with antisera 
prepared against the five subunits of EF1, against CFI ,  and 
against chloroplast 6 showed only cross-reactivity between the 
two /l subunits (G. Deckers-Hebestreit, unpublished results). 

Restoration of photophosphorylution in spinach EDTA vesicle3 

It was our aim to determine whether or not E. coli 6 could 
fulfill the role of chloroplast 6 in CFoCFl and vice versa. In 
view of the fact that 6 is probably located at the interface 
between Fo and F1 it was interesting to see whether EF1 would 
restore photophosphorylation in EDTA-treated thylakoids 
(‘EDTA vesicles’) and if so whether the reconstitution was 
functional, i.e. ATP synthesis by CFoEF1, or structural, i.e. 
plugging of protonic leaks through open CFo in a proton- 
leaky vesicle by EF1 which indirectly reactivated the catalytic 
activity of the remaining CFoCFl molecules in the now pro- 
ton-tight vesicle. 

To this end EDTA vesicles were incubated with increasing 
amounts of EF1 and, for comparison, CF1. From Fig. 3 it is 
evident that EF1 could restore photophosphorylation 
although not to the same extent as CFI.  With respect to their 
binding affinities, EF1 and CF1 were roughly comparable 
(curiously the restoration of photophosphorylation caused 
by EF1 was independent of the Mg2+ concentration). The 
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pmol . h - '  . mg-' 

Thylakoids 1120 113 1790 173 1920 nd 
EDTA vesicles 46 28 42 22 34 24 

+CF1 (50pg) 351 61 450 55 474 60 
+EF1 (400pg) 130 68 127 64 190 90 

difference in effectiveness could be explained either by the 
existence of a subpopulation of CFo that reacted properly 
with EFI,  or by suboptimal plugging of leaks. If the CFoEFl 
complex was functionally active in ATP synthesis, this action 
should become evident after selective inhibition of CFoCFl. 
We used tentoxin as a specific inhibitor of CF1 [49]. Table 1 
shows the result of three experiments where EDTA vesicles 
were reconstituted with saturating amounts of CF, and EF1 
in the absence and presence of tentoxin. Tentoxin did not 
prevent a slight restoration of photophosphorylation by ad- 
dition of both EF1 and CF1 to EDTA-treated thylakoids. This 
was interpreted as an indication of the presence of a small 
amount of CFoCFl that could not be inhibited by tentoxin 
and that, upon addition of either CF, or EF1, regained ac- 
tivity. We concluded that EF1 acted only by plugging leaks 
whereas the added CF1, at least in part, was also functionally 
active. Similar experiments were carried out by Bar-Zvi et al. 
[50] working with TF1 from the thermophilic bacterium PS 3 
and thylakoid membranes and CF1 from lettuce chloroplasts. 
They also concluded that TFI acted exclusively by plugging 
leaks (structural reconstitution), whereas the added CF1 was 
active in both structural and functional reconstitution (cf. 
Table 1 in [50]). In contrast, cross-reconstitution studies with 
EF, and TFo and vice versa showed that the F, and Fo parts 
of E. coli and PS 3 were also functionally compatible 1411. 

Next, we investigated the restoration of photophos- 
phorylation by CF1(-6)+E. coli 6 and by EF1(-6) + 
chloroplast 6. Fig. 4 shows the results of experiments where 
30 pg CF1(-6) or EFI(-6) was added to EDTA vesicles 
(equivalent to 10 pg chlorophyll) together with increasing 
amounts of either spinach or E. coli 6. In both cases photo- 
phosphorylation was restored to a greater extent after ad- 
dition of both Fl(-6) and 6 as compared to the effects of Fl(-6) 
alone. Saturation of the effects at a ratio of about 1.5 pg 6/ 
30 pg Fl(-6) corresponded to a molar ratio of 1 : 1 [18, 321. 

The restoration of photophosphorylation was small as 
compared to the effect of added CF1, but it was reproducible 
and clearly above background. Table 2 summarizes the data 
of six experiments with different preparations of Fl(-6) and 
6. Not unexpectedly, restoration of photophosphorylation 
was highest with CF1, CFI(-6) and EF, were comparably 
effective, while EF1(-6) in most cases was half as effective as 
EF1. Addition of chloroplast 6 to CF1(-6) greatly improved 
the degree of restoration of photophosphorylation, although 

0 2.5 5 0  2.5 5 
pg Ec6 added cg Sp6 added 

Fig. 4. Restoration of phenazinemethosulfate-mediated cyclic photo- 
phosphorylation in spinach thylakoids ( I 0  pg chlorophyll) by addition 
of ( A )  30 pg CF1 ( - 6 )  plus the indicated amounts of E. coli 6 ( E d )  
and ( B )  30pg EF,(-6) plus the indicated amount qf chloroplast 6 
(Sp6) .  The asterisks give the residual activities of the EDTA vesicles. 
Other relevant activities were (ATP synthesized h -  ' mg chloro- 
phyll-'): (A) thylakoids, 1200 pmol; EDTA vesicles, 31 pmol; ves- 
icles + 30 pg CF1, 318 pmol; vesicles + 30 pg CF1(-6), 44 pmol; 
vcsicies + 30 pg CF1(-6) + 1 pg chloroplast 6, 143 pmol; (B) thy- 
lakoids, 1183 pmol; EDTA vesicles, 44 pmol; vesicles + 50 pg EFI, 
160 pmol; vesicles + 30 pg EF1(-6), 111 pmol; vesicles + 30 pg 
EF1(-6)+1.5 pg E. coli6, 164 pmol 

not to the extent of CF1. In most cases EF1(-6)+E. coli 6 
were as effective as EF1. CF1(-6)+ E. coli 6 worked in five out 
of six cases. E. coli 6 did not enhance the restoration of 
photophosphorylation to the same degree as chloroplast 6 
whereas chloroplast 6 together with EF1(-6) was indis- 
tinguishable from EF1(-6) + E. coli 6. Chloroplast 6 or E. coli 
6 alone did not restore photophosphorylation and E. coli LX 

and E.  coli E consistently did not improve the extent of resto- 
ration of photophosphorylation by added CF1(-6) or EF1(-6) 
(data not shown). 

Restorution of membrane energizution in everted vesicles 
jiom E. coli 

In an inverse approach the effects of EF1, EF1(-6), and E. 
coli 6 on the leakiness to protons of F1-depleted everted E. 
coli vesicles were compared to those of CF1, CF1(-6), and 
chloroplast 6. To this end F1-depleted everted vesicles were 
incubated with increasing amounts of EF1 and CF1, respec- 
tively (Fig. 5) .  Energization of reconstituted vesicles with 
NADH measured by 9-amino-6-chloro-Zmethoxyacridine 
fluorescence quenching showed that CF1 was effective in plug- 
ging protonic leaks through open EFo although not to the 
same extent as EF1 (see also below). However, the reconsti- 
tution of CF1 was structural as demonstrated by energization 
of reconstituted vesicles with ATP. In addition, the affinity of 
CF1 to EFo was somewhat lower (15 pg vs 6 pg) and the 
degree of restoration of 9-amino-6-chloro-2-methoxyacridine 
fluorescence quenching was about 60% of the effect of EF 1 .  

Next, we studied the reconstitution of F ,-depleted vesicles 
with CF1(-6)+ E. coli6 or EF,(-G)+chloroplast 6. The results 
of these experiments are summarized in Table 3. Whereas 
CF1(-6)+ E. coli 6 were effective in plugging protonic leaks 
to the same degree as CF1 or CF,(-d)+chloroplast 6, al- 
though very low levels of E. coli 6 were necessary for reconsti- 
tution, chloroplast 6 with EF1(-6) did not work. Therefore, 
EF1(-6)+ E. coli 6 and CF1(-6)+chloroplast 6 were used as a 
control showing that the restoration of 9-amino-6-chloro-2- 
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Table 2. Compurison of'photophosphorylution data of spinach thylakoids and EDTA-treated thybkoid vesicles before and after addition of' the 
indicated pro teins 
Phenazinemethosulfate-mediated cyclic photophosphorylation is given as rate of ATP synthesis/mass chlorophyll; remaining CF1 after 
EDTA treatment of thylakoids is given as a percentage of control, determined by rocket immunoelectrophoresis [28, 321. Thc restored 
photophosphorylation by CF,, CF1(-6), EFl, and EF1(-6) is given as the increase in photophosphorylation, the improved restoration of 
photophosphorylation by addition of subunit 6 to Fl(-6) is given as the increase in photophosphorylation rates obtained with F,(-6) in the 
presence of 6 as compared to Fl(-6) alone. 10 pg chlorophyll was incubated with the following amounts of protein: CF1, 50 pg; CF,(-6), 
30 pg; CFI(-6) +chloroplast 6 (Sp6), 30 + 1.5 pg; CF1(-6) + E. coli 6 (Ed) ,  30 + 5 pg; EF,, 200 pg; EF1(-6), 30 pg; EF1(-6) + E. coli 6 ,  
30 + 1.5 pg; EFI(-6) + chloroplast 6, 30 + 5 pg. Details of the reconstitution procedure are givcn under Materials and Methods 

Photophosphorylation Sample Value in experiment 

1 2 3 4 5 6 

pmol h . (mg chlorophyll)-' 

Original thylakoids 1200 1250 1183 1920 1416 1971 
EDTA vesicles 31 44 44 34 82 69 
(remaining CFI,  YO) (41 1 (44) (44) (44) (53) (nd) 

Restored +CFi 339 41 5 nd 434 946 445 
+CFi(-fi) 16 75 59 86 97 111 

Improved restoration +CFi(-b) + Sp6 96 205 218 226 471 171 
+CF1(-6) + Ec6 48 39 60 14 209 0 

Restored +EFi 55 80 87 164 385 154 
+EF1(-6) 0 36 48 34 97 72 

Improved rcstoration +EFI(-6) + Ec6 14 38 72 32 30 39 
+EF1(-6) + Sp6 13 48 58 49 89 65 
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Fig. 5. Reconstitution of F ,  -depleted everted vesicles o f E .  coli with EF1 
(0, @) or CF1 (0, m) meusured by 9-arnino-6-chloro-2-rnethoxy- 
acridiize ,fluorescence quenching. ( , m) Energization with NADH ; 
(0, El) energization with ATP. For further details cf. Materials and 
Methods 

methoxyacridine fluorescence quenching was similar as com- 
pared to the effects of EFI and CF1, respectively. As with 
thylakoid vesicles, neither E. coli 6 nor chloroplast 6 nor E. 
coli CI or E alone gave any detectable fluorescence quenching 
and the magnitude of quenching by EF1(-6) was not enlarged 
by E. coli CI or E (data not shown). 

Everted vesicles from E. coli can be energized either by 
respiration-driven (NADH) or by ATP-hydrolysis-driven pro- 
ton translocation, thus allowing for easy discrimination be- 
tween structural or functional reconstitution. Membrane 
energization of vesicles reconstituted with EF1(-6) + E. coli 6 
and of CF1(-6) + E. coli 6 in comparison to EF1 revealed that 
both EF1(-6)+E. coli 6 and EF1 were functionally active 
whereas CF1(-6)fE. coli 6 was only structurally active (data 

not shown). Thus it was demonstrated (a) that EF1(-6) + E. 
coli 6 was equivalent to EF1 and (b) that subunit 6 alone is 
not sufficient for coupling ATP hydrolysis to proton translo- 
cation. 

DISCUSSION 

Our previous work on chloroplast CFoCFl has demon- 
strated the ability of purified subunit 6 to restore phen- 
azinemethosulfate-mediated cyclic photophosphorylation in 
partially CF,-depleted vesicles from spinach thylakoids [31]. 
This action was due to the fact that 6 plugged the protonic 
leak conductance of a small fraction of 'exposed' CFo which 
were in a high conductance form [8, 27, 331 (see below). This 
role of 6 was detected by three different experimental 
approaches. 

a) When freshly prepared chloroplast 6 was added to 
EDTA-treated spinach thylakoids, it restored photo- 
phosphorylation. This ability was rapidly lost upon storage 
of 6 and the loss of activity seemed to involve conformational 
transitions of isolated 6 [31]. Most of the chloroplast 6 that 
was used in this work had been stored at - 20" C or - 196" C 
and did not restore photophosphorylation by itself. In gel 
filtration the protein eluted at an apparent molecular mass of 
49 kDa. This may be explained by the highly asymmetric 
shape of the molecule. It may be regarded also as an indication 
of dimerization of chloroplast 6 and this might prevent rebind- 
ing of 6 alone to CFo (S. Engelbrecht, unpublished obser- 
vations). 

b) When isolated 6 was added together with either CF1(-6) or 
EF1(-6) it improved the restoration of photophosphorylation. 
This was independent of the age and cold storage of 6 [31, 
321 (and this article). Thus, it seemed as if the unfavourable 
condition of stored 6 could be overcome by its association 
with other subunits of F1. 
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Table 3. Resealing of E. coli F,-depleted everted vesicles by uddition of the indicuted proteins, measured via 9-amino-6-chloro-2-nietho.u!,acridine 
fluorescence quenching 
Sp(5 = chloroplast (5, Ech = E. coli (5. The relatively high quenching by EFl(-6) in experiment 1 probably was due to a contamination by 
EF, .  The fluorescence quench obtained with rechromatographed EF,(-6) yielded the data given under experiment 2. Energization of the 
vesicles was achieved with 0.2 mM NADH. nd, not determined. For further details cf. Materials and Methods 

Sample Expt 1 Expt 2 

mass quench mass quench 

+ EF1(-6) + Sp6 

+CFI 
+CFl(-h) 
+CF1(-6) + Sp(5 

Pg Yo Pg O h  

EFo vesicles 100 7 100 11 
+ EFI  10 77 20 80 
+ EFi(4)  10 47 20 21 
+ EF1(-6) + Ec6 10+ 0.125 51 nd 

10+ 0.25 68 20+ 0.25 34 
1 0 f  0.5 80 20+ 0.5 39 
l o t  1 83 20+ 1 72 

nd 20+  2 85 
10+ 2 42 nd 
10 + 20 42 20 + 20 18 

400 49 200 49 
400 18 200 15 

nd 200 + 1.25 35 
400+ 2.5 32 200 + 2.5 42 
400+ 5 38 200+ 5 50 
400 + 10 45 200 + 10 49 
400 + 20 47 nd 

+CFj(-(5) + Ech 400 + 0.5 31 200+ 0.5 20 
400+ 1 36 200+ 1 23 
400+ 2 41 200+ 2 33 
400 + 10 50 200+ 4 39 
400 + 20 48 nd 

c) Chloroplast 6, if left on CFo under certain conditions of 
EDTA treatment of thylakoids, kept the proton pore through 
CFo closed [26, 29, 331. This led us to differentiate between 
‘exposed CFo’, which had lost the CF1 counterpart through 
EDTA treatment, but which was mostly not active in proton 
conduction, and ‘open CFo’, which was active [8, 27, 281. 

In cross-reconstitution experiments with CF1-depleted 
thylakoids both CF1(-6)+E. coli 6 and EF1(-6) +chloroplast 
6 restored photophosphorylation to small extent, presumably 
by plugging protonic leaks through CFo. EF1(-6) + chloro- 
plast 6 did not plug leaks through EFo in F1-depleted everted 
vesicles from E. coli. CF1 or CF1(-6) + chloroplast 6 closed 
proton leaks through EFo, although higher amounts were 
required. If chloroplast 6 was substituted by E. coli 6 the 
protein amount necessary for observable effects was sharply 
decreased to about the amount needed with the ‘pure’ E.  coli 
system, i. e. the E. coli 6 seemed to increase the binding affinity 
even of CF1(-6) to EFo. On the other hand CFl(-6) was 
necessary to ‘enable’ E. coli 6 to plug open EFo. Obviously, 
subunit 6 controls proton flow in both EFoEFl and CFoCFl. 
E. coli 6 in addition increases the binding affinity of EF1(-6) 
to EFo and likewise of CF1(-6) to EFo. 

The finding that proton pores through EFo could be 
plugged to the extent found in this experiment was surprising 
in view of recent results that were obtained with CFo [8, 271. 
In EDTA-treated thylakoids most of the CF1-depleted CFo is 
converted into a low-conductance form which is sufficient to 
dissipate the proton motive force built up by methylviologen- 
mediated linear electron transport. This form constitutes the 
majority of exposed CFo. It is sensitive to N,N‘-dicyclohexyl- 

carbodiimide but cannot be plugged by CF,. The proton 
efflux mediated by this ‘low-conductance CFo’ can be over- 
come only by proton pumping at very high rates as mediated 
through cyclic electron transport with phenazinemethosulfate 
as cofactor [51]. As the majority of ,low-conductance CFo’ 
cannot be plugged by added CF1, photophosphorylation 
never can be restored to the rates of the control. Instead, by 
plugging the minority of CFo channels in the high-conduc- 
tance form, a few rebound CF1 molecules enable the remain- 
ing CF1 to regain catalytic activity. 

Everted vesicles derived from E. coli differ from this in 
one important aspect: the degree of 9-amino-6-chloro-2- 
methoxyacridine fluorescence quenching is nearly the same in 
controls and reconstituted everted vesicles. Proton efflux can 
be inhibited to about the same extent by both EFl and N,N‘- 
dicyclohexylcarbodiimide. This implies that all exposed EFo 
can react with EF1, not only a small fraction as with 
thylakoids. 

Conclusive experimental evidence for the presence of 6 or 
(in mitochondria) oligomycin-sensitivity-conferring protein in 
a connecting stalk is still missing. A comparison of the se- 
quences of spinach and E. coli 6 reveals that the small number 
of strictly conserved residues comprises 21 uncharged amino 
acids, six negatively charged, and four positively charged resi- 
dues which are located roughly near the N and C termini and 
the center part of the polypeptide chain. A proton pathway 
leading through subunit 6 up into the ( c ~ p ) ~ y  complex cannot 
be definitively excluded as yet. With the relatively low se- 
quence similarity, we find a conformational energy-trans- 
ducing role of subunit 6 more appealing, though. 
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