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The proton-translocating FoFt-ATPase was isolated from Rhodospirillum rubrum chromatophores by extraction with 
octylglucoside and deoxycholate, and further purified by sucrose gradient centrifugation. The enzyme was reconstituted 
into sonicated phospholipid vesicles by incubation with cholate, followed by centrifugation through a Sephadex column. 
ATP-hydrolysis catalyzed by FoF~-proteoliposomes is accelerated approx. 5 - I 0  fold and approx. 15-20 fold by 
protonophorous uncouplers during assays with or without sulfite, respectively. Maximal turnover numbers are approx. 
320 and 60 too l / s  during hydrolysis with or without sulfite. The reconstituted enzyme is in, or close to, the native state 
with respect to the kinetics and regulation of ATP-hydrolysis. It generates a proton gradient (ApH) during ATPase 
activity, and the proteoliposomes are capable of A pH-driven ATP-synthesis. Gradient centrifugation of the recon- 
stituted vesicles results in separation of lipid without FoF ! from proteoliposomes. In the purified proteoliposomes the 
minimum phospholipid/protein weight ratio is around 3. The distribution profiles of ATPase activity and ApH-driven 
ATP synthesis after gradient centrifugation do not completely overlap. It is inferred that the size of the proteoliposomes 
decreases slightly with decreasing lipid/protein weight ratios. ATPase-induced 9-aminoacridine fluorescence changes, 
indicative of the generation of A pH, were negative or positive, depending on the absence or presence of fluorescence 
quenchers in the external solution. The fluorescence changes became more positive when the probe concentration was 
lowered. The reasons for this are discussed. 

Introduction 

Energy-transducing membranes in bacteria, mito- 
chondria and chloroplasts possess an enzyme referred to 
as F0F 1, which couples proton-translocation to ATP- 
synthesis or -hydrolysis. Fa is a water-soluble compo- 
nent  consisting of five different subunits referred to as 
a - e  in decreasing order of magnitude, with a stoichiom- 
etry of a3f13"/8~ [1-3]. The primary structure of espe- 
cially the fl-subunit is highly conserved [4], and it is 
generally believed that this suburdt carries the catalytic 
sites of the enzyme [5-7]. The membrane sector, F 0, 

Abbreviations: CCCP, carbonylcyanide m-chlorophenylhydrazone; 
Hepes, 4-(2-liydroxyethyl)-l:piperazineethanesulfonic acid; PMSF, 
phenylmethylsulfonylfluoride; Mops, 4-morpliolinepropanesulfonic 
acid. 
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functions in proton translocation through the mem- 
brane. It contains three different subunits in bacteria 
[8], probably three or four in chloroplasts [2,3,9], and at 
least nine in mitochondria [3]. 

Following the work of Kagawa and Racker [10], a 
large number  of  studies have appeared in which FeF 1 
from bacteria [11-18] (including purple bacteria [14-17] 
and cyanobacteria [18,19]), mitochondria [20-22] or 
chloroplasts [23-26] was isolated and reconstituted into 
phospholipid vesicles, often together with other en- 
zymes or enzyme complexes working as proton pumps 
(see also Refs. 27 and 28 for reviews). These simplified 
systems are attractive because they allow us to study the 
mechanism and energetics of ATP-synthesis under 
well-defined conditions. However, with some exceptions 
[13,22,26] quantitative studies were hampered by the 
fact that the turnover rates of F0F 1 in the reconstituted 
systems were rather low. This may have been due to a 
defective reconstitution of F0F 1 into proteoliposomes 
[27], as was also the case during reconstitution of FoFt 
in planar membranes [29]. However, it has also been 
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suggested that an effective energy transduction between 
FoF 1 and other proton pumps may require other, as yet 
unknown, proteins [28]. 

Recently, however, it was shown that FoF1 from 
chloroplasts could be reconstituted in such a way that 
high rates of ATP-synthesis driven by an artificially 
applied transmembrane electrochemical proton gradient 
(A~H÷) are obtained [26]. Thus in principle it is possible 
to obtain well-coupled proteoliposomes in which a A/2H. 
is kinetically competent to drive ATP-synthesis. 

As part of a long-term project we describe here a 
rapid procedure for isolation of F0F ~ from chromato- 
phores (pigmented, inside-out vesicles) from the purple 
bacterium, Rhodospirillum rubrum, and its reconstitu- 
tion into proteoliposomes. R. rubrum was chosen be- 
cause the membrane vesicles isolated from this 
bacterium have (in comparison with other photosyn- 
thetic organisms) a high content of FoF1-ATPase, due to 
the low content of antenna pigments. Our first aim was 
to develop a procedure in which all added F0F 1 would 
be incorporated in such a manner that the system 
exhibits high turnover rates per enzyme molecule and a 
good coupling of catalytic activity to protontransloca- 
tion. The present results indicate that we have suc- 
ceeded in both respects. In addition, the reconstituted 
enzyme appears to be in, or very close to, the native 
state with regard to the kinetics and regulation of 
ATPase activity. Finally, some results are presented on 
the generation of a proton gradient (ApH) during 
ATP-hydrolysis, and on the measurement of that gradi- 
ent by 9-aminoacridine. Some of these results have been 
pubfished in a preliminary form [30]. Further results on 
A/~H.-driven ATP-synthesis will be published elsewhere 
[311. 

Materials and Methods 

Materials. Soybean asolectin (type IV-S), octylgluco- 
side and Triton X-100 were from Sigma. Sodium de- 
oxycholate (Fluka) and sodium cholate (Serva) were 
used without further purification. ADP (mono-potas- 
sium salt), luciferin and firefly luciferase were from 
Boehringer. Luciferase was dissolved at 1 mg/ml in 0.5 
M Hepes/NaOH to pH 7.5, and stored in 0.1-ml 
aliquots at - 20 ° C. 

Preparation of FoF t. R. rubrum was grown, and chro- 
matophores were prepared as described [32], except that 
sucrose was omitted from the storage medium and the 
chromatophores were stored on ice. Chromatophores (1 
mM bacteriochlorophyll) were incubated for 15 rain at 
32 °C with 15 mM octylglucoside, 2.4 mM deoxycholate 
and 10/~M PMSF in 43 mM KC1, 175 mM NaC1, 4 mM 
Hepes (pH 7.9). The suspension was then cooled and all 
subsequent steps took place at 0-4 ° C. The suspension 
was centrifuged for 1 h at 100 000 × g and was allowed 
to decelerate without braking. 3.5-mi portions of the 
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supernatant were immediately layered on top of 35 ml 
of a linear, stepwise sucrose gradient (0.16-0.52 M, with 
steps of 0.06 M) in 10 mM Hepes/NaOH to pH 7.9, 
and centrifuged for 17 h at 60000 × g in a swing-out 
rotor. 1-ml fractions were collected and assayed for 
ATPase activity. The peak fractions were pooled and 
concentrated by adding dry Sephadex G-25 (0.25 g/ml) 
and centrifuging the slurry through a nylon mesh. This 
step was repeated once or twice. The concentrate 
(0.3-0.5 mg/ml  protein) was stored at 0°C and could 
be used for approx. 4 weeks. During this storage period 
the activity declined approx. 30%. 

Preparation of liposomes and proteoliposomes. Soybean 
asolectin was partially purified [10] and stored dry at 
- 2 0  ° C. The dry lipids were hydrated by vortexing in 
an appropriate buffer solution, usually at 20-30 mg 
lipid/ml. 2-3 ml of the suspension was sonicated to 
clarity (20-30 min) with a probe (MSE, 125 W) oper- 
ated at 3 /~m amplitude (1/8 of full output). The 
mixture was cooled in a water bath at room temperature 
during sonication. 

Proteoliposomes were prepared by mixing 0.16 ml 
F0F ~ with 0.245 ml liposomes, 51/~1 compensating buffer 
and 44/~1 of 10% (w/v) cholate in distilled water (the 
compensating buffer was used to set the final buffer 
and salt concentrations at the desired values). After 30 
min incubation at 0 °C the suspension was centrifuged 
through 5-ml columns containing Sephadex G-50 [33] 
equilibrated with a suitable buffer solution. 

Biochemical assays. Unless indicated otherwise, 
ATP-hydrolysis was measured at 32°C in 2 ml of a 
medium containing 35 mM K2SO 3, 133 mM sucrose, 
3.2 mM MgC12, 0.2 mM EDTA, 10 mM Hepes/NaOH 
to pH 7.9. The reaction was started by addition of 3 
mM ATP and was stopped 2 min later by addition of 
the colorimetric phosphate reagent [34]. It should be 
noted that in the course of this work we found that 
chloride has a slight uncoupling effect. From then on 
(as indicated in the legends) chloride was replaced by 
sulfate. 

All other experiments were carried out at room tem- 
perature. 9-Aminoacridine fluorescence was excited with 
light of 406 nm and was measured at wavelengths 
around 450 nm (selected with interference filters). 
ATP-synthesis was measured in a medium containing 
25 mM K2SO 4, 3.2 mM MgSO 4, 0.2 mM EDTA, 10 
mM sodium phosphate and 10 mM glycylglycin. 2.2 ml 
of this medium was supplemented with 0.1 mM ADP, 2 
/~g per ml luciferase, 50 /~M luciferin and 0.1 /~M 
valinomycin. The reaction was started by addition of 
proteoliposomes (suspended in a similar medium) which 
had been preincubated with 20 mM succinic acid at pH 
5.0. The pH of the reaction medium, after this addition, 
was 8.0. The ensuing luminescence increase, reflecting 
ATP-synthesis, was recorded. The experiment was 
terminated by addition of 0.5 nmol ATP, which served 
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as an internal calibration. As will be published elsewhere, 
control experiments indicated that A pH-driven ATP- 
synthesis was completely dependent on added ADP and 
on added phosphate. Furthermore, the reaction was 
completely inhibited by addition of uncoupler, and was 
largely inhibited by omission of valinomycin. 

Analytical methods. SDS-polyacrylamide gel electro- 
phoresis was carried out in a tube gel apparatus accord- 
ing to Weber et al. [35], with 11% gels. The samples 
were pretreated for 3 min at 100 °C  with 1% (w/v)  SDS 
and 0.1% (v/v)  2-mercaptoethanol. The relative molecu- 
lar weights of the polypeptides were obtained by com- 
parison with the following standard proteins with their 
molecular weights in brackets: bovine serum albumin 
(66000), egg albumin (45000), pepsin (34700), tryp- 
sinogen (24000), /3-1actoglobulin (18 400) and egg white 
lysozyme (14 300). The gels were stained with Coomas- 
sie Brilliant Blue 250 R for 20 h. 

Protein was determined according to Hess [36], after 
precipitation according to Peterson [37]. Bacteriochloro- 
phyll was determined using an in vivo extinction coeffi- 
cient of 140 mM - l . c m  -1 at 880 nm [38]. For the 
determination of phospholipids the samples (10-200 ~tl) 
were taken to dryness in tubes of 1.4 x 13 cm. 0.22 ml 
of 96% sulfuric acid was added and the tubes, topped 
with marbles, were positioned at a depth of 3 cm in an 
oil bath thermostatted between 165 and 170 ° C. After 
45 rain of charring, 0.22 ml 70% perchloric acid was 
added and heating was continued overnight. Inorganic 
phosphorus in these samples was determined according 
to Bartlett [39], except that we used double volumes of 
the reagents. 

Electron microscopy. Electron micrographs were pre- 
pared on the Siemens 102 and Siemens Elmiskop I 
electron microscopes of the Pasteur Institute Brabant. 

Results 

Purification of FoF j 
In order to be able to assess the yield of ATPase 

activity after the successive purification steps, we mea- 
sured this activity in the presence of 35 mM sulfite (see 
Materials and Methods), and (in the case of chromato- 
phores) with 50 ~tM of the protonophore, CCCP. This 
allowed us to measure ATPase activity under com- 
pletely uncoupled conditions, without interference from 
feedback mechanisms which, in the absence of sulfite, 
would inactivate the enzyme (cf. Refs. 34 and 40-46). 

Detergent extraction of the chromatophores, fol- 
lowed by centrifugation, led to a 4-6-fold purification 
of FoFx-ATPase (Table 1, lines 1 and 2). The extract was 
virtually free from bacteriochlorophyll (less than 2 nmol 
per mg protein), but was reddish due to the presence of 
c-type cytochromes (the cytochrome bcl-complex was 
not extracted). After gradient centrifugation of the ex- 
tract, 97% of the ATPase activity was recovered in the 

TABLE I 

Purification of R. rubrum FoF t 

n.d.; not determined. 

Fraction ATPase Protein Specific Yield 
(units) (mg) activity (%) 
(1 unit = (units per 
1 #mol/min) mg protein) 

Chromatophores 894 a 312 2.87 100 
Detergent extract 483 35.6 13.6 55 
Sucrose gradient 

pool 322 n.d. n.d. 36 
Concentrate 262 4.96 55.8 b 29.3 

a In the presence of 50 #M CCCP. 
b 89.5% inhibited by 6 #g per ml'oligomycin. 

centrifuge tube, largely in the bottom half. This peak in 
ATPase activity coincided with a minor protein band, 
well separated from, a major protein band near the top 
of the tube. The latter band contained the c-type cyto- 
chromes. After this centrifugation, the small amount  of 
bacteriochlorophyll which was present in the detergent 
extract, was sedimented. 

The peak fractions of ATPase activity were pooled, 
concentrated and stored on ice. This activity was, in 
different preparations, 87-92% inhibited by 6/~g per ml 
of oligomycin (cf. Table I). A densitometer tracing, 
obtained after SDS-gel electrophoresis of the con- 
centrate, is shown in Fig. 1. Greek and Roman letters 
indicate the subunits from F t and F 0, respectively, with 
which the relevant polypeptides are thought to corre- 
spond. As indicated by the brackets in Fig. 1, the 
assignment of bands 6 and e, and of bands a -c  is only 
tentative, and based on a comparison with data ob- 
tained with the purified F 1 from R. rubrum [47], and 
with F0F t from the thermophilic bacterium PS3 [48]. A 
similar assignment was suggested in earlier work on R. 
rubrum F0F 1 [49]. However, in Escherichia coli the 
8-subunit of F I is larger than the b-subunit of F o [1]. 
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Fig. 1. Densitometer tracing obtained after SDS-gel electrophoresis of 
R. rubrum F0F I. 
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Apparent molecular weights of the polypeptides obtained after SDS-gel 
electrophoresis of R. rubrum FoF I 
Brackets indicate polypeptides of  which the ass ignment  is tentative 
(see text). 

Band M r 

a 57 000 
/3 52000 
y 34000 
(a) 28 500 
(b) 25000 
(8) 1900O 
(e) 14500 
(c) 11000 

The apparent molecular weights of the polypeptides are 
shown in Table II. 

Optimization of proteoliposome formation and recooe~ of 
A TPase 

Proteoliposomes were formed as outlined in Materi- 
als and Methods. In order to assess the degree of 
coupling of the proteoliposomes, we measured the 
ATPase activity in a medium containing sulfite and 
determined the coupling ratio, defined as the ratio of 
ATPase activities measured with and without a saturat- 
ing concentration of uncoupler (50 /~M CCCP [30]). 
This ratio should be as high as possible. 

With respect to salts, the best results were obtained 
with 70-100 mM of monovalent salts (usually KC1). 
With regard to divalent cations, the best results were 
obtained with 10 mM Mg 2÷ during cholate incubation 
and 3 mM Mg 2+ during column centrifugation (data 
not shown). 

Fig. 2 shows experiments in which cholate incubation 
was carried out with one fixed concentration of protein 
and two fixed concentrations of cholate, whereas the 
lipid concentration was varied as indicated in the lower 
scale at the top of the figure. At 3.8 mg per ml cholate 
(squares), the best reconstitution was obtained with a 
l ip id /pro te in  weight ratio of 47.7 (see upper scale at the 
top of the figure). At higher lipid concentrations the 
coupling ratio decreased due to a progressive increase in 
the rate of hydrolysis measured without uncoupler. A 
somewhat better functional reconstitution was obtained 
with 8.8 m g / m l  cholate (circles), at l ip id /p ro te in  weight 
ratios of 50 and above. The scales at the bot tom of the 
figure give the values of R e (the effective molar ratio of 
cholate and lipid in the bilayers, whether micellar or 
vesicular) during cholate incubation. The values of R e 
were calculated according to Almog et al. [50]. We 
found that an effective reconstitution of FoF ~ into pro- 
teoliposomes requires an Re-value of at least 0.37 dur- 
ing cholate incubation (Fig. 2). This means [50] that the 
lipid should occur largely or wholly in the form of 
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micelles at this stage. When the lipid concentrat ion is 
increased at a low cholate concentration, the proport ion 
of micellar lipid decreases and the reconstitution fails 
(Fig. 2, squares). 

In order to determine the recovery of ATPase activ- 
ity after cholate incubation and column centrifugation, 
we compared the activity of an aliquot of F 0 F~ with that 
of an 'equivalent'  amount  of proteoliposomes (that is, 
equivalent if the protein recovery were 100%). The assay 
was carried out in the presence of 50 /tM CCCP in 
order to fully uncouple the proteoliposomes, and with 
or without 0.2% Triton X-100. In order to facilitate 
comparison of the activities observed in the presence of 
Triton, 'empty '  liposomes were added during assay of 
F0F t, in the same l ip id /pro te in  weight ratio as used 
during cholate incubation (the lipids did not affect the 
activity of F0F ~ in the absence of Triton - not shown). 
The results were as follows. In the absence of Triton, 
5.8 /tg F0F ~ yielded an acti.vity of 0.196 units; an 
'equivalent'  amount  of proteoliposomes yielded an ac- 
tivity of 0.190 units (1 unit = 1 /~moi/min).  In the 
presence of Triton these numbers were 0.176 and 0.173 
units, respectively. Thus the recovery of ATPase activity 
after cholate incubation and column centrifugation was 
97% and 98.3% in the absence and presence of Triton, 
respectively. Since Triton X-100 solubilizes the proteo- 
liposomes, this means that no more than 1.3% of F0F ~ 
was incorporated into the proteoliposomes with the 
F~-moiety shielded from the external medium. Lipid 
recovery was less complete: 81-84% of the phospholipid 
applied to the centrifugation column was recovered 
from it (data not shown). 
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Fig. 2. Effect of cholate and lipid on the functional reconsti tution of 
ATPase  activity in F o Frproteol iposomes.  Cholate- incubat ion was car- 
fled out  with 3.8 (rq D) or 8.8 ( o  O) m g / m l  of cholate, 
84.5 / . tg/ml F0F l and lipid as indicated in the lower scale on top of 
the Figure, in a med ium containing 133 m M  sucrose, 10 m M  Hepes, 
10.2 m M  M g C h ,  0.2 m M  EDTA,  70 m M  KC1, and N a O H  to p H  7.9. 
The suspension was centrifuged through a co lumn equilibrated with 

the same buffer, except that MgCI 2 was present  at 3.2 mM. 
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Structural and functional properties of FoFrproteolipo- 
somes 

The above results indicate that when ATPase is as- 
sayed in the presence of 50/~M CCCP but otherwise as 
described in Materials and Methods,. the activity of 
isolated F0F 1 is almost equal to the activity of FoF~ 
incorporated in proteoliposomes. In addition the activ- 
ity of FoF ~ is not affected by uncouplers. Hence the 
following relationships are easily established: We define 
x as the actually measured coupling ratio; c as the 
coupling ratio which would be observed with fully 
reconstituted FoF1; and p represents the proportion of 
FoFrmolecules which has actually been reconstituted 
into proteoliposomes. Then 

1 - - X  - 1  

P 1 _ c - 1  

and hence p > 1 -  x -1. So the actually measured cou- 
pling ratio yields a minimum estimate for the propor- 
tion of FoFl-molecules which has been incorporated 
into proteoliposomes. 

The proteoliposomes used for the experiment shown 
in Fig. 3 exhibited a coupling ratio of 9.67, indicating 
that over 90% of F0F 1 had been reconstituted. These 
proteoliposomes were subjected to density gradient 
centrifugation, and the distribution of phospholipid (Fig. 
3A, triangles), ATPase activity (circles) and ATP- 
synthesis capacity (crosses) was determined. After 
centrifugation, an upper band consisting primarily of 
liposomes without F0F 1 had been separated from a 
lower band consisting of proteoliposomes. In assays of 
ATPase activity the coupling ratio was approximately 
constant in all fractions (open and solid circles show the 
ATPase activity with and without 50/~M CCCP). This 
confirms, as expected, that no separation between 
reconstituted and non-reconstituted F0F ~ had taken 
place. In order to assess the ATP-synthesis capacities 
(crosses) we determined the amount of ATP synthesized 
in response to a ApH of three units (acid inside). From 
the data shown in Fig. 3A we determined the phos- 
pholipid/protein ratio (Fig. 3B, circles) and the ATP- 
yield per mg protein (triangles), on the assumptions that 
(a) the recovery of protein was 10070 (in agreement with 
the recovery of ATPase activity, see legend to Fig. 3A), 
and (b) the protein concentration in the fractions was 
proportional to the ATPase activity in the presence of 
50 /~M CCCP. This is justified as explained at the 
beginning of this section. The lowest phospholipid/ 
protein ratios were around 4 /~mol /mg protein, corre- 
sponding with a weight ratio of around 3.3:1. The 
average ATP-yield was about 25 nmol /mg protein, 
corresponding with about 13 turnovers per mol F0F 1. 
This yield exhibited a gradual, 9-fold decrease with 
increasing depth in the centrifuge tube (aside from the 
top fraction which, by this criterion, may have con- 
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Fig. 3. (A) Recovery of phospholipid (ix zx), ATPase activity 
without uncoupler (@ @) or with 50 #M CCCP (<D (3), 
and ATP-synthesis capacity (×  . . . . . .  ×) of proteoliposomes after 
gradient centrifugation. Numbers along the ordinates refer to amounts 
recovered in the whole fraction. The fraction volume was 2.14 ml. 
Overall recovery was 89% for phospholipid, 94% for ATPase with 
CCCP, and 101% for ATPase without CCCP. Proteoliposomes: cholate 
incubation was carried out in a medium containing 133 mM sucrose, 
25 mM K2SO4, 10.2 mM MgSO4, 0.2 mM EDTA, 10 mM glycylgly- 
tin and NaOH to pH 7.9. The suspension was centrifuged through a 
column equilibrated with the same buffer, but without sucrose and 
with 3.2 mM MgSO 4 (medium K). Gradient centrifugation: 1.5 ml of 
column eluate, containing 255 btg FoF 1 was layered on top of 37 ml of 
a stepwise sucrose gradient in medium K (7-31%, with steps of 4% 
w/v). The tubes were centrifuged for 16 h at 70000×g. Assays: 
ATPase was assayed as in Materials and Methods, except that MgCI 2 
was replaced by MgSO 4. For assay of ATP-synthesis, 0.2 ml of each 
fraction was mixed with 50 #1 of 100 mM succinic acid in medium K; 
the pH after mixing was 5. See Materials and Methods for further 
details. (B) Phospholipid/protein ratio (o,  e)  and ATP yield per mg 
protein (zx . . . . . .  zx) of the fractions shown in (A). See text for details. 

tained some non-reconstituted FoF1). The ATP-yield in 
ApH-driven ATP-synthesis is dependent on the amount 
of buffer (i.c. ~uccinic acid at pH 5) within the vesicle, 
and hence on the internal volume. So the data of Fig. 
3B suggest that the average internal volume of the 
proteoliposomes decreased about 9-fold, and the aver- 
age internal diameter decreased about 2.2-fold, with 
increasing depth in the centrifuge tube. 

Fig. 4B shows an electron micrograph of the proteo- 
liposomes in a fraction with a low ATP-yield per mg 
protein (fraction 14). The vesicles were fairly uniform in 
size, with external diameters of 20-30 nm; sometimes 
they were aggregated. By contrast, Fig. 4A shows that 
the unfractionated proteoliposomes varied widely in 
size, ranging from 20 to 120 nm. The large liposomes 
were found in the top fractions after centrifugation (not 
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Fig. 4. Parts of original electron micrographs showing proteoliposomes before gradient centrifugation (A), and in fraction 14 after gradient 
centrifugation (B). The specimens were stained negative with 1% uranylacetate. The electron optical magnification was 25000×. Bars indicate 

300 nm. 

shown).  Al l  o the r  expe r imen t s  r e p o r t e d  be low were  

d o n e  with u n f r a c t i o n a t e d  p r o t e o l i p o s o m e s .  
W h e n  A T P - h y d r o l y s i s  was m e a s u r e d  in the  p resence  

of  3 m M  A T P  b u t  wi thou t  sulfi te,  the  ac t iv i ty  w i thou t  
u n c o u p l e r  was rou t ine ly  1 5 - 2 0  t imes  lower  than  the 
ac t iv i ty  m e a s u r e d  with  o p t i m a l  c o n c e n t r a t i o n s  of  

u n c o u p l e r  [30]. Th is  ra t io  is even h igher  than  in ch ro -  
m a t o p h o r e s ,  where  it is abou t  4 - 7  [34,40,41]. This  ind i -  

ca tes  an excel len t  coup l ing  be tween  A T P a s e  ac t iv i ty  
a n d  p r o t o n  t r ans loca t i on  in our  p r o t e o l i p o s o m e s .  

TABLE lit 

Activation of  A TPase in proteoliposomes by an artificially applied A ~t H * 

Numbers indicate the mean and range of duplicate experiments. 
Cholate incubation was carried out with 147 ~g per ml FoFi, 9.8 mg 
per ml lipid and 8.8 mg per rrd cholate in a medium containing 133 
mM sucrose, 10 mM Hepes, 10.2 mM MgSO 4, 0.2 mM EDTA, 25 
mM Na2SO 4 and NaOH to pH 7.9. The suspension was centrifuged 
through a column equilibrated with the same medium, but without 
sucrose and with 3.2 mM MgSO 4 (Medium A). Expt. 1 :88  pl 
proteoliposomes were mixed with 22 /L1 of 100 mM succinic acid in 
medium A. The final pH, after mixing, was 5.0. After 3 min, 100/tl of 
this mixture was added, at t = 0, to 1.9 ml of assay medium; this was 
as medium A, except that it contained K2SO 4 instead of Na2SO 4. 
The final pH, after mixing, was 8.0. Valinomycin (0.1 p.M) was added 
at t = 5 s; CCCP (3/.tM) was added at t =10 s and ATP (0.3 mM) at 
t = 20 s. The reaction time was 1 rain. Expt. 2: As expt. 1 except that 
succinic acid was added to the assay medium before, instead of 
together with proteoliposomes. Expt. 3: As expt. 2, except that CCCP 
was added before, instead of after proteoliposomes. 

Expt. no. Activation ATPase 
(/.tmol per min 
per mg protein) 

1 ApH+ Aq, 1.01 +0.10 
2 Aq, 0.80+0.12 
3 none 0.30+0.12 

W e  have  shown ear l ie r  that  in c h r o m a t o p h o r e s  the 
m e m b r a n e - b o u n d  A T P a s e  is in a low-ac t iv i ty  s ta te  be-  
fore A T P - a d d i t i o n ,  and  has  to be ac t iva ted  by app l i ca -  
t ion of  a t r a n s m e m b r a n e  A/~H÷, pos i t ive  inside.  The  
resu l t ing  h igh-ac t iv i ty  s ta te  of  the e n z y m e  pers is ts  for 

some  t ime af te r  the d i s s ipa t ion  of  the A/ill÷ by  iono-  
phores ,  even in the  absence  of  A T P  [34]. The  exper i -  
men t s  shown in T a b l e  I I I  were done  in o rde r  to de-  
t e rmine  whe the r  a s imi la r  s i tua t ion  exists  in p r o t e o l i p o -  

somes.  
F o r  these e x p e r i m e n t s  the p r o t e o l i p o s o m e s  were pre-  

p a r e d  in the  a bse nc e  of  K ÷, and  they were then in jec ted  
into  a r eac t ion  mix tu re  c on t a in ing  K +. A K +-d i f fu s ion  

po t en t i a l  (Aq,)  of  7 0 - 8 0  mV, pos i t ive  ins ide  *, was 
i m p o s e d  by  a d d i t i o n  of  va l i nomyc in  (expts .  1 and  2); in 
expt .  1 this d i f fus ion  po ten t i a l  was c o m b i n e d  wi th  a 

p H - g r a d i e n t ,  ac id  inside,  o f  three  units .  Then  C C C P  
was added ,  a l lowing  a r ap id  co l l apse  of  the imposed  
A/IH÷. T he re a f t e r  A T P  was a d d e d  and  the ra te  of  hy-  
d ro lys i s  was d e t e r m i n e d .  In  the con t ro l  (expt .  3) no  
A p H  was app l i ed ,  and  C C C P  was a d d e d  before  the 

p r o t e o l i p o s o m e s .  This  shou ld  ensure  tha t  upon  a d d i t i o n  
of  p r o t e o l i p o s o m e s  and  va l inomyc in ,  K + and  H ÷ equi-  
l i b r a t ed  too  r a p id ly  across  the m e m b r a n e  to a l low the 
b u i l d - u p  o f  a s ign i f i can t  A/iN÷. T a b l e  V shows tha t  a f t e r  
ac t iva t ion  by  A p H  and  Aq, (expt .  1), and  even af te r  
ac t iva t ion  by  Aq, a lone  (expt .  2), the A T P a s e  ac t iv i ty  

was c o n s i d e r a b l y  h igher  than  in the control .  This  indi-  
ca tes  tha t  F o F l - p r o t e o l i p o s o m e s  r e semble  c h r o m a t o -  
phores ,  in tha t  the  A T P a s e  is in a low-ac t iv i ty  s ta te  

* Calculated according to Ref. 51, assuming a membrane thickness of 
5 nm, a membrane capacitance of 1 #F/cm 2 and a proteoliposome 
internal diameter of 20-30 nm. 
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Fig. 5. Self-activation of FoF1-ATPase in proteoliposomes (open sym- 
bols) and chromatophores (solid symbols). Proteoliposomes were pre- 
pared as described in the legend to Fig. 3. ATP-hydrolysis was 
measured with a pH-electrode in a medium containing, in a final 
volume of 2.8 ml, 25 mM K2SO 4, 3.2 mM MgSO 4, 0.2 mM EDTA, 1 
mM glycylglycin, NaOH to pH 8.0, 0.3 mM ATP, 3/~M CCCP, 0.11 
p.M nigericin and either proteoliposomes corresponding with 20.7 p.g 
F0F 1 (open symbols, left-hand scale), or chromatophores correspond- 
ing with 11.2 p.g bacteriochlorophyll (solid symbols, right-hand scale). 
Circles: No further additions. Squares: plus 3 mM K:SO 3. Points at 
t = 0 indicate experiments in which CCCP was added before ATP; 
rates were measured 9 s after ATP-addition. Other points indicate 
experiments in which CCCP was added at the indicated time after 
ATP; rates were measured 9 s after CCCP-addition. Horizontal bars 
indicate rates of hydrolysis without CCCP, in proteoliposomes (left) 
and chromatophores (right), in the presence ( - - - )  or absence of 

sulfite ( ). Bchl, bacteriochlorophyll. 

before ATP-addition, but can be activated in the ab- 
sence of ATP by a transient A/~H+, positive inside, of 
sufficient magnitude. 

Another way to activate the ATPase is by 'self- 
activation'. By this we mean the conversion of the 
enzyme from the low-activity state into the high-activity 
state by the A/2H÷ generated during hydrolysis carried 
out (initially) in the low-activity state. Fig. 5 shows 
experiments on self-activation of FoFt-ATPase in pro- 
teoliposomes (open symbols) and chromatophores (solid 
symbols). (These experiments were done with the pH- 
electrode technique [34], and nigericin was added in 
order to prevent proton uptake into the vesicles during 
hydrolysis). In these experiments, uncoupler (CCCP) 
was added either before, or at several times after ATP; 
the circles and squares show the initial rates of hydroly- 
sis in the presence of CCCP, as a function of the time of 
hydrolysis in the absence of CCCP. (The steady-state 
rates of hydrolysis in the absence of CCCP are repre- 
sented by the horizontal bars). When CCCP was added 
before ATP, the rate of hydrolysis in the absence of 
sulfite was initially as shown (circles at t = 0), and then 
declined with time (not shown). This confirms that the 
ATPase-induced A/~H+ is required for self-activation. 
The circles show that, in the absence of sulfite, self- 
activation of ATPase (by a period of hydrolysis without 
uncoupler) exhibited biphasic kinetics, with a rapid 
phase (tl/2 ..~ 6 s) and a slow phase (t]/2 = 2 rain). The 
reason for this is probably that self-activation was re- 
tarded by product ADP. Rates of hydrolysis measured 
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Fig. 6. Time-courses of ATPase-induced changes in 9-aminoacridine 
fluorescence. Conditions were as in Fig. 5, except that the assay 
medium contained 10 mM glycylglycin, and the reaction mixture 
contained 5 jzM 9-aminoacridine and proteofiposomes corresponding 
with 30.7 ~g F0F 1 in a final volume of 2.5 ml. 0.3 mM ATP (A) and 
0.1 ~M nigericin (N) were added at the indicated time. The vertical 
dashed line in trace a indicates a change in the speed of the recording 
paper. The numbers along th~ horzontal arrows indicate the time 
scale, in min. Downward pointing arrows indicate a fluorescence 
change of 25% calculated relative to the fluorescence level observed 
after addition of nigericin. The numbers along the tangents indicate 
the time rate of change of the fluorescence, in 7o per min. Trace a: 
plus 0.1 #M valinomycin. Trace b: without vafinomycin. Trace c: as 
trace a, but plus 6 ,,.g/ml oligomycin. Trace d: as trace a, but plus 3 

mM K2SO 3. 

in the presence of CCCP and 3 mM sulfite (squares) 
were 1.7-1.9 times higher than the highest rates ob- 
served without sulfite; in addition, sulfite eliminated the 
need for self-activation by a period of hydrolysis in the 
absence of uncoupler. The main point that concerns us 
here, is that in all these respects the results obtained 
with proteoliposomes (open symbols) were similar to 
those obtained with chromatophores (solid symbols). 
This indicates that the kinetic and regulatory properties 
of FoF1-ATPase have been preserved during its isolation 
and reconstitution into proteoliposomes (see 'Discus- 
sion'). 

The generation of a proton gradient (ApH) across 
the proteoliposome membrane during ATP-hydrolysis 
was monitored qualitatively by changes in 9- 
aminoacridine fluorescence (Fig. 6). Addition of ATP to 
a reaction mixture containing proteoliposomes and 9- 
aminoacridine caused an initial, rapid fluorescence 
quenching due to a non-enzymic interaction of the 
probe with ATP. This was followed by a slower, 
ATPase-depe~ndent fluorescence quenching which was 
completely abolished by nigericin. As expected, the 
ATPase-dependent fluorescence change was in the pres- 
ence of valinomycin (trace a) much more extensive than 
without valinomycin (trace b), and it was strongly in- 
hibited by oligomycin (trace c). Sulfite caused an ap- 
prox. 1.8 fold increase in the initial rate of ATPase-in- 
duced 9-aminoacridine fluorescence quenching (Fig. 6, 
trace d), in agreement with the acceleration of ATPase 
by sulfite (Fig. 5). 

In spite of the difficulties which beset the work with 
9-aminoacridine (e.g., Ref. 53), this is one of the few 
probes which can be used as a sensitive probe for a wide 
range of ApH-values, from 0 to 4 units (to be published 



TABLE IV 

Dependence of the extent of A TPase-induced fluorescence changes on the 
composition of the medium and the concentration of 9-aminoacridine 

The conditions were as described in the legend to Fig. 6, except that 
during the assay, K2SO 4 was replaced by the indicated salts and 
9-aminoacridine (9AA) was added as indicated. F r is the fluorescence, 
in relative units, of 3 pM 9-aminoacridine in the absence of proteo- 
iiposomes. Columns 2-4 give the nigericin-sensitive fluorescence 
changes, in %, induced by addition of ATP. The changes were 
calculated relative to the fluorescence level observed after addition of 
nigericin. 

Salt F r Fluorescence change (%) 

3 pM 1 ~M 0.2/.tM 
9AA 9AA 9AA 

25 mM K2SO 4 100 -15.9 -10.0 -4.7 
25 mM K2SO, I -I- 3 mM K2SO 3 82 - 14.0 - 10.0 + 3.3 
35 mM K3SO 3 28 +8.9 +24.5 +35.4 
200 mM Mops+50 mM KOH 17 +8.1 +17.3 +28.6 

elsehwere). The experiments shown in Table IV pertain 
to the mechanism by which 9-aminoacridine fluo- 
rescence monitors a transmembrane ApH. This table 
shows the extent of the ATPase-induced fluorescence 
changes at three different concentrations of the probe 
(columns 2-4), and in different assay media. In a 
medium containing sulfate as the main anion, the fluo- 
rescence change became less negative when the 9- 
aminoacridine concentration was lowered from 3 to 0.2 
/~M (line 1). Addition of 3 mM sulfite did not change 
the results very much in this respect (line 2). When the 
sulfite concentration was raised to 35 mM, the fluo- 
rescence change was positive, and it became more posi- 
tive (up to 35.4%) when the 9-aminoacridine concentra- 
tion was lowered (fine 3). This effect was not related to 
the activation of ATPase by sulfite: a similar effect was 
observed when sulfite was replaced by 200 mM Mops 
(line 4). This organic buffer is not an activator of 
ATPase (not shown). What Mops and sulfite have in 
common is that they are both strong quenchers of 
9-aminoacridine fluorescence at high concentrations 
(column 1). 

One reason for these results is that 9-aminoacridine 
moves into the vesicles, in response to an ATPase-in- 
duced ApH (acid inside) according to the mechanism 
proposed by Schuldiner et at. [52]. Quenching of the 
fluorescence of the accumulated probe molecules is 
thought to be dependent on the formation of dimers or 
multimers [53,54], possibly at the internal membrane 
surface. Consequently, the proportion of free, fluo- 
rescent monomers in the vesicle interior will increase 
when the total amount of accumulated 9-aminoacridine 
decreases. This will be the case if, other things being 
equal, the concentration of 9-aminoacridine added to 
the external medium is lowered (columns 2-4). 
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In addition we have shown [30] that liposomes con- 
tain a small number of high-affinity 9-aminoacridine 
binding sites; the fluorescence of 9-aminoacridine is 
enhanced when (as a result of application of a pH- 
gradient) the probe is bound to these sites. (This implies 
that the fluorescence yield of 9-aminoacridine in aque- 
ous solutions is less than 100%). The contribution of 
this process to be observed, net fluorescence change 
increases when the lipid/probe ratio increases. At suffi- 
ciently high lipid/probe ratios the probe responds to 
application of a pH-gradient with a net fluorescence 
increase, even in media without added fluorescence 
quenchers [30]. Both the free, fluorescent monomers 
within the vesicle interior and the 9-aminoacridine 
molecules bound to the high-affinity sites appear to be 
shielded from the external medium. As a consequence 
their share in the total fluorescence becomes larger 
when the fluorescence in the external medium is lowered 
by the addition of fluorescencequenchers (Ref. 30 and 
data to be pubhshed elsewhere). 

All this means that the ApH-dependent fluorescence 
change will become less negative, or more positive, 
when the concentration of 9-aminoacridine is lowered, 
or when fluorescence quenchers like Mops or sulfite are 
added to the external medium. The results presented 
here and in Ref. 30 indicate that the method used by 
Schuldiner et at. [52] for calculation of pH-gradients 
from 9-aminoacridine fluorescence changes, cannot be 
apphed to proteohposomes. Instead, a calibration curve 
will have to be measured for each particular application. 

Discussion 

The simple and rapid two-step procedure for the 
isolation of F0F 1 from R. rubrum chromatophores re- 
sults in an approx. 20-fold purification of the enzyme. 
The densitometer tracings after SDS-gel electrophoresis 
indicate that contaminants are present in only minor 
amounts. These tracings are similar to those published 
earlier [47,49], although all published densitometer trac- 
ings differ from one another in the region of the smaller 
polypeptides. The reason for this is not quite clear, 
although we found that long staining times are required 
in order to saturate the staining intensity of the smaller 
polypeptides. Assuming a subunit stoichiometry of 
otafl3ySe for the F 1 moiety [1-3], and using the assign- 
ments shown in Table I, we arrive at a molecular mass 
of 395 kDa for F 1. This agrees reasonably well with 
values of around 380 kDa calculated from gene se- 
quences [4,55]. From results obtained recently with 
chloroplasts [56] and E. coil [57,58], a molecular mass 
of 150 kDa seems a reasonable estimate for F0 from R. 
rubrum. This would bring the total molecular mass of 
F0F 1 to approx. 545 kDa. 

After removal of empty liposomes by gradient 
centrifugation, the proteoliposomes which were most 
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enriched in ATPase activity appeared to possess a phos- 
pholipid/protein weight ratios of around 3.3:1, with 
minimal values of around 2.6:1 (data from Fig. 3B). 
This is in sharp contrast with the required lipid/protein 
weight ratio during cholate incubation (at least 50:1, 
Fig. 2). We assume that this large excess of lipid is 
required in order to eliminate competing, 'non-produc- 
tive' processes, such as formation of detergent-FoF1 
complexes, or self-aggregation of F0F a [59] during 
cholate incubation or -removal. 

Although the unfractionated proteoliposomes vary 
widely in size (Fig. 4A), purified proteoliposomes are 
small and fairly uniform, as indicated by electron mi- 
croscopy (Fig. 4B) and as suggested by the yield of ATP 
per mg protein (Fig. 3B). Large liposomes are known to 
arise out of smaller ones by fusion during removal of 
cholate [50]. In our experiments, cholate is removed 
within 2 min during column centrifugation. Hence our 
data suggest that fusion of small vesicles is retarded 
somewhat by the presence of F0F 1 in them. It is prob- 
ably relevant in this respect that embedding of chloro- 
plast F0F 1 into liposomes (made of chloroplast lipids) 
caused a marked increase in membrane viscosity [60]. 

The proteoliposomes exhibited high turnover rates. 
In the presence of optimal concentrations of uncoupler, 
typical turnover rates of the reconstituted enzyme are 
around 320 mol ATP per s during hydrolysis in the 
presence of 35 mM sulfite (Fig. 2) and 60 mol ATP per 
s in the absence of sulfite [30]. All the evidence indicates 
that the proteoliposomes are well-coupled. (1) They are 
capable of ATP-synthesis induced by a ApH of 3 units. 
The average ATP-yield of around 13 tool ATP/mol  
FoF ~ is similar to values observed with proteoliposomes 
from chloroplast F0F a and soya lecithin under similar 
conditions [26]. As will be shown elsewhere [31], much 
higher yields were obtained under more favorable con- 
ditions. (2) The proteoliposomes exhibit a very high (at 
least 15-20 fold) uncoupler-stimulation of ATP-hydrol- 
ysis, during assays without sulfite ([30] and Fig. 5). (3) 
The ATPase activity of the proteoliposomes generates a 
transmembrane ApH was evidenced by 9-aminoacridine 
fluorescence changes (Fig. 6). These fluorescence 
changes give also an indirect indication for the genera- 
tion of a transmembrane potential (Aq~) during hy- 
drolysis: apparently this A+ has to be collapsed (by 
valinomycin-mediated K+-efflux) before a significant 
ApH can be built up. 

There are several indications that the kinetic and 
regulatory properties of the reconstituted ATPase are 
virtually unmodified in comparison with the chromato- 
phore-bound enzyme. (1) In either case the enzyme is in 
a low-activity state before ATP-addition, but can be 
activated by an artificially applied AI2H÷ (positive in- 
side) in the absence of ATP (Table III), or by self- 
activation in the presence of ATP (Fig. 5). The kinetics 
of self-activation are similar in chromatophores and 

protoliposomes. (2) As in chromatophores, the recon- 
stituted enzyme, once activated, is deactivated in the 
course of hydrolysis in the presence of high concentra- 
tions of uncoupler and Mg 2+ [30]. (3) The ratio of 
ATPase activities in the presence and absence of the 
activating anion sulfite, is in proteoliposomes similar to 
that observed in chromatophores (Fig. 5). The interplay 
between A/2H+, which activates the enzyme, and ADP 
and Mg 2+ which tend to deactivate the enzyme in the 
absence of a A/2H., has been discussed earlier [39,40]. 
The activating effect of sulfite has been attributed to a 
decrease in ADP-affinity [42,45], an increase in the rate 
of product release [43] and to interference with inhibi- 
tory Mg2+-binding [43,46]. 

Self-activation of the enzyme after ATP-addition is a 
relatively slow process, because the required A/2H+ is 
built up only slowly by the initially inactive enzyme. 
However, the activation is apparently quite rapid if, 
instead, an artificial A/2H÷ of sufficient magnitude is 
applied. This explains why ATP-synthesis after appli- 
cation of a ApH of 3 units occurs much more rapidly: 
in the experiments shown in Fig. 5, the process was 
complete within I s after addition of proteoliposomes 
(not shown). 

There are several reports in the literature that proteo- 
liposomes with cyanobactrial or chloroplast F0F 1 yield 
only little uncoupler-stimulation of ATP-hydrolysis 
[23,61], or fail to exhibit an ATPase-induced quenching 
of 9-aminoacridine fluorescence [25,62]. Several factors 
may have contributed to these results. (a) Chloroplast 
[63] and cyanobacterial F0F a [64] seem to exhibit a 
specific lipid requirement for the reconstitution of en- 
ergy-transducing functions; this requirement is ap- 
parently not met by soybean asolectin in the case of 
cyanobacterial F0F 1 [64], although soybean asolectin is 
quite effective in the case of chloroplast [26] and R. 
rubrum F0F 1 (Ref. 15 and this report). (b) In experi- 
ments in which the internal volume of the proteolipo- 
somes contains chloride, H+-influx coupled to ATP-hy- 
drolysis tends to be followed by an electrically silent 
HCl-efflux, especially in the presence of valinomycin, 
when the ApH is high (cf. Refs. 53 and 65). This has an 
adverse effect on ATPase-dependent changes in 9- 
aminoacridine fluorescence (not shown). (c) In lipo- 
somes from soybean asolectin (Ref. 30 and Table IV), 
the changes in 9-aminoacridine fluorescence in response 
to a proton-gradient (acid inside) are the resultant of 
processes causing enhancement and quenching of fluo- 
rescence. Unless the conditions are well chosen, these 
processes may approximately cancel, with the result that 
only small fluorescence changes are observed. 

In conclusion, our data indicate that proteoliposomes 
from R. rubrum F0F 1 are well-coupled, and the enzyme 
is in, or close to, the native state. Measurements of the 
rate of ATP-synthesis driven by an artificially applied 
A/2H+ will be described elsewhere [31]. 
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