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1. Introduction

The ATP synthetase (FoF,) from bacteria, as well
as from mitochondria and chloroplasts, plays a crucial
role in energy transducing reactions (reviewed [1-3]).
In Escherichia coli, as well as in other organisms, the
enzyme complex was shown to be composed of a
soluble portion (F,) and of a membrane integral part
(Fo), which renders F, sensitive to DCCD. Since the
hydrolysis of ATP by the bacterial and mitochondrial
ATP synthetase complexes is coupled to the transloca-
tion of protons across the membrane, it was reason-
able to assign the F, component, especially the
DCCD-reactive protein, a role in the translocation of
protons. This view was supported by several lines of
experimental evidence [4—6].

For the elucidation of the H" translocating mecha-
nism at the molecular level it is necessary to purify
the subunits of the Fy part and to reconstitute them
in a defined system. As a first step in this direction
the DCCD-reactive protein from E. coli has been puri-
fied and the amino acid sequences of wild-type and
mutant proteolipids have been established [7—10].
Since the F, part from E. coli is probably composed
of three nonidentical subunits, it is quite conceivable
that not only the DCCD-reactive protein, but also one
or both of the other two subunits may play a role in
the H' translocating mechanism. Therefore, it is also
necessary to characterize the other two polypeptides
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of the Fy part. Since both polypeptides lack enzym-
atic activity and specific labeling procedures are also
not available, a purified ATP synthetase complex,
active in energy-transducing functions, is the most
suitable starting material for the characterization of
the Fy subunits.

Here we describe the preparation of a functional
F, part from E. coli. This Fy preparation is com-
posed of three polypeptides with app. mol. wt 19 000,
14 000 and 8300.

2. Materials and methods

Escherichia coli K12 was grown in the minimal
medium of [11], with either 1% ammonium succinate
or 0.2% glucose as the carbon source.

ATP synthetase complex (FoF,) was prepared as
in [12] with a minor modification: The active ATPase
fractions from DEAE—Sepharose CL-6B-column were
collected and centrifuged for 15 h at 220 000 X g.
The precipitated enzyme was resuspended in a small
volume of 50 mM Tris—HCI (pH 8) containing 10 mM
taurodeoxycholate, 1 mM MgCl,, 0.2 mM dithio-
threitol, 0.2 mM EGTA, 0.1 mM phenylmethylsul-
fonylfluoride, 20% (v/v) methanol and 50 ug/ml soy-
bean phospholipids.

For the preparation of F, purified ATP synthetase
(45 mg) was first dialyzed for 18 h at room tempera-
ture against 2 X 11 of a solution containing 50 mM
Tris—SO,4 (pH 8), 5 mM EDTA and 5 mM dithiothrei-
tol. Subsequently, Fy (2.5 mg) was obtained by treat-
ment of the preparation with 7 M urea [13].

Liposomes containing Fy protein were prepared
from partially purified soybean phospholipids using
the cholate dialysis method, and loaded with potassium

173



Volume 116, number 2

as in [14]. Fluorescence of ACMA [12] was measured
with an Aminco fluorometer SPF 500 using the wave-
length 410 nm for excitation and 490 nm for emis-
sion. The assay medium in the quartz cuvette (1 X 1
cm) was kept at a constant 26°C.

SDS gel electrophoresis was done by the method
in [15] using 13% acrylamide gels. The following pro-
teins were used as molecular weight markers: bovine
serum albumin (68 000); ovalbumin (45 000); chymo-
trypsinogen (25 000); trypsin inhibitor (21 500);
cytochrome ¢ (12 500). Soybean phospholipids were
partially purified as in [16]. Protein was determined
by the method in [17] with the modification in [18].

ACMA and TTFB were generous gifts from Dr P.
Friedl (Braunschweig).

3. Results

Two different procedures have been published for
the purification of the ATP synthetase complex from
E. coli K12 [12,19].

Deoxycholate was used for the solubilization of the
enzyme, followed by fractionation with (NH,4),S0,
and further purification on sucrose gradients [19].

ATP synthetase was extracted from thoroughly pre-
washed membranes using Aminoxid WS 35 and
purified the enzyme by ion exchange chromato-
graphy [12].

For the dissociation of the enzyme complex into the

hydrophilic F, part and the membrane-integrated F,

moiety, we have used a purified ATP synthetase pre-

pared as in [12]. Compared to the procedure in [19],

the method used yields a much higher amount of

purified enzyme.

In agreement with [12], SDS gel electrophoresis of
the purified ATP synthetase complex from E£. coli
revealed 11 polypeptides (fig.1A). In addition to the
5 subunits of F, (a, $, 7, 6, €) three major protein
bands could be observed with the mol. wt 28 000,

19 000 and 8300. According to Friedl [12] the latter

three proteins are likely to be constituents of the Fy

part. In addition, polypeptides were observed with

app. mol. wt 69 000, 24 000 and 14 000 [12].
Treatment of the FoF, preparation with 7 M urea

precipitated a protein fraction (F,), the subunit com-

position of which is shown in fig.1B. Predominant
polypeptides with app. mol. wt 19 000, 14-000 and

8300 can be observed clearly. The smallest subunit is

identical with the DCCD-reactive protein, the molec-
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ular weight given being that determined by amino
acid sequence analysis [9]. Only traces of polypep-
tides belonging to the F, part are present. Also the
contaminating proteins still present in the FyF, prep-
aration are missing. Identical results were obtained
with FoF, preparations derived from cells grown
either on succinate or on glucose.

B

69K

Es7g

C) ®

Fig.1. SDS-gel electrophoresis of F F,. (A) F,F, preparation
(80 ug); (B) F, (80 ug) prepared as in section 2. Gels were
stained with Coomassie blue R-250 and the A ;,, was recorded
densitometrically. Greek letters denote subunits derived from
F,-
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Fig.2. Proton conduction driven by an artificially-imposed
membrane potential in F, vesicles. The vesicles were pre-
pared as in section 2. K*-loaded F, vesicles (50 ul) were sus-
pended in 1980 pl final vol. in a solution containing 0.5 M
sucrose, 2.5 mM MgSO, and 10 mM Tricine—NaOH (pH 8.0).
After the addition of 20 ul ACMA (20 uM) the reaction was
started by the addition of 3.6 ul valinomycin (50 uM). TTFB
was added at 1 uM final conc. In the control experiment

50 ul K*loaded liposomes (without F) were used. DCCD
(100 nmol) was added 5 min before addition of valinomycin.

To probe that the F, component had been purified
in a functional state, the F,, fraction was incorporated
into liposomes which were subsequently loaded with
K*. Addition of valinomycin induced a K* diffusion
potential across the membrane, internally negative.
This in its turn provides a driving force for H" uptake.
As can be seen from fig.2, influx of H’, as monitored
by the fluorescence quenching of ACMA, is very rapid
(fig.2A). Further uptake of H' could be induced by
the addition of the uncoupler TTFB. The latter
phenomenon is probably due to the fact that the
liposome preparation is composed of Fy-rich and F,-
deficient vesicles [14]. Treatment of the F,-liposomes
with DCCD inhibited H" influx to a large extent
(fig-2B). As a control, K*-loaded liposomes lacking
the Fo component were treated in the same manner
(fig.2C). The extent of the fluorescence quenching is
very similar as in fig.2B.
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4. Discussion

A method for dissociating the ATP synthetase
complex from a thermophilic bacterium was described
in [14]. The F, part obtained was still active in
proton translocation. Applying a slightly modified
procedure for the dissociation of the FoF; complex
we were also able to obtain a functional F, compo-
nent from E. coli. This preparation contains three
polypeptides (fig.1B) with mol. wt 19 000, 14 000
and 8300. This result is somewhat surprising, since
SDS gels of the purified FoF; complex prepared by
the method in [12] assigned the F, subunits mol. wt
28 000, 19 000 and 8300. The 14 000 mol. wt com-
ponent is also present in the FoF, preparation (fig.1A).
Since it was always found in very small amounts it
was designated as an impurity [12]. At least two
plausible explanations are at hand to explain this
puzzling result:

(i) The protein with mol. wt 28 000 is not a consti-
tuent of the F, part, it disappears by extracting
the enzyme with urea.

(ii) This protein is present in the FyF, complex as a
dimer and it appears as a monomer after treat-
ment with urea.

Although we cannot exclude either of these two

possibilities at the moment, it seems to us that the

latter explanation is the most likely one. The ques-
tion of the subunit composition of the F, part is even
more complicated by indication of a 24 000 mol. wt
protein instead of that of 28 000 being a constituent
of the Fy component [19]. However, the 24 000 mol.
wt protein is present in our FoF; preparations only in
minute amounts and, even more important, it is not
enriched upon treatment of the enzyme complex
with urea.

These results are in line with in [13]. The F, prep-
aration [13] was initially composed of three polypep-
tides with the mol. wt of 19 000, 13 500 and 5400.
Removal of the 19 000 mol. wt protein still resulted
in a functional Fy component. On the other hand, we
have observed that F,, preparationslacking the 14 000
mol. wt polypeptide are no longer active in H" trans-
location (unpublished). Despite the current discre-
pancy about the molecular weights of the F, subunits
there is general agreement that the F, part is com-
posed of three nonidentical subunits. Since it is now
possible to separate the F; from the Fy component,
the elucidation of the function of each subunit is
feasible. Together with the analysis of F, compo-

175



Volume 116, number 2

nents defective in H* translocation, these studies
should lead to a better understanding of the H' trans-
locating mechanism.
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