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The ATP synthase was isolated from the cytoplasmic membrane of the anaerobic bacterium Wolinella
(formerly Vibrio) succinogenes, using a non-ionic detergent. After 20-fold purification the enzyme was
homogeneous. The M, was determined to be 410000. Gel electrophoresis in the presence of dodecylsulfate
separated eight different peptides, seven of which appeared to be subunits of the enzyme (M, 56 000, 50 000,
36 000, 19000, 13000, 11000 and 8000). Dicyclohexylcarbodiimide (0.6 mol per mol enzyme) was specifically
bound to the M, 8000 subunit. In electron micrographs, after negative staining, the enzyme appeared as a
dumb-bell having a globular portion of 10.0-10.8 nm diameter on one end. The X, for ADP as a competitive
inhibitor of ATP hydrolysis was about 10-times smaller than the K, for ATP. Incorporation of the enzyme
into liposomes caused the K; and K, to decrease to values that approached those measured with the
bacterial membrane. Treatment of the membrane with CHCl, was the only procedure found that could split
the ATPase from the ATP synthase. The soluble enzyme isolated after this treatment exhibited a 15-times
greater specific activity of ATP hydrolysis than ATP synthase. The ATPase was made up of three different
subunits (M, 56000, 50000 and 36000). The M, was determined to be 340000. In electron micrographs,
after negative staining, the ATPase appeared as spherical particles which were similar to the globular part of
the ATP synthase. The particles showed a hexagonal fine structure with a seventh element in the centre of
the hexagon, suggesting an a8,y composition of the enzyme.

Introduction is catalyzed by an electron transport chain [3-6]

and is coupled to the phosphorylation of ADP by

Wolinella (formerly Vibrio) succinogenes is an
anaerobic bacterium that can grow at the expense
of reaction (a) [1,2]. This reaction

H, + fumarate - succinate (a)
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Abbreviations: DCCD, N,N’-dicyclohexylcarbodiimide;

Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid;

Mops, 4-morpholinepropanesulphonic acid; Mes, 4-morpho-

lineethanesulphonic acid.

phosphate [7,8]. Earlier it was proposed that the
free energy of reaction (a) was transferred to the
phosphorylation reaction via the electrochemical
proton potential (Afiy), the latter having been
generated by transmembrane electron transport
[3.9,10].

This hypothesis requires that the cytoplasmic
membrane of the bacterium contains an ATP syn-
thase which can be driven by the Aji;; across the
membrane [11]. To test the hypothesis we have
isolated and characterized the ATP hydrolyzing
enzyme of the membrane. In a subsequent pub-
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lication the function of this enzyme in ATP
synthesis will be described [45].

In the following, the enzyme isolated by deter-
gent extraction is termed ATP synthase. The en-
zyme obtained after treatment of the membrane
with CHCl, is termed ATPase.

Methods

Preparation procedures

Purification of ATP synthase. W. succinogenes
was grown with formate and fumarate in the pres-
ence of yeast extract as described [2]. The cells
were harvested by centrifugation and suspended in
50 mM Tris and 0.2 mM phenylmethylsulfonyl-
fluoride (pH 8), 0°C (buffer A) and stored in
liquid N,.

Cell homogenate. The thawed cells (9 g protein)
were suspended in 0.8 | of buffer A containing 10
mM EDTA and stirred for 15 min. Lysozyme (0.5
g/1) was added and after an additional 30 min 25
mM MgCl, and 10 mg DNAse /1 were also added.
Stirring was continued for 30 min.

Membrane fraction. The cell homogenate was
centrifuged for 20 min at 12000 X g. The resulting
sediment was suspended in 0.3 1 of buffer A,
containing 1 mM MgCl, and 1% Tween 80, and
centrifuged for 20 min at 12000 X g.

Membrane extract. The membrane fraction (3.5
g protein) was homogenized in 0.3 | of buffer A
containing 1 mM MgCl,, 2% (w/v) Aminoxid WS
35 (acyl (C,,-C,;) amidopropyldimethylamino-
xide (purchased by Goldschmidt, Essen, F.R.G.)
and 0.1 M NaCl. This homogenate was stirred for
30 min at 0°C and then centrifuged for 20 min at
30000 x g.

Anion exchange chromatography. Protein from
the membrane extract was absorbed onto a DEAE
Sepharose CL-6B column (165 ml, 4 cm diameter)
that had been equilibrated with buffer A, contain-
ing 0.1 M NaCl, 3 mM (average molecular weight
342 given by the manufacturer) Aminoxid WS 35,
1 mM MgCl, and 60 pM soybean phospholipids
(Sigma Nr. P 5638) (buffer B). After rinsing the
column with 400 ml of buffer B, the enzyme was
eluted with 0.4 1 of a linear NaCl gradient (0.1-0.3
M) in this same buffer. The fractions containing
ATPase activity, at sufficiently high specific activ-
ity, were pooled and concentrated 10-fold by pres-
sure dialysis.
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Density gradient centrifugation. Three milliliter
aliquots (45 mg protein) of the concentrated solu-
tion containing ATPase activity were layered onto
40 ml of buffer B, containing a linear sucrose
gradient (10-20%), in centrifuge tubes. After
centrifugation for 3 h, in a VTi 50 rotor (Beckman
Instruments) at 200000 X g, the contents of the
tubes were fractionated. The fractions containing
the greatest amount of ATPase activity were pooled
and concentrated by pressure dialysis.

Gel filtration. The concentrated enzyme pre-
paration (4 ml containing 76 mg protein) was
subjected to chromatography on Sephacryl S 300.
The column (300 ml, 2 cm diameter), equilibrated
with buffer B, was eluted with the same buffer at a
flow velocity of 5 ml/h. The fractions containing
the ATPase activity were pooled, concentrated by
pressure dialysis and stored in liquid N,.

Purification of ATPase

The membrane fraction (see above) was sus-
pended in buffer A, containing 1 mM MgCl,,
such that the final concentration of protein was 20
g/1. An equal volume of CHCl; was added and
the suspension was shaken vigorously for 30 s at
room temperature [12]. Phase separation was
accomplished by centrifugation of the suspension
for 30 min at 2000 X g. The soluble ATPase was
purified by anion exchange chromatography, gel
filtration and density gradient centrifugation as
described above. Aminoxid WS 35 and phos-
pholipids were, however, omitted from all buffers
used.

Analytical procedures

ATP-hydrolyzing activity. The activity of ATP
hydrolysis was measured at 37°C, using one of the
three methods described below. One unit of activ-
ity (U) was equivalent to the hydrolysis of 1 pmol
ATP/min. The turnover number was calculated
from the specific activity and the molar mass of
ATP synthase (4.1-10° g/mol) or ATPase (3.4 -
10° g/mol).

Phosphate assay. The reaction mixture con-
tained 50 mM Hepes/3 mM Aminoxid WS 35/5
mM ATP/2.5 mM MgCl, (pH 8). The reaction
was started by addition of the enzyme. At various
time intervals (1-10 min) 50 pl samples were
removed and mixed with 0.65 ml trichloroacetic
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acid (0.5 M). Phosphate was determined in this
mixture using the procedure described previously
[13].

pH-electrode recording [14]. The reaction mix-
ture contained 10 mM Hepes/0.1 M KCl/3 mM
Aminoxid WS 35/5 mM ATP/2.5 mM MgCl,
(pH 8). The reaction was started by addition of the
enzyme, and the pH of the mixture was recorded
using a glass-electrode. The amount of H* released,
which was equivalent to that of phosphate
liberated, was determined using an HCI standard.

Photometric recording [15]. NADH oxidation
was recorded photometrically in a reaction mix-
ture containing 50 mM Hepes/3 mM Aminoxid
WS 35/5 mM ATP/5 mM MgCl, /1.5 mM phos-
phoenolpyruvate/1 mM NADH, 20 U lactate
dehydrogenase and 5 U pyruvate kinase (pH 8).
The reaction was started by addition of the en-
zyme. The velodity of NADH oxidation was equiv-
alent to that of the ATP hydrolysis.

Prorein. Protein was determined photometri-
cally using the Biuret method with KCN [16].
Bovine serum albumin was used as standard. Al-
ternatively, protein was also estimated photometri-
cally using the protein stain with Amidoblack on
nitrocellulose sheets [17}, or by determining the
amount of radioactivity incorporated by the
bacteria growing in the presence of [*H] leucine
[18].

Electron microscopy. The negative staining pro-
cedure was similar to that described previously
[19]. Sodium phosphotungstate (1-2%, w/v, pH
7.0) was used as negative stain. The stain was
mixed directly with the protein suspensions before
absorbed onto carbon films (4-5 nm), or the stain
was added after the absorption of the protein to
the films. The preparations were examined in a
Philips 301 G electron microscope fitted with a
liquid nitrogen cooled finger and operated at 80
kV, with calibrated primary magnifications.

Results

Isolation of ATP synthase

The enzyme purification was monitored by
measuring the ATP hydrolyzing activity. Thawed
cells of W. succinogenes were lysed in the presence
of lysozyme and EDTA, and the membrane frac-
tion was isolated by centrifugation. The membrane

TABLE 1
PURIFICATION OF ATP SYNTHASE

The activity of ATP hydrolysis at 37°C was measured using the
pH-electrode {14]. Protein was determined using the Biuret
method [16].

Specific Total
activity activity
(U /mg protein) (U)
Cell homogenate 043 3680
Membrane fraction 1.03 2670
Membrane extract 1.47 2304
Anion exchange
chromatography 6.73 1480
Density gradient
centrifugation 17.4 1325
Gel filtration 19.5 1070

fraction was solubilized using Aminoxid WS 35,
and the extract obtained was subjected to anion
exchange chromatography. Further purification
was achieved using density gradient centrifugation,
while subsequent gel filtration resulted in only a
slight increase in specific activity. The specific
activity of the resulting isolated enzyme was 20-fold
greater than that of the membrane fraction, and
the yield was about 30% (Table I). With the vari-
ous separation methods employed there was no
indication that that more than one enzyme species
was present in the bacterial membrane.

Isolation of ATPase
Treatment of the membrane fraction with either
0.5 mM EDTA or 1.5 M LiCl did not bring about

TABLE I1
PURIFICATION OF ATPASE

The activity of ATP hydrolysis was measured at 37°C using
photometric recording (see Methods section).

Specific Total
activity activity
(U /mg protein) (U)
Membrane fraction 0.64 1713
Aqueous phase after
CHCl, extraction 343 2420
Anion exchange
chromatography 122 ., 2190
Gel filtration 188 1560
Density gradient
centrifugation 281 1449




the solubilization of the ATPase. Treatment with
CHCl, did, however, cause the appearance of the
ATPase in the aqueous phase. This step caused a
50-fold increase in specific activity (Table II). The
enzyme was purified in the absence of detergent
using anion exchange chromatography, gel filtra-
tion and density gradient centrifugation. This ap-
proach yielded a preparation, with a specific activ-
ity that was 15-times greater than that of the ATP
synthase (Table I). Assuming that the increase in
specific activity was brought about by the CHCI,
treatment (Table II), the yield of this step was
calculated as 10%. The recovery of the last three
purification steps was 60%.

Molecular properties
Hydrodynamic properties. When subjected to gel
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Fig. 1. Determination of the sedimentation coefficients of the
ATPase (A) and ATP synthase (B). A solution (0.1 ml) contain-
ing 0.5 mg alcohol dehydrogenase from yeast (7.4 S) (m), 0.2 mg
catalase from bovine liver (11.3 S) (a), 0.5 mg urease from
Canavalia (18.6 S) (O) and either 0.5 mg ATPase or 0.5 mg
ATP synthase (@) was layered onto 5 ml of a Tris buffer (50
mM) containing a linear sucrose gradient (10-30%) and 3 mM
Aminoxid WS 35 at pH 8 and 5°C. The gradients were
centrifuged for 1 h in a VTi 65 rotor (Beckman Instruments) at
65000 rpm. The enzymes were assayed using their activities.
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filtration or density gradient centrifugation, the
ATP synthase, as well as the ATPase, reacted as
homogeneous enzyme proteins. The protein was
distributed in single symmetrical bands, which
coincided with enzymic activity (not shown). The
sedimentation coefficients of the enzymes were
determined using sucrose density gradient centri-
fugation [20], with urease, catalase and alcohol
dehydrogenase as reference proteins (Fig. 1). The
ATP hydrolyzing activities were found as bands in
the gradients, with a shape and width similar to
those of the reference enzymes. The ATP synthase
band nearly coincided with that of catalase (Fig.
1B), while that of the ATPase migrated faster (Fig.
1A). The slowness of ATP synthase migration was
probably due to the detergent and phospholipid
content of the ATP synthase. The sedimentation
coefficients, 11.7 S (ATP synthase) and 12.9 S
(ATPase), were obtained from plots of the migra-
tion distances as compared to the reference values
[20]. The Stokes radii were determined via FPLC
gel filtration using reference proteins as a compari-
son (Fig. 2). The values obtained were confirmed
using classical gel filtration with Sepharose CL-6B
(not shown). The Stokes radius of the ATPase (6.4
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Fig. 2. Determination of the Stokes radii of the ATPase and
ATP synthase. The FPLC gel filtration column (Superose 6,
bed size 24 ml, 1 cm diameter) was equilibrated with 20 mM
Tris, 100 mM NaCl, 3 mM Aminoxid WS 35 (pH 8) at room
temperature and a flow rate of 0.2 ml/min. The dead volume
(V) and the total volume (¥;) of the column were determined
using dextran blue and acetone. The elution of the proteins was
recorded using their absorbance at 280 nm. The K,, values
were calculated from the elution volumes ( V) according to the
equation K, = (V, ~ Vo) /(V, — V) [18,21]. The following pro-
teins were used as standards: cytochrome ¢ from horse heart
(1.8 nm), carbonic anhydrase from bovine erythrocytes (2.4
nm), bovine serum albumin (3.6 nm), aldolase from rabbit
muscle (4.6 nm), catalase from bovine liver (5.2 nm), ferritin
from horse spleen (6.0 nm) and thyroglobuline from pig (8.2
nm).
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nm) was close to that of ferritin, yet smaller than
that of the ATP synthase (8.0 nm) which was
similar to that of thyroglobulin. From the sedi-
mentation coefficients and the Stokes radii, the
molar masses of the enzymes were calculated (Ta-
ble III). In the case of the ATPase, the molar mass
was equivalent to the M, of the enzyme protein
(340000). The M, of the ATP synthase protein was
found to be 410000, after correction for the phos-
pholipid and detergent content of the preparation.
While the binding capacity of the ATP synthase
for Triton X 100 was assayed (Table III), the
hydrodynamic properties of the enzymes were de-
termined in the detergent Aminoxid WS 35. It was
assumed that the binding capacity of the enzyme
for the two detergents (in g per g protein) was
nearly the same. The mitochondrial adenine
nucleotide carrier, which has a greater detergent
binding capacity than the ATP synthase, was found
to bind 25% more Triton X-100 than Aminoxid
WS 35 [25]. Such difference in detergent binding
capacity of the Wolinella ATP synthase would not
significantly affect the resulting M, of the enzyme
protein.

TABLE 111

HYDRODYNAMIC PROPERTIES OF THE ATP SYN-
THASE AND ATPase FROM W. SUCCINOGENES

The Stokes radii and the sedimentation coefficients were taken
from Figs. 2 and 1, respectively. The phospholipid content was
calculated from the phosphate content [22] of the preparation,
assuming an average molecular weight of 800 for the phos-
pholipids. The content of Triton X-100 was determined by
measuring the [*H}-labeled detergent (gift from Rohm and
Haas Company, Philadelphia, PA, U.S.A)) that eluted with the
enzyme from a DEAE Sepharose CL-6B column, after
equilibration with labeled detergent [23]. The molar masses of
the enzymes were calculated from the Stokes radii and the
sedimentation coefficients, according to the Svedberg equation
[18,24]. The M, of the ATP synthase protein was obtained from
the molar mass of the enzyme particle after correction for its
phospholipid and detergent content [24].

ATP synthase ATPase

Stokes radius (nm) 8.0 6.4
Sedimentation coefficient (S) 117 129
Phospholipid content (g/g protein) 0.10 -
Triton X-100 content (g/g protein) 0.22 -
Molar mass of enzyme particle

(g/mol) 540000 340000

M, of enzyme protein 410000 340000

Subunit composition. Gel electrophoresis of the
ATPase, in the presence of dodecylsulfate, re-
solved three different polypeptides with the M, of
56000 (a), 50000 (B8) and 36000 (y) (Fig. 3).
Additional subunits were not detected even with
gels run with a 5-times greater amount of ATPase.
The M, values were based on those of the E. coli
ATP synthase subunits [27], which were used as
references [28]. From photometric recording of the
Coomassie blue stain the relative molar amounts
of the subunits (a:fB:y) were estimated to be
3:3:1.

Gradient gels [29] run with the ATP synthase
resolved eight major bands (Fig. 4A). In addition
to the a, B and y subunits of the ATPase, five
bands were detected at M, 19000 (a), 13000 (b),
11000 (c), 8000 (d) and about 5000. Comparison
to the electrophoresis pattern of the ATP synthase
from E. coli [28] (Fig. 4B) showed pronounced
differences in the subunit composition of the two
enzymes.

From the Coomassie blue stain the molar con-
tents of subunit ¢, b and ¢ were estimated to be
close to that of the y peptide. The content of d
was estimated to be smaller (0.2 mol/moly) and
that of the M, 5000 peptide varied from one
preparation to the other (0.5-4 mol/moly). The
variable content suggested that this peptide repre-
sented an impurity of the preparation. A M, 5000
peptide which could not be attributed to one of
the known subunits was also found in a prepara-
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Fig. 3. Polyacrylamide gel electrophoresis of ATPase from W.
succinogenes in the presence of dodecylsulfate. Photometric
scan at 578 nm of a 15% gel [26] run with 25 ug ATPase after
staining with Coomassie blue K-250. Before electrophoresis the
sample was heated for 5 min at 100°C in a solution containing
60 mM Tris, 4% dodecylsulfate, 10% glycerol and 0.1 M
dithiothreitol (pH 6.8).
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Fig. 4. Gradient gel electrophoresis of ATP synthase from W.
succinogenes (A) and E. coli (B) in the presence of dodecylsul-
fate. Photometric scans at 578 nm. The gels prepared with
5-20% acrylamide contained a linear sucrose gradient (0-15%)
[29]. The samples (20 pg protein) were treated as described in
the legend of Fig. 3.

tion [28] of the ATP synthase from E. coli (Fig.
4B).

The ATP synthase from W. succinogenes was
incubated for 8 h at 0°C with a 10-fold molar
excess of labeled DCCD. After precipitation with
acetone (final proportion, 90% v/v) and rinsing
with ether, the protein contained 0.8 -mol
DCCD/mol ATP synthase. Using gel electro-
phoresis it was found that 75% of the label was
associated with subunit 4. This subunit, therefore,
represents the equivalent to subunit ¢ of the E.
coli enzyme (Fig. 4).

The subunit composition of the ATP synthase
was investigated using an enzyme preparation
which was obtained from bacteria grown with
[*H]leucine. After electrophoresis and protein
staining, the gel was sliced and the tritium con-
tents in the individual bands were determined
(Table IV). The specific label contents which were
calculated using the M, of the subunits suggested
the molar composition of the ATPase part to be
a3B,v, on the basis that the proportion of leucine
in the three subunits was identical. This was found
to be valid with the E. coli ATPase [27]. Thus the
composition of the ATPase as deduced from the
protein stain was confirmed.

The label present in the mebraneous peptides
exceeded that of y by a factor of 1.6-2.8. This was
in contrast to the composition suggested by the
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Coomassie stain (a;8;y a b ¢). The discrepancy
was probably due to variations of both staining
and leucine content of the individual peptides. The
DCCD-binding subunit (d) contained nearly 3-
times the label of y. The corresponding peptide
(c¢) of the E. coli enzyme was found to contain
1.5-times more leucine than the ATPase subunits
[27]. Assuming that this would hold also with the
Wolinella enzyme, subunit d would amount to two
copies per molecule ATPase.

Electron microscopy. Visible in electron micro-
graphs of the negatively stained ATP synthase
preparation (Fig. SA and C) were particles with
the typical asymmetrical dumb-bell structure, con-
sisting of a more globular portion, a stalk and a
base piece. In addition, aggregates were seen that
consisted of dumb-bells connected at the base
pieces (Fig. SA). The globular part of the protein
(i.e., the ATPase) had a diameter of 10.4-10.8 nm,
while the stalk was 4.0-4.4 nm long and 2.4-2.8
nm thick. The height of the base piece was 8.0 nm,
and its length varied between 10 and 16 nm de-
pendent on the amounts of lipid and detergent
bound. The minimal length was similar to the
diameter (10.0 nm) of the enzyme portion associ-
ated with the membrane, as observed in freeze

TABLE IV

TRITIUM CONTENTS OF THE SUBUNITS OF THE ATP
SYNTHASE ISOLATED FROM W. SUCCINOGENES
GROWN IN THE PRESENCE OF [*HJLEUCINE [18]

The isolated ATP synthase was subjected to gel electrophoresis
with dodecylsulfate, and the gel was stained (see legend of Fig.
4). The gel was sliced and the slices treated with H,0,. The
specific label content was calculated using the M, values which
were taken from gel electrophoresis. The enzyme contained 140
dpm tritium/pg protein. 70% of the radioactivity was associ-
ated with the peptides indicated.

Peptide M, Tritium Specific
content label content
(dpmyslice) (10 dpm/mol)

a 56 000 2366 44

B 50000 2226 45

Y 36000 563 16

a 19000 653 34

b 13000 328 25

¢ 11000 329 30

d 8000 358 45

- 5000 419 84
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fracture micrographs after incorporation of the
enzyme into liposomes (not shown). As judged
from the dimensions, the base piece appeared about
as big as the ATPase part of the particle. In
contrast, the hydrodynamic properties of the en-
zymes suggested that the M, of ATP synthase
exceeded that of the ATPase (M, = 340000) by
only 70000 (Table III). The reason for this dis-
crepancy is not clear.

In the negatively stained ATPase preparation
(Fig. 5B, D and E) could be seen nearly symmetri-
cal disc-shaped particles, with a diameter (10.4
nm) that was similar to that of the globular part of
the ATP synthase. Most of the particles were

Fig. 5. Electron micrographs of the isolated enzymes after
negative staining. The bar represents 50 (A and B) or 20 nm.
Magnification, X95000 (A and B) or x190000. (A) ATP
synthase molecules with typical profiles (»). Some molecules
are aggregated with their base pieces ( — ). (B) The ATPase
molecules tend to be oriented such that they are seen in face
view (»); occasionally side views are also seen ( — ). (C) Single
ATP synthase molecule; the three building blocks (sphere, stalk
and base piece) are clearly visible. (D) Face view of ATPase
molecule revealing the hexagonal structure. (E) ATPase mole-
cule in profile orientation with a small stalk protruding from
the sphere ( — ).

oriented in face view, and showed a hexagonal
arrangement of subunits around a central one
(Fig. 5B and D). Together with the results of the
subunit analysis, these observations suggest that
the ATPase has an «,8,y structure where « and B
might represent the peripheral elements and y the
central element. In particles with a side view orien-
tation, a rare occurrence, the central element pro-
truded from the bottom plane (Fig. SE). This
observation suggested that the y subunit formed a
part of the ATP synthase stalk.

From the observed diameter (5 nm) of the
peripheral elements, their M, was estimated to be
53000. This value was close to that determined for
the a« and B subunits as estimated by electro-
phoresis in the presence of dodecylsulfate. Based
upon the assumption that the ATPase consisted of
seven subunits of similar M, (53000), the M, of
the protein would be 371000. This value was 10%
higher than that determined from the hydrody-
namic properties of the enzyme (Table IIT).

Enzymic properties

The activity of the soluble ATPase, as measured
with the pH-electrode, was absolutely dependent
upon the presence of divalent metal ions. In the
presence of 5 mM ATP and at pH 8 the activity
was maximal at a molar ratio ATP/metal ion of 2.
Maximum activity was observed with MgCl,
(100%) and less with MnCl, (82%), CoCl, (71%),
ZnSO, (67%), CaCl, (22%). The pH-optimum of
the ATPase, measured in the presence of 5 mM
ATP and 2.5 mM MgCl,, was between 8 and 9
when 0.1 M Tris, Hepes or glycylglycin were used
as buffers. At pH 7 (0.1 M Mops) and 6 (0.1 M
Mes), the activities were 50% and 10%, respec-
tively, of the optimum activity. A similar pH-pro-
file was found with the ATP synthase. Under the
optimum conditions of ATP hydrolysis (i.e., 100%
activity), this preparation catalyzed the liberation
of phosphate from GTP (48%), ITP (25%), UTP
(5%) and CTP (1%), while ADP was not hydro-
lyzed. The activity of ATP hydrolysis, for both the
ATPase and the ATP synthase, was related to the
concentration of ATP according to the Michaelis
equation. To determine whether the enzymes were
severely altered by the isolation procedures, their
Michaelis constants (K ;) for ATP were compared
to those measured using membrane vesicles pre-



TABLE V

KINETIC CONSTANTS OF ATP HYDROLYSIS CATA-
LYSED BY VARIOUS ENZYME PREPARATIONS

The activity of ATP hydrolysis (37°C) was measured using the
pH-electrode. In the case of liposomes and vesicles, Aminoxid
WS 35 was omitted from the test buffer.

Preparation Ky K; Maximal
for ATP for ADP turnover
(pM) (pM) number
(10° min™")
ATPase 175 18 81
ATP synthase 620 190 5.3
ATP synthase in liposomes 270 74 2.2
Membrane vesicles 290 33 2.5

pared from W. succinogenes (Table V). The K, of
the purified ATPase was slightly smaller than that
measured with membrane vesicles, while that of
the isolated ATP synthase was more than twice as
large. Incorporation of the ATP synthase into
liposomes caused the K, to decrease to that mea-
sured with membrane vesicles.

ADP was found to be a competitive inhibitor of
ATP hydrolysis activity. The K; of the ATPase
was smaller than that measured with membrane
vesicles (Table V), while that of the ATP synthase
was distinctly larger. By incorporation into lipo-
somes the K; of the ATP synthase was decreased
to a value (74 uM) approx. 2-fold greater that that
measured with membrane vesicles. The maximal
turnover number as well as the K, for ATP or the
K, for ADP of the ATP synthase in liposomes
were not affected by presence of a protonophore.
In summary, the substrate affinity of the isolated
ATP synthase nearly attained its original value
after incorporation into liposomes.

Discussion

Function of ATP synthase

Inverted membrane vesicles prepared from the
anaerobe W. succinogenes were shown earlier [7,8]
to catalyze phosphorylation, driven by reaction
(a). In that the phosphorylation was blocked by
protonophores or DCCD, it was concluded that
the mechanism of energy transduction must be
similar to that of oxidative phosphorylation. This
conclusion is supported by the work reported here
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describing the isolation, from the cytoplasmic
membrane, of an enzyme that resembles the ATP
synthases of aerobic or phototrophic bacteria
[27,28,30-33], mitochondria [34-36] and chloro-
plasts [37,38], yet differs from the ATPase of purely
fermentative anaerobic bacteria [39].

Consistent with the high phosphorylation activ-
ity of the bacterial membrane [8] the ATP syn-
thase contributes to about 5% of the total mem-
brane protein. Its function as an ATP synthase is
suggested by the finding that the K; for ADP,
which competitively inhibits the ATP hydrolysis
reaction, is about 10-times smaller than the K\
for ATP. In a subsequent publication [45] the K,
for ADP in the ATP synthesis reaction catalyzed
by the enzyme, after incorporation into liposomes,
will be shown to be close to the K, value in ATP
hydrolysis. The turnover number of the liposomal
enzyme in the ATP synthesis reaction can be in
the same range as that in the phosphorylation
which is driven by reaction (a) in the bacterial
membrane.

The well-known ATP synthase inhibitor DCCD
[40] is specifically bound to one of the subunits
making up the membraneous part of the enzyme.
In the following publication it will be shown that
the phosphorylation catalyzed by the liposomal
enzyme is strongly inhibited by DCCD. In con-
trast, the ATP hydrolysis activity of the bacterial
membrane and of the isolated or liposomal ATP
synthase was not affected by incubation with 1000
mol DCCD/mol enzyme.

Structure of ATP synthase

The isolated ATPase consists of only three dif-
ferent subunits and has the composition a;f,y.
The corresponding M, is in close agreement with
the M, obtained from the hydrodynamic proper-
ties or from electron microscopy (Table VI). The
size of the enzyme is in the range of those observed
for ATPases from other sources (325 000-380 000),
but appears to be slightly smaller than that of the
E. coli enzyme [41-43]. Direct measurements with
the E. coli ATPase gave a M, of 350000 [41],
while from the subunit composition a value of
382000 was obtained [43].

The Wolinella ATP synthase (Table VI) appears
to be considerably smaller than that of E. coli.
From X-ray scattering in solution an M, of 450 000
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TABLE VI

COMPARISON OF THE M, VALUES OF THE ATPase
AND THE ATP SYNTHASE FROM W. SUCCINOGENES
AS DETERMINED BY VARIOUS METHODS

The M, values shown in the first line were taken from Table
I1I1, the value in the second line was calculated assuming that
the ATPase consists of seven subunits with M, 53000, and
those presented in the last line were calculated on the basis of
the subunit composition a;f8;y (ATPase) and a;f8;yabed; or
asByvasb,c,ds (ATP synthase), with the M, values of the
subunits given in Table IV.

Data obtained from M, of M, of
ATP synthase ATPase
Hydrodynamic properties 410000 340000
Electron microscopy - 371000
Subunit composition 413000-464 000 354000

was obtained with the E. coli enzyme [44], while
the subunit composition gave a value of 530000
[43].

The membraneous part of the E. coli ATP
synthase consists of three different subunits with
the composition ab,c,, [43]. The membraneous
part of the Wolinella enzyme is composed of four
different subunits. As a further difference, the
DCCD-binding peptide is not present in a large
molar excess. The subunit stoichiometry cannot be
determined exactly, since the leucine contents of
the subunits are not known. With the assumption
that the leucine content of all the ATP synthase
subunits is the same, the stoichiometry would be
calculated from the data of Table IV to be
a,b,c,d ;. This corresponds to a maximum M, of
110000, which is much greater than the value
obtained from the hydrodynamic properties of the
ATP synthase and ATPase (70000) (Table IV).
The leucine contents of the mebraneous subunits
of the E. coli enzyme are up to 1.8-times greater
that that of the ATPase [27]. On the basis that this
is also valid for the Wolinella enzyme, a minimum
composition of abcd, would be obtained. The
corresponding M, of 59000 is consistent with that
calculated from the hydrodynamic properties of
the enzymes.
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