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Summary

(1) Fo -F;ATPase (EC 3.6.1.3) from Micrococcus luteus ATCC 4698 was
solubilized from plasma membranes by the non-ionic detergent Triton X-100
in the presence of 0.05 M MgCl,.

(2) The antibiotics rutamycin, Dio-9, quercetin, oligomycin, botrycidin,
efrapeptin, leucinostatin, valinomycin, and venturicidin as well as N,N "-dicyclo-
hexylcarbodiimide and dinitrophenol are potent inhibitors of F, - F,ATPase
activity.

(3) Fy - F,ATPase activity is completely inhibited by anti-F,ATPase anti-
bodies. The inhibition is non-competitive.

(4) Crossed immunoelectrophoresis reveals a reaction of immunological
identity of F, - F;ATPase and F,ATPase indicating that both enzymes have in
common antigenic sites.

Introduction

Four antigens, not expressed on the outer surface of the plasma membrane,
have been detected by crossed immunoelectrophoresis with membrane anti-
serum in fractions from membranes of Micrococcus luteus ATCC 4698
solubilized with the non-ionic detergent Triton X-100 [1]. One of these,
ATPase (EC 3.6.1.3), has been localized by ferritin labeling only on the inner
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face of the membrane [2]. This ATPase is composed of two structurally
distinct entities; these are referred to as F,ATPase and F,ATPase [3]. The
F,ATPase from M. luteus ATCC 4698 can be solubilized from plasma
membranes by osmotic shock treatment [4,5] and purified to homogeneity by
several techniques [4—8]. The F, moiety of the F, - F,ATPase complex is
apparently buried in the hydrophobic interior of the membrane [3].

The primary objective of this study was to solubilize the F, - F,ATPase
complex from plasma membranes of M. luteus ATCC 4698 by the detergent
Triton X-100 in intact form, to identify it by immunological techniques
(crossed immunoelectrophoresis) and to characterize this F, - F,ATPase
complex by various inhibitors such as antibiotics, N,N'-dicyclohexylcarbodi-
imide, dinitrophenol, and organic tin derivatives.

Moreover, crossed immunoelectrophoresis was applied to reveal the antigenic
relationship of Fy - F;ATPase and F,ATPase.

Experimental

Materials. Highly purified agarose was from Merck, Darmstadt; complete
Freund’s adjuvant from Difco, Detroit. Acrylamide, recrystallized four times,
was purchased from Roth, Karslruhe. Tris(hydroxymethyl)aminomethane was
from BioMol, Ilversheim, and N,N'-dicyclohexylcarbodiimide from Sigma,
Munich. Na;-ATP, ferritin, and aldolase were obtained from Boehringer,
Mannheim. Dinitrophenol, catalase, hemoglobin, bovine serum albumin,
quercetin, and diisopropylfluorophosphate were from Serva, Heidelberg. Efra-
peptin, leucinostatin, and rutamycin were a gift from W. Keller-Schierlein,
Ziirich. Venturicidin was from Chambrian Chemicals, Croydon, and Dio-9 was
a gift from Gist-Brocades, Delft. Triethyltin chloride was purchased from
Merck, Darmstadt, and tributyltin chloride from Riedel-de Haén, Seelze-
Hannover. Sepharose CL-6B was from Pharmacia, Freiburg. All other chemicals
were of analytical grade, purchased from Merck, Darmstadt.

Preparation of highly purified F1ATPase. The F,ATPase was prepared from
M. luteus ATCC 4698 as described by Risi et al. [5] for Micrococcus sp. ATCC
398. All the steps of purification were carried out in the presence of 10™* M
diisopropylfluorophosphate.

Preparation of detergent-solubilized F, - F,ATPase. Membrane-bound ATPase
from M. luteus ATCC 4698 was prepared according to Muifioz et al. [4].
50—70 mg membrane protein was suspended in 0.1 M Tris - HCl (pH 7.5)
containing 0.05 M MgCl,, 0.045 M Na,SO, and 20% glycerol. Triton X-100 was
added in a detergent/protein weight ratio of 2.6 : 1. The suspension was stirred
for 30 min at 0°C and then centrifuged at 200000 X g, 45 min. Mg?* was
necessary for the solubilization of Fq - F;ATPase in intact form. Solubilization
by Triton X-100 without Mg®* results in a loss of F, - F;ATPase activity linked
with an increase in F;ATPase activity. F, - F,ATPase was stored at 4°C in the
presence of 10™* M phosphatidylcholine.

Analytical disc electrophoresis. Analytical disc electrophoresis was
performed in 5% polyacrylamide gels [5]. Electrophoresis of F, - F,ATPase was
performed in the presence of 0.1% Triton X-100. ATPase activity was
identified in situ according to Owen and Salton [1].
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Protein determination. Protein was determined according to Lowry et al. [9]
with bovine serum albumin as standard. In the presence of Triton X-100, pro-
tein was determined according to Soper and Pedersen [10]. Determination of
the protein concentration of F;ATPase and F, - F;ATPase in partially purified
preparations was carried out by either the Mancini technique (radial immuno-
diffusion) [12] or by rocket immunoelectrophoresis [13] with purified anti-
F,ATPase antibodies.

ATPase assay. ATPase activity was determined continuously by measure-
ment of the liberated inorganic phosphate as described by Arnold et al. [14].
Specific activity is given in units per mg protein. One unit is defined as the
number of umol of inorganic phosphate liberated during 1 min at 37°C.
Inhibitor studies were done with 2% ethanol present during a 20 min
preincubation period at 37°C. Controls received an equivalent amount of
ethanol only. Blanks containing ethanol did not show any inhibition.

Immunological techniques. Rabbits were injected intradermally and sub-
cutaneously in multiple sites with highly purified F,ATPase (0.5 mg of protein/
rabbit) emulsified in complete Freund’s adjuvant. Injections were repeated
three times at weekly intervals. Sera were collected a week after the last injec-
tion and stored at —37°C. Anti-F,ATPase antibodies from F,;ATPase of M.
luteus ATCC 4698 were prepared by immunoaffinity chromatography with
immobilized F,ATPase (M. luteus) as described for the purification of anti-
F,ATPase antibodies of Micrococcus sp. ATCC 398 [7,11] and then con-
centrated to the original serum volume. Radial immunodiffusion was made in
1.5% agarose in barbital buffer (/ =0.02) at pH 8.6 [12]. Rocket immuno-
electrophoresis was performed in 1.5% agarose in barbital buffer (I = 0.02) at
pH 8.6 (3h, 300 V) [13]. Crossed immunoelectrophoresis was carried out in
1.5% agarose in barbital buffer (I = 0.02) at pH 8.6. No detergent was added.
First dimension electrophoresis was carried out for 90 min (300 V, 15°C),
second dimension electrophoresis was run for 18 h (80 V, 15°C).

Results

Isolation and stability of F, - F,ATPase

The detergent-solubilized F,-F,ATPase from plasma membranes of M.
luteus ATCC 4698 was homogeneous according to analytical polyacrylamide
gel electrophoresis (5% polyacrylamide, 0.1% Triton X-100). It consisted of a
single slowly moving band coincident with enzymic activity. A molecular
weight of 450 000 + 30 000 was determined by gel filtration with Sepharose
CL-6B. Reference markers were ferritin, catalase, hemoglobin and aldolase.
Best solubilization of the F,- F;ATPase complex, with respect to ATPase
activity and its sensitivity against rutamycin, oligomycin and dicyclohexyl-
carbodiimide, was achieved at a Triton X-100/membrane protein weight ratio
of 2.6 : 1. Furthermore, solubilization of F, - F;ATPase by Triton X-100 in the
presence of 0.05 M MgCl, yielded a stable F, - F;ATPase complex not con-
taminated by F;ATPase (Fig.2). Higher Triton X-100/membrane protein
weight ratios led to the solubilization of a higher amount of membrane pro-
teins. Under these conditions F, - F, ATPase was destabilized and FATPase was
split off, even in the presence of 0.05 M MgCl,. Optimal F, - F,ATPase activity
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Fig. 1. Crossed immunoelectrophoresis of 4 ug of highly purified F; ATPase. Concentration of anti-
F1ATPase antibodies: 3% (v/v). First dimension electrophoresis (300 V, 90 min, 15°C): anode to the left;
second dimension electrophoresis (80 V, 18 h, 15°C): anode at the top.

was measured at a Mg**/ATP ratio of 3:1 (0.1 M Tris - HC], pH 7.5, 37°C,
12 ug Triton X-100/mg protein). Specific activity was 0.1 unit. The buffer
found to be optimal for stabilizing F, - F;ATPase activity contained 0.1 M
Tris - HC1 (pH 7.5), 20% glycerol, 0.05 M MgCl,, and 10™* M phosphatidyl-
choline. When stored in this buffer at 4°C (or in liquid N,) the F, - F;ATPase
stayed active for several weeks without loosing the F,ATPase moiety. In the
absence of phosphatidylcholine F, - F,ATPase was destabilized (t,/, = 2 days)
when stored at 4°C or in liquid N,.

Inhibitor sensitivities of membrane-bound ATPase, F,- F,ATPase, and
F,ATPase

A most important criterion for the unimpaired state of the F, - F;ATPase is
its degree of sensitivity to antibiotics [15,16]. As summarized in Table I the
membrane-bound ATPase, the F, - F,ATPase, and the F,;ATPase differ in their
sensitivity to antibiotics. F;ATPase is only affected by quercetin, whereas the
membrane-bound ATPase and the F, - F;ATPase activity is blocked by ruta-
mycin, Dio-9, quercetin, oligomycin, botrycidin, efrapeptin, leucinostatin,
valinomycin and venturicidin. N,N’-Dicyclohexylcarbodiimide and dinitro-
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Fig. 2. Crossed immunoelectrophoresis of 2 ug of F( - F) ATPase solubilized by Triton X-100. Conditions
as indicated in Fig. 1. No Triton X-100 added.

TABLE I
INHIBITION OF ATPase ACTIVITY BY BLOCKING AGENTS

Agent Inhibition (%) of
F1ATPase * Fy - F1ATPase ** Membrane-bound ***
ATPase

Rutamyecin (4.6 -1079% M) — 77 50
Dio-9 (20 pg/ml) — 49 34
Quercetin (2 -1075 M) 100 48 11
Oligomycin (4.6 - 1074 M) — 43 48
Botrycidin (20 pg/ml) — 42 53
Efrapeptin 6 -1075 M) — 35 14
Leucinostatin (1.3 - 1074 M) — 28 34
Valinomycin (5 - 1075 M) — 28 9
Venturicidin (20 pg/ml) — 24 49
N,N'-Dicyclohexylcarbodiimide 8 80 67

4 104 M)
Dinitrophenol (3 - 1074 M) — 49 16
Triethyltin chloride 13 - 62

(2.9-10~% M)
Tributyltin chloride 24 — 40

(2.9 - 1074 M)

* Specific activity: 30 units (0.1 M Tris - HCl (pH 8.0)/0,001 M ATP/0.01 M CaCl,, 37°C).
** Specific activity: 0.1 units (0.1 M Tris - HC! (pH 7.5)/0.001 M ATP/0.003 M MgCl,, 37°C).
*** Specific activity: 0.01 units (0.1 M Tris - HC1 (pH 7.5)/0.001 M ATP/0.001 M MgCl,, 37°C).
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phenol are potent inhibitors of F, - F;ATPase activity and for the ATPase
activity in the membrane-bound state (see Table I). In contrast to N,N'-dicyclo-
hexylcarbodiimide, dinitrophenol, and the summarized antibiotics, inhibition
of the F, - F;ATPase activity by the organic tin derivatives triethyltin chloride
and tributyltin chloride was not detected.

Immunological studies of Fy - F|ATPase

The following experiments were carried out with anti-F;ATPase antibodies
purified by immunoaffinity chromatography at immobilized F,ATPase
(F,ATPase coupled to Sepharose CL-6B) [7,11].

(a) Inactivation of F,- F,ATPase by anti-F,ATPase antibodies. 1 mg of F, -
F,ATPase (specific activity, 0.1 unit) was completely inactivated in solution
within 9 min by 16 ug of anti-F,ATPase antibodies (37°C). The inactivation is
non-competitive. It is worthwhile mentioning that 1 mg of F,ATPase (specific
activity 30 units) was completely inactivated by 1.2 mg of anti-F;ATPase
(Schmitt, M., unpublished results). Enzymic activity was not maintained by
preincubation of the F, - F,ATPase - anti-F,ATPase antibodies complex in the
presence of ATP.

(b) Charge shift electrophoresis and crossed immunoelectrophoresis of
F,ATPase and F,- F,ATPase. F,ATPase and F, - F;ATPase were subjected to
agarose gel electrophoresis in the presence of the non-ionic detergent Triton

, %“ ﬁATPase

O

Fig. 3. Crossed immunoelectrophoresis of 2 pg of highly purified F) ATPase and 2 ug of Fg - F1 ATPase.
Conditions as indicated in Fig. 1. No Triton X-100 added.
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X-100 according to Helenius and Simons [17]. In comparison to detergent-free
electrophoresis the electrophoretic mobility of F;ATPase and F, - F;ATPase
remained unchanged. The water-soluble F,ATPase, as well as the detergent-
solubilized F, - F;ATPase, yielded single bands in each electrophoretical
system; however, the two ATPase preparations differ slightly in their electro-
phoretic mobility (see Figs.1 and 2). We could not apply charge shift
electrophoresis to distinguish between a hydrophilic and/or amphiphilic
character of F;ATPase and F, - F;ATPase because both ATPase preparations
are oligomeric enzyme complexes which undergo dissociation into subunits in
the presence of the ionic detergent deoxycholate and cetyltrimethylammonium
bromide, even in excess of Triton X-100.

Fo - FyATPase and F,ATPase, respectively, formed single precipitin peaks
with the anti-F ATPase antibodies in detergent-free crossed immuno-
electrophoresis. We made use of the different electrophoretic mobilities of
F;ATPase and F, - F;ATPase, respectively, to distinguish between the antigenic
determinants of both ATPase preparations. The mixture of F;ATPase and the
Fo - F{ATPase led to a single immunoprecipitate in crossed immunoelectro-
phoresis (Fig. 3). The fusion of the precipitin lines of F,ATPase and F, -
F,;ATPase to one single precipitin peak indicates that both enzyme prepara-
tions have in common antigenic sites and that the non-ionic detergent Triton
X-100 does not denaturate the F, moiety of the ATPase complex.

Discussion

The preparation of the F, - F,ATPase complex

ATPase complexes may be removed and solubilized from the membranes of
mitochondria [ 3], bacteria [18], and chloroplasts [19,20] by a variety of treat-
ments. In contrast to mitochondrial F; ATPases, the release of F, proteins from
both bacteria and chloroplast membranes can be achieved by osmotic shock
treatment at low ionic strength [4,5] or by washing with EDTA-containing
buffers [22]. All the various methods to solubilize complete ATPase com-
plexes (F, - F;ATPase) from plasma membranes basically involve the prepara-
tion of detergent-solubilized membrane preparations [22,23,24]. Our investiga-
tions have been directed towards the solubilization of the F, - F,ATPase in
intact form and its characterization by antibiotic inhibitors and crossed
immunoelectrophoresis. We found a Tris buffer (pH 7.5) containing 0.05 M
MgCl, and Triton X-100 in a detergent/membrane protein weight ratio of 2.6 :
1 to be optimal for solubilizing the F, - F,ATPase complex. In such a com-
plexed form the F, - F,ATPase is stabilized and no F,ATPase becomes released.
Solubilization by Triton X-100/membrane protein weight ratios greater than
2.6 and/or MgCl, concentrations less than 0.05 M resulted in an insufficient
release of F, - F;ATPase from the plasma membrane. As Mg®* is required for
the binding of the F, factor to the F, moiety it seems that part of the force
holding the water-soluble factor to the detergent-soluble factor is coulombic.

The effects of various inhibitors
Lloyd and Edwards [15] as well as Lardy et al. [16] have previously shown
that the various inhibitors of the mitochondrial ATPase may be classified into
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those inhibitors which interact with the F, - F,ATPase by binding to the F,
factor and those which react with the F;ATPase itself. Our experiments with
antibiotics that inhibit mitochondrial F;ATPase and F, - F;ATPase complexes
(Table I) showed that the F;ATPase from M. luteus ATCC 4698 is affected by
quercetin, but not by efrapeptin. Lardy et al. [16] have suggested that efra-
peptin binds at, or close to, an ATP binding site of mitochondrial F,;ATPase.
Our data indicate, however, that the binding site for efrapeptin is not located at
the F, factor of the Micrococcus ATPases. The other antibiotics which we have
tested inactivate both the membrane-bound and the detergent-soluble ATPase
activity. In contrast to the mitochondrial ATPase [25,26] organic -tin
derivatives have no effect on the Micrococcus F, - F;ATPase. N,N'-Dicyclo-
hexylcarbodiimide is known to be a potent inhibitor of both the bacterial and
mitochondrial ATPases [15,27—31]. This applies also to the membrane-bound
and the F, - F,ATPase activity of M. luteus ATCC 4698.

Immunological identification

In order to achieve solubilization of the F, - F;ATPase complex the non-
ionic detergent Triton X-100 has been used. Solubilization with ionic
detergents failed to detach an enzymatic active form from the plasma
membranes. The capacity of crossed immunoelectrophoresis has so far seldom
been exploited in the study of microbial membrane proteins [1,32]. Owen and
Salton [1] have prepared a Triton X-100-soluble protein fraction from the
plasma membrane of M. luteus ATCC 4698. They demonstrated by crossed
immunoelectrophoresis that the detergent-soluble ATPase complex showed
lines of partial identity reflecting structurally identic antigenic sites of ATPase
components. In our study we demonstrate that in crossed immunoelectro-
phoresis with anti-F,ATPase antibodies the two different ATPase preparations,
such as F,;ATPase and F, - F;ATPase, respectively, from a coalescing precipitate
with an identical precipitin line. This result unambiguously indicates that both
the F, protein of the F, - F,ATPase complex and the soluble F,ATPase interact
in an identical, or almost identical, way with anti-F; ATPase antibodies.
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