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Cross-reconstitution of isolated potato mitochondrial Fr-ATPase with Fr-depleted beef heart and yeast sub- 
mitochondrial particles is reported. Potato Fr binds to the heterologous membrane and confers oligomycin 
sensitivity on the ATPase activity of the reconstituted system. Binding of F1 is promoted by the presence 
of Mg2+ with the maximal stimulatory effect at 20 mM. Mgz+ increase the sensitivity to oligomycin of the 
reconstituted system consisting of potato F1 and yeast membranes, however, they do not influence oligomy- 

tin sensitivity of potato Fr and heef heart membranes. 
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1. INTRODUCTION 

H+-translocating adenosine triphosphatases 
(H+-ATPases) of mitochondria, chloroplasts and 
bacteria have basically similar structure and func- 
tion. The enzymes are, however, not identical 
molecules and exhibit specificity of structural, 
catalytic and immunological properties. H+- 
ATPases consist of a hydrophilic part, Fi, con- 
taining the catalytic site of the enzyme and a 
hydrophobic, membrane part, Fo, constituting the 
H+-translocating moiety of the enzyme. In addi- 
tion, the mitochondrial H+-ATPases of mammals 
and yeast contain two more proteins which con- 
stitute a structural and functional link between Fi 

Correspondence address: B. Norling, Dept of 
Biochemistry, Arrhenius Laboratory, University of 
Stockholm, S-106 91 Stockholm, Sweden 

Abbreviations: Mops, 3-(N-morpholino)propanesul- 
fonic acid; Tris, 1,3-bis(tris[hydroxymethyl]amino)pro- 
pane 

and Fo, oligomycin sensitivity conferring protein 
(OSCP) and factor Fe [l]. These proteins have not 
been found in chloroplasts and bacteria [2-41. Se- 
quence analysis shows, however, that there is 
homology between the mammalian OSCP and two 
subunits of E. coli FiFo system, the J-subunit of F1 
and the b-subunit of Fe, indicating an interesting 
structural relation of the subunits of H+-ATPase 
in different organisms [5,6]. 

Limited information is available concerning 
plant mitochondrial H+-ATPase. The Fi part of 
the enzyme has recently been purified from a varie- 
ty of sources [7-l 11. No reports are, however, 
available concerning compositions and properties 
of Fe in plant mitochondria. 

Cross-reconstitution experiments between 
isolated Fi and Fi-depleted submitochondrial par- 
ticles derived from different sources are applied 
for studies of the structural relation between 
various H+-ATPases. Several attempts to func- 
tionally bind mammalian Fi as well as the 
chloroplast CFi to a heterologous membrane 
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system have failed. However, the purified yeast Fr 
when added to the Fr-depleted bovine heart sub- 
mitochondrial particles could substitute native Fr 
in oligomycin-sensitive ATPase activity [ 121. 
Chloroplast CFr could be substituted in reconstitu- 
tion of photophosphorylation by both plant 
mitochondrial Fr [13] and cyanobacterial Fr [14]. 

In the present paper we demonstrate cross- 
reconstitution experiments between the plant 
mitochondrial Fi, purified from potato tubers 
mitochondria and the Fr-depleted beef heart and 
yeast submitochondrial particles. The binding of 
Fr, conferral of oligomycin sensitivity on the 
ATPase activity as well as specific cation require- 
ment for the cross-reconstitution are discussed. 

2. MATERIALS AND METHODS 

2.1. Preparation of mitochondria, submito- 
chondrial particles and purification of 
FI-ATPase from potato tubers 

Potato tubers mitochondria were isolated as 
described by Neuburger et al. [ 151. Submitochon- 
drial particles were prepared by sonication of the 
mitochondria 5 times for 20 s at 4°C with a Bran- 
son sonifier (model B-30, setting 5). Sonication 
was performed at a protein concentration of about 
7 mg/ml and in a medium consisting of 0.25 M 
sucrose, 5 mM Mops (pH 7.5) and 20 mM MgClz. 
Fi-ATPase was isolated from ethylene glycol wash- 
ed submitochondrial particles after treatment with 
220 mM chloroform at 37”C, pH 7.5, followed by 
purification on a glycerol gradient (lo-50%) as 
described by Glaser et al. [16] according to a 
method described by Fisher et al. [17] for purifica- 
tion of Fr-ATPase from rat liver mitochondria. 
The ATPase activity of the isolated potato Fr was 
21 pmol/min per mg protein. 

2.2. Preparation of F,-depleted submitochondrial 
particles from beef heart mitochondria 

Submitochondrial particles were prepared from 
mixed beef heart mitochondria by sonication in the 
presence of EDTA as described in [18]. By passage 
through a Sephadex G-50 coarse column, the 
ATPase inhibitor protein was released from the 
particles [ 191. Fr-depleted submitochondrial par- 
ticles were prepared by extraction of the Sephadex 
particles with 8 M urea [19]. 
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2.3. Preparation of mitochondria, submito- 
chondrial particles and Fj-depleted submito- 
chondrial particles from baker’s yeast 

Preparation of yeast mitochondria was done ac- 
cording to a modified method by Lang et al. [20]. 
All steps were performed in cold. Baker’s yeast, 
100 g, was washed twice in 1 1 distilled water and 
collected by centrifugation at 3000 x g for 10 min. 
The washed yeast cells were suspended in 0.6 M 
sorbitol, 10 mM EDTA (pH 6.5), centrifuged and 
suspended again in 400 ml of the same medium. 
100 ml of the yeast suspension was added to a bot- 
tle holding 1 1 containing 350 g glass beads, 
0.5 mm in diameter. The bottle was shaken ver- 
tically at a speed of twice a second and for 6 times 
at 20 s, each with cooling on ice in the intervals. 
The yeast suspension was poured off and the beads 
were rinsed with sorbitol-EDTA in order to get a 
high yield of yeast mitochondria. The yeast 
suspension was centrifuged at 4000 x g for 10 min, 
and the pellet was discharged. The supernatant was 
centrifuged at 10000 x g for 10 min. The final 
mitochondrial pellet was suspended in 15 ml of 
0.25 M sucrose and 10 mM Tris-chloride (pH 7.5), 
giving a protein concentration of about 30 mg/ml. 

Submitochondrial particles were prepared by 
sonication of the mitochondria 6 times for 20 s at 
4°C. After centrifugation at 10000 x g for 10 min 
the pellet was discharged and the supernatant was 
recentrifuged at 105000 x g for 60 min. The pellet 
containing submitochondrial particles was 
resuspended in 0.25 M sucrose and 10 mM Tris- 
chloride (pH 7.5) and centrifuged once more. The 
submitochondrial particles were finally suspended 
in 1.5 ml of 0.25 M sucrose and 10 M Tris- 
chloride (pH 7.5). The ATPase activity of the par- 
ticles was 3.9pmol/min per mg protein. 

Fr-depleted submitochondrial particles from 
yeast were prepared by treatment of the particles 
with 3.5 M NaBr, as described for beef heart par- 
ticles [21]. 

2.4. Cross-reconstitution of oligomycin-sensitive 
A TPase activity from purified potato 
mitochondrial FI and Fj-depleted beef heart 
or yeast submitochondrial particles 

Reconstitutions were done by incubating 
Fr-depleted beef heart submitochondrial particles 
(1.1 mg/ml) with various amounts of purified Fr 
from mitochondria of potato tubers. The incuba- 
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tions were carried out for 30 min at room 
temperature in a medium containing 0.25 M 
sucrose. 10 mM Tris-SO4 (pH 8.0), 0.15 mM 
EDTA and in the presence of MgAc at concentra- 
tions indicated in the figure legends. Reconstitu- 
tions with Fi-depleted yeast submitochondrial 
particles were performed in a similar manner ex- 
cept that the medium consisted of 50 mM Tris-Ac, 
pH 7.5. Not bound Fi was separated from bound 
Fi by centrifugation of the samples for 5 min in an 
Eppendorf centrifuge. 

2.5. Measurement of A TPase activity 
ATPase activity was measured by coupling the 

reaction to the pyruvate kinase and lactate 
dehydrogenase reactions and measuring NADH 
oxidation spectrophotometrically [22,23]. 

2.6. Protein determination 
Protein was determined according to Peterson et 

al. [24]. 

3. RESULTS AND DISCUSSION 

3.1. Cross-reconstitution of oligomycin-sensitive 
ATPase activity by purified FI from potato 
tubers mitochondria and Fl-depleted beef 
heart submitochondrial particles 

Urea treatment of beef heart submitochondrial 
particles results in a virtually complete depletion of 
Fr , the residual ATPase activity of the particles be- 
ing only 0.02 pmol/min per mg as compared to 
5 pmol/min per mg for the original Sephadex G-50 
treated particles. As shown in fig.lA purified 
potato F1 can be bound to Fr-depleted beef heart 
submitochondrial particles and thereby conferring 
oligomycin-sensitive ATPase activity on these par- 
ticles. Maximal levels of ATPase activity is reached 
when 16 pg potato Fi is incubated per 100 pg par- 
ticles. Only 15% of added potato Fr is however 
bound under these conditions. The addition of 
3 nmol oligomycin/mg particle protein to the 
assay system causes about 60% inhibition of the 
ATPase activity. 

It can be seen in fig.lB that maximal binding of 
potato Fr to Fi-depleted beef heart submitochon- 
drial particles is dependent on the presence of 
Mg*+ in the reconstitution medium. When 16 pg 
potato Fr/lOOpg particles is used in reconstitu- 
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Fig. 1. (A) Cross-reconstitution of oligomycin-sensitive 
ATPase in Fr-depleted beef heart submitochondrial 
particles by potato FI. (m) ATPase activity; 
(D----o) oligomycin sensitivity of the ATPase activity. 
Fr-depleted beef heart submitochondrial particles were 
incubated with increasing amounts of potato F1 in the 
conditions described in section 2; no MgAc is present. 
Oligomycin, 3 nmol/mg protein, is added directly to the 
cuvette during the ATPase assay. (B) The effect of Mg*+ 
on the binding of potato Fr to Fl-depleted beef heart 
submitochondrial particles (M) and on the 
conferral of oligomycin sensitivity (n--o). Recon- 
stitution was performed with 16 pg potato F,/lOOgg 
particles under conditions described in section 2. Condi- 

tions for incubation with oligomycin were as for A. 
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tion, the binding of potato F1 to the particles in- 
creases more than 3-fold, in the presence of 30 mM 
MgAc as indicated by an enhancement of the 
ATPase activity of the particles from 
0.3 smol/min per mg protein to 1.1 rmol/min per 
mg protein. Oligomycin sensitivity seems to be in- 
dependent of Mg2+ concentration being between 
60 and 70% for all concentrations. When maximal 
activity of the particles is achieved at 30 mM 
MgAc, 50% of the added Fi was bound to the par- 
ticles i.e. 8 ,ug Fl/lOO pg particles. In reconstitu- 
tion experiments between the homologous beef 
heart Fi and beef heart membranes [25] a ratio of 
10 pug Fl/lOO pg particles results in a maximal bin- 
ding of 90% of added Fi, and an ATPase activity 
of 5 pmol/min per mg particle protein. The 
reconstitution medium contained no Mg2+ but 
2 mM EDTA. 

p1Q F, 1100 pg 9 -depleted yeast SMP 

These results show that potato mitochondrial Fi 
can substitute beef heart Fi in binding to 
Fi-depleted beef heart submitochondrial particles. 
In the absence of Mg2+, the binding efficiency of 
potato Fi as well as the efficiency of conferral of 
oligomycin sensitivity are lower than in the case of 
the native enzyme. The binding of potato Fi can be 
stimulated by Mg2+. The amount of potato F1 
bound to the particles in the presence of Mg2+ ap- 
proaches the amount of the native Fi which can be 
maximally bound. However, the presence of Mg2+ 
does not improve sensitivity of the heterologous 
reconstituted system to oligomycin. 
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3.2. Cross-reconstitution of oligomycin-sensitive 
A TPase activity by purified FI from potato 
tubers mitochondria and R-depleted yeast 
submitochondrial particles 

Fig.2A shows the binding of purified potato Fi 
to F1-depleted yeast submitochondrial particles in 
the presence of 30 mM MgAc. The Fl-depleted 
yeast submitochondrial particles have a low 
ATPase activity of 0.03 pmol/min per mg protein 
and by adding increasing amounts of potato F1 the 
activity is increased to 1.1 rmol/min per mg parti- 
cle protein. Maximal ATPase activity of the 
reconstituted system is achieved at 15 pg Fl/lOO pg 
particles. Under these conditions 60% of added Fr 
is bound. When 5 nmol oligomycin/mg particles is 
added in the assay system, ATPase activity is in- 
hibited to about 55% at all ratios of Fl to particles. 

Fig.2. (A) Cross-reconstitution of oligomycin-sensitive 
ATPase in Fi-depleted yeast submitochondrial particles 
by potato FI. (m) ATPase activity; (M) 
oligomycin sensitivity of the ATPase activity. 
Fr-depleted yeast submitochondrial particles were 
incubated with increasing amounts of potato Fr under 
conditions described in section 2, 30 mM MgAc is 
present. Oligomycin, 5 nmol/mg protein, is added 
directly to the cuvette during the ATPase assay. (B) The 
effect of Mg2+ on the binding of potato FI to 
Fr-depleted yeast submitochondrial particles (m) 
and on the conferral of oligomycin sensitivity (u-n). 
Reconstitution was performed with 1Opg potato 
Fr/lOO pg particles in the conditions described in section 
2. Conditions for incubation with oligomycin were as for 

In fig.2B it can be seen that similar to the case A. 
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oligomycin (nmoieshg protein) 

Fig.3. (A) Oligomycin titration of the ATPase activity of beef heart submitochondrial particles and of cross- 
reconstituted ATPase of Fr-depleted beef heart submitochondrial particles with potato FI. Reconstitution was 
performed with 9 ,ug potato Fr/lOO pg Fr-depleted particles in the presence of 30 mM MgAc and as described in section 
2. The reconstituted ATPase (X-X) and the original beef heart submitochondrial particles (@-+) were incubated 
with the indicated amounts of oligomycin for 40 min at a protein concentration of 0.7 mg/ml before assay of ATPase 
activity. (B) Oligomycin titration of the ATPase activity of yeast submitochondrial particles and of cross-reconstituted 
ATPase of Fl-depleted yeast particles with potato FI. Reconstitution and binding of oligomycin was performed as in 

A. Reconstituted system (x-x), yeast submitochondrial particles (O---0). 

of Fr-depleted beef heart submitochondrial par- 
ticles, binding of Fr to yeast membranes is depen- 
dent on the presence of Mg2+ in the reconstitution 
medium. However, as seen in the same figure, not 
only binding of Fr but also conferral of oligomycin 
sensitivity is dependent on Mg2+ in the case of 
yeast membranes, in contrast to the ,beef mem- 
branes (fig.lB). Both binding and conferral of 
oligomycin sensitivity seems to be optimal at about 
20 mM MgAc. 

These results show that potato mitochondrial Fr 
can substitute yeast mitochondrial Fr in both 
binding and conferral of oligomycin sensitivity on 
the ATPase activity of the reconstituted system. 
The presence of Mg2+ promotes both binding and 
sensitivity to oligomycin. The effect of Mg2+ has 
been reported on reconstitution of the homologous 
Fr and Fr-depleted submitochondrial particles 
from beef heart [25,26]. 

3.3. Oligomycin titers of the cross-reconstituted 
system 

Fig.3A shows the inhibition of oligomycin titra- 

tion on ATPase activity of the cross-reconstituted 
ATPase between potato FI and Fr-depleted beef 
heart submitochondrial particles. The oligomycin 
titer coincides completely with the titer of the cor- 
responding beef heart submitochondrial particles. 
The same is true for potato Fr reconstituted with 
yeast membranes as compared to yeast sub- 
mitochondrial particles (fig.3B). However, yeast 
submitochondrial particles and cross-reconstituted 
yeast membranes with potato Fr are about 5 times- 
less sensitive to oligomycin as beef heart sub- 
mitochondrial particles and cross-reconstituted 
beef heart membranes with potato Fr. 

These results show that the sensitivity to 
oligomycin is an intrinsic property of the mem- 
brane components of H+-ATPase and independent 
of F,. 

ACKNOWLEDGEMENTS 

This work was supported by research grants 
from Carl Tryggers and Mang. Bergvalls Founda- 
tions and from the Swedish Natural Science 
Research Council. 

313 



Volume 223, number 2 FEBS LETTERS November 1987 

REFERENCES 

[l] Senior, A. and Wise, J.G. (1983) J. Membrane 
Biol. 73, 105-137. 

[2] Nelson, N. (1981) Curr. Top. Bioenerg. 11, l-33. 
[3] Foster, O.L. and Fillingame, R.H. (1982) J. Biol. 

Chem. 257, 2009-2015. 
[4] Kagawa, Y. (1982) in: Transports and Bioenergetics 

in Biomembranes (Sato, R. and Kagawa, Y. eds) 
pp.37-56, Japan Sci. Sot. Tokyo. 

[5] Walker, J.E., Runswick, M.J. and Saraste, M. 
(1982) FEBS Lett. 146, 393-398. 

[6] Ovchinnikov, Yu.A., Modyanov, N.N., 
Grinkievich, V.A., Aldanova, N.A., Kostetsky, 
P.V., Trubetskaya, O.E., Hundal, T. and Ernster, 
L. (1984) FEBS Lett. 175, 109-115. 

[7] Hack, E. and Leaver, C.J. (1983) EMBO J. 2, 
1783-1789. 

[8] Boutry, M., Briquet, M. and Goffeau, A. (1983) J. 
Biol. Chem. 258, 8529-8536. 

[9] Iwasaki, Y. and Asahi, T. (1983) Arch. Biochem. 
Biophys. 227, 164-173. 

[lo] Randall, S.K., Wang, Y. and Sze, H. (1985) Plant 
Physiol. 79, 957-962. 

[ll] Horak, A. and Packer, M. (1985) Biochim. Bio- 
phys. Acta 810, 310-318. 

[12] Tzagoloff, A. and Meagher, P. (1971) J. Biol. 
Chem. 246, 7328-7336. 

[13] Horak, A., Horak, H. and Packer, M. (1987) Bio- 
chim. Biophys. Acta 890, 302-309. 

[14] Hicks, D.B., Nelson, N. and Yocum, C.F. (1986) 
Biochim. Biophys. Acta 851, 217-222. 

[ 151 Neuburger, M., Journet, E.-P., Bligny, R., Caude, 
J.-P. and Deuce, R. (1982) Arch. Biochem. Bio- 
phys. 217, 312-320. 

[16] Glaser, E., Hamasur, B., Norling, B. and 
Andersson, B. (1987) FEBS Lett. 223, 304-308. 

[17] Fisher, R.J., Liang, A.M. and Sundstrom, G.C. 
(1980) J. Biol. Chem. 256, 707-715. 

[18] Lee, C.P. and Ernster, L. (1967) Methods 
Enzymol. 10, 543-548. 

[19] Racker, E. and Horstman, L.L. (1967) J. Biol. 
Chem. 242, 2457-255 1. 

[20] Lang, B., Burger, G., Dioxiadis, J., Thomas, 
D.Y., Bandlow, W. and Kavdewitz, F. (1977) Anal. 
Biochem. 77, 110-121. 

[21] Tzagoloff, A., MacLennan, O.H. and Byington, 
K.H. (1968) Biochemistry 7, 1596-1602. 

[22] Pullman, M., Penefsky, H., Datta, A. and Racker, 
E. (1960) J. Biol. Chem. 232, 3322-3329. 

[23] Glaser, E., Norling, B. and Ernster, L. (1980) Eur. 
J. Biochem. 110, 225-235. 

[24] Peterson, G.L. (1977) Anal. Biochem. 83, 
346-356. 

[25] Nordenbrandt, K., Hundal, T., Carlson, C., 
Sandri, G. and Ernster, L. (1977) in: Bioenergetics 
of Membranes (Packer, L. et al. eds) pp.435-446. 

[26] Li, S., Zhang, Y. and Lin, Z. (1987) J. 
Bioenergetics, Biomembranes 19, 273-283. 

314 


