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Isolation of Fn-ATPase from Rhodospirillum rubram by chloroform extraction of chromatopheces, followed 
by purification on a glycerol gradient, results in a very pure enzyme preparation containing five subunits 
with high CaZ+.ATPase activity (15/~mol per rain per mg protein). Furtk,ermore, conditions are reported 
under which the purified FI exhibits MgZ+.dependent ATPase activity of about 35/~mol per rain per mg 
protein. NaHCO 3 stimulates the MgZ+-activity from 1.5 pmol per min per mg protein to 5 pmol per rain per 
mg protein giving a maximal activity at a concentration of about 60 mM NaI-ICO 3. Lauffl dimethylamine 
oxide (LDAO), octyl glucoside and nonanoyl N-methylglucamide enhance the MgZ+-ATPase activity from 
1.5 to 14, 22 and 35 pmol per rain per mg protein, respectively, in the absence of NaI-ICO 3, and Irom 5 to 
34, 30 and 37/~mol per min per mg protein, respectively, in the presence of 50 mM NalICO 3. The Vmx is 
increased, but the Km for ATP remains the same, about 0.22 mM, both in the absence of activators and in 
the presence of NaHCO 3, LDAO or NaHCO 3 plus LDAO. CaZ+-dependent ATPase activity is slightly 
stimulated by NaHCO 3 but strongly inhibited by octyl glucoside. 

Introduction 

The ATPase activity of Rhodospirillum rubrum 
chromato~hores is dependent on the presence of 
various divalent cations, including Ca 2+ and Mg 2+ 
[1,2]. In contrast, it has been shown that purified 
coupling factor F t exhibits only CaZ+-ATPase ac- 
tivity which is competitively inhibited by Mg 2+ 
[3]. A similar change in divalent cation require- 
ment also takes place upon resolution of the chlo- 

Abbreviations: RrF I, Ft-ATPase isolated from Rhodospirillum 
rubrum chromatophores; OG, n-octyl glucoside; LDAO, laury| 
dimethylamine oxide; MEGA-9, nonanoyl N-methylgluco- 
mide; cmc, critical miccllar concen!r~_tion. 

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

roplast ATPase. It has been described as allotopic, 
which implies that the substrate specificity is mod- 
ified by membrane binding [4]. 

However, the latent Mg2+-ATPase activity of 
F t isolated from Rhodospirillum rubrum chromato- 
phores and from spinach chloroplasts can be 
stimulated. Certain detergents have been reported 
to stimulate Mg2÷-ATP hydrolysis of the two 
Ft-ATPases [5-7]. Isolated F 1 from R. rubrum was 
shown to exhibit a Mg2+-ATPase activity of, max- 
imally, 9 ~mol per min per mg protein in the 
presence of dodecylsulfonic acid [5]. F t isolated 
from spinach chloroplasts showed a very high 
Mg2+-ATPase activity, 120/~mol per min per mg 
protein, in the presence of octyl glucoside [7], 
Various anions are also known to increase the rate 
of Mg2+-dependent ATPase activity of the two 
*ype~ ,,f ;solated F I [8,9]. gulphite has been re- 
ported to stimulate Mg2+-dependent ATPase of Fi 
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isolated from R. rubrum, giving a maximal activity 
of 6/~mol per min per mg Frotein [8]. 

The present study shows that certain de- 
tergents, in combination with the anion HCO-, 
reversibly enhance the Mg2+-ATPase activity of 
isolated FI from R. rubrum. On the other hand, 
the Ca2+-ATPase activity of the isolated enzyme is 
inhibited by octyl glucoside and only slightly 
stimulated by NaHCO3. 

Materials and Methods 

R. rubrum cells were grown and harvested and 
chromatophores were prepared according to Ref. 
10. 

F~-ATPase was isolated by chloroform extrac- 
tion of chromatophores, according to a modified 
method described by Fisher et al. [11] for the 
mitochondriai enzyme. 2 ml of the chromatophore 
preparation, suspended in 0.2 M glycylglycine (pH 
7.4) to about 2 mM bacteriochlorophyll, was in- 
cubated for 5 min at 37°C in 8 ml 25% ethylene 
glycol containing 0.2 mM EDTA. 50 #1 chloro- 
form was added to each batch of 2.5 ml, and the 
mixture was shaken for 20 s in a Vortex mixer. 
After centrifugation for 4 rain in a bench centri- 
fuge, the supematant was centrifuged for 60 min 
at 4°C at 133500 × g. The supernatant was con- 
cenlrated 8-fold by ultrafiltration through an 
Amicon XM-100 membrane. 0.4 ml was layered 
on top of a linear glycerol gradient, 20-50% (v/v) 
containing 50 mM Tris.Cl (pH 7.5) and 1 mM 
MgCI 2. The gradient was centrifuged for 18 h at 
4°C at 35000 rpm in a Beckman SW 40 rotor. 
The active fractions were stored on ice. The puri- 
fied enzyme was stable for at least 1 week. It 
showed five bands on :2~,ver stained Tricine- 
DISC-polyacrylamide dectrophoresis [12]. Protein 
sequencing of the N-terminals of these five poly- 
peptides showed that they were the products of 
the previously sequenced genes of the atp operon 
from R. rubrum (Walker, J.E., Fal l  G. and Strid, 
,g,., unpublished results and gef. 13). 

Mg2+-ATPase activity was measured at 30°C 
by coupling the reaction to the pyruvate kinase 
and lactate dehydrogenase reactions and following 
the oxidation of NADH at 340 nm [14]. The 
reaction mixture contained 5 units of pyruvate 
kinase, 5 units of lactate dehydrogenase, 3 mM 

ATP, 3 mM Mg(Ac) z, 30 mM KAc and 25 mM 
Tris-Ac (pH 8.0) unless otherwise stated. 

The Ca2+-ATPase activity was assayed at 30 °C 
according to a modification [15] of the P, athbun 
method [16] previously described, except that 25 
mM Tris-Ac (pH 8.0), 30 mM KAc, 5 mM CaCI 2 
and 2.5 mM ATP were used in the assay medium. 

The cmc for octyl glucoside and MEGA-9 was 
determined according to Ref. 17. 

The Bio-gad protein assay was used for de- 
termination of protein concentration. 

Octyl glucoside was purchased from Sigma and 
MEGA-9 was from OXYL, Bobingen, F.R.G. 
LDAO, purified with mixed-bed ion-exchange 
chromatography, was a kind gift from Dr. Timo 
Pentillii. 

Results 

The specific Mg2+-ATPase activity of F 1, iso- 
lated from chromatophores of R. rubrum by the 
chloroform extraction method described in the 
Materials and Methods, is only 1.4 ttmol per rain 
per mg protein. This can be compared with the 
Ca2+-dependent activity, which is 12 p, mol per 
rain per mg protein. However, the Mge+-depen - 
dent ATPase activity can be stimulated 4-fold by 
NaHCO3, which results in a maximal activity of 
almost 5 #mol per min per mg protein (Fig. 1) at a 
concentration of about 60 mM NaHCO3. Ca 2÷- 
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Fig,. 1. Effout of NaHCO 3 on the ATPase activity of isolated 
RrF I. Mg2+-dependent ATPase (o Ill), Ca2+-dependent 
ATPase, (o o). Enzyme activities were measured as 

described in Materials and Methods. 
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Fig. 2. Effect of octyl glucoside ;.n t.~e ~.-esenc-. or absence of NaHCO~ on the A rPasc actb ,ty of isolated RrF~ (A~ Mg2"-dc:peadent 
A'.rpese; (B) Ca2+-dependent ATPase. 100~g activity corresponded to ,z ~,mol per mm per mg protein. Enzyme activities were 

measured as described in Materials and Methods. 

dependent ATPase activity is only slightly stimu- 
lated by bicarbonate, which increases the rate 
from 12 to 15 t~mol per rain per mg protein; 
maximal activity is obtained at 25 mM NaHCO 3 
(Fig. 1). 

As seen in Fig. 2A, octyl glucoside can stimu- 
late the Mg2+-dependent ATPase activity of iso- 
lated RrF 1 further, almost g-fold, by increasing 
the activity from 4/tmol per min per mg protein 
to 30 #mol per min per mg protein; maximal 
activity is obtained at 11 raM octyl glucoside. 
Higher concentrations of the detergent are inhibi- 
tory. In the absence of bicarbonate, Mg2+-ATPase 
activity is also stimulated by octyl glucoside. In 
this case, however, there is a sigmoidal depen- 
dence on the octyl glucoside concentration. Very 
little stimulation is accompfished below 10 mM of 
the detergent. On the other hand, as seen in Fig. 
2B, Ca2+-dependent ATPase activity is inhibited 
by octyl glucoside, both in the absence and pres- 
ence of bicarbonate. The titers are kdentical, re- 
suiting in 505 inhibitior at about 5 mM octyl 
glucoside. 

From Fig. 3 it can be seen that the detergent 
Mi/,GA-9 behaves very. similarly to octyl gluco- 
side. In the presence of 50 mM NaHCO3, there is 
an g-fold stimulation of the MgZ+-ATPase activ- 
ity, which is linearly dependent on the concentra- 
tion of the dete~;genL whereas in the absence of 
bicarbonate the activity is sigmoidally dependent 
on the detevgen.t concentration. ",i~e effect of 
MEOA-9 on the Ca2+-ATPase a(tivity of R.rF~ 

could not be studied, as MEGA-9 inhibited the 
color development of the phosphate assay. 

The amphipathic detergent LDAO also stimu- 
lates the Mge+-dependent ATPase activity of iso- 
lated RrF~ (see Fig. 4). In the presence of 50 mM 
NaHCO3, again there is an 8-fold stimulation. The 
activity increases linearly from 4 to 33/~mol per 
min per mg protein and maximal activit7 is ob- 
tained at 1 mM LDAO. A higher concen,,ration of 
LDAO causes a decrease in activity. T.n the ab- 
sence of bicarbonate, there is a 10-fold activation. 
However, the specific activity is lower, ranging 

?. 
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Fig. 3. Effect of MEGA-9 in the presence or absence of 
NaHCO~ on the Mg 2 ~-ATPase activhy of isolated RrF~. En- 
zyme activity was measured as described in Materials and 

Methods. 
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Fig. 4. Effect of LDAO in the presence or absence of NaHCO3 
on the Mg2+-ATPase activity of isolated RrF 1, Enzyme activ- 

ity was measured as described in Materials and Methods, 

from 1.2 #mol per mg per mg protein in the 
absence of LDAO to 13 #tool per rain per mg 
protein in the presence of 4 mM LDAO. The 
activity is not inhibited by higher concentrations 
of LDAO. The effect of LDAO on Ca2+-ATPase 
activity could not be studied, since LDAO pre- 
cipitated in the molybdate solution used in the 
colorimetrical determination of phosphate. 

The kinetic analysis of Mg2+-ATPase activity 
shows that the Vma x is increased by the activators, 
resulting in a 45-fold activation in the presence of 
LDAO plus NaHCO 3 (Table !). However, the Km 
for ATP is similar, about 0.22 raM, in both the 
absence and presence of activators. Free Mg 2+ is 
known to inhibit Mg2+-ATPase activity of iso- 
lated RrF I [3]. The present study shows that this is 

true for the non-activated as well as for the 
activated enzyme (Table I). 

Discussion 

F]-ATPase, isolated from bacteria, mitochon- 
dria and chloroplasts, have basically similar struc- 
ture and function. The enzymes are not identical 
molecules, however, and exhibit different catalyti- 
cal and immunological properties. F1-ATPases can 
exist in forms with low and high ATP hydrolytic 
activity, and several different treatments have been 
reported which can convert a latent ATPase to an 
active enzyme. Furthermore, some ATPases change 
their cat ionic  specificity u p o n  isolation. 

As shown in this work, RrF1, isolated by chlo- 
roform extraction of chromatophores followed by 
purification on a glycerol gradient, has a high 
Ca2+-ATPase activity, 12 /tmol per rain per mg 
protein. Similar to earlier preparations obtained 
from acetone powder of R. rubrum chromato- 
phores, the present preparation has low, but sig- 
nificant, Mg2+-ATPase activity, it is also demon- 
strated that this low Mg2+-ATPase activity, in the 
presence of t~e anion HCO -~- and certain deter- 
gents, can be stimulated to about 35 #moi per rain 
per mg protein. To our knowledge, this is the 
highest Mg2+.ATPase activity reported for F 1 iso- 
lated from R. rubrum. 

Anions present in millimolar concentrations are 
known to stimulate various Fi-ATPases [9,19,20]. 
For stimulation of the R. rubrum Mg2+-ATPase 
activity, sulphite has been reported to be the most 
efficient activator [8]. In accordance with that 

TABLE i 

Kin, Vma ~ AI4D $1"ECIFIC ACTIVITIES OF ISOLATED RrF I IN THE PRESENCE OR ABSENCE OF ACTIVATORS 

The K m and Vmx were determined in the presence of 10 mM Mg(Ac)2 a,d with ATP concentrations varying between 0.3 mM and 3 
mM. Spec. act. was determined at 3 mM ATP and with 3 mM or 10 mM Ms(Ac) 2 as indicated. 

Activator g m Vm~,, Spec. act, (/t tool. min - 1. m g -  1 ) 

(aiM) (~raol. rain- i. rag- I) 3 mM Mg(Ac)2 10 mM Mg(A¢)2 

- 0,220 0.5 3,2 0.5 
40 mM NaHCO3 0.210 2.1 4.9 2.0 
4.4 mM LDAO 0.220 6.9 13.8 5.8 
0.88 mM LDAO+ 

40 mM NaHCO 3 0.230 22.9 34.0 21.2 
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report, Mg2+-ATPase activity of the preparation 
used in the present study is stimulated maximally 
8-fold by Na2SO 3 (not shown) and 4-fold by 
NaHCO 3. There are also ~everal reports oa the 
effects of detergents on various Ft-ATPases. Fts 
from Escherichia coli [21], spinach chloroplasts 
[6,7] and the thermophilic bacterium PS3 [22,231 
are stimulated by certain detergents, whereas Ft 
from bovine heart [23], yeast [23] and Micrococcus 
luteus [24] are inhibited by various detergents. 
MgZ+-ATPase actMty of F~ so!ubi!ized from 
acetone powder of R. rubrum chromatophores has 
been shown to be stimulated by detergents. The 
most effective stimulator was dodecyl sulfonic 
acid, which, at concentrations significantly below 
the cmc, gave a maximal stimulation resulting in 
an activity of 9 /tmol per rain per protein [5]. 
Various unsaturated fatty acids also exhibited 
stimulation, palmitoleic acid being the most effec- 
tive with a Mg2+-ATPase activity of 16/tmol per 
rain per mg protein [25]. 

The present work shows that octyl glucoside 
and MEGA-9 are able to stimulate the Mg 2+- 
ATPase activity of isolated P, rFt. With both deter- 
gents, stimulation was accomplished at monomer 
concentrations and very little effect was obtained 
above the cmc. The cmc was determined to be 24 
mM for octyl glucoside and 15 mM for MEGA-9. 
The cmc values were not altered in the presence of 
50 mM NaHCO 3. In the presence of NaHCO 3 
plus oetyl glucoside or MEGA-9, even lower con- 
centrations of the detergents stimulated the 
MgZ+-ATPase activity, which results in very high 
activities. This effect of detergent is similar to that 
found for F 1 isolated from spinach chloroplasts. 
Heat-activated chloroplast F~ according to Lien 
and Racker [26], was also stimulated by octyl 
glucoside in concentrations below the cmc, whereas 
the non-activated enzyme was suggested to be 
stimulated by micelles of octyi glucoside [7]. It is 
also shown in the present work, that octyl gluco- 
side inhibits the CaZ+-dependent ATPase-activity 
of RrF l, in accordance with the chloroplast en- 
zyme [6]. The Ca~+-ATPase activity of chloroplast 
Ft can he irreversibly activated by preincubation 
of the enzyme with octyl glucefide, ,*~!lowed by 
dilution of the detergent [6]. However, this cannot 
be achieved with F 1 from R. rubrum (not shown). 
The different effects of octyl glucoside upon the 

Mg 2.- and Ca2*-ATPase of isolated RrF~ were 
paralleled by the action of the hydrophobic com- 
pound diethylstilbestrol. This artificial steroid also 
showed a strong inhibition of the Ca2+-ATPase 
and a stimulation of the Mg2+-ATPase activity 
[18] of RrF~ prepared in the same manner as that 
described in this report. The same inhibition/ 
stimulation pattern was also obtained with dieth- 
ylstilbestrol for isolated, liposome-reconstituted 
FoF~-ATPase and for the native A'I'Pase of 
Rhodospirillum rubrum chromatophores [28]. 

Another amphipathi¢ detergent, LDAO, also 
stimulated the Mg~+-ATPase activity of RrF 1, both 
in the absence and presence of bicarbonate. How- 
ever, the stimulation occurs above the cmc (0.125 
mM [29]) in both case.s, although higher con- 
centrations are needed in the absence of bi- 
carbonate. Furthermore, a combination of 
NaHC03 and LDAO is much more effective than 
LDAO alone. The concentration range (0.2-4 rr.,M) 
of LDAO which causes, maximally, a 10-i'old 
stimulation in the absence of bicarbonate is identi- 
cal to that causing a 5-fold stimulation of the E. 
col;. enzyme [21]. The effect of LDAO on F 1 from 
E. coli was suggested to be due to the release of 
the inhibitory action of subunit e on the catalytic 
subunit. This was demonstrated by a lower extent 
of cross-linking between, and/3 in the presence 
of LDAO, avon treatment of F, with a cross-fin- 
king agent [21]. 

The ATPase activity of F 1 isolated from the 
thermophilic bacterium PS3, is stimulated at 30 o C 
by several detergents, including octyl glucoside 
[22,23] and LDAO (Norling, B., unpublished re- 
sults), to activities found at the optimal tempera- 
ture, 75 o C.. The effect of the detergents was con- 
eluded to be exerted at the level of subunit inter- 
actions, which resulted in a sufficient degree of 
flexibility of the subunits for optimal catalysis to 
be obtained. Some of the activation of chloroplast 
Ft-ATPase achieved by octyl glucoside, seems to 
be due to the release of the e-subunit, which is 
thought to act as an inhibitor [28]. However, 
another mode of activation seems to be of impor- 
tance, since e-deficient F~ from chloroplast can 
~!~o ~c ,~,;:ivated by the det.ergent [28]. F: isoiatea 
from chloroplasts has a high temperature opti- 
mum, both 65°C [29] and 52°C [27] have been 
reported. Therefore, it is possible that, similar to 
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the case of the thermophilic enzyme, strong hydro- 
phobic interactions between the subunits limit the 
enzyme activity and that these interactions can be 
relieved by amphiphatic detergents. 

Hydrophobic entities, such as hydrocarbon tails 
of detergents and compounds like diethylstil- 
bestrol probably act at the hydrophobic interfaces 
between subunits in the F I. This action induces 
¢onformational changes in the enzyme molecule. 
One possibility is that the active sites of F~ are 
altered. The residues responsible for the binding 
of Ca2+-ATP may come closer to each other, 
which would make binding of Ca-ATP to the site 
impossible, but at the same time would stabilize 
the binding of Mg2+-ATP, since Mg 2+ is smaller 
dian Ca 2. (,5.65 and 0.99 ,A, respectively). This 
would result in an inhibition of the Ca 2 ÷-ATPase 
and a stimulation of the Mg2+-ATPase. 

Yet another conformation which can facilitate 
the binding of both MgZ+-ATP and Ca2+-ATP 
would be ruling in the enzyme in the native, 
membrane-bound state, since chromatophores of 
R. rubrum catalyze hydrolysis of Ca2+-ATP and 
Mg2+-ATP at skndiar rates [28]. Also in the mem- 
brane-bound state, diethylstilbestrol induces a 
conformation in the enzyme preferential to Mg 2+- 
ATP [18]. 

To sum up, plentifal information from studies 
on different ATPases seems to indicate that deter- 
gents can exert their stimulatory effect through at 
least two different mechanisms. For some 
ATPases, the ~,subunit seems to regulate the 
ATPase activity and certain detergents seem to be 
able to abolish the inhibitory effect of the e-sub- 
unit. In addition, some ATPases, especially those 
with a high temperature optimum, seem to be 
activated by the weakening of the hydrophobie 
interactions between the subunits, An increased 
flexibility between the subunils is induced, which 
is necessary for optimal activity. Further studies 
of the effect of detergents on RrF 1 are required in 
order to establish whether one or both of these 
mechanisms, or any other, could be responsible 
for the st imubtion of the Mg2+-ATPase activity. 

Acknowledgements 

We would like to thank Kaj Grandien, for 
performing the cmc measurements and Karl Axel 

Strid, for correcting the language. This work was 
supported by research grants from the Swedish 
Natural Science Research Council. 

References 

1 Johansson, B.C., Bahscheffsky, M. and Baltscheffsky, H. 
(1972) in Proceedings of the 2nd International Congress on 
Photosynthesis Research (Forti, G., Avron, M. and 
Melandri, B.A., eds.), Vol. 2, pp. 1203, N.V. Publishers, The 
Hague. 

2 Edwards, P.A. and Jackson, J.B. (1976) Eur. J. Bio,:hem. 62, 
7-14. 

3 Johansson, B.C., Baltscheffsky, M., Baltscheffsky, H., Bac- 
carini-Melandri, A. and Melandri, B.A. (1973) Eur. J. Bio- 
chem. 40, 109-117. 

4 Racker. E. (1967) Fed. Proe. 26, 1335. 
5 Soe, G., Nishi, N., Kakuno, T. and Yamashita, !. (1978) J. 

Biochem. 84, 805-814. 
6 Pick, U. and Bassilian, S. (1982) Biochemistry 21, 

6144-6152. 
7 Norling, B., Keleman, G. and Emster, L. (1986) Biochem. 

Biophys. Res. Commun. 141,636-642. 
8 Webster, G.D., Edwards, P.A. and Jackson, J.B. (1977) 

FEBS Lett. 76, 29-35. 
9 Nelson, N, Nelson, H. and Racker, E. (1972) J. Biol. 

Chem. 247, 6506-6510. 
10 Stfid, ,~., Nore, B.F., Nyr~n, P. and Baltscheffsky, M. 

(1987) Biochim. Biophys. Acta 892, 236-244. 
11 Fisher, RJ., Liang, A.M. and SundstriSm, G.C. (1981) J. 

Biol. Chem. 256, 707-715. 
12 Schiigger, H. and Voa Jagow, G. (1987) Anal. Biochem. 

166, 368-379. 
13 Fall G., Hampc, A. and Walker, J.E. (1985) Biochem. L 

228, 391-407. 
14 Pullman, M., Penefsky, H.S., Datta, A. and Racker, E. 

(1960) J. Biol. Chem. 232, 3322-3329. 
15 Nyr6n, P., Note, B.F, and Baltscheffsky, M. (1986) Bio- 

chim. Biophys. Acta 851,276-282. 
16 Rathbun, W.B. and Betlach, V.M. (1969) Anal. Biochem. 

28, 436-445. 
17 De Vendittis, E., Palumbo, G., Parlato, G. and Bocchini, V. 

(1981) Anal. Biochem. 115, 278-286. 
18 Stdd, A., Nyr~n, P. and Baltscheffsky, M. (1988) Eur. J. 

Biochem., in press. 
19 Lambeth, D.O. and Lardy, H.A. (1971) Eur. J. Biochem. 

22, 355-360. 
20 Glaser, E., Hamasur, B., Norling, B. and Andersson, B. 

(1987) FEBS Lett. 233, 304-308. 
21 1.~tscher, H.-R., De Jon 8, C. and Capaldi, R.A. (1984) 

Biochemistry 23, 4140-4143. 
22 Norling, B. (1986) EBEC Short Reports 4, 266. 
23 Notling, B. (1986) Biochem. Biophys. Res. Commun, 136, 

899-905. 
24 Mollinedo, F., Mu~oz, E. and Andreu, J.M. (1986) Bio- 

chim. Biophys. Acta 848, 230-238. 



129 

25 Soc, G.. Nishi, N., Kakuno, T,, Yamashita, J. and Hofio, T. 
(1980) J. Biochcm. 87. 473-481. 

26 Lien, S. and Racker, E. (1971) Methods Enzymol. 23, 
547-556. 

27 Wolf, M., Binder, A. and Bachofen. R. {1981) Eur. J. 
Biochem. 118, 423-427. 

28 Yu, F. and McCarty. R. (1985) Arch. Biochem. Biophys. 
238, 61-65. 

29 Tiefert. M.A. (1981) in Photosynthesis !I, Electron Trans- 
port and Photophosphorylation (Akoyunoglou, G., ed.). pp. 
893-902, Balaban International Science Service, Phila- 
delphia. 


