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Solubilized Rhodospirillum rubrum RrF1-ATPase, depleted of loosely bound nucleotides, 
retains 2.6mol of tightly bound ATP and ADP/mol of enzyme. Incubation of the depleted 
RrF 1 with Mg2+-ATP or Mg2+-AMP-PNP, followed by passage through two successive 
Sephadex centrifuge columns, results in retention of a maximal number of 4 mol of tightly 
bound nucleotides/mol of RrF I. They include 1.5 mol of nonexchangeable ATP, whereas all 
tightly bound ADP is fully exchangeable. A similar retention of only four out of the six 
nucleotide binding sites present on CF1 has been observed after its passage through one or 
two centrifuge columns. These results indicate that the photosynthetic, unlike the respiratory, 
Ft-ATPases have faster koff constants for two of the Mg-dependent nucleotide binding sites. 
This could be the reason for the tenfold lower Mg 2+ than Ca2+-ATPase activity observed with 
native RrFI, as with c-depleted, activated CFI. An almost complete conversion of both RrF1 
and CF 1 from Ca 2+- to Mg2+-dependent ATPases is obtained upon addition of octylglucoside, 
at concentrations below its CMC, to the ATPase assay medium. Thus, octylglucoside seems to 
affect directly the RrF1 and CF 1 divalent cation binding site(s), in addition to its proposed role 
in relieving their inhibition by free Mg 2+ ions. The RrF1-ATPase activity is 30-fold more 
sensitive than CF1 to efrapeptin, and completely resistant to either inhibition or stimulation 
by the CF1 effector, tentoxin. Octylglucoside decreases the inhibition by efrapeptin and 
tentoxin, but exposes on CF1 a low-affinity, stimulatory site for tentoxin. 

KEY WORDS: Rhodospirillum rubrum RrF1 -ATPase; chloroplast CF1; nucleotide binding sites; Ca 2+- and 
Mg2+-ATPase activity; octylglucoside; Fa-ATPase inhibitors; efrapeptin; tentoxin. 

I N T R O D U C T I O N  

All respiratory and photosynthet ic  energy- 
coupling membranes  contain  a mult isubunit  
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F0F 1 ATPsyn thase -ATPase  that  couples the 
synthesis and hydrolysis o f  A T P  to t ransmembrane  
p ro ton  transport .  A l though  F0F 1 complexes f rom 
various sources are structurally and functionally 
similar, some impor tan t  differences, especially in rates 
o f  A T P  hydrolysis and number  o f  tight nucleotide 
binding sites, have been observed between the 
respiratory mi tochondr ia l  and Escherichia  coli 

enzymes and those o f  chloroplasts.  The respiratory 
membranes  and their isolated F1 complexes show 
rapid rates o f  Mg2+-ATPase  activity (Penefsky, 
1979; D u n n  and Heppel,  1981) as compared  to the 
extremely low rates o f  A T P  hydrolysis reported for 
thylakoid membrane -bound  and isolated chloroplast  
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CF1 (McCarty and Moroney, 1985). 3 Activation of 
the latent CF 1 into a Ca2+-ATPase is obtained by 
various treatments that remove its e-subunit and 
reduce a disulfide bond which is specific to the CF 1 
-~-subunit. These treatments reveal, however, only a 
very low CF 1 Mg2+-ATPase activity. The maximum 
number of Mg-dependent tight nucleotide binding 
sites retained on MF1 and EcF1 after passage 
through gel filtration centrifuge columns is six 
(Cross and Nalin, 1982; Wise et al., 1983). Six sites 
have recently been observed also on CF 1, but only 
under strict equilibrium conditions (Girault et al., 
1988; Shapiro et al., 1991b). After passage through 
one (Xue et al., 1987) or two (Shapiro et aI., 1991a) 
centrifuge columns, only four nucleotides were 
retained on CF 1. Interestingly, the rat liver MF 1 
retained also only 4-5 tool nucleotides/mole 
when assayed in the presence of either Mg 2+ or Co 2+ 
(Williams et al., 1987). 

The F0F 1 ATP synthase of the photosynthetic 
bacterium Rhodospir i l lum rubrurn occupies an 
intermediate position between the respiratory and 
chloroplast enzymes with regard to its ATPase 
activity. When bound to chromatophore membranes 
it is an active ATPase exhibiting, as in E. coli 
(Kanazawa et al., 1980; Dunn and Heppel, 
1981), both Mg 2+ and Ca2+-dependent activities 
(Johansson et al., 1972) at a ratio of 3:1 (Oren 
and Gromet-Elhanan, 1977). But, whereas the 
EcFoF 1 and EcF1 solubilized from E. coli retain 
both activities (Kanazawa et al., 1980; Wise et al., 
1983), the solubilized R. rubrum FoF1 and F 1 
complexes lose the Mg2+-ATPase activity. Detergent 
solubilized RrFoF 1 catalyzes a twofold faster 
ATP hydrolysis in the presence of Ca 2+ than of 
Mg 2+ (Bengis-Garber and Gromet-Elhanan, 1979; 
Schneider et al., 1979), and isolated RrF 1 is 
predominantly a Ca2+-ATPase (Johansson et al., 
1973). The RrF 1 ATPase activity is thus similar to 
that of the Ca2+-ATPase of preactivated, c-depleted 
CF1, except that with RrF1 preactivation leading to 
dissociation of the e-subunit is not required. In 
this respect RrF 1 behaves rather similarly to EcF1, 
where in contrast to CF1 the inhibitory, but loosely 
bound e subunit, dissociates upon dilution of 
the EcF 1 complex into assay buffers (Dunn and 
Heppel, 1981). 

In view of the much lower Mg 2+- than Ca 2+- 
ATPase activity of both native RrF1 and c-depleted 
CF1 it is interesting to find out whether the nucleotide 
binding properties of RrF I are similar to those of 

EcF 1 and MF1 or to CF 1. No measurements of 
nucleotide binding to isolated RrF 1 have been 
reported up to now. There are only two published 
determinations of tightly bound nucleotides in 
coupled R. rubrurn chromatophores, which were 
assumed to be bound to RrF 1. Harris and 
Baltscheffsky (1979) found 12 and 8.3 mmol of ATP 
and ADP, respectively, tightly bound per mole of 
bacteriochlorophyll, whereas Andralojc and Harris 
(1993) found only 1.76 and 1.38mmol of ATP and 
ADP bound/per mole of bacteriochlorophyll. The 
reason for these very different numbers is not 
clear, since in both cases there was no information on 
the ratios of total protein and/or RrF1 to bacterio- 
chlorophyll. A direct examination of nucleotide bind- 
ing to isolated RrF 1 is therefore required. 

In both RrF~ (Johansson et aI., 1973; Oren and 
Gromet-Elhanan, 1979) and activated CF 1 (Hochman 
et al., 1976) free Mg 2+ was a potent inhibitor of 
ATPase activity, and unmasking of their Mg 2+- 
ATPase has been obtained by addition of certain 
anions (Nelson et al., 1972; Webster et al., 1977) or 
detergents (Soe et al., 1978; Pick and Bassilian, 1982) 
to the assay medium. A further detailed investigation 
on activation of native CF1-ATPase by detergents 
has, however, revealed that they do also remove the 
e-subunit from latent CF I (Feng and McCarty, 1985), 
thus suggesting that expression of CF1Mg2+-ATPase 
requires both removal of the e-subunit and relief of 
inhibition by free Mg 2+. Since RrF~ is an active 
ATPase in the presence of its e-subunit, it offers a 
simpler assay system for studying the correlation 
between relief of inhibition by free Mg 2+ and 
expression of a Mg2+-ATPase. 

In this paper we determine the number and 
properties of nucleotide binding sites on RrF1 and 
compare them with those observed in latent CF1. 
We also examine in detail the effect of octylglucoside 
on the RrF~ and CF1Ca 2+- and Mg2+-ATPase 
activities and on their sensitivity to F1-ATPase 
inhibitors. 

EXPERIMENTAL PROCEDURE 

Materials 

Spinach CF l was prepared as described previously 
(Shapiro and McCarty, 1990). When used for nucleo- 
tide binding studies it was freed from contaminating 
traces of ribulose biphosphate carboxylase/oxygenase 
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(rubisco) by affinity chromatography (Soteropoulus 
et al., 1992). CF1 was stored at 4°C as the ammonium 
sulfate (50% W/V) precipitate, or in liquid nitrogen in 
buffer containing 50 mM Na-tricine (pH 8.0), 50 mM 
NaC1, 4mM ATP, and 10% glycerol. RrF 1 was 
removed from R. rubrum chromatophores according 
to Norling et al (1988), purified, and stored as 
described by Khananshvili and Gromet-Elhanan 
(1983). The storage buffer contained 50mM 
Na-tricine (pH 8.0), 2raM ATP, 1 mM EDTA, 1 mM 
DTT, and 10% glycerol. 

ATP was of the highest purity available from 
Sigma and contained no measurable quantity of 
ADP by HPLC analysis. AMP-PNP was purchased 
from ICN Biochemical, and octylglucoside, quercetin, 
NBf-C1, and tentoxin from Sigma. Efrapeptin was a 
gift of Dr. R. L. Hamill of Eli Lilly Co. Stock 
solutions of quercetin and NBf-C1 were prepared in 
DMSO and of tentoxin and efrapeptin in water. 

Nucleotide Binding Studies 

Prior to each experiment, ammonium sulfate- 
precipitated CF 1 was dissolved in 50mM Tris-HC1 
(pH 8.0) and 50 mM NaC1 (TN buffer). This latent 
CF1 and the native RrF1 were freed from all loosely 
bound nucleotides by three successive filtrations on 
fine grade Sephadex G-50 columns (Penefsky, 1977) 
equilibrated with TN buffer. The eluted enzymes, 
designated as depleted CF1 and RrF1, were 
incubated either with no additions or with added 
Mg2+-ATP and Mg2+-AMP-PNP as described in the 
text. Two successive Sephadex centrifuge columns 
were used to remove excess and loosely bound 
nucleotides. For analysis of the remaining tightly 
bound nucleotides, 100-#1 aliquots of the final 
eluants, containing between 15 and 20#M enzyme, 
were precipitated in the cold with 50#1 of 1.2M 
HC104. After 5rain on ice the mixture was neutra- 
lized and KC104 precipitated with 25#1 of 1.3M 
K2CO 3. Each sample was centrifuged two times: 
once for 5min at 8700xg and the supernatant was 
recentrifuged in a Beckman microfuge for 10min. 
The final supernatants were either stored at -20°C 
or immediately subjected to ion-pairing high- 
pressure liquid chromatography (HPLC) as 
described by Shapiro and McCarty (1990). The 
concentrations of nucleotides in the tested samples 
were determined by comparing the obtained 
integrated peak areas with those of nucleotide 
solutions of known concentration. 

Preactivation by Octylglucoside 

Both native RrF 1 and latent CF 1 were pre- 
activated by incubation for 20min at 35°C in a 
solution containing 50mM Na-tricine (pH 8.0), 
4 mM ATP, 5 mM DTT, 40 mM octylglucoside, and 
0.5-1 mg of protein/ml. Aliquots of all preactivated 
enzymes were diluted 100-fold into the ATPase assay 
medium. 

Assay Procedures 

ATPase activity was assayed as follows: native 
untreated or preactivated RrF1 and CF 1 (3-10 #g of 
protein) were preincubated for 5rain at 35°C in a 
reaction mixture that contained 50mM Na-tricine 
(pH 8.0) with or without the stated concentrations 
of octylglucoside and/or inhibitors. The assay was 
started by addition of a mixture of 4 mM ATP and 
either 8 mM CaCI2 or 2 mM MgC12. After 5 rain at 
35°C Pi release was determined according to Taussky 
and Shorr (1953). Protein concentrations were 
determined by the method of Lowry et al. (1951). 

RESULTS 

Tight Nucleotide Binding Sites on RrF 1 and CF1 

CFt, resuspended from an ammonium sulfate 
precipitate and depleted of loosely bound nucleotides 
has been shown to contain between 1.3 and 1.7 tool of 
tightly bound ADP/mol of enzyme, but no tightly 
bound ATP (Shapiro et al., 1991a). An identical 
pattern was observed here with latent depleted CF1, 
whereas a similarly depleted native RrF 1 retained 
around 2.6mol of tightly bound nucleotides/mol of 
enzyme, which were distributed between ATP and 
ADP (Table I). No bound AMP was detected on 
either CF1 or RrF 1. 

Incubation with Mg2+-ATP leads to binding of 
about two additional moles of ATP/mol of CFI, but 
only one additional mole of ATP/mol of RrF 1, thus 
raising the total number of tightly bound nueleotides 
to about four per mole of either enzyme (Table I). 
Incubation of both enzymes with saturating concen- 
trations of MgZ+-AMP-PNP results also in detection 
of up to 4tool of tightly bound nucleotides/mol of 
CF1 or RrF1 (Table I and Fig. 1). In both enzymes 
about 1 tool of ADP exchanges with AMP-PNP, but 
the tightly bound ATP in RrFI does not exchange 
with medium AMP-PNP. This leads to an overall 
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Table I. Mg-Dependent  Tight-Binding Sites for ADP, ATP, and AMP-PNP on RrF 1 as Compared to Latent CFI ~ 

mol bound nucleotide/mol F1 b 

Enzymes and additions ATP A D P  AMP-PNP Total 

RrF 1 None  1.40 4- 0.05 1.20 ± 0.12 - -  2.60 
RrF1 Mg2+-ATP 2.10 4- 0.15 1.30 ± 0.06 - -  3.40 
RrF  1 Mg2+-AMP-PNP 1.35 4. 0.10 0.28 ± 0.17 1.95 + 0.10 3.58 

CF1 None  0.10 ± 0.12 1.62 4- 0.20 - -  1.72 
CF~ Mg2+-ATP 2.05 • 0.07 1.60 4- 0.15 - -  3.65 
CF 1 Mg2+-AMP-PNP 0.10 4. 0.10 0.54 ± 0.20 3.03 4- 0.20 3.67 

a Depleted RrFl  and CF 1 were incubated for 1.5h at room temperature in T N  buffer with 2 m M  MgC12 and either 5 m M  ATP or 5 m M  
AMP-PNP.  One sample was incubated with buffer only. Excess and loosely bound nucleotides were removed, and concentrations of  protein 
and tightly bound nucleotides were measured as described under Experimental Procedures. 

b Values shown are means  4- S.D.; n = 3. 

incorporation of about 2mol of AMP-PNP/mol of 
RrF~ as compared to 3mol/mol of latent CF1 
(Table I) or activated CF 1 (Shapiro et al., 1991a). 

Tight binding of saturating concentrations of 
Mg2+-AMP-PNP to RrF1 is very rapid at 35°C. The 
time dependence shown in Fig. 1 reveals that the first 
mole of AMP-PNP/RrF~ binds within l min, 
probably to an empty nucleotide binding site, since 
tightly bound ATP does not decrease and ADP 
decreases by less than 15%. Further binding of 
AMP-PNP correlates closely with the disappearance 
of all tightly bound ADP, so that after 30 min at 35°C 
only 0.1tool of ADP, but about 1.5tool of ATP, 
remain tightly bound per mole of RrF I, and up to 
2.5 mol of AMP-PNP are incorporated per mole of 
RrFt. 
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Fig. 1. Time course of Mg2+-AMP-PNP tight binding to RrF 1 and 
exchange with tightly bound ADP.  Depleted RrF1 was incubated at 
35°C in TN buffer containing 2 m M  MgC12 and 5 m M  AMP-PNP.  
Incubations were stopped at the indicated time points by 
application of  the sample to the first centrifuge column. Further  
t reatment  of  the samples and analysis of  bound  nucleotides are 
described under  Experimental Procedures. The 0-min sample was 
incubated without Mg2+-AMP-PNP. 

Effect of Octylglucoside on various RrF1 and CF1 
ATPase Activities 

Figures 2 and 3 illustrates major differences in 
ATPase activities of CFI and RrF1. Untreated native 
CF 1 shows no detectable Ca 2+- or Mg2+-ATPase 
activity, whereas untreated native RrF 1 is an active 
Ca2+-ATPase (Fig. 2), and a 7- to 10-fold slower 
Mg2+-ATPase (Fig. 3). These results were obtained 
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Fig. 2. Increasing concentrations of octylglucoside in assay inhibit 
the Ca2+-ATPase of RrF1 and preactivated CF 1 but  stimulate the 
Ca2+-ATPase of  latent CFI. Conditions of  preactivation, dilution, 
incubation with the indicated concentrations of  octylglucoside, and 
ATPase assay are described under Experimental Procedures. AT- 
Pase activity was followed after addition of  a mixture containing 
4 m M  ATP and 8 m M  CaC12. o,  latent, untreated CF1; ©, 
preactivated CFI; A, native, untreated RrF1; A ,  preactivated RrF~. 
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Fig. 3. Increasing concentrations of  octylglucoside in assay 
stimulate RrF 1 and CF I Mg2+-ATPase activity. Treatments, 
procedures, and symbols of  assayed enzymes are as described in 
Fig. 2, except that ATPase activity was followed after addition of  
a mixture containing 4raM ATP and 2mM MgC12. 

with no additions using a Ca2+/ATP ratio of 2 and a 
Mg2+/ATP ratio of 0.5, which were found to be 
optimal for activated CF1 (Hochman et al., 1976; 
Pick and Bassilian, 1982; Feng and McCarty, 1985) 
as well as for RrF1 (not shown). 

Preactivation of the native RrF 1 containing all five 
F] polypeptide subunits by octylglucoside followed by 
a 100-fold dilution into an assay with no added 
octylglucoside did not change its active Ca2+-ATPase 
(Fig. 2) or slow Mg2+-ATPase (Fig. 3). In native latent 
CF 1 such preactivation induced both Ca 2+- and Mg 2+- 
ATPase activities but to a different extent: The CF 1 
Ca2+-ATPase was much more activated (Fig. 2) than 
the CF1 Mg2+-ATPase (Fig. 3). This preactivation, 
which has been shown to release at least some of the 
inhibitory e subunit from latent CF 1 (Feng and 
McCarty, 1985), thus raised the c-depleted CF 1 Ca 2+- 
and Mg 2+-ATPase activities to the level obtained in the 
untreated, c-containing RrF1 (Figs. 2 and 3). 

A different and much more complicated effect 
was observed upon addition of increasing con- 
centrations of octylglucoside to the ATPase assay 
medium. The Ca2+-ATPase activity of either native 
or pretreated RrF 1 was inhibited (Fig. 2), whereas 
the very slow Mg2+-ATPase activity of both types of 
RrF1 is stimulated (Fig. 3). These opposite effects 
show a very similar dependence on octylglucoside 

concentration. A 50% inhibition or stimulation is 
already obtained at 5 mM octylglucoside, a concen- 
tration well below the octylglucoside CMC, and 
ineffective in releasing the CF1 c-subunit (Feng and 
McCarty, 1985). Addition of octylglucoside to the 
assay medium converted preactivated CF1 from a 
Ca 2+- to a Mg2+-dependent ATPase, except that 
15 mM octylglucoside was required for a 50% effect 
(Figs. 2 and 3). 

With latent CF1 the presence of octylglucoside in 
the assay exhibited a much more complicated effect. 
The latent CF1 Ca2+-ATPase is rather induced by 
high concentrations of octylglucoside that release 
the inhibitory CF 1 e-subunit (Feng and McCarty, 
1985), so in the presence of 45 mM octylglucoside in 
the assay an identical rate of ATP hydrolysis was 
obtained in both latent and preactivated CF 1 Ca 2+ 
ATPases (Fig. 2). The latent CF 1 Mg2+-ATPase 
activity, as the RrF~ and preactivated CF 1 Mg 2+- 
ATPases, was markedly stimulated by addition of 
octylglucoside into the assay (Fig. 3). 

These results indicate that the effect of octyl- 
glucoside on RrF 1 is much simpler than on CF1 
because the presence of the e subunit does not inhibit 
expression of the RrF1-ATPase activity. 

Inhibitors of RrF 1 and CF1-ATPase Activities 

The similarities and differences in nucleotide 
binding properties and response to activation 
processes obtained with RrF1 and CF 1 prompted us 
to compare also the effect of various F1 inhibitors on 
both enzymes. For two inhibitors, tentoxin and 
efrapeptin, RrF1 and CF 1 exhibit markedly different 
sensitivities (Figs. 4 and 5). 

Tentoxin is produced by a plant pathogenic 
fungus and functions as a species-specific potent effec- 
tor of CF1 (Steele et al., 1976; Selmand and Durbin, 
1978). Heat- or trypsin-activated CFI Ca2+-ATPases 
fi'om sensitive plants, such as lettuce or spinach, were 
inhibited 50% by as little as 10-30nM tentoxin 
(Selman and Durbin, 1978). On the other hand, CF1 
from plants insensitive to the pathogen, such as radish 
or various tobacco strains, required 20 to 1000 times 
higher concentrations of tentoxin for 50% inhibition 
(Steele et al., 1976; Conrad et al., 1981). Lettuce and 
spinach CF1 have, in addition to the high-affinity, 
inhibitory site for tentoxin, also a low-affinity site, 
which at 50-1000#M tentoxin stimulates up to 
4-fold their Ca2+-ATPase activity (Steele et al., 1978; 
and Fig. 4). 



578 Weiss,  MeCarty ,  and Gromet-Elhanan 

400 

0 300' 

e. 
0 
0 

0 

g 
200 

> 

0~ 

a .  100 
< 

o 
/ 

/ I 

/ 

o 

[] 
I 

t I 
I 

, / 

/ t I 

t / I t 

t t / /  

J / 

/ /  • t t • 

_~..~: ::: ~: :: __~=~____~_:__ ~_--~ 

. . . . . . . .  i . . . . . . . .  , . . . . . .  ~ . . . . . . . .  i . . . . . . . .  i . . . . . . . .  i 

.001 .01 .1 1 10 100 1000 

Tentoxin (IIM) 

Fig. 4. Effect of tentoxin on RrF 1 and CF l ATPase activities. 
Preactivated RrF1 and CF1 were prepared and assayed as 
described under Experimental Procedures. The Ca2+-ATPase 
activities of RrFl(A) and CF](I) were assayed with no added 
octylglucoside. The Mg2+-ATPase activities of RrFI(A) and 
CFI(n) were assayed in the presence of 16raM octylglucoside. 
The CFI Mg2+-ATPase was also assayed in the presence of 
40raM octylglucoside (©). Control Ca2+-ATPase activities in 
#mol Pi released/min per mg of protein were: 7.1 for RrF] and 
10.2 for CF]. Control Mg2+-ATPase activities were 8.2 for RrF1 
and 5.6 for CF1 with 16raM octylglucoside, and 8.6 for CF] with 
40 mM octylglucoside. 

Figure 4 illustrates that, in contrast  to spinach 
CF1, the RrF  1 Ca2+-ATPase activity is neither 
inhibited nor stimulated by tentoxin concentrations 
ranging between l nM to 300#M. So the RrF1 
Ca2+-ATPase is fully resistant to tentoxin, being 
uneffected even by concentrations that inhibit the 
CF1 Ca2+-ATPase activity of  various insensitive 
plants. 

Unlike with the Ca2+-ATPase, the reported 
effects of  tentoxin on CF1Mg2+-ATPase activity are 
very variable, even for CF 1 complexes isolated 
f rom sensitive plants. In some cases very little or no 
inhibition was obtained by up to 10#M tentoxin 
(Pick and Bassilian, 1982; Pick et  al., 1982), whereas 
in another case an identical pattern of  tentoxin 
inhibition of both Ca 2+ and Mg2+-dependent CF 1- 
ATPase activities was reported (Hu et  al., 1993). 
These very different effects of  tentoxin were obtained 
when the CF] MgZ+-ATPase activity was unmasked 
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Fig. 5. Efrapeptin inhibition of RrFI and CF1 ATPase activities. 
Preactivated RrFl and CF] were prepared and assayed as described 
under Experimental Procedures. Symbols of assayed enzymes and 
activities are as described in Fig. 4. 

by addition of sulfite (Hu et  al., 1993) as compared to 
octylglucoside (Pick and Bassilian, 1982). 

The results summarized in Fig. 4 indicate that the 
presence of octylglucoside in the assay does indeed 
decrease the inhibition by tentoxin, while increasing 
its stimulatory effect. Thus, with 16 m M  octylgluco- 
side in the assay there is a pronounced, although not 
complete, inhibition of the CF 1 Mg2+-ATPase by 
100 nM to 10 #M tentoxin, and a 2.5 fold stimulation 
by 300#M tentoxin. But in the presence of  40raM 
octylglucoside, the concentration used in earlier 
investigations (Pick and Bassilian, 1982; Pick et  aI., 
1982), no inhibition is observed even with up to 
1 #M tentoxin. Furthermore the stimulatory effect of  
tentoxin starts already at 10#M and amounts to 
about  4-fold at 300 #M tentoxin (Fig. 4). The Mg 2+- 
ATPase activity of  RrF~ is not affected at all by 
tentoxin even when assayed in the presence of 
16raM octylglucoside (Fig. 4). It is also completely 
insensitive to tentoxin in the presence of sulfite (not 
shown). So in RrF],  unlike in CF1, both Ca 2+- and 
Mg2+-dependent ATPase activities are completely 
unaffected by tentoxin under all assay conditions 
used. 

Efrapeptin has been reported to inhibit com- 
pletely isolated RrF] (Webster et  al., 1977). When 
tested under identical conditions it inhibits both 
RrF] and CF1, but the latter is much less sensitive 
(Fig. 5). Ha l f  maximal inhibition of  both RrF 1 
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Ca 2+- and Mg2+-ATPase activities is obtained at a 
ratio of 1.6tool per mole of RrF1, whereas for CF1 
a ratio of 50 tool of efrapeptin per mole of enzyme is 
required. RrF l is thus as sensitive to efrapeptin as 
MF1 (Cross and Kohlbrenner, 1978), while the 
lower sensitivity of CF1 is similar to that reported 
for EcF 1 (Wise et al., 1983). The inhibition of RrF1 
by efrapeptin, as that of CF1 by tentoxin, is decreased 
by increasing concentrations of octylglucoside in the 
assay. The similar effect of efrapeptin on Ca 2+- and 
Mg 2+ ATPase activities has been observed with 
16raM octylglucoside in the Mg 2+ ATPase assay 
(Fig. 5), whereas with 40 mM octylglucoside a 5-fold 
higher concentration of efrapeptin is required. 

Among other tested general F1 inhibitors, 
quercetin and NBf-C1 have been found to inhibit 
RrF1 and CF 1 to a similar extent and were not 
affected by the presence of octylglucoside in the 
assay medium, whereas the inhibition of both 
enzymes by azide has decreased by 6- to 10-fold 
upon increasing the concentration of octylglucoside 
in the assay from 16 to 40 mM (not shown). 

DISCUSSION 

A total number of four Mg-dependent tightly 
bound nucleotides are retained on RrF1 (Table I 
and Fig. 1) as well as on latent or activated CF 1 
(Xue et al., 1987; Shapiro et al., 1991a), after passage 
through one or two successive centrifuge columns. 
The photosynthetic F1-ATPases thus form a separate 
group from most respiratory F1 ATPases, which 
retain six nucleotide binding sites after passage 
through a centrifuge column (Cross and Nalin, 
1982; Wise et al., 1983). However, when assayed 
under strict equilibrium conditions, six nucleotide 
binding sites have been observed also on CF1 
(Girault et al., 1988; Shapiro et al., 1991b), and it is 
therefore generally accepted that all F1-ATPases have 
six nucleotide binding sites (Penefsky and Cross, 
1991). The lower number of tightly bound nucleo- 
tides retained on CF 1 and RrF1 does indicate that 
two of their bound nucleotides have faster koff 
constants. 

An additional difference between the two 
groups of F1-ATPases is illustrated in Figs. 2 and 3. 
The photosynthetic enzymes used in the nucleotide 
binding assays are mainly Ca2+-ATPases showing 
either no or a very low Mg2+-ATPase activity, 
whereas both MF 1 and EcF 1 are very active 

Mg2+-ATPases (Penefsky, 1979; Dunn and Heppel, 
1981). The much lower Mg-ATPase activity of RrF 1 
and CF 1 could be due to the faster Koff constants of 
two of their Mg-dependent nucleotide binding sites. 
Binding or incorporation of a maximal number of 
nucleotides has been found to depend on the presence 
of optimal concentrations of MgC12 in various 
F1 complexes (Cross and Nalin, 1982; Shapiro 
et al., 1991a) as well as in the isolated RrF1 /3 
subunit (Gromet-Elhanan and Khananshvili, 1984; 
Khananshvili and Gromet-Elhanan, 1984). 

The very slow MgZ+-ATPase activities of 
activated, e-depleted CF1 and native, e-containing 
RrF1 can be stimulated by addition of either anions, 
such as maleate, bicarbonate, or sulfite (Nelson et al., 
1972; Webster et aI., 1977), or detergents such as 
octylglucoside (Soe et al., 1978; Pick and Bassilian, 
1982). The anions have been reported to stimulate 
the Mg2+-ATPase of activated CF1 (Nelson et al., 
1972) or native RrF 1 (Webster et al., 1977; Norling 
et al., 1988) while showing no significant effect on 
their respective Ca2+-ATPase activities. But the 
stimulation by octylglucoside is accompanied in 
both enzymes by a parallel inhibition of the Ca 2+- 
dependent ATP hydrolysis (Figs. 2 and 3). The effect 
of these two types of activating agents must therefore 
be very different. The effect of anions is restricted to 
relief of inhibition by free Mg 2+ ions. Octylglucoside, 
on the other hand, exerts an additional, more direct 
effect on the specificity of the divalent cation binding 
site(s) of RrF1 and activated CF1 toward Ca 2+ 
and Mg 2+. A very similar effect, of almost complete 
conversion of RrF1 from Ca 2+- to Mg2+-dependent 
ATPase, has been observed when ATP was replaced 
by the hydrolyzable analog 1,N6-etheno ATP 
(Schafer et al., 1980). 

An indication that changes in specificity of an 
F1-ATPase toward Mg 2+ can result from a single 
point mutation in one essential amino acid residue, 
serine 174, on the Flfl subunit has been reported in 
EcF1 (Noumi et al., 1984). In the mutant this serine 
174, which is fully conserved in all tested Fl-ATPases 
(Walker et al., 1985), is changed to phenylalanine. 
This change results in a large decrease in the 
Mg2+-ATPase activity but very little change in the 
Ca2+-ATPase activity of the mutated EcF 1 
(Kanazawa et al., 1980; Noumi et al., 1984). The 
neutral detergent, LDAO, has been reported to 
stimulate by 5- to 6-fold the EcF1Mg2+-ATPase 
activity, but its effect on the EcF 1 Ca2+-ATPase has 
not been tested (Lotscher et al., 1984). It would be 
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very interesting to compare  the effect o f  L D A O  on 
both  Ca 2+- and Mg2+-ATPase  activities o f  the wild 
type EcF1 and its ser 174 ~ Phe mutant .  L D A O  has 
also been shown to stimulate by up to 4-fold the TF1 
MgZ+-ATPase (Paik et  al., 1993). 

In  addit ion to stimulating the Mg2+-ATPase  
activity o f  various Fl -ATPases ,  octylglucoside and 
L D A O  have also been shown to exert a very interest- 
ing dual effect on the act ion o f  various F1 inhibitors. 
We show here that  the presence o f  40 m M  octyl- 
glucoside decreases the inhibitory act ion o f  azide, 
efrapeptine, and tentoxin on RrF1 and CF1. 
Moreover ,  in parallel to the inactivation o f  the 
high-affinity, inhibi tory tentoxin site on CFt ,  
octylglucoside also unmasked  or activated the CF1 
low-affinity, s t imulatory tentoxin site (Fig. 4).Using 
stimulating concentrat ions o f  L D A O ,  Paik et  al., 

(1993) have observed that  the st imulation o f  the 
TF1MgZ+-ATPase by a high-affinity rhodamine  6G 
site was masked, while a low-affinity, inhibi tory site 
for  the dye was exposed. Interestingly, for bo th  
rhodamine  6G (Paik et  al., 1993) and tentoxin 
(Gromet -E lhanan  and Avital, 1992) the effect o f  the 
high-affinity site has been suggested to require the 
interaction o f  the 7 subunit  with the ~ and /3 
subunits, whereas for the low-affinity site only the c~ 
and /3  subunits are required. 
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