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In bacterial photosynthetic membranes the generation of a transmembrane ApH coupled to ATP hydrolysis is detected by 
monitoring the quenching of fluorescence of the monoamine 9-amino-6-chloro-2-methoxyacridine (ACMA), induced in the dark 
upon addition of the substrates of the ATPase reaction. When Mg-ATP is the reaction complex, kinetic analysis of the hydrolytic 
and proton pumping activities indicates a similar affinity for the substrate (Km = 0.20 + 0.05 mM) and maximal rates of ApH 
generation and ATP hydrolysis of 0.37 + 0.05 ApH units s-1 and 10 + 2 nmol ATP hydrolyzed s-1. (/~moi BChl)-1, respectively. 
A comprehensive investigation of the effects of previously known modulators a n d / o r  effectors of the ATPase activity on the 
proton pump shows that in bacterial photosynthetic membranes, zlpH generation is strictly regulated in parallel with ATP 
hydrolysis. These results validate the use of ACMA fluorescence to monitor transmembrane ApH of 0.1-1.5 units and to detect 
F1-F 0 functional interactions. 

Introduction 

Bacterial photosynthetic membranes (chromato- 
phores) are endowed in the dark with a manifest 
ATPase activity which is coupled to the generation of a 
transmembrane electrochemical potential difference 
for protons (A/2rt+) [1]. These inside-out membrane 
systems are suited to characterize mechanisms of en- 
ergy coupling between the hydrolytic and the proton 
pumping activities of the membrane-bound ATPase 
complex [2] and to test models of energy transduction 
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[3-5]. The H+-ATPase is of the F I - F  0 type and in this 
respect is similar to its counterpart in energy-conserv- 
ing membranes from other sources. The F 1 sector 
contains five different subunits, named a, /3, ~,, ~ and 
~, with a likely stoiehiometry of 3 : 3 : 1 : 1 : 1, and the 
nucleotide binding sites [6-8]. The membrane-em- 
bedded F 0 part comprises four polypeptides (with an 
unknown stoichiometry) [9], similar to what is found in 
the transmembrane complex of the ATPase of chloro- 
plasts from higher plants [10], and acts as a transmem- 
brane proton pump [11]. 

Several studies from our and other laboratories have 
extensively characterized regulatory phenomena of the 
membrane-bound H+-ATPase in chromatophores and 
other photosynthetic systems (for reviews, see Refs. 
12-14). In chromatophores, these include activation of 
the ATPase activity by light [15] or artificially induced 
transmembrane Ai2n÷ [16], modulation by anions and 
divalent cations [17], and capability of hydrolyzing dif- 
ferent triphosphate nucleotides (for a review, see Ref. 
12). The divalent cation-triphosphate nucleotide com- 
plex is the substrate for the ATPase reaction [12], while 
only MgATP hydrolysis is coupled to proton transloca- 
tion across the membrane sector [18,19]. The/3 subunit 
seems to play a major role in the catalytic cycle, most 
likely containing both catalytic and regulatory site(s) 



216 

[19]. In chloroplasts, it is also suggested that the 
subunit, located at the interface between F 1 and F 0, 
plays a key role in the coupling mechanism between 
the reaction cycle and the transmembrane proton flow 
[20]. 

Although these observations indicate a close rela- 
tionship between the catalytic and transmembrane sec- 
tors of the ATPase complex, a quantitative analysis of 
the functional interactions of the F 1 and F o parts is 
lacking both in chromatophores and in other types of 
energy-conserving membranes. 

Recently, we proposed the use of the quenching of 
ACMA fluorescence to detect transmembrane ApHs 
of low extents (in the range of 0.1-1.5 ApH units) by 
developing a model, which after correcting for mem- 
brane-probe interactions, accounts for the relationship 
between artificially induced transmembrane ApHs and 
the quenching of fluorescence [21]. In this paper, we 
validate the use of this method to monitor transmem- 
brane pH differences coupled to ATP hydrolysis and 
characterize the kinetic parameters of the proton 
pumping activity in relation with those of the hydrolytic 
reaction, under different experimental conditions. The 
results demonstrate that the proton pumping activity is 
modulated simultaneously with modulation of the ATP- 
ase reaction at the catalytic and/or  regulatory sites. 

Materials and Methods 

Materials 
Chromatophores were obtained by mechanical rup- 

ture of a green strain of the photosynthetic bacterium 
Rhodobacter capsulatus, harvested at the late logarith- 
mic phase of growth, as previously described and kept 
at -14°C in a glycerol-containing buffer at pH 7.5 
(60:40 (v/v), 50 mM sodium glycylglycine) [22]. 
Adenosine 5'-triphosphate, Tricine, oligomycin, ventu- 
ricidin, nigericin and valinomycin were purchased from 
Sigma (St. Louis, MO, USA). ACMA was purchased 
from Molecular Probes (Eugene, OR, USA). All other 
chemicals, including MgCI 2 and NazSO 3 were reagent 
grade. 

Spectroscopic determinations 
The concentration of bacteriochlorophyll (BChl) in 

the chromatophore populations was determined, fol- 
lowing extraction in polar solvents (acetone/methanol, 
7:2 v/v), and using an extinction coefficient of 75 
cm-1 mM-1 at 775 nm, as already described [23]. 

ATP was dissolved in 20 mM sodium-Tricine buffer 
and the pH was adjusted to 6.8 with NaOH. Its concen- 
tration was enzymatically determined following NADP 
reduction at 340 nm, and was usually found to be 
5-10% less than that gravimetrically measured. The 
ADP contamination of the ATP solutions was enzymat- 
ically measured as well, following NADH oxidation at 

340 nm, and found to range from 1 to 5% of the ATP 
concentration [24]. The contamination of inorganic 
phosphate, as detected after complexation with molyb- 
date reagent [25], was also 1-5% of the ATP amount. 

The concentrations of endogenous Ca and Mg ions 
in chromatophores were spectroscopically detected af- 
ter complexation of Mg 2+ with Titan yellow and Ca 2+ 
with cresolphthalein complexone [26,27]. In different 
chromatophore populations, the divalent ion to BChl 
molar ratios were about 6 and 1 for Mg 2+ and Ca 2+, 
respectively. 

Measurement of the A TPase activity 
The rate of ATP hydrolysis was measured by detect- 

ing the inorganic phosphate released in the super- 
natant during the ATPase catalytic cycle, as previously 
described [22]. The assay routinely contained in 1 ml 
final volume: 50 mM Na-Tricine (pH 8.5), 50 mM KCI, 
0.2 mM sodium succinate, 5 ~M ACMA, 2/xM valino- 
mycin, and chromatophores corresponding to a BChl 
concentration of 20/~M. Sodium succinate was added 
to buffer the ambient redox potential. Ca 2 + ions, pres- 
ent in the chromatophore suspension, were chelated 
with EGTA and added at a one-to-one molar ratio 
with the divalent cation concentration (routinely in the 
range of 20-50 tzM, depending on the chromatophore 
preparation). The reaction was performed in the dark 
and started by addition of ATP at a fixed concentra- 
tion. Mg 2÷ ions were added, when necessary, to the 
assay medium as MgCI 2 and the total Mg 2÷ concentra- 
tion (evaluated by considering also the endogenous 
Mg 2÷ content) was equimolar to that of ATP or higher, 
depending on the experimental conditions. When at 
low substrate concentrations, the endogenous Mg 2+ 
content in chromatophores was higher than that of the 
MgATP complex (see above), excess Mg 2÷ ions were 
removed by chelating with equimolar amounts of 
EDTA. 

For each concentration of the substrate, the amount 
of phosphate released was a linear function of the 
reaction time for at least 2 rain, so that the initial rate 
of ATP hydrolysis was evaluated by extrapolating at 
t = 0 the slope of the straight line relating P~ concen- 
tration and time. This was also detected by measuring 
the ATP hydrolase activity coupled to the reaction of 
the pyruvate kinase and lactate dehydrogenase, and by 
spectroscopically following the oxidation of NADH at 
340 nm as described previously [28]. No difference was 
observed between the two methods. 

Similar experiments were also done by adding the 
substrate in the presence of oligomycin, or venturi- 
cidin, known inhibitors of the ATPase in these mem- 
branes, so that the oligomycin- or venturicidin-insensi- 
tive reaction rate was also detected and subtracted 
from the previous ones. This activity ranged from 20 to 
30% of the total one. Final concentrations of oligomycin 



and venturicidin were 10 and 2 /zM, respectively. All 
the data shown in this work refer to the oligomycin- 
sensitive ATPase activity. No difference was noted 
when venturicidin was used as inhibitor of the ATPase. 
Temperature was kept at 27 +_ I°C. Each experiment 
was performed in triplicate and the average value and 
mean error calculated therefrom. 

Measurement of the proton pumping activity 
The fluorescence of ACMA was measured using a 

Jasco P450 fluorimeter, with excitation and emission at 
390 and 510 nm, respectively [21]. The apparatus is 
described elsewhere [29]. The assay medium was the 
same as that used for the ATPase reaction, except that 
the final volume was 2 ml. ACMA was added at a final 
concentration of 5 >M as ethanolic solution. The 
ethanol content in the assay medium was 0.1%. The 
concentration of the probe did not affect the rate of 
ATP hydrolysis in the range of 0.1-10 /xM. The 
quenching of fluorescence was induced upon ATP ad- 
dition to the assay medium under continuous mixing, in 
a thermostated cuvette. Measurements of the quench- 
ing of ACMA fluorescence were performed at 27 _+ 1°C. 
Calibration of the quenching of ACMA fluorescence in 
terms of ApH units was performed by imposing artifi- 
cially induced apH levels of known extents to the 
chromatophore membranes, as previously described 
[211. 

Evaluation of the substrate concentration 
The concentration of the substrates used for meas- 

uring the rate of ATP hydrolysis and ApH generation 
were calculated by considering all the multiple equilib- 
ria which exist in solutions at a given pH and ionic 
strength. With the root-finding routine of Newton- 
Raphson [30], numerical solutions to the following 
equation were computed: 

Mg T = X[1 +ATPT/(A + X) + ADPT/(B + X) 

+AMPT/(C + X)] (1) 

where: 

Mg T = [MgT] present in the assay 

X =  [Mg 2+] free in solution. 

A = e / ( a  + b) 

e = [1 + 1 0  ( p H - p K A T P 4 )  

X(1 + [K+]KATPK + [Na+]KATPN~)] 

a -~ KATPHMg 

b = K A T P M g  • 10 (pH-pKAre4-) 
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B = f / ( c + d )  

f = [ 1  + 10(PH-PKA°p3-)(1 + [K+]KADPK 

+ [Na+ ]KADPNa)] 

C ~ KADPHMg 

d = KADPMgJ0 (pH-pKADP3-) 

C = g / i  

g=  [1 + 10(PH-pK~p>)(1 + [K + ]KAMPK 

+ [Na+ ]KAMPNa)] 

i = KAMPMgl0(PH-PKAMp2 ) 

[Na+], [K +] are the Na + and K + ion concentrations 
present in the assay. 

Eqn. 1 can be deduced by considering all the multi- 
ple equilibria of the ion-adenine nucleotide complexes 
which exist in solution at a given pH, ionic strength and 
temperature [31,32], and the mass balance to the total 
Mg 2+ concentration. 

The stability constants used, as reported in the 
literature [33-37], are listed in Table I. 

With Eqn. 1, the effective concentration of 
MgATP z- can be calculated also when the initial ADP 
and/or  AMP concentrations are negligible, as in the 
experiments described in the following. 

Curve fitting and kinetic analysis 
Curve fitting was performed using a non-linear least 

square minimization routine based on a gradient-ex- 
pansion algorithm, as described by Bevington [38]. Ki- 
netic parameters were calculated therefrom, and their 
standard deviations were obtained as the square root 
of the diagonal elements of the error matrix [38]. 

Results 

Measurements of ATP-induced ApH 
In the dark and in the presence of K+-valinomycin 

(to equilibrate K + concentration through the mem- 
brane phase), addition of MgATP to chromatophore 
suspensions previously equilibrated with ACMA, pro- 
motes a transient quenching of the probe fluorescence, 
until a steady-state value is attained, as shown in Fig. 1. 
The initial level of fluorescence is then restored by 
adding to the membrane suspension inhibitors of the 
ATPase complex, such as oligomycin, venturicidin and 
DCCD. Alternatively, the fluorescence can be restored 
by adding nigericin or CCCP, or, as previously shown, 
by chelating Mg ions with equimolar amounts of EDTA 
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Fig. 1. Quenching of A C M A  fluorescence induced in the presence of dark adapted photosynthetic chromatophores  upon addition of the 
substrate for the membrane-bound  ATPase  complex under  different experimental  conditions. (A) [ M g A T P 2 - ] =  0.101 mM. Curve a: control 
experiment;  curve b: in the presence of 0.45 mM  Na2SO3; curve c and curve d: in the presence of 0.65 and 2.5 mM free Mg 2+, respectively. Both 
the substrate and the free Mg 2+ concentrat ions are evaluated with Eqn. 1. The  final concentration of oligomycin (+ol ig)  was 10 /zM. (B) 

[MgATP 2-  ] = 0.386 mM. Legends for curves are as in Fig. 1A. 

[18]. Both the initial rate and the extent of the quench- 
ing of ACMA fluorescence can be affected by modulat- 
ing the substrate concentration in the absence or in the 
presence of known effectors of the hydrolytic activity 
(Fig. 1A, B), such as free Mg ions and Na2SO 3. These 
results clearly indicate that the observed quenching of 
ACMA fluorescence is related to the ATP-induced 
proton pumping activity of the membrane-bound ATP- 
ase complex. 

The quenching of ACMA fluorescence can be used 
to evaluate the time course of ApH formation pro- 
vided that proper calibration curves are used (Fig. 2). 
In these experiments, alpHs of known extents are 
artificially induced in chromatophore membranes un- 
der the same experimental conditions used above. The 
dependence of ApH on the correspondent quenching 
(Q) of fluorescence is fitted with the following equa- 
tion: 

a p H  = A [ Q / ( B -  Q)] exp[Q/( B -  O)+ C] (2) 

TABLE I 

Stability constants used for the evaluation of the substrate concentra- 
tions 

Stability constants  of the  different ion -aden ine  nucleotide complexes 
are evaluated at pH 8.5, 0.1 M ionic strength,  and 25°C [30-33]. 

KATPMg2- = 42658 KADPMgi- = 2754 KAMPMg = 89 
KATPHMgl- = 724 KAnPrtM g = 100 
KATPK3- = 14 KADPK2- = 5.9 KAMPK~- = 4.3 
KATPNa3- = 15 KADPNa2- = 4.5 KAMPNa I - = 3.2 
PKAT P = 7.05 pKAD P = 6.78 PKAM P = 6.47 

where A, B and C are three empirical fitting parame- 
ters. It was previously shown that this dependence is 
also obtained when the interaction of the probe with 
the chromatophore membranes is evaluated and in- 
cluded in a model in which the transmembrane ApH is 
determined from the distribution ratio of the inner to 
the outer concentrations of free neutral monoamine 
[21]. The A, B and C values obtained by fitting the 
data presented in Fig. 2 were 4.6, 165 and -2.3 • 10 -2, 
respectively, and were not affected when the calibra- 
tion curve was performed in the presence of ATP, 
Mg 2÷ and sulphite ions in the range of concentrations 
used in this work. 
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Fig. 2. Calibration of the quenching of A C M A  fluorescence in terms 
of zlpH. Experimental  conditions are described in Materials and 
Methods.  BChl and A C M A  concentrations are 20 and 5 /zM,  respec- 
tively. Curve fitting of the  experimental  data points is performed 

according to Eqn. 2. 
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Fig. 3. Time-course of ApH formation coupled to ATP hydrolysis in dark-adapted photosynthetic chromatophores. ApH is evaluated as a 
function of time according to Eqn. 2 in A and B from the experiments shown in Fig. 1A and B, respectively. Legends for curves are as in 

Fig. 1A and B. 

By means of Eqn. 2 it was possible to evaluate ApH 
at different times from the traces shown in Fig. 1. The 
results are shown in Fig. 3A and B. It appears that 
ApH is a linear function of time in the range from 
about 1 to 10 s, depending on the substrate concentra- 
tion and experimental conditions. This observation al- 
lows to interpolate the results with a straight line and 
to extrapolate this dependence at t = 0. The slope of 
this linear function is a measure of the initial rate of 
ApH formation (AlbH) and is used for kinetic analysis. 
It must also be noted that during the early enzyme 
turnovers the total buffering power of the different 

samples is constant, and the Al~H values thus obtained 
can be used to evaluate the kinetic parameters of the 
proton pump. 

Kinetic analysis of the hydrolytic and proton pumping 
actiuities 

In Fig. 4A and B, the hydrolytic and proton pump- 
ing activities are compared at the different concentra- 
tions of the substrates of the ATPase reaction. In the 
presence of K+-valinomycin, the thermodynamic back 
pressure of the electrical transmembrane potential dif- 
ference on the hydrolytic activity is prevented. Under 
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the same as those shown in Table I for MgATP and MgADP [37]. The rate of the oligomycin-sensitive ATP hydrolysis (v v) is measured as 
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TABLE II 

Kinetic parameters of  the ATPase and proton pumping activities catalyzed by the FiF O enzyme complex in membranes from photosynthetic bacteria 

Conditions vp AIbH 

V r n a  x a K m (mM) Vma x (zipH s 1) K m (mM) 

MgATP 
+[MgCI a] 0.63 mM 
+[MgCle] 1.25 mM 
+[MgCI:] 2.50 mM 
+ [MgCI:] 5.00 mM 
+ [NazSO3] 0.45 mM 

MglTP 

13 + 1 0.22_+0.06 0.34+_0.06 0.16-+0.09 
13 -+2 0.46-+0.04 0.3 -+0.1 0.5 _+0.3 
13 _+1 0.74-+0.06 0.3 -+0.1 0.7 -+0.3 
13 _+3 1.2 +0.5 0.3 -+0.1 1.2 -+0.5 
15 -+9 2.0 _+0.3 0.3 _+0.1 2.0 _+0.9 
20 _+ 1 0.18_+0.04 0.68_+0.07 0.21+_0.07 

5.0_+0.6 0.29+_0.07 0.18-+0.02 0.3 _+0.l 

a (nmol ATP hydrolyzed s -1 (/,mol BChl) 1) 

these conditions, the affinity of the hydrolytic activity 
for the substrate is not affected, while the maximal 
velocity is increased about 30% as compared to control 
experiments (data not shown). It is evident that, under 
these conditions, both activities are kineticaUy related 
to the substrate concentrations by the Michaelis- 
Menten hyperbolic function (less X square) and show a 
similar affinity. 

This is also observed when MglTP is used as a 
substrate of the hydrolytic activity. The effect on the 
kinetics of hydrolysis is a slight increase of the K m and 
a decrease of Vma x. Notably, a similar effect is also 
observed on the activity of the proton pump (curve b in 
Fig. 4A and B; see also Table II). 

The effects of anions on the hydrolytic activity of the 
ATPase of chromatophores was tested before [17]. The 
most effective activator is sulphite, even when used at 
rather low concentrations (0.45 mM), as in our experi- 
ments. In the presence of sulphite, the dependence of 
the rate of ATP hydrolysis on the concentration of the 
substrate is still fitted to a hyperbolic function, as 
shown in Fig 4A. The K m is similar to that determined 
in the absence of the anion, while Vm~ increases up to 
2-fold the value measured in control experiments (Ta- 

ble II). A parallel activation is also noted in the proton 
pumping activity (Fig. 4B). 

Mg ions, in excess with respect to MgATP, competi- 
tively inhibit the hydrolytic activity [12]. This is con- 
firmed also in our experiments when the effect of Mg 
ions on both activities is measured. The data are shown 
in Fig. 5A and B. By curve fitting to a Dixon plot (vp -t 
vs. concentration of free inhibitor), a K i of (0.5 + 0.1) 
mM is evaluated for both activities (data not shown). 

A summary of the kinetic constants of the ATPase 
and proton pumping activities is shown in Table II. 

D i s c u s s i o n  

A method is presented here to characterize proton 
pumping activity coupled to ATP hydrolysis in photo- 
synthetic bacterial membranes. The method is, how- 
ever, of general use and can be applied to detect ApH 
generation in energy-conserving natural and co-recon- 
stituted membranes, provided that the polarity for pro- 
ton flux is similar to that of bacterial chromatophores, 
namely inside-out with respect to the whole cell. 

ACMA has been extensively used as a qualitative 
indicator of transmembrane proton flux in biomem- 
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branes relevant in bioenergetics [39]. We have recently 
characterized the properties of this dye and its interac- 
tion with the membrane phase [21]. Under the experi- 
mental conditions used in this paper, it was measured 
that about 75% of the total amount of ACMA added 
to the chromatophore suspension binds to the dark 
adapted membranes, also when the extent of ApH, if 
present, is < 0.1, as due to the Donnan potential in 
the dark at 0.1 M ionic strength [40]. 

As previously discussed [21], a model based on the 
equilibrium distribution of the amine between two bulk 
phases at different pH levels [41] can predict the S- 
shaped dependence of ApH vs. quenching of fluores- 
cence reported in Fig. 2, provided that binding is 
included by determining the adsorption isotherm of the 
probe on the membrane [21]. According to this model, 
it can be calculated that when the quenching ranges 
from 1 to 95% of the initial level of fluorescence, the 
amount of free A C M A  in solution (outer and inner 
volumes) decreases from 25 to 1% of the total amount, 
the remainder being adsorbed on the total adsorbing 
surface of the membrane. Concomitantly, the amount 
of ACMA free in the inner osmotic space changes 
from 9" 10 -4 to 10-1% of the total amount of probe 
added to the assay medium. The main feature of this 
model is that the probe remains strongly adsorbed on 
the membrane interfaces even in the presence of ApHs 
as high as 2-3 units, as are those artificially induced by 
means of acid to basic pH transitions. Any binding 
promoted by ApH formation is negligible in terms of 
mass displacement from the outer to the inner side of 
the membrane. Under these conditions, the contribu- 
tion to the total fluorescence from the molecules free 
in the inner aqueous volume can be neglected and the 
quenching observed would be due to partitioning of the 
probe in the membrane phase, characterized by a low 
dielectric constant [21]. 

Based on these considerations, the use of the cali- 
bration curve shown in Fig. 2 accounts for membrane- 
probe interactions. A major advantage in using ACMA 
as compared to other zlpH responding probes is the 
sensitivity of this fluorescent amine to ApH of low 
extents. This is also evident from the experiments 
reported in Fig. 2, where it is shown that an artificially 
induced ApH of about 0.2 units promotes a 5% 
quenching of fluorescence in membranes containing 
phospholipids and proteins, corresponding to 200 /~M 
and 400/zg, respectively. 

Characterization of proton flux at the early turnovers 
of the hydrolase activity is crucial for understanding 
functional interactions between the catalytic and pro- 
ton pumping sectors of the ATPase complex in energy 
coupling membranes. In earlier experiments, working 
with eosin-labeled chromatophores on F1, we meas- 
ured that the lifetime of the light-induced conforma- 
tional change of the catalytic sector during activity was 
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in the range of 100 ms [42]. Assuming this figure as a 
reliable time also for the enzyme turnover in the dark, 
it appears that ACMA is particularly suited to detect 
transmembrane proton flow sustained by the ATPase 
activity. The response time of this probe to ApH 
formation was indeed evaluated in the range of 70 ms 
at 27°C (as detected with a rapid mixing technique) 
[21]. Due to the hydrophobicity of the molecule [43], 
the use of Eqn. 2 to compute ApH from the time 
course of the quenching of fluorescence sets on the 
notion that the time of equilibrium redistribution of 
the probe between the water and the membrane phase 
is negligible, as compared to ApH generation. 

Furthermore, the coincidence of K m for the sub- 
strates, as well as the parallel effect detected when 
activators and/or  inhibitors of the hydrolase were 
tested on both the hydrolytic and proton pumping 
activities, strongly support the conclusion that the fluo- 
rescent probe used in this study is competent to moni- 
tor proton flux and transmembrane ApH generated by 
the catalytic activity of the F 1 sector of the membrane- 
integrated ATPase complex. 

In our experiments the multiple equilibria of ion- 
adenine nucleotide complexes are considered in order 
to determine the MgATP a- concentration. This 
species, which, according to Eqn. 1, is predominant at 
pH 8.5, when ATP and Mg a÷ are added at equimolar 
concentrations, in the absence of ADP and AMP con- 
centrations except those arising from ATP contamina- 
tion, is considered the effective substrate for ATPase 
activity, which is optimal at this pH [12]. The use of 
Eqn. 1 is, however, recommended in evaluating the 
effective substrate concentration, since this may be up 
to 20% less than that of the total added concentration 
under the conditions previously outlined. When this is 
considered in kinetic analysis, it appears that the ATP- 
ase activity of dark adapted chromatophores is acti- 
vated by substrate addition in parallel with the ATP- 
dependent proton pump, and that the ApH generation 
is modulated simultaneously with modulation of the 
ATP hydrolase at the catalytic site(s). This is confirmed 
also by the inhibitory and stimulatory effects on both 
activities observed in the presence of excess Mg 2+, 
with respect to substrates or sulphite, even at low 
concentrations. Taken together, these data indicate a 
close functional relationship between the catalytic 
site(s) on F 1 and the membrane sector (F 0) of the 
ATPase and that, under the experimental conditions 
used in this work, no functional slippage in the energy 
coupling process is present. 
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