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The ATP synthase from Escherichia coli was isolated and reconstituted into liposomes. The ATP hydrolysis by
these proteoliposomes was coupled to proton pumping, and the ensuing inner volume acidification was
measured by the fluorescent probe 9-amino-6-chloro-2-methoxyacridine (ACMA). The ACMA response was
calibrated by acid–base transitions, and converted into internal pH values. The rates of internal acidification
and of ATP hydrolysis were measured in parallel, as a function of Pi or ADP concentration. Increasing Pi
monotonically inhibited the hydrolysis rate with a half-maximal effect at 510 μM, whereas it stimulated the
acidification rate up to 100–200 μM, inhibiting it only at higher concentrations. The ADP concentration in the
assay, due both to contaminant ADP in ATP and to the hydrolysis reaction, was progressively decreased by
means of increasing pyruvate kinase activities. Decreasing ADP stimulated the hydrolysis rate, whereas it
inhibited the internal acidification rate. The quantitative analysis showed that the relative number of
translocated protons per hydrolyzed ATP, i.e. the relative coupling ratio, depended on the concentrations of
Pi and ADP with apparent Kd values of 220 μM and 27 nM respectively. At the smallest ADP concentrations
reached, and in the absence of Pi, the coupling ratio dropped down to 15% relative to the value observed at
the highest ADP and Pi concentrations tested. In addition, the data indicate the presence of two ADP and Pi
binding sites, of which only the highest affinity one is related to changes in the coupling ratio.
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1. Introduction

F0F1-ATPases or ATP synthases are highly conserved enzymes
found in bacteria, mitochondria and chloroplasts, which catalyze ATP
synthesis at the expense of a transmembrane electrochemical
potential difference of protons (or Na+ ions in some species) and
can also work in the opposite direction, building up a proton (or Na+)
electrochemical potential difference at the expenses of ATP hydrolysis
[1–5]. They are composed of a membrane embedded hydrophobic
sector, F0, through which proton translocation across the membrane
occurs, constituted in its simplest form by 3 subunits in stoichiometry
ab2c10–15, and of a hydrophilic extrinsic sector, F1, which houses the
catalytic sites, constituted in its simplest form by 5 subunits in
stoichiometry α3β3γδε. The structure of the whole complex remains
as yet unresolved, but a high resolution structure of the bovine
mitochondrial F1 was achieved in 1994 [6]. Subsequently several
additional structures of bovine F1 have been obtained, in which the
catalytic subunits exhibit different functional states induced by a
variety of substrates, product analogues, or inhibitors [see e.g. 9–12].
Structures from chloroplast [13], Escherichia coli [14], and more
recently from Saccharomyces cerevisiae F1 [15] are also available.
Comparison of these structures reveals the substantial close similarity
of ATP synthase in all these organisms.

The structural data turned out to tie in extremely well with the
functional model first proposed by Boyer [7,8], according to which the
catalytic nucleotide binding sites on the β-subunits operated in a cyclic
way, accomplished by a rotatorymovement of the γ-subunit within the
α3β3-subunit hexamer. Plenty of experimental evidence has confirmed
and enriched that model (reviewed in [2,4]). Besides the γ-subunit,
rotor's component are the ε-subunit in F1 and the c-subunit ring in F0,
whose rotarymovement against the a-subunit of the stator is thought to
be coupled to proton flow through F0. In its simplest version, the model
of rotatory catalysis implies that the coupling between proton flows
through F0 and the catalytic reactions at the nucleotide binding sites,
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both in the synthesis and hydrolysis direction, occurs with a fixed H+/
ATP stoichiometry. This notion stems from the concept that the central
rotor of the enzyme rotates and interacts as a single solid bodywith the
three catalytic sites in F1 and that the number of protons translocated
per rotor turn is strictly related to the number of c-subunits present in
the F0 sector.

However, the possibility of intrinsic uncoupling of mitochondrial
redox and ATPase H+-pumps, leading to an effective H+/ATP coupling
ratio lower than the H+/ATP stoichiometry, has been the topic of
theoretical work in the past [see e.g. [16]] and a variable ratio between
phosphorylation potential and ion gradient potentials under different
conditions had been reported e.g. in inverted Rhodobacter capsulatus
membranes [17], in bovine heart submitochondrial particles [18], in
Bacillus licheniformis cells [19], or in cells of a thermoalkaliphilic
aerobic bacterium [20]. The idea of a variable coupling ratio in the E.
coli enzyme had been put forward by [21,22]. In addition, variability in
the coupling ratio, in a few cases dependent on the pHin and pHout

values, has been repeatedly found for several V-ATPases [23–26], a
class of enzymes closely related to ATP synthases.

Recently, we have found evidence, based on the comparison
between rates of ΔpH formation and rates of ATP hydrolysis, that the
effective coupling ratio of the ATP synthase of inverted membranes
from Rb. capsulatus [27] and E. coli [28] can vary as a function of the
concentration of the hydrolysis products ADP and Pi, i.e. that the ATP
synthase can become intrinsically uncoupled. The range of ADP
concentration within which the phenomenon could be observed was
extremely low, which might explain why it had remained unnoticed
for a long time.

In the present work, we have isolated the E. coli ATP synthase and
reconstituted it into preformed liposomes. Such reconstituted system
has allowed us to quantitatively evaluate the extent of the ADP- and
Pi-induced modulation of coupling efficiency.
2. Materials and methods

2.1. Cell growth, membrane preparation, and EF0F1 isolation

Cells from the XL1Blue E. coli strain carrying the kanamycin
resistance on the plasmid pNK1 (Stratagene) were grown in LB
medium, and harvested at a late exponential phase. Fifteen grams
cells (wet weight) were washedwith 400 ml of Buffer A (50 mM Tris–
HCl, pH 8.0), resuspended in 200 ml Buffer B (50 mMTris–HCl, pH 8.0,
140 mM KCl, 1 mM DTT, 10% glycerol (v/v), 10 μg/ml DNase, 100 μM
PMSF, 6 mM p-ABA) and disrupted at 138 Mpa (20,000 p.s.i.) in the
French Press. Unbroken cells were removed by centrifugation at
16000 rpm and the remaining supernatant was centrifuged in a
Beckman type 50.2 Ti rotor at 40000 rpm for 90 min to pellet inverted
membranes.

EF0F1 was isolated essentially as described in [29,30]. Inverted
membranes were suspended in 15 ml Buffer C (40 mMMOPS, pH 7.0,
2 mM MgCl2, 5 mM thioglycerol). The protein concentration was
measured by the Bradfordmethod [31] and adjusted to 10 mg/ml. The
mixture was incubated for 10 min on ice in the presence of 2% OG. The
supernatant obtained by centrifugation at 34.000 rpm for 60 min at
4 °C was applied to a sucrose gradient (20–45%) containing Buffer D
(Buffer C+0.6% OG), and centrifuged in a Beckman type 50.2Ti rotor
at 35.000 rpm for 14 h at 4 °C. The fractions containing ATP hydrolysis
activity (measured as loss of absorbance at 340 nm per unit time in
the following ATP regenerating assay: 20 mM Tricine, pH 7.5, 2 mM
MgCl2, 10 mM KCl, 1 mM ATP, 2 mM PEP, 0.15 mM NADH, 5 mM KCN,
25 U/ml LDH, 25 U/ml PK)were combined and stored at−80 °C. EF0F1
purity was 40%, as estimated by densitometric scanning of gels stained
by Coomassie Brilliant Blue; its concentration was calculated by
measuring the total protein concentration [31] and taking the purity
factor into account, on the basis of a molecular mass of 550 kDa.
2.2. Liposome preparation and EF0F1 reconstitution

Liposomes from phosphatidylcholine and phosphatidic acid were
prepared by dialysis as described in [32]. 18 g/l phosphatidylcholine
and phosphatidic acid in a mass ratio of 19:1 were suspended in
sonication buffer (10 mM Tricine/NaOH, pH 8, 0.5 mM DTT, 0.1 mM
EDTA, containing 7.2 g/l cholic acid and 3.6 g/l sodium desoxycho-
late), sonicated in an ice bath for 3×30 s (Branson sonifier at 20 kHz
and 150 W) and dialyzed against a 4000-fold volume of dialysis buffer
(10 mM Tricine/NaOH, pH 8, 2.5 mM MgCl2, 0.25 mM DTT, 0.2 mM
EDTA) at room temperature overnight using a Diachema membrane
type 10.14 MWC 5000. The lipid concentration after dialysis was
approximately 16 g/l. Purified EF0F1 was reconstituted into these
preformed liposomes essentially as described in [32,33]. Reconstitu-
tion assays contained, in a final volume of 200 μl: 100 μl liposome
suspension, 20 mM succinate/20 mM Tricine/NaOH, pH 8.0, 3.75 mM
MgCl2 (2.5+1.25 from the dialysis buffer), 50 mM KCl (except for
samples used in ATP synthesismeasurements, which contained 0.5 mM
KCl and50mMNaCl) and0 to0.30 μMpurified EF0F1 in a total volumeof
60 μl Buffer D. After addition of 0.65% (v/v) Triton X-100 and 60 min
incubation at room temperature, the detergent was removed by
incubating the suspension in the presence of 64 mg Bio-Beads SM-2
(extensively washed as described in [34]) for 60 min under gentle
stirring. The resulting EF0F1 proteoliposomes could be stored at room
temperature for up to 2 days without any loss of ATP synthesis activity.

2.3. ATP hydrolysis

All reactions were carried out in sample holders thermostated at
25 °C. ATP hydrolysis was measured either by detecting the scalar
protons released upon ATP hydrolysis by means of the colorimetric pH
indicator Phenol Red, or by measuring the rephosphorylation of the
produced ADP by coupling the pyruvate kinase (PK) reaction to NADH
oxidation via lactic dehydrogenase (LDH). The second method worked
simultaneously as an ADP trap, and the extent to which the ADP was
withdrawn could bemodulated by the concentration of addedPK. In the
colorimetric proton detection assay, proteoliposomes were suspended
to the desired EF0F1 concentration (routinely 3.0 nM), 15 min prior to
the reaction start, in the following buffer: 1 mM Tricine, 50 mM KCl,
2.0 mM MgCl2, NaOH to pH 8.0 (adjusted immediately prior to each
measurements), 100 μMPhenol Red, and1 μMvalinomycin tominimize
Δφ. The pH changes of the suspension were followed as a function of
time in the double wavelength setup of a Jasco V-550 spectrophotom-
eter by theabsorbance changes at625–587 nm. Theabsorbance changes
were calibrated after about 200 s of reaction by 3 sequential addition of
15 μM HCl. The overall pH change of the suspension at the end of the
measurements was never higher than 0.3 units. The calibration signals
showed that the addition of 3 mM Pi in the poorly buffered assay
medium caused a less than 2-fold increase of the buffering power. The
changes of proton concentration were transformed to changes of ATP
concentration as described [35]. At pH 8.0 a ratio for scalar proton to
hydrolysed ATP equal to 0.94 was used. When ATP hydrolysis was
measured by the ADP rephosphorylation method, the reaction condi-
tions were the same, except that the suspension contained, instead of
Phenol Red, 2 mM PEP, PK to variable amounts as indicated, 25 U/ml of
LDH, and 0.15 mMNADH. The PKwas supplied from Sigma (P-9136) as
an ion-free lyophilized powder. The ADP rephosphorylation, coupled
stoichiometrically to NADH oxidation, was followed by the absorbance
changes at 340 nm as a function of time in the Jasco V-550
spectrophotometer. In isolated E. coli membranes it has been shown
that the rates of ATP hydrolysis as measured either by the Phenol Red
assay (in the absence of Pi) or by themalachite green assay [36] did not
differ in the range of experimental error, and similarly that the
hydrolysis rates in the presence of PK, PEP, LDH, NADH, and absence
of Pi, did not differ significantly if measured either by the ADP
rephosphorylation assay or by the malachite green assay [28].
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2.4. ACMA assay and calibration

ACMA (Molecular Probes. Inc., Eugene, Oregon, USA) was
dissolved in ethanol to a final concentration of 1.5 mM. The ACMA
assays were carried out at 25 °C under experimental conditions as
close as possible to those used for ATP hydrolysis measurements. The
ACMA fluorescence emission was recorded as a function of time
(RC=0.25 s) in a Jasco FP 500 spectrofluorometer (wavelength 412
and 482 nm for excitation and emission respectively). When the
ACMA assays were compared to the proton detection hydrolysis
assays, the reaction conditions were the same as used for those
hydrolysis measurements, except that Phenol Red was omitted and
1.5 μM ACMA was added. When the ACMA assays were compared to
the ADP rephosphorylation hydrolysis assays, the reaction conditions
were the same as used for those hydrolysis measurements, except
that LDH and NADH were omitted and 1.5 μM ACMA was added. In
control measurements, addition of pyruvate up to 100 μM did not
affect the quenching signals.

For ACMA calibration, transmembrane ΔpHs were artificially
imposed on proteoliposomes by means of acid–base transitions,
following the procedure described in [37]. Various proteoliposome
samples, suspended in a buffer containing 20 mM Tricine/20 mM
succinate, pH 8.0, 50 mM KCl, 2 mM MgCl2, 1 μM valinomycin, and
1.5 μM ACMA, were adjusted by addition of suitable volumes of 1 M
HCl to pH values ranging from 4.2 to 8.0, and equilibrated for 30 min
at 25 °C. Longer equilibration times, up to 2 h, did not change the
subsequent fluorescence signal, indicating that full equilibration of
proton concentration between the external and the intravesicular
compartment had been reached. Therefore, the pH value during the
equilibration time was taken as the internal pH value in the acid–base
transition. The quenching of ACMA fluorescence as a function of time
was recorded at the same temperature upon addition to the
spectrofluorometer cuvette, by a Hamilton syringe and under
vigorous stirring, of the same volumes of 1 M NaOH, so that the
outside pH was brought rapidly (within about 0.5 s) to the constant
value of 8.0. This procedure (acid–base transition) induced a transient
transmembrane ΔpH (varying from 3.8 to 0 pH units) that was
expected to decay due to the proton passive flow through the
membrane. Correspondingly, a transient fluorescence quenching was
observed, after which the original fluorescence intensity was
recovered within several tens of seconds. The initial and final pH
values of the suspensions were determined using a Radiometer
PHM62 pHmeter, and their differences were taken as the imposed
transmembrane ΔpH's. The maximum quenching values recorded
upon the acid–base transition were taken as the ACMA fluorescence
response to these calculated ΔpH values.

2.5. ATP synthesis

The rate of ATP synthesis catalyzed by EF0F1 wasmeasured at 25 °C
similarly as described in [30,32]. Proteoliposomes were energized by
an acid/base transition in the presence of a K+/valinomycin diffusion
potential. ATP synthesis and detection of ATP with the luciferin/
luciferase assay (Merlin) were carried out simultaneously in a
luminometer (LKB 1250) as follows. 890 μl Buffer LII (200 mM Tricine,
160 mM KOH, 2 mM MgCl2, 5 mM NaH2PO4, 0.1 mM ADP) were
mixed with 10 μl luciferin/luciferase reagent, and the baseline was
recorded. 30 μl of proteoliposomes (0 to 102 nM EF0F1) were mixed
with 90 μl Buffer LI (20 mM succinate/NaOH, 0.5 mM KOH, pH 4.7,
2 mM MgCl2, 5 mM NaH2PO4, 20 μM freshly added valinomycin) and
incubated for 1–6 min. ATP synthesis was initiated by injection of
100 μl of this suspension (final pH 5.0) with a Hamilton syringe
directly into the cuvette containing LII and luciferin/luciferase (final
pH 8.5). The increase in luminescence was converted in increase of
ATP concentration by adding 10 μl of an ATP solution of known
concentration (10 μM) to calibrate the luminescence signal.
2.6. Measurement of pyruvate kinase activity and evaluation of the
steady state ADP concentration in the ADP rephosphorylation assay

The activity of PK was measured under the experimental
conditions of the present work. The assay buffer (1 mM Tricine,
50 mM KCl, 2 mM MgCl2, NaOH to pH 8.0) was supplemented with
2 mMPEP, 2 mMADP, 0.15 mMNADH, 25 U/ml LDH. The reactionwas
started in the spectrophotometer by addition of a suitable volume of
PK solution, and the ensuing NADH oxidation, stoichiometrically
coupled to ADP phosphorylation, was recorded at 340 nm as a
function of time. By carrying out the samemeasurements as a function
of [ADP], an hyperbolic course was obtained, giving a KM

ADP value of
0.15 mM. The ADP concentrations maintained at the different PK
activities could be calculated by imposing that a steady state
concentration for ADP is reached, in which the rate of its production
by the ATP hydrolysis reaction (v(hyd)) balances the rate of its
depletion by PK (v(PK)). Assuming a Michaelis–Menten kinetics for the
PK reaction, one has:

v hydð Þ = v PKð Þ =
VADP
max d ADP½ �ss

ADP½ �ss + KADP
M

ð1Þ

where [ADP]ss is the ADP concentration in the steady state, and Vmax
ADP

and KM
ADP refer to the PK reaction. Vmax

ADP and KM
ADP were measured as

described above, and v(hyd) were those reported in Fig. 5E. Control
measurements gave a Ki for ATP as a competitive inhibitor with ADP in
the order of 2 mM, indicating that at the relatively low ATP
concentrations of these assays (150 μM) the expected apparent KM

ADP

does not differ significantly from the KM
ADP.

3. Results

To evaluate the extent of intrinsic uncoupling in the E. coli ATP
synthase, we have purified the enzyme and reconstituted it into
preformed liposomes, as described in Materials and methods. The
activity of the purified enzyme and its substantial incorporation into
the liposomes were assayed by measuring the rate of ATP synthesis
driven by acid–base transitions (see below). Acid–base transitions
were also applied with the aim of calibrating the response of the
transmembrane ΔpH fluorescent probe ACMA, needed for a quanti-
tative evaluation of proton pumping. A fundamental condition
required in order to apply reliably a calibration obtained by acid–
base transitions to the signals elicited by the EF0F1 proton pumping is
that the percentage of vesicles devoid of pumps is close to zero, since
they will respond to the imposed ΔpH but will not contribute to a
signal due to proton pumping coupled to ATP hydrolysis. Therefore,
the initial measurements were devoted to such goal.

3.1. ACMA quenching and catalytic activities of proteoliposomes as a
function of EF0F1-to-lipid ratio

Themethod used for liposomes formation and EF0F1 reconstitution
has been already described in [31]. The average diameter of the
proteoliposomes resulting from such a procedure was 160 nm, as
measured by Photon Correlation Spectroscopy [38,39]. Therefore, by
taking an area of 0.64 nm2/lipid molecule [40] and an average
molecular weight of 780 Da for a lipid molecule, at a lipid
concentration of 0.08 g/l, a proteoliposome concentration of 0.4 nM
in the assays can be calculated. On the basis of the Bradford protein
assay method and of a molecular weight of 530 kDa, the EF0F1
concentration in the assays, and therefore the average enzyme-to-
vesicle ratio, can also be calculated. Assuming a Poisson distribution,
the probability P(x, n) of finding a given number of EF0F1 molecules
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per vesicle (x) can be predicted for different values of the average
number of EF0F1 molecules per vesicle (n), according to:

P x;nð Þ = nx

x!
e−n ð2Þ

From such equation it results that the probability of having
liposomes completely devoid of EF0F1s, for an average of 1, 2, 3, and 4
EF0F1 per vesicle, is 37%, 14%, 5%, and 2%, respectively. Therefore, in
order to reduce such probability down to acceptable values, theory
predicts that the EF0F1 concentration in the assays must exceed 1.2–
1.6 nM.

To check for agreement with experimental data, a series of
reconstitutions was set up, in which the EF0F1-to-vesicle ratio was
varied by changing the amount of added protein. As expected, the
hydrolysis rate (Fig. 1A) increased linearly with the enzyme concentra-
tion. The synthesis rate (Fig. 1B) also increased linearlywith the enzyme
concentration, indicating that the percentage of enzyme incorporated
into themembrane was constant in the tested concentration range. The
Fig. 1. ACMA quenching and catalytic activities in proteoliposomes as a function of EF0F1-to-l
suspension was diluted in the measuring buffer, as described in Materials and methods. (A
hydrolysis as a function of time, started by addition of 50 μMATP andmeasuredwith the Phen
time range (not shown). The slopes and their standard deviations were calculated by linea
(slope=19±2 s−1). (B) The initial rates of ATP synthesis are plotted as a function of EF0F1 co
luminometer cuvette in the presence of the reaction substrates and ATP formation was m
methods. It decayed exponentially with a half-life of a few seconds (not shown). The initial
first second of reaction. The straight line in the plot is the linear regression fit of the data (slop
cuvette by addition of 50 μM ATP at t=0, and the ACMA fluorescence was recorded as a func
level (not shown). The EF0F1 concentration in each assay is indicated. The straight lines, who
the first few seconds of reaction. (D) The initial rates of quenching from (C) are plotted as a
smaller than the size of the circles. The curve through the points is an arbitrary exponentia
slopes of the plots in Fig. 1A and B give directly the turnover numbers in
the hydrolysis (19±2 s−1) and synthesis (63±3 s−1) direction,
respectively. Fig. 1C shows the ACMA fluorescence traces obtained
from these different samples when the hydrolysis reaction was started,
at t=0, byaddingATP to the assay. Both the initial rate of quenchingand
the steady state quenching extent increased as a function of the
enzyme-to-lipid ratio. If the size of the internal volume, Vin, inwhich the
probe concentrates, is constant, a roughly linear increase of the initial
quenching rate with the enzyme concentration is expected: in fact,
(a) at low values the quenching is found to increase linearly with the
ΔpH (see Fig. 2C below), i.e. with pHin at constant pHout, (b) at low
values the d(pHin)/dt is proportional to the acidification rate d[H+]in/dt,
and (c) this latter rate is proportional to the number of pumped protons
(see Eq. (6) below), i.e. to the number of incorporated enzyme
molecules. In contrast, the initial quenching rates should increase with
an upward concavity if not only the enzyme concentration but also the
internal volume is increasing. The plot of the initial rates of quenching as
a function of enzyme concentration is shown in Fig. 1D, and it is
consistent with an upward concavity up to 1.5–2 nM enzyme (i.e. up to
ipid ratio. After reconstitution in the presence of increasing concentrations of EF0F1, the
) The rates of ATP hydrolysis are plotted as a function of EF0F1 concentration. The ATP
ol Red assay as described inMaterials andmethods, was linear over thewhole recorded
r regression fitting. The straight line in the plot is the linear regression fit of the data
ncentration. The ATP synthesis reaction was induced by an acid–base transition into the
onitored continuously in the luciferin/luciferase assay as described in Materials and
rates and their standard deviation were calculated by linear regression fitting over the
e=63±3 s−1). (C) The proton pumping reaction was started in the spectrofluorimeter
tion of time. For each trace, addition of 1 μM nigericin recovered the 100% fluorescence
se slopes represent the initial rates of quenching, were obtained by linear regression of
function of EF0F1 concentration. The standard deviations associated to the slopes were
l function drawn to guide the eye.



Fig. 2. Calibration of ACMA fluorescence quenching by acid–base transitions. (A)Where
indicated, ACMA was added in the spectrofluorometer cuvette to the acidified
proteoliposomes, which had a pH value of 5.1. The subsequent addition of NaOH to
the indicated concentration brought rapidly the external pH to 8.0 and induced the
transmembrane ΔpH transition. Nigericin added after the quenching transient was
decayed did not change the fluorescence extent. Nigericin added prior to NaOH
abolished the quenching transient. (B) Several acid–base transitions were induced at
the different indicated ΔpH values, by addition of suited amounts of NaOH at time t=0.
The fluorescence signal recorded prior to NaOH addition is shown for clarity only for the
trace at ΔpH=0.5. The dashed lines indicate the linear extrapolation to t=0 of the
decaying traces. (C) The ACMA quenching values, extrapolated to t=0, as a function of
ΔpH are from (B) and additional measurements. The line through the data points is the
best fitting of Eq. (4) to the data. The values of the best fitting parameters were A=19.2,
B=149, C=−0.038.
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estimated 3.5–5 EF0F1 per vesicle) and a linear increase at higher values,
in fair agreement with theory. As a whole, the experiments reported in
Fig. 1 show that the enzyme reconstituted into liposomes behaved as it
would be expected given a random distribution and proper insertion
into the lipid bilayer. Routinely, a concentration of 3 nM enzyme was
used in all subsequent experiments. This amount corresponds to an
average number of about 7 enzymes per vesicle, and to a probability of
completely empty liposome inferior to 0.1 %.

The relatively high rates of ATP synthesis indicate that the enzyme
was well incorporated into liposomes. Such rates compare well with
those reported in [32,41], which were obtained using the same
reconstitutionmethod and similar enzyme preparation procedures. In
[41], a ratio of synthesis to hydrolysis rates of about 1 was obtained,
with hydrolysis rates measured in an ATP regenerating system. A
similar ratio was also found in our preparations when the rate of
hydrolysis at saturating ATP concentration (and not at 50 μM) is
considered (see below, Fig. 4).

3.2. Calibration of the ACMA response in proteoliposomes

Fluorescent amines have been largely used to detect a transmem-
brane ΔpH in natural and artificial membrane systems in which direct
measurements are generally precluded by the small dimensions of the
inner osmotic volume. A model for interpreting energy-dependent
fluorescence changes was originally proposed by Schuldiner and
coworkers [42]. This model assumes that amines behave ideally, are
freely permeable through the membrane phase in their neutral form
and re-distribute between the inner and outer aqueous compartments
following the protonation–deprotonation equilibria which occur upon
the generation of a transmembrane ΔpH (acidic inside). In the case of
fluorescent amines, this equilibrium re-distribution is associated with
a quenching of their fluorescence (Q) which, according to the model,
would be promoted by accumulation of the probe in the inner
aqueous compartment. This notion is consistent with the observation
that the fluorescence is restored to its original level when the
transmembrane ΔpH is dissipated by effectors such as uncoupling
agents, ionophores and specific inhibitors of proton pumping.
Therefore, based on these assumptions, for monoamine of high pKa

(pKa »pHin, pHout), ΔpH is determined as:

ΔpHout�in = Log
Cin

Cout

� �
= Log

Q
100−Q

� �
+ Log

Vout

Vin

� �
ð3Þ

where Cin and Cout are the concentrations of the amine in the volumes
of the inner (Vin) and outer (Vout) aqueous compartments, respec-
tively, and Q is the percentage quenching of fluorescence.

After the above model had been tested for some time, it became
clear that the probe behaves non-ideally in vesicle systems, in
particular the empirical Vin/Vout values which were extrapolated
from the experimental data turned out unreasonably high. The model
by [42] has been modified by Casadio [43], who focused on the highly
lipophilic probe ACMA. By taking into account the partition of ACMA
into the lipid phase and the differential partition equilibria at the
inner and outer vesicle faces, this modified model arrived at the
following relationship between ΔpH and percentage fluorescence
quenching (Q):

ΔpH = A⋅ Q
B−Q

e
Q

B−Q + C⋅Qð Þ ð4Þ

where the three constants A, B and C are functions of various physical
parameters, among which the adsorbing surfaces of the outer and
inner membranes, and those defining the adsorption isotherm of the
amine.

In the present work, our approach to evaluate the ΔpH in terms of
percentage fluorescence quenching has been to measure the response

image of Fig.�2


135M. D'Alessandro et al. / Biochimica et Biophysica Acta 1807 (2011) 130–143
of ACMA elicited by a series of acid–base transitions imposed to the
proteoliposomes, and then fit Eq. (4) to the data set of the measured
ΔpH and Q values by finding the best-fitting values of the A, B, and C
parameters.

In Fig. 2A, the fluorescence ACMA trace obtained upon one such
transitions is shown. The ACMAwas added, as indicated, to a liposome
suspension previously acidified to pH 5.1 by addition of 12.5 mM HCl,
and preincubated for 30 min to allow full equilibration between the
external and the intravesicular aqueous compartments. Upon addi-
tion of 12.5 mM NaOH to rapidly bring the outside pH to 8.0, a
transient ΔpH was established across the proteoliposome membrane,
which was bound to decay due to the membrane permeability to
protons. Correspondingly, a maximal fluorescence quenching was
observed upon NaOH addition, which decayed within about 150 s.
Addition of 1 μM nigericin at this point in time had no effect on ACMA
fluorescence. The difference between the fluorescence value after
complete ΔpH decay and the fluorescence value prior to NaOH
addition can be ascribed to the different quantum yield of ACMA at
different pH values. In fact, addition of nigericin prior to NaOH, which
in the presence of valinomycin and KCl should collapse the imposed
transmembrane ΔpH within few milliseconds, prevented the tran-
sient quenching of fluorescence, but resulted in the same difference of
fluorescence values. Therefore, the 100% fluorescence intensity, to
which the quenching was referred, was taken to be the signal
recorded at pH 8.0 (i.e. after NaOH addition) after complete ΔpH
equilibration had taken place.

Fig. 2B shows a collection of traces obtained at different ΔpH
values, i.e. preincubated at different HCl concentrations. Each trace
was linearly extrapolated to time t=0 and the extrapolated value was
taken as the maximum extent of quenching induced by the imposed
ΔpH. As expected, increasing quenching values were observed for
increasing ΔpH values. In Fig. 2C, the maximum quenching values
from Fig. 2B and from other measurements were plotted as a function
of the imposed ΔpH value. This set of data constitutes a calibration of
the ACMA response to the transmembrane ΔpH. It shows a sigmoidal
trend, as predicted by Eq. (4). The line through the points is the result
of a best fitting procedure of Eq. (4) to the data, in which the three
parameters A, B and C were let free to fluctuate. This best-fitting
function was utilized for converting the quenching data, resulting
from ATP hydrolysis-coupled proton pumping, into the corresponding
values of pHin.

3.3. Effect of Pi on ATP hydrolysis and proton pumping

The ACMA calibration presented in the previous paragraph offered
the possibility to analyze in a quantitative way the ACMA signals
obtained by ATP hydrolysis-induced proton pumping in proteolipo-
somes. In particular, our aim was to analyze quantitatively the
phenomenon of Pi- and ADP-induced modulation of proton pumping
efficiency, which we have previously observed in the ATP synthase of
E. coli [28] and of Rb. capsulatus [27] inverted membranes.

Inorganic phosphatemonotonically inhibited the ATP hydrolysis of
ATP synthase in E. colimembranes with an apparent Kd of 150 μM [28].
Therefore, we first measured ATP hydrolysis as a function of Pi, to
check whether this trend could be reproduced in our isolated,
reconstituted EF0F1. Fig. 3A shows the amount of hydrolyzed ATP as
a function of time after addition of 50 μM ATP at t=0, as evaluated
spectrophotometrically by the Phenol Red assay, in the presence of
increasing Pi concentrations; valinomycin and 50 mM K+ were also
present, to keep the same conditions as in the ACMA assay (see
below). The hydrolysis rates, which were largely constant over the
measured time range, decreased by increasing Pi concentrations. After
incubating the samples for 1 h in the presence of 250 μM DCCD, no
activity was detectable (data not shown). By plotting the rates from
Fig. 3A as a function of Pi, a hyperbolic trend was obtained (see below,
Fig. 3F, full circles), with a half-maximal effect at [Pi]=510±140 μM.
The linearity of the ATP hydrolysis traces as a function of time up to at
least 150 s may appear somewhat surprising, given that during the
same time interval a substantial transmembrane proton gradient has
been building up formost, if not all, of the assays (see below, Fig. 3B, C).
This proton gradient should in principle exert a backpressure on the
proton-pumping ATP synthases, thus inhibiting their rates, and given
that, e.g. for the control, 8–9 μMADP have been produced in the assay
at the end of 150 s. However, the FOF1 from E. coli has been shown to
increase its potential rate of ATP hydrolysis as a function of increasing
protonmotive force [44] (a rate measurable only transitorily immedi-
ately after dissipation of the proton gradient by e.g. uncouplers),
similar in this regulatory behavior to what has been seen in the FOF1
from several other sources (see for a review [45]). Therefore, it is
conceivable that such linearity resulted from a fine balance involving
both an inhibition exerted by the protonmotive force backpressure
(and by ADP) and a simultaneous stimulation by that very same
protonmotive force. TheATP hydrolysis rate of FOF1 from Rb. capsulatus
has indeed been shown to progress almost linearly for severalminutes,
while however activating itself up to about 6-fold due to the
protonmotive force [46].

The proton translocating activity as a function of Pi was estimated in
the ACMA assay under the same experimental conditions. The
ionophore valinomycin and 50mM K+ were present in order to
suppress the electrical component of the protonmotive force. Fig. 3B
shows the ACMA fluorescence as a function of time in the presence of
increasing Pi concentrations. The proton transport reaction was started
by addition of 50 μM ATP at t=0, to which a fluorescence quenching
followed in all cases, which could be reversed by addition of nigericin
(not shown), indicating acidification of the vesicles interior. In contrast
to the monotonic inhibitory trend observed for hydrolysis, increasing
amounts of added Pi, up to 200 μM, induced an increase both of the
initial rate and of the average steady state value of ACMA fluorescence
quenching. An inhibitory effect, especially on the initial rate, was
observed only at higher Pi concentrations, up to 3 mM. No significant
fluorescence signal was detected in samples which had been pre-
incubated for 1 h with 250 μM DCCD (not shown). It is interesting to
note that, only in the absence of added Pi, a slow decrease of quenching
settled in after 30–50 s, indicating an inhibition of proton pumping,
which is at remarkable variance both with the linear course of the ATP
hydrolysis in the same time range, and with the lower values of
hydrolysis rates observed for the Pi containing samples (Fig. 3A).

Based on the calibration results presented in Fig. 2C, the quenching
values were converted into internal [H+] values (Fig. 3C). This
quantitative treatment of the fluorescence data offers a visual picture
of the real time dependence of internal acidification, not distorted and
flattened by the logarithmic definition of pH and by the non-linear
response of ACMAfluorescence quenching toΔpH. In such a linear plot, it
is particularly evident that the presence of Pi led to a significant increase,
over the 200 s of recording, of the internal acidification at almost all
concentrations. In the absence of added Pi, after about 60 s of reaction, a
progressive decrease of proton pumping could be observed whereas the
ATP hydrolysis rate was unchanged. At its maximum value the internal
proton concentration was about 8 μM, corresponding to a ΔpH=2.9
units. Additions of 100 or 200 μM Pi prolonged the internal acidification
up to the significant higher values of 54 μM(ΔpH=3.7units). If analyzed
at longer reaction times, i.e. at lower internal pH's, the stimulation by Pi
on proton pumping is, therefore, markedly higher than that shown in
Fig. 3F. However, the data cannot be treated with comparable accuracy,
since the outward flow cannot be ignored any more.

For a quantitative comparison of the ratios between internal
acidification and ATP hydrolysis, we looked at the initial stages of the
reaction (Fig. 3D), where the passive outward proton efflux Jout can still
be considered negligible, since it depends on the internal acidification:

Jout = PHþ ⋅ Hþh i
in
− Hþh i

out

� �
ð5Þ



Fig. 3. ATP hydrolysis and proton pumping as a function of Pi concentration. (A) The ATP hydrolysis as a function of time was monitored spectrophotometrically by the Phenol Red
assay as described in Materials and methods. For each Pi concentration, 50 μM ATP were added in the cuvette at time t=0 to start the reaction, and the absorbance (625–587 nm)
was measured as a function of time. Absorbance values were converted to hydrolyzed ATP as described in Materials and methods. Different Pi concentrations were added to each
assay as indicated. The experimental traces were best fitted by linear functions up to 100 s. (B) The ACMA assay was carried out as described in Materials and methods. The proton
pumping reaction was started in the spectrofluorometer cuvette by addition of 50 μM ATP at time t=0 and the ACMA fluorescence was recorded as a function of time. Different Pi
concentrations were added to each assay as indicated. (C) The traces from (B) are reported here after converting the percentage quenching values into internal [H+] values, based on
the calibration function from Fig. 2C. (D) The traces from (C) are reported on a shorter time scale, showing the initial stages of the reaction. The numbers are Pi concentrations in mM
units. To improve precision in reading the times values corresponding to [H+]in=0.2 and [H+]in=0.6 μM, the traces have been fitted by arbitrary sigmoidal functions (continuous
lines). (E) The traces and fitting straight lines from (A) are reported on a shorter time scale, showing the initial stages of the reaction. (F) Percentage values, relative to the value in the
absence of added Pi (“control”), of the average ATP hydrolysis rates, ΔATP/Δt (●, from (E)) and of the average rates of internal acidification, Δ[H+]in/Δt (O, from (D)). Control values
were 17.6 s−1 for ΔATP/Δt and 0.15 μM⋅s−1 for Δ[H+]in/Δt. The curve (continuous line) through the average ATP hydrolysis data points is the best fit to the data of the hyperbolic
function P1−P2⋅x /(P3+x), with resulting best fit parameter P3=510 μM±140 μM, corresponding to the apparent Kd value. The dashed line is the function P1−P2⋅x /(P3+x)−
P4⋅x /(P5+x), with imposed parameters P3=30 μM and P5=510 μM. The curve through the Δ[H+]in/Δt data points is the best fit to the data of the double hyperbolic function P1+
P2⋅x /(P3+x)−P4⋅x / (P5+x) with imposed parameters P3=30 μM and P5=510 μM. These values were imposed due to the high uncertainties associated to the high number of
floating parameters relative to the number of data points.
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(where PH+ is the H+-permeability coefficient of the proteoliposome
membrane). In the absence of passive proton efflux, the rate of
internal acidification can be written as:

d Hþh i
in
=dt = Vind B Hþh i

in

� �� �−1
d dnHþ = dt = B Hþh i

in

� �� �−1

d RH+=ATPd E = NAd Vinð Þd dATP=dt

ð6Þ

where B([H+]in) is a function of the buffer capacity of the internal
compartment, (see Appendix), dnH+/dt is the number of proton moles
translocated to the inner compartment in the time unit, RH+/ATP is the
ratio of proton translocated per hydrolyzed ATP, E is the average
number of ATP synthase per vesicle, NA is the Avogadro number, Vin is
the vesicle inner volume and dATP/dt is the rate of ATP hydrolysis per
F0F1. The parameter B([H+]in) which entails the endogenous buffer-
ing components of the vesicles and, to a minor degree, the exogenous
buffers, is a single valued function of [H+]in, and can be simulated by a
summation of a number of formal buffers whose protonation degree
depends on their concentration and pK's (see Appendix). Therefore,
the buffering capacity for each [H+]in value can be assumed to be
largely unchanged in our assays, performed under identical condi-
tions, irrespective of the different Pi concentration, since this anion
should not permeate the lipid bilayer. Even if some permeation of Pi
through the membrane should have occurred during the 15 min of
liposome incubation in the measuring buffer prior to the start of the
reaction (which is unlikely, given its 1–2 negative charges at pH 8),
the internal buffer capacity would have increased as a function of Pi,
and therefore it could not explain the observed increase in the rate of
acidification at Pib200 μM (see below).

Ideally, Eq. (6) holds only at the very start of the reaction, when the
difference ([H+]in−[H+]out), and thus the passive protonflux (Eq. (5)), is
zero. Due to the experimental uncertainties of the signals at t=0 s,
characterized by a low signal-to-noise ratio both in the ACMA and Phenol
Red assays, and by dilution and mixing artifacts, our data did not allow a
reliable determination of the initial rates. However, to our purpose of a
comparison between the different Pi concentrations, the passive outward
flux induced by the ([H+]in−[H+]out) difference could be considered
negligible–relative to the active inward proton flux–also a few seconds
after the reaction start, up to ([H+]in−[H+]out) values which do not
exceed 5–10% of the maximal ones. In fact, for ([H+]in−[H+]out) values
which are 1–2 orders of magnitude lower than at steady state (at which
Jout= Jin), Jout has to be correspondingly lower (see Eq. (5)), while Jin
should be practically the same if it is proportional to the hydrolysis rate
(see Fig. 3A). In addition, instead of instantaneous rates, in order to
improve precision in the determination of the ratios between internal
acidification and ATP hydrolysis, we chose to use averaged rates:

Δ Hþh i
in
=Δt = Vind B Hþh i

in

� �� �−1
d ΔnHþ =Δt = B Hþh i

in

� �� �−1

d RH+=ATPd E = NAd Vinð Þd ΔATP=Δt

ð7Þ

Since the parameter B([H+]in) was a function of [H+]in, we selected
the sameΔ[H+]in interval for all traces, namely 0.2–0.6 μM(pHin 6.7 and
6.2 respectively), as indicated by the dashed lines in Fig. 3D. These two
values satisfy the above conditions: [H+]in=0.2 μM is reached usually
after at least 3÷5 s of hydrolysis, a time sufficient to dissipate any
mixing artifact, and [H+]in=0.6 μMis sufficiently low for neglecting the
outward flux as compared to the inward protons pumping. The number
or protons pumped in the inner compartment under these conditions is
measured quantitatively by Vin·B([H+]in)·([H+]final− [H+]initial),
where B([H+]in) is a quantity which is undetermined but constant for
all experiments. For each trace, the corresponding Δt were read and
used to determine the ΔATP per F0F1 hydrolyzed in that time interval
(see Fig. 3E for anenlargedviewof Fig. 3A). The resultingΔ[H+]in/Δt and
ΔATP/Δt values are plotted in Fig. 3F. All values have been expressed as
percentages of the valuemeasured in the absence of added Pi, such as to
eliminate the undetermined quantities (B([H+]in))−1∙E/Vin. The plot
shows that the averaged ATP hydrolysis rates (closed circles) decrease
monotonically as a function of Pi concentration, whereas the averaged
rates of acidification (open circles) show a parallel decrease only after a
first phase of increase taking place up to about [Pi]b200 μM. Similar
results were obtained in several other series of measurements carried
out with different reconstitution batches. The Δ[H+]in/Δt data could be
fitted by the sum of a rising hyperbolic function with imposed
Kd=30 μM and a descending hyperbolic function, with imposed
Kd=510 μM, whereas the ATP hydrolysis data could be fitted by a
descending hyperbolic function, with Kd=510 μM. The hydrolysis data
were also compatible with a fitting by the sum of two descending
hyperbolic functions (dashed line, with imposed Kd(1)=30 μM and
imposed Kd(2)=510 μM) but the experimental error was too large to
discriminate between these two possibilities.

We conclude that the divergence betweenΔ[H+]in/Δt andΔATP/Δt in
the range [Pi]b200 μMindicates that, in such range, theRH+/ATP increases
as a function of Pi. In addition, the biphasic course of the Δ[H+]in/Δt as a
function of Pi indicates that the enzyme can bind Pi at two different sites,
one of which with an apparent Kd in the order of tens of micromolar,
whose occupancy by Pi appears mainly to stimulate the proton pumping
efficiency, and a secondonewith an apparentKd in the order of hundreds
of micromolar, whose occupancy by Pi appears mainly to inhibit ATP
hydrolysis, and proton pumping in parallel.

3.4. ATP hydrolysis and proton pumping as a function of ATP concentration

To test the reliability of our system, we have measured ATP
hydrolysis and proton pumping in parallel as a function of ATP
concentration, i.e. under conditions which, as far as we know, should
not result in a change of the coupling efficiency of the ATP synthase.
Fig. 4A shows the ACMA fluorescence quenching as a function of time in
the presence of increasing ATP concentrations. The proton transport
reaction was started by addition of ATP at t=0. Both the initial
quenching rates and the steady state quenching increased with
increasing ATP. In Fig. 4B the fluorescence quenching values were
converted into the corresponding [H+]in values, according to the
calibration of Fig. 2C, and plotted in an expanded scale, i.e. for
concentration values below 1.2 μM. Similar to what was done for the
dependency on Pi, an average acidification rate Δ[H+]in/Δt was
evaluated over a fixed range of internal [H+] values, i.e. 0.2–0.6 μM
(dashed lines in Fig 4B). For each trace, the corresponding Δt values
were read and used to determine the ΔATP per F0F1 hydrolyzed in that
time interval, taken from the ATP hydrolysis rates measured with the
Phenol Red assay (not shown)whichwere constant over several tens of
seconds. The resulting Δ[H+]in/Δt and ΔATP/Δt values are plotted in
Fig. 4C as a function of ATP concentration. Based on Eq. (7), these two
sets of rates are predicted to be linearly related, provided RH+/ATP is
constant. As evident in the figure, the two rates run in a closely parallel
fashion up to approximately 100 μM ATP. The KM value for ATP
hydrolysis resulting from the fitting with a hyperbolic function (60±
4 μM)was lower than the reported value of 140 μM, obtained however
in the isolated enzyme and under otherwise different experimental
conditions [41]. The KM value for ATP acidification resulting from the
fitting with a hyperbolic function (35±6 μM) was significantly lower,
being influenced by the stronger saturation of the rates at higher ATP
concentrations. This divergence between Δ[H+]in/Δt and ΔATP/Δt
values at the higher ATP concentrations can be due either to the fact
that the accuracy of the calibration curve (Fig. 2C) is not constant over
the entire ΔpH range, or to the fact that the RH+/ATP is not constant. In
our opinion, neither of the two possibilities can be excluded, the former
because the precision of the pH-meter is linear with the ΔpH, i.e.
exponential with the proton concentration, and also because a larger
error occurs at the higher ΔpH values in extrapolating to t=0 the



Fig. 4. ATP hydrolysis and proton pumping as a function of ATP concentration. (A) The
ACMA assay was carried out as described in Materials and Methods. The proton
pumping reactionwas started in the spectrofluorometer cuvette by addition of different
ATP concentrations (as indicated) at time t=0 (arrow) and the ACMA fluorescence was
recorded as a function of time. (B) The traces from (A) are reported here on a shorter
time scale after converting the percentage quenching values into [H+]in values, based
on the calibration function from Fig. 2C. The numbers are ATP concentrations in μM
units. To improve precision in reading the times values corresponding to [H+]in=0.2
and [H+]in=0.6 μM, the traces have been fitted by arbitrary sigmoidal functions
(continuous lines). (C) The ATP hydrolysis average rates, ΔATP/Δt, as a function of ATP
(●) were determined by linear fit of the original traces (not shown) measured
spectrophotometrically by the Phenol Red assay as described in Materials and methods.
The average rates of internal acidification, Δ[H+]in/Δt (O) are from (B). The curves
through the data points are best fitting hyperbolic functions, with apparent KM values of
61±4 μM for ΔATP/Δt (solid line), and 35±6 μM for Δ[H+]in/Δt (dashed line).
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decaying quenching registered after the acid–base transition, the latter
because we cannot exclude that the ATP synthase efficiency decreases
somewhat as a function of ATP concentration.

The data of Fig. 4C confirm that, under conditions which do not
contemplate major changes in the coupling efficiency of the enzyme,
the Δ[H+]in/Δt and ΔATP/Δt have a parallel course at least up to
approximately 100 μM ATP, and at the same time confirm the
competence of our system to monitor the coupling degree up to
relatively high rate values, both of ATP hydrolysis and of acidification,
significantly higher than thosemeasured under the conditions of Fig. 3.

3.5. Effect of ADP depletion on ATP hydrolysis and proton pumping

Both in Rb. capsulatus [27] and in E. coli inverted membranes [28],
an increasing ADP depletion obtained by increasing amount of PK in
the assays was shown to progressively reduce the proton pumping
efficiency of the ATP synthase.Wemeasured therefore in parallel both
ATP hydrolysis and proton pumping in the proteoliposomes in the
presence of increasing amounts of PK.

Except for the presence of PEP, the experimental conditions for the
control (no added PK) were the same as those adopted for the control
(no added Pi) in Fig. 3A and B. Fig. 5A shows ATP hydrolysis traces as a
function of time in the presence of PEP and of increasing PK amounts.
Under these conditions, the steady state ADP concentrations are
predicted to progressively decrease in the series of assays (see
Measurement of pyruvate kinase activity and evaluation of the steady
state ADP concentration in the ADP rephosphorylation assay). The
trace at 0 U/ml PK was obtained by the Phenol Red assay, while the
traces in the presence of PK were obtained by the ADP repho-
sphorylation assay. The traces obtained at 25 and 50 U/ml PK were
superimposable to the one at 10 U/ml PK, and are not shown for
clarity. Similar to Fig. 3A, also in these series of measurements the
hydrolysis rates were constant over the recorded time range. A
significant increase in the rate could be observed at increasing PK
amounts in the assay, up to 10 U/ml (see below, Fig. 5E, full circles).

The proton translocating activity as a function of PK was estimated
in the ACMA assay under the same experimental conditions as used
for the hydrolysis assay, except that ACMA was added and, in the PK-
containing samples, LDH and NADH were omitted. Fig. 5B shows the
ACMA fluorescence traces registered as a function of time in the
presence of increasing PK amounts from 0 to 50 U/ml. The proton
transport reaction was started by addition of 50 μM ATP at t=0, to
which a fluorescence quenching followed in each case, which could be
reversed by addition of nigericin (not shown). Relative to the control
in the absence of PK, addition of increasing amounts of PK induced
first an increase of the average steady state value of ACMA
fluorescence quenching (trace at 2.5 U/ml), but a decrease at higher
values, in remarkable contrast to the overall increase observed in the
corresponding hydrolysis rates. Though an initial increasing phase as
a function of PK is not apparent if the initial rates of fluorescence
quenching are considered, a significant decrease in those rates can be
observed at higher PK values. Control measurements in which either
the PEP or the PK were omitted or pyruvate up to 100 μM was added,
did not differ significantly from the trace obtained at 0 PK, either in
the initial rate of fluorescence quenching or in the quenching value at
100 s (not shown), indicating that these components per se did not
affect the ATP synthase activity or the permeability of the phospho-
lipid membrane.

In Fig. 5C the fluorescence traces were converted into internal [H+]
values. As in Fig. 3C, the linear scale visually emphasizes the
significant decrease in the internal acidification induced by increasing
amounts of PK. Similarly to what was done for the dependency on Pi,
an average acidification rate Δ[H+]in/Δt was evaluated over a fixed
range of internal [H+] values, i.e. 0.2–0.6 μM (dashed lines in Fig 5D).
For each trace, the corresponding Δt values were read and used to
determine the ΔATP per F0F1 hydrolyzed in that time interval
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Fig. 5. ATP hydrolysis and proton pumping in the presence of increasing PK activity. (A) The ATP hydrolysis as a function of timewasmonitored spectrophotometrically by the Phenol
Red assay (no added PK) or by the ADP rephosphorylation assay, as described in Materials and methods. For each PK activity, 50 μM ATP were added in the cuvette at time t=0 to
start the reaction, and the absorbance (625–587 nm for the Phenol Red assay, or 340 nm for the ADP rephosphorylation assay) wasmeasured as a function of time. Absorbance values
were converted to hydrolyzed ATP as described in Materials and Methods. Different PK activities were present in each assay as indicated. The traces obtained at 25 and 50 U/ml PK
were superimposable to the one at 10 U/ml PK, and are not shown for clarity. The experimental traces were best fitted by linear functions up to 100 s. (B) The ACMA assay was carried
out as described in Materials and methods, in the presence of 2 mM PEP and increasing amounts of PK as indicated. The proton pumping reaction was started by injecting 50 μMATP
at time t=0 (arrow) in the spectrofluorometer cuvette, 15 min after addition of PK, and the ACMA fluorescence was recorded as a function of time. (C) The traces from (B) are
reported here after converting the percentage quenching values into internal [H+] values, based on the calibration function from Fig. 2C. (D) The traces from (C) are reported on a
shorter time scale, showing the initial stages of the reaction. The numbers are PK activities in U/ml. To improve precision in reading the times values corresponding to [H+]in=0.2
and [H+]in=0.6 μM, the traces have been fitted by arbitrary sigmoidal functions (continuous lines). (E) Percentage values, relative to the value in the absence of added PK
(“control”), of the average ATP hydrolysis rates, ΔATP/Δt (●, from (A) and additional measurements) and of the average rates of internal acidification, Δ[H+]in/Δt (O, from (D)).
Control values were 16.9 s−1 for ATP hydrolysis rates and 0.15 μM⋅s−1 for Δ[H+]in/Δt. The curves through the data points are best fitting single hyperbolic functions, drawn to guide
the eye. (F) All rates values from (E), except for those in the absence of PK, which were omitted, are plotted here as a function of the estimated steady state ADP concentration, which
was calculated for each PK concentration as described in Materials and methods (Measurement of pyruvate kinase activity and evaluation of the steady state ADP concentration in
the ADP rephosphorylation assay). The curve through the Δ[H+]in/Δt data points is a fitting hyperbolic function, with a resulting apparent Kd of 21±8 nM with imposed starting
point at 0. The curves through the ΔATP/Δt data points were the best fits to the data of double hyperbolic functions, drawn to guide the eye.
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Fig. 6. ATP hydrolysis and proton pumping and as a function of Pi in the presence of
25 U/ml PK. All data are expressed as percentage relative to the values in the absence of
Pi. The average ATP hydrolysis rates, ΔATP/Δt, (●) were determined by linear fit of the
original traces (not shown) measured spectrophotometrically by the ADP repho-
sphorylation method as described in Materials and methods, in the presence of
different amounts of Pi. The average rates of internal acidification, Δ[H+]in/Δt (O) were
determined by converting the ACMA fluorescence traces recorded as a function of time
(not shown) into [H+]in values, based on the calibration function from Fig. 2C, and
reading the times values corresponding to [H+]in=0.2 and [H+]in=0.6 μM. Control
values were 24 s−1 for ΔATP/Δt, and 0.1 μM s−1 for Δ[H+]in/Δt.
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(Fig. 5A). The resulting Δ[H+]in/Δt and ΔATP/Δt values are plotted in
Fig. 5E. All values have been expressed as percentages of the value
measured in the absence of added PK. The plot shows that the
averaged ATP hydrolysis rates (closed circles) and the averaged rates
of acidification (open circles) significantly diverge as a function of the
added PK, since the first ones increase monotonically with the second
ones showing a concomitant decrease. Similar results were obtained
in several other series of measurements carried out with different
reconstitution batches. As already noticed for the range of [Pi]b
200 μM, this divergence between Δ[H+]in/Δt and ΔATP/Δt indicates
that the RH+/ATP decreases as a function of added PK.

The ADP concentrations at the different PK activities can be
estimated by assuming that a steady state concentration for ADP is
reached (as indicated by the observed constancy of the NADH
oxidation rate, evidence for a constant pyruvate, i.e. ADP, concentra-
tion, in the assay), at which its rate of production by the ATP
hydrolysis reaction (v(hyd)) balances the rate of ADP depletion by the
PK (v(PK)), and considering a Michaelis-Menten kinetics of the PK
reaction (see Eq. (1)). In Fig. 5F, the data from Fig. 5E have been
reported as a function of the estimated steady state ADP concentra-
tions. Here the lowest estimated ADP concentration (13 nM)
corresponds to the highest PK activity (50 U/ml). The curve through
the data points of the rate of Δ[H+]in/Δt is a fitting hyperbolic
function, with a resulting apparent Kd of 16±11 nM and a starting
point close to 0. The rate of hydrolysis plotted in such away appears to
be unaffected by ADP up to about 70 nM, while an increasing
inhibition can be observed at higher concentrations. On the contrary,
most of the enhancing effect of ADP on Δ[H+]in/Δt is observed below
50 nM. Therefore, this set of data indicates the involvement of two
ADP binding sites, with the highest affinity one affecting coupling, but
not the hydrolysis rate, and the lower affinity one inhibiting the
hydrolysis rate, but not affecting coupling. The affinity of the first site
for ADP appears to be extremely high, especially in view of the fact
that high and potentially competitive ATP concentrations (50 μM) are
also present. In addition, the starting point close to 0 suggests that a
total ADP release from that site will cause a total uncoupling. A
biphasic response to ADP concentration is also evident when reaction
times longer that 60 s are considered (Fig. 3C): a partial ADP depletion
(PK=2.5 U/ml) increases significantly the internal acidification
relative to the control, consistent with an increased, and still
substantially coupled, ATP hydrolysis, while higher PK amounts
progressively suppress the extent of internal acidification, in spite of
basically unaffected hydrolysis rates. Incidentally, this different
response observed as a function of PK at times longer than 60 s,
relative to the one observed at the initial stages of the reaction, where
a monotonic inhibition of the internal acidification rate is measured,
points to an involvement of the protonmotive force in modulating the
degree of uncoupling. However, we have not further investigated this
possibility.

3.6. Effect of ADP depletion on the Pi dependence of ATP hydrolysis and
proton pumping

The Pi and ADP binding to the E. coli ATP synthase have been
previously shown to act synergistically in the inhibition of ATP
hydrolysis [28,44] and in the uncoupling effect [28]. In particular, the
latter work [28] has shown that both the inhibitory and the coupling
effects observed in inverted membranes as a function of Pi were lost if
the medium ADP concentration was depleted by a sufficiently high
amount of PK. Therefore, we repeated the measurements of Fig. 5, i.e.
ATP hydrolysis and proton pumping in the presence of PK, but keeping
the PK amount fixed at 25 U//ml PK, while the Pi concentration was
varied. The resulting percentage values ofΔATP/Δt and Δ[H+]in/Δt are
collected in Fig. 6. Compared to the Pi-dependence obtained in the
absence of PK (Fig. 3), the marked inhibition on the hydrolysis rates
and on the internal acidification are largely lost, confirming also in the
isolated and reconstituted EF0F1 that, in order for Pi to elicit its
inhibitory and coupling effects, enzyme-bound ADP is required.

3.7. Quantitative evaluation of the relative uncoupling induced by Pi and
ADP depletion

By making the conversion from ACMA fluorescence quenching
values to ΔpH values possible, the ACMA calibration (Fig. 2) allows a
quantitative evaluation of the uncoupling degree. According to Eq. (7),
the ratio of the acidification rate Δ[H+]in/Δt to the hydrolysis rate
ΔATP/Δt (in s−1) is equivalent to (B([H+]in))−1∙RH+/ATP∙E/(NA∙Vin). If
RH+/ATP is not constant, its relative change can be obtained from such
ratio, since all other parameters (B([H+]in), E, NA, Vin) were constant
under our conditions. In Fig 7A, the (Δ[H+]in/Δt)/(ΔATP/Δt) ratios
(values from Fig. 3F) were plotted as a function of Pi concentration.
Analogously, Fig. 7B collects the (Δ[H+]in/Δt)/(ΔATP/Δt) ratios (values
from Fig. 5F) as a function of the estimated ADP concentration. The
best-fitting hyperbole in Fig. 7A indicates an increase of RH+/ATP up to
1.7-fold at saturating Pi concentrations, with an apparent Kd value of
220±160 μM. The data points of Fig. 7B indicate a decrease of RH+/ATP,
relative to the control in the absence of PK, down to about 0.2-fold at
the highest added PK amount, i.e. at the minimum ADP concentration
reached. When referred to the 1.7 higher coupling ratio which,
according to Fig. 7A, can be reached at saturating Pi, this maximum
decrease corresponds to about 0.1-fold. The best-fitting hyperbole
was obtained by imposing that it starts from 0, which is equivalent to
assuming that the pump can be totally uncoupled when the site is
fully emptied, and its apparent Kd has a value of 27±9 nM. On the
other hand, if the start value was let free to float, the corresponding
best-fit values were 0.27 for the start, and 114 nM for the apparent Kd.
The χ2 of the two fittings was comparable, however the hypothesis of
a totally uncoupled state appears to us more likely.

4. Discussion

In the present work the phenomenon of intrinsic uncoupling,
previously described for the ATP synthases of Rb. capsulatus [27] and
E. coli [28] in inverted native membranes, has been further
investigated in the isolated and reconstituted enzyme from the latter
organism. Similarly as found in inverted membranes, in the isolated
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Fig. 7. Quantitative evaluation of the uncoupling degree induced by Pi and ADP depletion. (A) The ratios between the average rates of internal acidification, Δ[H+]in/Δt, and the
average rates of ATP hydrolysis, ΔATP/Δt, are reported as a function of Pi. Both sets of data were taken as percentage values relative to their control in the absence of Pi, and are from
Fig. 3F. The best-fitting hyperbole has an apparent Kd value of 220±160 μM. (B) The ratios between the average rates of internal acidification, Δ[H+]in/Δt, and the average rates of
ATP hydrolysis, ΔATP/Δt, are reported as a function of the estimated ADP concentration during steady state. Both sets of data were taken as percentage values relative to their control
in the absence of PK, and are from Fig. 5F. The best-fitting hyperbole has an apparent Kd value of 27±9 nM and an intercept at the y-axis imposed equal to 0.
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and reconstituted EF0F1 the pumping efficiency has proven to be
variable, and to be under the influence of ADP and Pi. The
proteoliposome system, contrary to the inverted membrane system,
has allowed us to obtain a calibration of the ΔpH-sensitive ACMA
fluorescence quenching by means of acid–base transitions, making it
possible to quantitatively estimate the relative changes in the
coupling ratio of the pump as a function of ADP and Pi concentration.

The very low passive proton permeability of the proteoliposome
systemwe have used has turned out to be well suited for evaluation of
the ACMA quenching signal elicited by acid–base transitions carried
out by manual mixing. The calibration curve had a sigmoidal course
(Fig. 2C), consistent with previous experimental calibration curves
obtained both with ACMA and 9-aminoacridine in inverted mem-
branes of Rb. capsulatus [37,43], and with the theoretical model
proposed in [43], which takes into account not only the protonic
dissociation equilibria of the amine, but also the absorption of the
highly lipophilic probe into the membrane phase and its partition
equilibria at the inner and outer surfaces of the vesicles.

Based on such calibration, the fluorescence quenching signals could
be converted into transmembrane ΔpH values. An absolute quantifica-
tion of proton fluxes would in addition require knowledge of the values
of the internal volume and buffer capacity of the vesicles. However,
under the reasonable assumptions that these two parameters remain
constant when the external ATP, ADP and Pi concentrations are varied,
the approach allows an accurate quantification of the relative coupling
ratios as a function of such concentrations. In the present work, the
relative coupling ratio as a function of ATP concentration has not been
explicitly calculated, but from Fig. 4C it is evinced to be constant at least
up to 100 μM. Such constant value was expected, and it served as a
negative control. Remarkably, when the same measurements and
calculations were made as a function of Pi and ADP concentrations, the
coupling ratios were found to change by up to a factor of 1.7 upwards
(Fig. 7A) and a factor of 5 downwards, respectively (Fig. 7B). Since the
100% values of the two sets of data coincide, a combined factor of 8.5 is
obtained. This is the highest value we have obtained experimentally,
measured at the lowest calculated ADP concentration of 13 nM, but it
should be considered that, in principle, even lower ADP concentrations
could have been reachedathigher PK concentrations. Both in Fig. 7B and
in Fig. 5F, from which the former was derived, the fitting curve can
indeed be extrapolated to lower values, not excluded the extreme value
of zero. In other words, the present data are consistent with the
possibility that an ATP synthase totally deprived of tightly bound ADP is
also totally uncoupled.
The plots in Fig. 5F, in particular the biphasic one of ΔATP/Δt,
indicate the involvement of two ADP binding sites, one at very high
apparent affinity (about 30 nM), whose occupancy by ADP enhances
the coupling ratio, and one at lower apparent affinity, in the
submicromolar range, whose occupancy inhibits the hydrolysis
activity. It should be noted that the presence in our assays of 50 μM
ATP, a likely competitor for the same site, points to an even higher
binding strength for ADP alone. The data obtained in our previous
work in inverted E. coli membranes [28] did not allow to resolve two
sites in the case of ADP, but only pointed to a site with apparent
affinity in the submicromolar range.

The involvement of two ADP binding sites, affecting either the
coupling ratio or the hydrolytic activity, parallels the involvement of
two Pi binding sites (Fig. 3F), of which one affected the coupling ratio,
and the other inhibited the hydrolytic activity. An apparent Kd of
about 500 μM could be estimated for the latter, and a lower apparent
Kd value in the tens of micromolar range could be estimated for the
former (Fig. 7A). In the previous work in E. coli inverted membrane,
the apparent Kd value for inhibition of hydrolysis was shown to
increase at increasing PK concentration in the reaction assay, i.e. at
decreasing amount of tightly bound ADP. This dependency on bound
ADP could explain the higher value we have found in the isolated and
reconstituted enzyme (510 μM) relative to the enzyme in inverted
membranes (140 μM), if such enzyme had a higher content of bound
ADP than the isolated and reconstituted one. Such a higher Kd value
compares well with the one obtained in the isolated and reconstituted
EF1F0 (apparent Kd=500 μM) under deenergized conditions [44]. The
occurrence of two Pi binding sites has been shown in the isolated EF1
by direct binding studies, and the resulting Kd (at pH 7.5) were both
estimated to be in the range of 0.1 mM [47].

The question is open as to whether these two sites are both
catalytic. Two types of catalytic ADP binding sites, showing different
affinities (with estimated Kd of 0.18 and 13 μM respectively), have
been identified in an EF0F1 in which Trps introduced through
mutagenesis into the catalytic sites were used as fluorescence
reporters of nucleotide binding [48]. On the other hand, since very
little is known about the properties of the non catalytic sites, it can not
be totally excluded that the site, which in the present work shows the
higher affinity for ADP, and is related to uncoupling but not to
hydrolysis inhibition, is a non catalytic one.

On the whole, the results of the present work corroborate the idea
that, in the ATP synthases, a mechanism has to exist which is able to
change the coupling ratio of the pump according to the occupancy state
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of one high affinity binding site for ADP and Pi, either catalytic or non
catalytic, possibly reducing such coupling ratio to zero when the site is
totally empty. On the nature of such mechanism it can only be
speculated. It is possible to imagine that the occupancy of that site,
through long-range conformational changes, is sensed at some stator/
rotor interface, either in F1 or in F0, letting the rotor slide against the
statorwithoutenergy transmission,or evenat some rotor/rotor junction,
which could loosen up, becoming the site of energywaste. The existence
of uncoupling mutations e.g. at the γ/β interface [49], or at the ε/c
interface [50] lends some experimental support to this possibility.

Alternatively, it could be the forced removal of ADP from catalytic
sites which could lead to an uncoupled hydrolysis reaction, altering
the ordinate event sequence required for the alternate binding
mechanism. Two of us have recently presented a model, based on
the available crystallographic structures of bovine and yeast F1,
considering the possibility that the phenomena studied in this work
are related to the activity of the catalytic sites [51]. In that model it is
suggested that the low affinity site could coincide with the pre-
dissociation site for the hydrolysis product (the HC (half closed)
conformation). The inhibition of hydrolysis by high Pi concentrations
could be explained if dissociation of product Pi is reversed by medium
Pi, thereby inhibiting the emptying of site for ATP binding. The
absence of Pi inhibition in the presence of an ADP-trapping by PK is
consistent with the synergistic effects of ADP in Pi binding. The
second, higher affinity, site, that has to be occupied by both ADP and Pi
in order to obtain a properly coupled hydrolysis cycle, is proposed to
coincide with a conformation intermediate between the βTP and βDP

ones, and similar to the ADP-AlF4− transition conformation. When this
site is empty, due to omission of Pi from the reaction medium and to
the addition of a very active ADP-trapping system, a futile uncoupled
hydrolysis cycle is proposed to occur, during which ATP is bound and
hydrolyzed, and ADP and Pi are releasedwhile this site oscillates in the
synthesis and hydrolysis direction, not leading to any net rotation.

An additional open question is whether such intrinsic uncoupling
of the ATP synthase has a physiological role in the bacterial cell. It
seems plausible that such a crucial parameter like the coupling ratio of
the ATP synthase might be advantageously kept elastic and subjected
to regulation. While the intracellular Pi concentration in E. coli has
been estimated in a range (see e.g. [52]) whichwould suit the Kd value
we have found, the Kd value found for ADP is obviously too small
compared to the ADP concentrations in vivo. However, it is not
unlikely that such site not only binds ADP but also, competitively, ATP,
and it could be consequently envisaged that it is rather the ratio ATP/
ADP which determines the actual coupling ratio. Moreover, an
additional and still largely unexplored issue is whether also the
protonmotive force can influence the coupling ratio, as it is the case in
the V-ATPases [23,26] and cytochrome oxidases (reviewed in [53]).
These questions may be clarified in future work.
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Appendix

The internal buffering power in reconstituted vesicles.

The conventional definition of internal buffering capacity of
vesicles is:

β Hþh i
in

� �
= dpHin = dnHþ ðA1Þ
where β([H+]in) is the internal buffering capacity (which can be
contributed both by endogenous buffers, like protein and lipid head
groups, and by soluble buffers in the bulk phase), ΔnH+ is the amount
of protons transferred into the inner lumen, and ΔpHin the ensuing
change in internal pH. The two quantities are not linearly related at
variable [H+]in, since β([H+]in) is an implicit function of the internal
proton concentration [H+]in.

The behaviour of the internal buffering capacity can be modelled
by a summation of buffers, whose concentrations and pKas describe
adequately the internal buffering phenomena [54]. In this case the
relation between the rate of proton influx and the rate of inner proton
concentration can be explicitly described as follows:

dnHþ=dt = Vind d Hþh i
in

1 + ∑i Ai= Hþh i
in
+ Ki

� �� �
=dt

��
ðA2Þ

or, calculating the derivative of the second member:

dnHþ=dt = Vind d Hþh i
in
=dt 1 + ∑i AiKi= Hþh i

in
+ Ki

� �2
� ��

ðA3Þ

where Vin is the vesicle inner volume, and Ai and Ki are respectively the
concentration and proton dissociation constant of the i-th buffer in the
summation. ByposingB([H+]in)=(1+∑i (AiKi/([H+]in+Ki)2), Eq. (A3)
can be written as

dnHþ=dt = Vind B Hþh i
in

� �
d d Hþh i

in
=dt ðA4Þ

which emphasizes the fact that, for each given [H+]in value, the rate of
inward proton translocation is proportional to the rate of acidification of
the inner compartment, and that theproportionality constant is a function
of the buffering power of the system at a given [H+]in.

Eq. (A2) can also be integrated, when necessary [54]. Usually, the
number of buffers needed for a suitable simulation and their
concentrations and Kas are unknown. These parameters can be
determined in experiments where the influx rate of protons is known
and the internal concentration changes are measured [55]. In the
present work, on the other hand, the rates of change of [H+]in were
evaluated within a given concentration interval, kept equal for all
conditions, and compared to a referencecondition, so that theamountof
buffered protons was the same in each case, and could be ignored.
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