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Structural Changes during ATP Hydrolysis Activity of the
ATP Synthase from Escherichia coli as Revealed by

Fluorescent Probes

Paola Turina!

F1Fo-ATPase complexes undergo several changes in their tertiary and quaternary structure
during their functioning. As a possible way to detect some of these different conformations
during their activity, an environment-sensitive fluorescence probe was bound to cysteine
residues, introduced by site-directed mutagenesis, in the y subunit of the Escherichia coli
enzyme. Fluorescence changes and ATP hydrolysis rates were compared under various condi-
tionsin F, and in reconstituted F;F,. The results are discussed in terms of possible modes of

operation of the ATP synthases.
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INTRODUCTION

F.Fo-ATPases have been proved to be highly
dynamic enzymes. Since the remarkable experiment
by Noji et al. (1997), there is general acceptance in
the field that ATP drives the rotation of the vy subunit
with respect to the asB3 barrel. The € subunit should
move in concert with v, as directly visuaized in F,
(Kato-Yamada et al., 1998) and deduced in F;Fy
(Bulygin et al., 1998; Aggeler et al., 1997). That the
rotational movement is transmitted to the ¢ subunit
ring, as awhole, is expected and has been visualized
as well (Sambongi et al., 1999; Panke et al., 2000),
athough its functional role in coupling still remains
to be proved conclusively (Tsunoda et al., 2000).
Meanwhile, NMR studies have shown large structural
rearrangements within the c monomer on protonation
of its Asp61, which could determine the c-ring rotation
with respect to the a subunit (Rastogi and Girving,
1999).
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In addition, the y and € subunits have been shown
to undergo conformational changes also within them-
selves and possibly relative to each other upon nucleo-
tide binding (reviewed in Capaldi et al., 1996; Capaldi
and Schulenberg, 2000) and upon membrane energiza-
tion (reviewed in Richter and Gao, 1996). The need
for an elastic coupling between Fy and F, involving
the y/e and the b/d subunits has been pointed out
(Cherepanov et al., 1999; Oster and Wang, 2000). A
complete picture of al the protein movements required
for chemiosmotic coupling within the ATP synthase
is far from being defined.

In parallel to the catalytic machinery, a different
kind of machinery has yet to be at work in bringing
about the inactive-to-active transition known to occur
in photosynthetic and mitochondrial ATP synthases
upon membrane energization. Recently, such Afiy+
activation has also been observed for the E. coli
enzyme (Fischer et al., 2000), suggesting it to be a
genera feature of all ATP synthases. The hydrolytic
activity of the E. coli ATP synthase (EF,Fg) was inhib-
ited by ADPand P, and activated by Afiy+ and possibly
by ATP (Fischer et al., 2000).

One approach, among severa applied to detect
and localize movements within the ATP synthase, has
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been the use of environment-sensitive fluorescent
probes covalently attached to specific subunits. This
chapter will focus on data obtained using this approach
and on their interpretation.

THE vy SUBUNIT CONFORMATION
REARRANGES UPON ATP BINDING AND
ATP BOND CLEAVAGE

The fluorescent probe coumarin maleimide (CM)
was covalently bound at different positions in the v
subunit via site-directed cysteine residues. At two of
these positions (y106 and y8), changes in the steady-
state fluorescence of the probe could be detected in
EF, upon binding of ATP and its noncleavable analog
AMP-PNP, but not upon binding of ADP (Turina and
Capaldi, 1994a). Titration with AMP—PNP of the sig-
nal of CM bound at y106 indicated that the maximal
fluorescence change occurred with the binding of 1
mole of AMP-PNP per mole EF; at the high-affinity
site. Under conditions of unisite hydrolysis, the fluo-
rescence of CM at v106 was shown to increase with
the same kinetics of ATP binding to the high-affinity
catalytic site and to decrease back to the origina level
with the same kinetics of catalytic events. Similar fluo-
rescence traces could be obtained repeatedly by subse-
guent additions of similar amounts of ATP, as would
be expected if the conformation of the enzyme returned
each time back to the initial one. The catalytic step
kinetically associated with the fluorescence decrease
was then shown to be the cleavage of ATP (Turina
and Capaldi, 1994b). Figure 1A shows the time course
of fluorescence changes after the start of unisite hydrol-
ysisof ATP. The datawere analyzed based on akinetic
model for the unisite catalysis (Grubmeyer et al., 1982)
using kinetic constant values, which could describe
the kinetics of unisite ATP hydrolysis catalyzed by
CM-labeled yT106C-EF,. In addition, the maximum
fluorescence enhancement obtained with AMP-PNP
was correlated with full occupancy of the high-affinity
catalytic site. The solid line represents the fraction of
enzyme expected to be in the F,-ATP state, while the
fraction of enzyme expected to be both in the F,-ATP
and the F;-ADP-P; states is indicated by the dashed
line.

Asan additional proof that the increased fluores-
cence of CM wasdueto the F,- ATP state only, fluores-
cence signals were measured aso with the analog
ATP~yS. In several ATPases, the ATPySis hydrolyzed
more slowly than ATP or not at all because of the
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Fig. 1. Fluorescence changes induced by ATP and ATPyS unisite
hydrolysisin CM-labeled yT106C-EF;. The fluorescence emission
was recorded at 430 nm upon excitation at 395 nm. The enzyme
concentration was 1 uM and the concentration of the nucleotide,
added at timet = O, was 305 nM. The solid lines represent the
enzyme fraction expected to be in the Fi-ATP (A) or F-ATPyS
(B) state according to the unisite kinetic model and rate constants
reported in Turinaand Capaldi (1994b). The dashed lines represent
the enzyme fraction expected to be in both states F,-ATP and
F1-ADP-P; (A) or F-ATPyS and F,-ADP-P;S (B) according to the
same kinetic mechanism. Reproduced from Turina and Capadi
(1994b) with minor modifications.

lower reactivity of the -y-phosphorothioate group
toward nucleophilic attack (Eckstein, 1983). Consis-
tently, the time course of [**S]|P,S release catalyzed
by CM-labeled yT106C-EF,; under unisite conditions
showed a lag, well fitted by kinetic constants values
for ATPyS cleavage and formation, which were 30-
fold lower with respect to the corresponding kinetic
constants for ATP. During this lag, not present in the
time course of [¥P]P, release, an initial accumulation
of uncleaved ATPySontheenzyme, notin equilibrium
with its hydrolysis products, was expected, i.e., acon-
centration of the F;-ATPyS complex initially higher
than the corresponding F;,-ATP concentration. On the
contrary, the sum of the two complexes F;-ATPyS +
F.-ADP-P;S was predicted to be practically indistin-
guishable from the corresponding Fi-ATP + F-ADP-P,
sum over the entire time course. As expected, the time
course of fluorescence changes at y106, triggered by
unisite amounts of ATPyS, showed this initial ac-
cumulation (see Fig. 1B), confirming that the higher
fluorescence state was lost on the F-ATPyS -
F.-ADP-PS transition (cleavage), rather than on the
F-ADP-PS - F;-ADP + P;Stransition (P;S release
from the enzyme).

The higher fluorescence of the CM bound at v106
associated with the species F,-ATP can be interpreted
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as being due to a different conformation of the protein
in this state. Therefore, a minimal scheme based on
these data is the following:

F, + ATP = F*-ATP = F-ADP-P,
= F-ADP + P = F, + ADP (1)

with F.* indicating the different conformational state.

In particular, the data obtained with ATPyS indi-
cate that the F;* — F; transition does not occur before
ATP cleavage. Instead, it occurs asaresult of transition
state formation, either in concert with it or later, when
the v-B phosphate bond is aready broken, but the P,
has not been yet released from the enzyme. In this
respect, it is interesting to consider what is already
known about the S1 fragment of Dictyostelium myosin,
for which X-ray structures have been resolved for the
MgADP-BeF,-S1 complex (Fischer et al., 1995) and
for the MgADP-VO,4-S1 complex (Smith and Ray-
ment, 1996). These two structures are considered to
reflect the MgATP-S1 complex and the S1 in complex
with the bipyramidal transition state, respectively. An
extended series of residues exhibits different confor-
mations in the beryllium and vanadate complexes,
including the 25 kDa COOH-terminal section of the
heavy chain, which in the vanadate complex has trans-
lated 23 A and rotated approximately 70° relative to
the position in the beryllium complex. This change
affects residues, which are up to 50 A away from the
ATP binding site, without affecting the residues in the
ATP binding site itself. Similarly, in the case of EF;,
the v106 residue lies at least 60 A away from the
catalytic sites (Hausrath et al. 1999) and has no direct
van der Waals contacts with the o/g subunits. There-
fore, the fluorescence changes observed for the CM
bound at y106 are the results of long-range transmis-
sion of movement from the catalytic site to the v
subunit, in a domain of this subunit, which points
toward .

Interestingly, the transmission of such movement
seems to require the mediation of the € subunit. In e-
depleted EF; complexes, the ATP hydrolysis-driven
fluorescence changes at both the y106 and the y8 were
lost (Turinaand Capaldi, 19944), aresult that parallels
the loss of nucleotide-induced conformational changes
upon € removal, as detected by crosslinking (Aggeler
and Capaldi, 1993) and electron microscopy image
analysis (Wilkens and Capaldi, 1994). It is possible
that, in the whole EF,;, the CM bound at y106 is in
contact with the € subunit, and therefore, it could be
considered that the changes in the physicochemica
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environment experienced by the CM were due to the
rearranging /e contacts. However, the ATP hydroly-
sis-induced fluorescence changes were also lost when
the CM was bound at they8 residue, whichliescloseto
the catalytic sites fully surrounded by the a3 barrel,
whereit cannot make direct contactswith the € subunit.
Therefore, it seemsmuch more likely that the y subunit
rearrangements detected by these studies occur
because the € subunit acts as a primary transmission
element between the events at the high-affinity cata-
Iytic site in the B subunit and the y subunit. Evidence
of movements of € and within €, depending on which
nucleotide is in the catalytic site, are plentiful and
have been extensively reviewed (Capaldi et al., 1996;
Capaldi and Schulenberg, 2000).

The central question about the conformational
changes detected by these studiesisto understand their
role in the ATP synthase functioning. Since they have
been shown to depend on the presence of €, while the
ATP-driven rotation of -y can take place in the absence
of this subunit, it seems reasonable to exclude that
they are directly linked to the rotation of y. Moreover,
evidence has been presented that unisite catalysis does
not drive rotation (Garcia and Capaldi, 1998; Tsunoda
et al. 1999). Asit has been widely recognized (Jencks,
1980; Zhou and Boyer, 1993; Cross, 2000, Boyer,
2000), an efficient functioning of the ATP synthase
may need the ability of its machinery to distinguish
between the F;Fy- ATP and the F;Fy- ADP-P; state, such
that, during synthesis, ATP is released, as opposed to
ADP and P, and energy is not wasted. Whether the
ATP in the catalytic site has been cleaved or has been
synthesized, needsto be signaled to the proton transl o-
cation pathway in Fy,. The movements of v detected
by the CM fluorescence could coincide with this sig-
naling. During synthesis, the 120° rotation, with the
associated ATP release, might not occur unless the
€ and -y subunits have rearranged to the appropriate
conformation. In this case, the /e conformation of
F.*, induced by ATP, would be the one allowing the
actual rotation to take place, while the y/e conforma-
tion in the presence of ADP and P, would only allow
the resting position. This conformational switch would
then be part of a “coupling control,” which does not
alow rotation (and, hence, H* translocation) to occur
in the synthesis direction unless ATP has been formed
in the catalytic site.

One more point deserves to be taken into consid-
eration. The unisite catalysis is usually considered to
be apartia reaction of the“normal” multisite catalysis.
This general view is supported by data indicating that
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unisite catalysisis accelerated to fast rates by multiple
sites nucleotide binding, both in hydrolysis and in
synthesis (Cross et al., 1982; Penefsky, 1985a), and
that unisite release of [*C]ATP can take place from
medium P; and medium unisite [**C]ADP in the pres-
ence of a proton gradient (reviewed in Graber and
Labahn, 1992). However, the possibility exists that the
unisite catalysis represents a sort of “starter,” after
which multisite, multiple turnover rotational catalysis
is alowed to proceed. Data from several laboratories
appear to be consistent with the view of heterogeneous
catalytic pathways for unisite and multisite modes of
operation (Bullough et al., 1987; Fromme and Graber,
1989; Zhang and Jagendorf, 1995; Possmayer et al.,
2000). The recent evidence indicating lack of rotation
during unisite catalysis (Garcia and Capaldi, 1998;
Tsunoda et al., 1999) add support to this view. Such
a “darter” step could well coincide with a
rearrangement of the rotor, such asto make itsrotation
possible. If this was the case, then the conformational
changes of the y subunit detected by CM could repre-
sent this sort of “priming” or “activation” of the ATP
synthase antecedent to the actual multisite cycling.
Although thispossibility has not been widely discussed
until now, it cannot be completely ruled out.

REARRANGEMENTS OF y SUBUNIT IN THE
RECONSTITUTED EF,F,

With the aim of studying the CM fluorescence
aso in the whole EF,F,, liposomes containing wild-
type enzyme were stripped of F; and CM-labeled
yT106C-EF; was rebound in its place. The vesicles
with incorporated CM-labeled EF;F, were relatively
well coupled, in that they were able of ATP-induced
proton pumping as measured by the ACMA quenching
and of acid—base-driven ATP synthesis (with an ATP
synthesis rate of about 10 ATP-(EF,Fy-s)™1). Paralel
samplesin which wild-type EF; or unlabeled yT106C-
EF, were rebound yielded quantitatively similar
results. An aliquot of the CM-labeled EF;F, vesicles
was treated with dicyclohexylcarbodiimide (DCCD)
until about 7% of the original ATPase activity was
left. The activity of these DCCD-derivatized samples,
treated with the detergent lauryldimethylamine oxide
(LDAO), which functionally uncouples F; from F,
was 97% of the original, indicating that the DCCD
was predominantly bound to F.

The signals obtained after addition of multisite
concentrations of AMP—PNP and ATP to these CM-
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labeled vesicles were qualitatively the same as those
obtained with EF;, with AMP-PNP, causing a stable
enhancement of the fluorescence signal and ATP, an
enhancement approximately 30% of the one induced
by AMP—-PNP, followed by a decay (in the presence
of uncouplers, see below).

Because of the high light-scattering of the proteo-
liposomes suspension, it was not possible to detect
ATP-induced fluorescence changes with substoichio-
metric ATP.EF,F, ratios. Figure 2, trace —DCCD,
shows the signal, uncorrected for light scattering,
obtained by adding amounts of ATP stoichiometric
with EF;F,. Under these conditions, it is expected that
a small percentage of the enzyme will bind at more
than one site, but most of the signal will still come
from enzyme, which has bound only one ATP. As
seen for EF;, an initial increase in fluorescence was
followed by a decrease, with a time course similar to
the ones obtained for EF; under unisite conditions
(compare Fig. 1). By analogy with EF,, the initia
increase can be attributed to ATP binding, and the
following decrease can be attributed to ATP cleavage
into ADP and P.. Interestingly, when the same stoichio-
metric addition of ATP was made to the DCCD-inhib-
ited proteoliposomes, a sSimilar fluorescence
enhancement was observed initially, while the follow-
ing decrease was significantly slowed down (Fig. 2,
trace + DCCD). This indicates that the catalytic ATP
cleavageiseither blocked or significantly slowed down
when the cAsp6l is derivatized with DCCD, which,
in turn, implies that the conformational change
detected by the CM fluorescence is normally transmit-
ted down to cAsp61.

On the whole, these data are consistent with those
obtained by Matsuno-Yagi and Hatefi (1993), who
measured the time course of unisite ATP bound to the
mitochondrial F;F, and found that DCCD derivatiza-
tion would significantly increase the permanence of
uncleaved ATP on the enzyme. As aready noted by
these authors, this behavior isin contrast to what was
reported by Penefsky (1985b), who measured instead,
in the DCCD-derivatized mitochondria F;F, a
blockage of unisite ATP binding.

A similar, apparently contradictory behavior of
the DCCD-treated enzyme has also been found for
EF,F,. Mendel-Hartvig and Capaldi (1991) showed
that the conformation of the € subunit, as monitored
by trypsin digestion and 3-€ crosslink, was different
according to which nucleotides were present during
the DCCD derivatization, whereas it was independent
of the nucleotides present during trypsinization or
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crosslink, once the DCCD was bound. These authors
concluded that DCCD blocked the nucleotide-induced
conformational changes, freezing the enzyme in the
one or the other conformation. The data presented in
Fig. 2 indicate that, once the nucleotide has bound
to the DCCD-derivatized EF,F,, the conformationa
change blocked isthe one linked to unisite ATP cleav-
age and detected by the fluorescence decrease of CM
bound at y106.

In addition, the data of Fig. 2 suggest that the
conformational transition on ATP binding is not the
reversal of the conformational transition on ATP cleav-
age, since it is difficult to imagine how DCCD would
cause a sort of one-way inhibition. Therefore, it is
most likely that during unisite catalysis, the enzyme
experiences at least athird conformation, which, how-
ever, is not detected by CM bound at y106.

MEDIUM ADP AND P; CAN DESTABILIZE
THE ATP-INDUCED CONFORMATION

In EF,;, the non-cleavable analog AMP-PNP
caused afluorescence enhancement up to 75% (at 430
nm), which did not reverse. With multisite concentra-
tions of ATP, the fluorescence of CM bound at y106
would rapidly increase and then slowly decrease again,
unless an ATP-regenerating system (phosphoenol pyr-
uvate + pyruvate kinase) was present, in which case
no decrease was observed up to 10 min (Turina and
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Fig. 2. Fluorescence changesinduced by ATP hydrolysis catalyzed
by CM-labeled yT106C-EF,F, in the absence or in the presence
of DCCD. The fluorescence emission was recorded at 430 nm. The
enzyme concentration was 815 nM for both the untreated and the
DCCD-treated enzyme. ADP was also present at a concentration
of 800 nM (see Turina and Capaldi, 1994b). ATP was added at the
time indicated by the arrow at a final concentration of 805 nM.
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Capaldi, 19944). Similarly with ATPyS, although in
this case the maximum fluorescence increase observed
prior to the decrease was about twice as high as with
ATP and similar to the fluorescence increase observed
with saturating amount of AMP-PNP. The three
nucleotides caused the same shift of the emission spec-
trum of CM, indicating that the conformational
rearrangement induced by each of them is probably
the same and that the lower steady-state level of fluo-
rescence increase observed with ATP was due to rapid
cleavage of ATP and, therefore, to a lower enzyme
fraction in the F-ATP state.

Comparison of the data obtained with AMP—PNP,
ATP/ATPyS, and ATPin the presence of aregenerating
system, allowed the hypothesis that the slow reversal
of fluorescence enhancement observed with both
cleavable nucleotides could be ascribed to ADP and
P. (or P,S) production. In support of this hypothesis,
the addition of ADP or P, during the ATP-induced
fluorescence enhancement would strongly accelerate
the fluorescence decrease (Fig. 3A and B). Similar
effects were observed in EF,F, (in the presence of
uncouplers, see below). For both EF, and EF;F,, addi-
tion of increasing concentrations of P, together with
ATP would inhibit the extent of the ATP-induced fluo-
rescence enhancement with an half-maximal effect at
276 pM (see Fig. 3C). It should be noted that this
effect of P, probably required ADP, present in trace
amounts in the ATP, since in the presence of pyruvate
kinase and phosphoenolpyruvate the ATP-induced flu-
orescence increase was stable for periods of time long
enough to generate substantial amounts of P, in the
cuvette. For EF,, the [y-3P]ATP hydrolysis activity
was measured under conditions identical to those of
the fluorescence assay and an inhibition of this activity
was found with increasing P,, with the same concentra-
tion dependence as found for inhibition of ATP-
induced fluorescence enhancement (Fig. 3C). Notice
that high P, concentrations did not saturate either fluo-
rescence quenching or activity inhibition, possibly due
to the low ADP concentrations in these assays.

These data indicate that ADP and P, can bind to
the enzyme, thereby destabilizing the ATP-induced
conformation and causing the transition to a different
conformation, which isinhibited. It can only be specu-
lated whether this ADP/P-induced fluorescence
decrease is associated to the F*-ATP - F-ADP-P,
conversion at the high-affinity catalytic site, to an
affinity change, which releases ATP (i.e., F*-ATP -
F, + ATP), or to the different nucleotide binding pat-
tern: F*-ATP + ADP + P, . ADP-PF;-ATP It has
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Fig. 3. Fluorescence changes induced by ATP, ADP, and P in CM-labded yT106C-EF, and yT106C-EF,F,. The fluorescence emission was
recorded at 430 nm. (A). The concentration of CM-labeled yT106C-EF; was 100 nM. At the time indicated by the first arrow, ATP was added at
afina concentration of 3 wM. At the second arrow ADP was added at the indicated concentrations. (B). The concentration of CM-labeled yT106C-
EF; was 100 nM. At the time indicated by the first arrow, ATP was added at a fina concentration of 100 M. At the second arrow P, was added
at the indicated concentrations. (C). The fluorescence increase upon addition of ATP together with increasing concentrations of P; was recorded
for CM-labdled yT106C-EF, (®) and for CM-labeled yT106C-EF,F, (©). The enzyme concentrations were 100 nM and 50 nM and the ATP
concentrations 100 wM and 1 mM, respectively. The 100% (0% inhibition) refers to the ATP-induced increase in the absence of added P,. The
initial rate of hydrolysis of 1 mM [y-*?P]ATP catalyzed by 0.5 uM CM-labeled yT106C-EF, (+) was measured at various concentrations of P,
added together with the [y-*PJATP. The 100% (0% inhibition) refers to the hydrolysis rate in the absence of added P.

been shown that the binding of ADP and P, to the
mitochondrial F; would cause the release of AMP—
PNP which had been previously tightly bound (Nalin
and Cross, 1982). It is not impossible that ADP and
P, binding to F*-ATP and F;F;*-ATP might cause
both an accelerated cleavage and an increased release
of ATP. A decreased affinity for ATP would also be
consistent with the reduced ATP-hydrolysis activity of
the form, which has bound medium ADP and P..

Recently, the binding of ADP and P, to EF.F,
was shown to inhibit its hydrolytic activity down to
2% (Fischer et al., 2000). These authors have shown
that a Afiy+-induced conformational change could
reverse, at least in part, this inhibition, suggesting the
following scheme:

energized
Ei-ADP-P, =

deenergized

Ea+ ADP+P (2

where Ei and Ea indicate the inhibited and the active
conformation, respectively. After collapsing the
Afiy+, and in the presence of ADP and P;, the Ea form
was found to be unstable and to decay completely after
approximately 100 turnovers. In the absence of ADP
and P, the ATP hydrolysis was already high and no
further activation by Afiy+ was found.

By comparing these different sets of data, two
main possibilities can be considered. It can be that the
conformational changes of the y subunit detected by
CM depend on the state of the enzyme, i.e, if the
enzyme is in the active state (Ea), then the ATP can
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bind and caninducethe~y/e conformation characteristic
of F*. Conversdly, it can be that the state of the
enzyme (its active, Ea, or inhibited, Ei, state) depends
on the conformational changes of the y/e subunits, i.e.,
when ATP is bound to the high-affinity catalytic site
and the /e conformation is changed, then the enzyme
is transformed into the active state, Ea. In the first
hypothesis, the high- and low-fluorescence forms
could interconvert rapidly at each catalytic turnover,
while the enzyme is in the Ea state, consistent with
the possible “signaling” role of this v rearrangement
during catalytic cycling, as discussed above. On the
contrary, the second hypothesis is consistent with the
role of unisite ATP hydrolysis as a “priming” step,
activating the enzyme.

MEMBRANE ENERGIZATION PREVENTS
THE vy REARRANGEMENT INDUCED BY
ADP AND P; AT THE SAME TIME
PREVENTING ENZYME INHIBITION

When the fluorescence of CM bound at y106 in
the EF,F, incorporated in liposomes was monitored
upon addition of multisite concentrations of ATP, a
different result was obtained, whether uncouplers were
present to dissipate the ATP hydrolysis-induced
Afiy+ or not (Fig. 4A). In the presence of uncouplers,
thefluorescence signal increased upon addition of ATP
and then slowly decreased again, as aready observed
for EF,. Without uncouplers added, the higher fluores-
cence level induced by ATP was maintained for at
least 10 min, similar to what was seen in the presence
of an ATP-regenerating system. It could be argued that
the effect of the ATP-induced Afiy+ was to inhibit
ATP hydrolysis and the following ADP and P, concen-
tration increase. However, when the [y-3°P]-ATP
hydrolysis was measured in parallel samples, the
amount of ATP hydrolyzed during these 10 min was
very similar regardless of the presence of uncouplers
(Fig. 4B). In both cases, the percentage of hydrolyzed
ATP after 10 min was approximately 45%, i.e., the
ADP and P, concentrations in the assay were, in both
cases, approximately 450 wM. However, if the instant
rates of hydrolysis with and without uncouplers are
compared along the wholetime course by plotting their
ratio at each time point (inset), what becomes evident
isaprogressive differential inhibition of the uncoupled
rate with respect to the coupled rate. In other words,
both hydrolysis rates were progressively inhibited in
time, probably due to substrate depletion and/or prod-
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uctsformation, but the uncoupled hydrolysis was more
inhibited than the coupled one. This additiona inhibi-
tion can be attributed to ADP and P, binding and
concomitant conformational transition from the active
to the inhibited form of the enzyme, as discussed
above. The presence of an ATP-induced Afiy+ pre-
vented both the fluorescence decrease and the enzyme
inhibition (Fig. 4A and inset, B). An energized mem-
brane appears to prevent the transition toward the
inhibited form, in agreement with reaction (2).

In principle, an ATP-generated Afiy+ should also
inhibit the enzyme because of its backpressure. An
inhibition of up to five-fold has been observed in well-
coupled EF,F, proteoliposomes (Fischer et al., 2000).
Since a steady-state Afiy+ is likely to become estab-
lished within the first few seconds, during which the
formation of inhibiting ADP/P; is till negligible, the
ratio of the uncoupled versus coupled ATP hydrolysis
rates in this time range should be a good estimate of
the inhibition due to the Afiy+ backpressure. In the
inset of Fig. 4B it can be seen that thisratio is at the
beginning slightly higher than 1 (1.5), indicating that
the degree of EF,F, incorporation into these proteoli-
posomes was good enough to see some ATP synthesis
induced by acid—base transitions and ATP-induced
ACMA quenching, as mentioned above, but not as
good asto have a strong inhibition of ATP hydrolysis.

The fluorescence of CM bound to vy106-EF;F,
upon addition of multisite concentrations of ATP with
and without uncoupl ers was al so monitored in the pres-
ence of 1 mM P, (Fig. 4C). In both cases, the initial
increase of fluorescence was lower than in the absence
of P, as expected (compare Fig. 3C). The subsequent
decrease of fluorescence observed in time in the
absence of Afiy+ can be attributed mainly to an
increaseinthe ADP concentration, sincethe P, concen-
tration was aready high. In the presence of a Afiy+,
not only the fluorescence decrease was prevented as
in the absence of added P; compare (Fig. 4A, trace no
uncouplers), but it increased steadily in time. After 20
min, the fluorescence increase had reached a value
similar totheone observed initially inthe absence of P.

Again, the time course of [y-3?P]ATP hydrolysis
measured in paralel samples did not differ signifi-
cantly at afirst sight (Fig. 4D), yet by taking the ratio
of uncoupled versus coupled ATP hydrolysis rate over
thetime course (inset), it can be seen that the uncoupl ed
rate is progressively more inhibited in time, with a
decay similar to the decay of the fluorescence signal.
As seen for the measurements in the absence of P,
also in this case the initial rate of ATP hydrolysis was
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Fig. 4. ATP hydrolysis catalyzed by CM-labeled yT106C-EF,F, incorporated into liposomes in the presence or in the absence of uncouplers.
The enzyme concentration was 50 nM. The ATP hydrolysis was started by the addition of 1 mM ATP (A and C) or 1 mM [y-*2P]ATP (B
and D). P, at afinal concentration of 1 mM, was added together with ATP (C and D). The uncouplers were 1 uM nigericin and valinomycin
in the presence of 50 mM KCI. (A) and (C). The fluorescence emission was recorded at 430 nm. The arrows indicate ATP addition to
proteoliposomes. Uncouplers were present as indicated. (B) and (D). [y-*P]ATP was added to proteoliposomes at the timet = 0 in the
presence (0) or in the absence (®) of uncouplers. The solid lines are best-fit of arbitrary functions to the experimental data. In the insets,
the first derivative of the best-fit function in the presence of uncouplers (V ,..) divided by the first derivative of the best-fit function in

the absence of uncouplers (V _.) is reported.

slightly higher in the uncoupled sample, indicating
inhibition dueto Afi,+ backpressure. Again, thediffer-
ential inhibition developed in time can be attributed
to ADP and P, binding, which induce the inhibited
conformation of the enzyme. In the presence of an
ATP-induced Afiy+, the active-to-inactive transition is
prevented and the reverse transition is favored, as seen
from the observed fluorescence increase (trace no
uncouplers, Fig. 4C), in agreement with reaction (2).

CONCLUSION

With the use of the fluorescent probe CM cova-
lently attached to the y subunit of the E. coli ATP
synthase, it has been shown that a conformational
change of «y occurs upon binding of ATP to the high-
affinity catalytic site and that a second conformational
change occurs upon catalytic ATP cleavage. In the
whole EF,F, this second change is strongly inhibited
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by DCCD bound to F,. These conformational
rearrangements depend on the presence of the € subunit
and are not part of the rotational movements of the
v subunit.

It can be envisioned that these rearrangements
take placefor every turnover during the multisite activ-
ity of the enzyme or, as an alternative hypothesis,
that they constitute a sort of priming of the enzyme,
preparing it for high-speed rotation. During multisite
ATP hydrolysis, the fraction of enzyme in the ATP-
induced conformation, as revealed by fluorescence
enhancement, is correlated to the fraction of enzyme
in the Afi,+-activated state. This correlation is consis-
tent with both hypotheses. In the first case it indicates
that the steady-state level of the FiFy*-ATP species
occurring at each turnover is higher when the enzyme
fraction in the Ajiy+-activated state is higher. In the
second case the FFy*-ATP conformation coincides
with the activated state. This second possibility implies
that the conformation induced by ATP binding in the
high-affinity site coincides with the Afi,+-induced
conformation and that the catalytic events at the high-
affinity site determine the transition to the activated
state of the enzyme. At the moment thereis uncertainty
about this point, which hopefully some of the future
work on the ATP synthase will address.
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