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ABSTRACT:. The mechanism of yeast mitochondrigtA&TPase inhibition by its regulatory peptide IF1

was investigated with the noncatalytic sites frozen by pyrophosphate pretreatment that mimics filling by
ATP. This allowed for confirmation of the mismatch between catalytic site occupancy and IF1 binding
rate without the kinetic restriction due to slow ATP binding to the noncatalytic sites. These data strengthen
the previously proposed two-step mechanism, where IF1 loose binding is determined by the catalytic
state and IF1 locking is turnover-dependent and competes with IF1 release (Corvest, V., Sigalat, C., Venard,
R., Falson, P., Mueller, D. M., and Haraux, F. (20@86)Biol. Chem 280, 9927-9936). They also
demonstrate that noncatalytic sites, which slightly modulate IF1 access to the enzyme, play a minor role
in its binding. It is also shown that loose binding of IF1 to MgADP-loaded\FPase is very slow and

that IF1 binding to ATP-hydrolyzing FATPase decreases nucleotide binding severely in the micromolar
range and moderately in the submillimolar range. Taken together, these observations suggest an outline
of the total inhibition process. During the first catalytic cycle, IF1 loosely binds to a catalytic site with
newly bound ATP and is locked when ATP is hydrolyzed at a second site. During the second cycle,
blocking of ATP hydrolysis by IF1 inhibits ATP from becoming entrapped on the third site and, at high
ATP concentrations, also inhibits ADP release from the second site. This model also provides a clue for
understanding why IF1 does not bind ATP synthase during ATP synthesis.

ATP synthases (also calledf-ATPase¥ are enzymatic  relationship between angular motion and the main catalytic
complexes anchored to bacterial cytoplasmic membranes,steps has been establishdd{18).
mitochondrial inner membranes, and chloroplast thylakoid  Mitochondrial ATP synthase is regulated by an inhibitory
membranes). They have also been found associated to peptide called IF1, discovered in animal mitochondig) (
plasma membranes of endothelial ceB (These enzymes  and later found in yeas2() and plants21). IF1 is a soluble
couple the condensation of ADP and inorganic phosphate peptide, 84 residues-long in bovine and 63 residues-long in
into ATP to the dissipation of the protonmotive force (pmf) yeast. Its structure is essentiayhelical £2). When the
generated by redox process@s-§). ATP synthases, com-  pmf collapses, which happens during anoxia or particular
posed of an extrinsic ;Fdomain (3fsy0¢) and of a  events making the inner mitochondrial membrane permeable
membranous d~domain connected by a central axis and a to H* ions, IF1 binds the catalytic sector of ATP synthase
peripheral stalk§—7), are rotary molecular motor$<9). and inhibits ATP hydrolysis (reviewed in réB). When the
The pmf drives the rotation of a membranous oligomer of ¢ pmf is applied again, IF1 is release?B¢31), possibly after
subunits. This turbine transmits its movements to the centralpassing through an intermediate, non-inhibitory position
axis (yde in mitochondria) that penetrates the catalytic (32—34). IF1 binds the solubilized catalytic sector (MRs
domain. Rotation of this asymmetrical axis sequentially well as the membrane-bound enzyme. IF1 and; M&ve
distorts the three catalytic sites located at three interfaces ofpeen crystallized together, and the inhibitory peptide was
the agfs heterohexamer, driving ATP synthesis.(Theagfs found associated by its N-terminal part to one of the three
hexamer also contains three noncatalytic nucleotide binding catalytico// interfaces 85). This interface was expected to
sites (L0), the role of which is controversiall{—16). contain ADP according to previous structurés 36) but
Rotation of the central axis has been directly observed in aactually contained ATP or perhaps its analogue AMP-PNP.
number of single molecule experimen® {7—18), andthe  This structure is thought to be that of the dead-end, inhibited

complex.
* To whom correspondence should be addressed. Tel: 33 169 08 |F1 binding is a dynamic process that requires MgATP
98 91. Fax: 33169 08 87 17. E-mail: francis.haraux@cea.fr. and exclusively occurs during catalytic turnov&o,37).

! Abbreviations: BFi, ATP synthase complex (EC 3.6.3.14);, F . S L
membranous sector of ATP synthase; Batalytic sector of ATP 10 understand the mechanism of inhibition, it is therefore

synthase; IF1, endogenous inhibitory peptide of ATP synthase; pmf, Necessary to know if different steps separate IF1 binding and
p[ﬁt?nmgt_lve_forfet: AMth-PNPa atigr;'yblfl-"tnItdoglprf]losphate: EDI/IAE,S the formation of the dead-end complex. This is also a
ethylenediaminetetraacetic aciq, , lactate denyarogenase, s e H H
2-(N-morpholino)ethane sulfonic acid; Ni-NTA, nickel-nitrilotriacetic prergqmsﬂe for understanding the r.everse process, th:’:-lt IS .the
acid; Pi, inorganic phosphate: PK, pyruvate kinase; frganic pmf-induced release of IF1. The first approach consists in

pyrophosphate; Tris, tris (hydroxymethyl) aminomethane. studying, at variable ATP concentrations, the relationship
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between the catalytic site occupancy and the rate of IF1 (CAC (CAT),CAC (CAT), were used with QuikChange
binding, the latter being an indication of the accessibility of Site-Directed Mutagenesis Kit from Stratagene (La Jolla, CA)
the binding site. A complex relationship was found between to obtain pRS313/atp244Y345W. Restriction and DNA
ATP concentration and the rate of IF1 binding to isolated modification enzymes were purchased from New England
bovine R-ATPase 88). We found the same relationship with  Biolabs (Frankfurt, Germany). DNA was prepared and
yeast -ATPase, and we probed in parallel the nucleotide purified using kits obtained from Qiagen (Qiagen GmbH,
occupancy of catalytic sites by fluorescence quenching of aHilden, Germany). Plasmids were amplified B. coli
tryptophan, which was engineered in the catalytic site DH5aMCR after transformation by electroporation using a
(BY345W) (39). By the combination of fluorescence and Biorad (Hercules, CA) Gene Pulser electroporator with the
kinetic data, we estimated that the variation of the rate of method recommended by the manufacturer.

IF1 binding did not follow the filling of catalytic sites, which Yeast Strains and Growth Conditions. Saccharomyces
means that the accessibility of the IF1 binding site is not cerevisiae cells (Euroscarf BY474NAatp2 MAT a his3Al,
strictly controlled by the catalytic state of the enzyme. To leu2A0, metl3\0, ura3A0, andatp2::kanMX4 were trans-
explain this result, we proposed a two-step bihotk formed with the plasmid pRS313/atp24¥345W as de-
mechanism, in which loose binding of IF1 is controlled by scribed 43). Transformed cells were selected on a strictly
the catalytic state of FATPase, and locking of IF1 is  respiratory medium containing 1% yeast extract, 0.1%-KH
turnover-dependent. However, the nucleotide occupancy of PO, 0.12% SQ (NH,),, and 2% lactate at pH 5.5 (2&).

the noncatalytic sites, which also varies with ATP concentra- Transformed cells and WT cells (Euroscarf BY4ATMAT
tion, was not controlled in these experiments, and we do a, his3A1, leu2A0, met13\0, andura3A0) were grown at
not know whether the conformation of noncatalytic sites may 28°C in a large volume of strictly respiratory medium. Yeast
affect IF1 binding. Moreover, when the noncatalytic sites extract was from Difco (Detroit, MI), and others chemicals
are not initially filled with ATP, a lag phase of several were from Sigma Chemical Co. (St. Louis, MO).

minutes precedes the steady-state regime of ATP hydrolysis, Purification of Nucleotide-Depleted HisTagged k-
except for MgATP concentrations below-%0 M and ATPaseYeast mitochondrial FATPase (Mk) was purified
above 0.51 mM (39). Because the fluorescence measure- using a prior method3@, 44) with the following modifica-
ment of nucleotide occupancy should be done a few secondgions. After chloroform extraction and precipitation with 70%
after MgATP addition in order to avoid substrate exhaustion, saturated SQ(NHy,), the pellet was dissolved in 2 mL of
we could do it only at two MgATP concentrations g¢M binding buffer (BB) (10 mM imidazole, 0.3 mM NacCl, and
and 1 mM), and estimates of nucleotide occupancy at other50 mM NaHPQ, at pH 8). The sample was incubated, under
concentrations were indirect. The present work overcame thegentle stirring, with 3 mL of Ni-NTA resin (Qiagen GmbH,
possible influence of noncatalytic sites on IF1 binding. Using Hilden, Germany) prepared in BB. The resin was poured
pyrophosphate pretreatment, we froze the noncatalytic sitesinto a 0.9 cm diameter column, and the column was washed

of yeast -ATPase in a state that mimics their filling with
ATP (13, 40). We then obtained constant ATP hydrolysis
immediately after substrate addition, which allowed us to
correlate the quenching ¢gfW345 fluorescence, ATPase
activity, and the IF1 binding rate for MgQATP concentrations
ranging from 30 nM to 5 mM. With the noncatalytic sites

sequentially with 5 and 2 volumes of the BB containing
imidazole at 10 and 20 mM, respectively. Mwas eluted
by gravity with 2 volumes of BB containing 250 mM
imidazole. The fractions containing MRvere pooled and
dialyzed at room temperature rf@ h against a buffer
containing 30 mM Tris-S@and 1 mM EDTA at pH 7.5

so frozen, we still observed that the rate of IF1 binding was (TE). The sample was precipitated with 70% saturateqd SO
not determined by nucleotide occupancy of the catalytic sites, (NH,),, centrifuged, and dissolved in a minimal volume of
which confirms the hypothesis of a two-step mechanism. The TE containing 70% saturated $@NH,),. The nucleotide
pyrophosphate pretreatment increased the rate of IF1 binding(ATP and ADP) content of the enzyme was estimated, after
a little, indicating that noncatalytic sites have a measurable denaturation, to less than 0.01 mol/mol using a luciferase

but limited influence on the accessibility of the IF1 binding

assay 45), where ADP was converted into ATP with

site. We also obtained experimental evidence that IF1 phosphoenolpyruvate and pyruvate kinase. The rate of ATP

probably does not significantly bind to a catalytic site

hydrolysis was measured at pH 6.5 and®@5in the presence

containing ADP, showing that bound IF1 decreases the of 1 mM MgATP. The turnover number for ATP hydrolysis
catalytic site occupancy, and therefore could propose a modelwas 400 s! for the wild type F-ATPase and 28073 for
where the role of the different catalytic intermediates and $Y345W R-ATPase, on the basis of a molecular mass of

steps in IF1 binding and locking is explicit.

MATERIALS AND METHODS

Molecular Biology.DNA manipulations were carried out
following published proceduregl). The gene encoding the
f-subunit ATP2 was amplified by polymerase chain reac-
tion (PCR) from plasmid pRS344SB2) kindly provided
by Dr. David M. Mueller (Chicago, IL). The PCR fragment

372 kDa.

Pretreatment with Pyrophosphat®F, (1-5 «M) was
incubated at room temperature in a buffer containing 20 mM
Tris (HCI) (pH 7.5), 30% glycerol, 2 mM K-pyrophosphate,
and 2.5 mM MgCJ. The effect of pyrophosphate, checked
by the absence of lag in the kinetics of ATP hydrolysis, was
complete after 15 min and stable for at least87h.

Overexpression and Purification of IFBecause of the

was ligated into plasmid pRS313 forming pRS313/atp2- presence of the N-terminal enterokinase cleavage site, the
Y345W. Codons encoding the Histag were inserted first three amino acids of the recombinant enzyme were Ala-
between the sequence of the leader peptide and the sequenddet-Ala, as compared to the natural IF1, which starts with
of the matures-subunit by directed mutagenesis. pRS313/ Ser @9). In addition, Phe27 and Phe28 were replaced by
atp2-Y345W and primers containing 10 histidine codons Trp to facilitate the detection of the protein during elution.
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These mutations did not alter the inhibitory properties of the
peptide. This overexpressed peptide was used for kinetic 400 -
experiments.

Stock solutions of concentrated IF1 contained 0.01% fn‘
Tween-20 to prevent adsorption of the protein on plasticware. +— 3001
After dilution in the spectrophotometric cuvette, Tween-20 % T
alone had no effect on;FATPase activity. § 200+

Protein Titration. Protein concentration was determined
using a micro-BCA titration kit (Pierce Chemical Co.,
Rockford, IL). 100 1

Fluorescence Measurement and Analy$ikiorescence 1
measurements (excitation, 295 nm; emission, 350 nm; | § . , ) .
bandwidth, 5 nm) were carried out as previously described 0 04 1 10 100 1000 10000
(39). The cuvette, stirred and thermostatted at°@5 was [MgATP] (M)
filled with buffer containing 50 mM MES, 20 mM KClI, and g . H
2 mM MgCl, at pH 6.5. Additions of Mk and nucleotides FlGxBI'EP %onsggﬁra?roré Tgﬁergdor? BSIrsetEgatl:/lniﬁ\t(Ségx\éit\i/:rzzuasre
were madg as described in the Figure Iegend; at indicaFe sgdescribed under Materials antlleMethon., (Cdntrol; @), PR
concentrations. Because of ATP consumption, it was crucial pretreated. Enzymes concentrations: 4 nM;MF345W, 4 U/mL
to estimate at what time after additions reliable fluorescence PK, and 10 U/mL LDH at lower MgATP concentrations (submi-

measurement could be made. The total procedure of injectioncromolar range), and 2 nM MFBY345W, 20 U/mL PK, and 50
resulted in a blind periodf@ s where no reliable measure- U/mL LDH at higher MgATP concentrations. Each point represents

ment Id be made. but b f efficient mixing. th the average of 24 measurements made at steady state. Continuous
ent cou € made, but because or efncie 9. € cyrves were drawn by fitting the data to a model with three distinct

final level was reached immediately after this period. This classes of catalytic sites, at least one of which is regulatory, with
time response was determined from the time-course of v = v[ES]+ v,[ESS]+ v3[ESSS], where is the catalytic turnover,

fluorescence following a tryptophan injection. To minimize and ES, ESS, and ESSS are the concentrations of enzymes with 1,
ATP consumption, low concentrations of-KTPase were  2;and 3filled catalytic sites. Parametets; = 2.9 2 uM, v1 =

S 36+ 255t Ky;=64+10uM, v, =313+ 55 K3=11.3+
_used (down t_o 5 nM), gnd 19 kinetics were aver_aged 0 1 8 mm, andvs = 438+ 16 s for the control;K; = 0.33+ 0.3
improve the signal-to-noise ratio. Fluorescence during ATP yM, vy, =14+ 1051, K, = 34+ 3uM, v, = 383+ 951, K3 =
hydrolysis was averaged betwees 1 s andt = 2 s after 10.3 £ 7.7 mM, andv; = 417 & 23 s! for the PRpretreated
MgATP addition, the zero time being the middle of the blind enzyme. See text for details.
period. Fluorescence values were corrected for the fluores-
cence of nucleotides, for the dilution effects, and for the inner those given by the simpler model that neglects bound
filter effect of the nucleotides, as in r80. Some measure-  nucleotides. Two different cases were considered. In the first
ments were made in the presence of WT IF1, the fluorescencecase, the contributions of the three catalytic sites to fluores-
of which was deduced. It was also verified using W F  cence quenching were forced to be equal, and in the second
ATPase that IF1 binding does not affect the fluorescence of case, they were allowed to take distinct valudsl, AF2,
Fi-ATPase endogenous tryptophans. Nucleotide binding and AF3 during the fitting process.
parameters were calculated by fitting the fluorescence versus ATP Hydrolysis Measurement and Kinetic Analy§len-
nucleotide concentration data to a theoretical curve, usingtinuous monitoring of ATP hydrolysis coupled to NADH
an ordered tri-site model. Contrary to that generally done in oxidation was carried out spectrophotometrically as described
the literature, we did not neglect the bound nucleotides in (39). The reaction was observed in a stirred and thermostatted
calculations because this approximation is quite inappropriate cuvette (25°C) containing 50 mM MES at pH 6.5, 20 mM
at low nucleotide concentrations. The concentration [S] of KCI, 2 mM MgCl,, 1 mM phosphoenolpyruvate, 20 units/
free ligand was therefore given by the equatior? [S|[S]? mL pyruvate kinase, 50 units/mL lactate dehydrogenase, and
+ b[S] + ¢, with a = 2 [Eio] + Kaz — [Stol], b = Kaz ([Etof 0.4 mM NADH and MgATP at indicated concentrations. The
+ Ka1 — [Swt]), andc = —KyiKaz2 [Swof]- The total concentra-  ATPase reaction was initiated by addingATPase at the
tions of ligand [&¢] and enzyme [E{] are known, andKgj, indicated final concentration {410 nM) and monitored by
Kaz, Kgz are the three dissociation constants to be determined.absorbance decrease of NADH at 340 nm. Steady-state
By algebraically solving the third degree equation using the ATPase activity varied linearly with MgATP concentrations
classical methods, which gave a single real positive root, lower than 1uM. However, it differed from zero in the
[S] was expressed as a function of[5[Etof], Ka1, Kaz, @and absence of added MgATP, the zero value being obtained by
Kgs. Then, the concentrations of enzymes with one, two, and extrapolating the data to a slightly negative value of substrate
three bound nucleotides were expressed as a functiondf [E  concentration. This is due to contaminating nucleotides
[S], Ka1, Kaz, andKgys, and the theoretical fluorescence was contained in the regenerating system (PK/LDH/PEP/NADH),
expressed as the sum of the concentrations of the differentleading to a systematic underestimation of MgATP concen-
states weighted by their respective fluorescence levelstration that was estimated to at most 50 nM in the data in
(parameters to be determined). Finally, the root-mean-squard~igures 1 and 2. The consequence on the determination of
deviation between theoretical and experimental fluorescenceenzymologic parameters is limited to the low MgATP
values was minimized by adjusting the values of the concentration range and was actually found to be negligible
parameters, using the Solver of Microsoft Excel software. It (see Results). After-£3 min of continuous ATP hydrolysis,
was verified that at high nucleotide concentrations (but not IF1 (20 nM) was injected into the cuvette, and ATPase
at low concentrations), the model gave values the same asactivity decayed. The spectrophotometric recording was
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Ficure 2: IF1 kinetic constant of inhibition vs MgATP concentra-
tion. Effect of PR pretreatment. Conditions are as described in
Figure 1 with 20 nM IF1. ©), control; @), PR pretreated. Each
value is the average of-24 measurements. Continuous curves are
shown with theoretical model witk,, modulation by substrate
binding to two binding sitesk,, = kond(1 + KJ/[S] + [S]/Kp) +
kon/ (1 + KA/[S] + KKW/[S]?), whereK, and Ky, are dissociation
constants of the first and second binding sitgs andkyn, are the
values of the IF1 rate constant binding to the enzyme with one or
two filled nucleotide binding sites. Controkon, = 2 16 + 10°
M~1sl Ky=1.284+ 0.25uM, konp = 1.59 16 + 1.2 10 M1

s L, andK, = 75 4+ 60 uM; PR pretreated:koyna = 2.5 16 + 1.3

1P M 1s1 Ky=0.78+ 0.11uM, kopp=1.9516G + 8 10* M1

s L, andK, = 32 £+ 20 uM.

analyzed as described in 189, showing a monoexponential

decay of ATPase activity. The apparent deactivation rate

constant Kappy was obtained from the fit.

Chemicals and Reagent&ll reagents were of analytical
grade. Nucleotides, NADH, pyruvate kinase (sulfate-free),

and lactate dehydrogenase (sulfate-free) were obtained from

Roche (Basel, Switzerland).

RESULTS

Effect of PR Pretreatment on Catalytic Properties of-F

Biochemistry, Vol. 46, No. 29, 2008683

first componentK;, v1) cannot be precisely determined. The
dissociation constant of the second compondfy, (¢.)
grossly corresponds t, in our previous work §9). The
third component Ks, v3), responsible for the increase of
ATPase activity above 1 mM, without concomitant decrease
of SW345 fluorescence (see below), cannot be due to the
filling of a catalytic site. We verified that it could not be
mimicked by increasing ionic strength (not shown). This rise
in ATPase activity is likely due to the filling of one or several
noncatalytic sites. These data and their interpretation are
consistent with some previous reporis3(48) but deviate
from other data obtained witk. coli F;-ATPase, where a
single Kq (ADP) value of 25uM was found for the three
noncatalytic sites14). PR treatment did not fully abolish
the low affinity component of ATPase kinetics (Figure 1).
This could be due to some release of fiém the low affinity
noncatalytic sites after diluting;FATPase in the reaction
medium. This has a very limited effect on the determination
of kinetic parameters. Importantly, the lag time typically
observed in the ATP hydrolysis progression curves at
intermediate MgATP concentrations (0:01 mM) com-
pletely disappeared after Pftetreatment (data not shown),
as expected1Q).

Because of the nucleotide content of the ATP-regenerating
system, MgATP concentrations in Figure 1 might be
underestimated by, at most, 50 nM. Increasing MgATP
concentration by 50 nM only affects the parameters of the
high affinity component, and the changes are meaningless
because the values &f; and v; remain within the error
interval, which is large.

Effect of Pyrophosphate Pretreatment on the Kinetics of
ATPase Inhibition by IF1We added IF1 (20 nM) to
ATPase during steady-state hydrolysis and observed as we
did previously the time-dependent decay of ATPase activity.
This decay could be fitted to a monoexponential moa8),(
and the IF1 kinetic binding constark,) deduced from this
fit was plotted as a function of MgATP concentration (Figure
2). As previously observed9), k., dramatically increases
when MgATP concentration is in the micromolar range and
moderately decreases at higher MgQATP concentrations. The

ATPasePyrophosphate pretreatment of nucleotide-depleted new fact is that PPpretreatment slightly increasés, (by

F1-ATPase is known to mimic ATP binding to noncatalytic
sites @0). Figure 1 shows the steady-state rate of ATP
hydrolysis by the control and RPretreated FATPase as a
function of MgATP concentration. PBretreatment increases
ATPase activity at any MgATP concentration. ATPase
activity without PR pretreatment, previously studied for
MgATP concentrations up to 1 mM, had been considered
practically Michaelian wittKy, = 55uM (39). Here, we show
that at higher MgATP concentrations (up to 20 mM) the
ATPase activity actually continues to rise (Figure 1). After
PR pretreatment, this phase is minimized, and ATPase

20—30%) at any MgATP concentration. Taking into account
the fact thatk,, decrease beyond 1 mM MgATP is an
unspecific effect of ionic strengtt89), only data below 1
mM MgATP were fitted to a theoretical model in whigh,

is modulated by MgATP binding on two sites of different
affinities. This gave phenomenological dissociation constants
Ka and Ky, representing MgATP concentrations for which
the half-rise and the half-decreasekgfare reached. Because
of the low magnitude ofk,, decrease at high MgATP
concentrations, onli, may be really determined. Its value
is 1.28+ 0.25uM for the control andK, = 0.78 + 0.11

activity converges to the same value as that of the control atuM for the PR-treated enzyme. If one considers, as envisaged

saturating MgATP concentration. With respect to previous
analysis 89), saturation curve modeling requires a new
component of low affinity. This component increases activity
by almost 40% (control) or by about 9% (FPftetreated
enzyme). Also, we found that the addition of a third (minor)
component in the micromolar range significantly improved
the fit, and finally, three components of different affinities

above, that MgATP concentrations should be corrected by
50 nM, Kz would become 1.4& 0.33uM for the control
and 0.92+ 0.15uM for PR-pretreated FATPase, which is
not significantly different. Becaude, probably depends not
only on the accessibility of the IF1 binding site but also on
the turnover rate39), which is higher with PPpretreated
material, we have plotted,, as a function of the enzyme

were used. These parameters are indicated in the legend toate of turnover, varied by MgATP concentration (Figure
Figure 1. Because of its minor role, the parameters of the 3). For a given turnover rat&,, is higher with PRpretreated
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Ficure 3: Rate constant of inhibition by IF1 as a function of 0.001 0.1 10 1000
catalytic turnover. Effect of RPpretreatment from the data in [MgATP] (uM)

Figures 1 and 2.Q), control; @), PR pretreated. Ficure 4: Fluorescence of Ripretreate@?Y345W FR-ATPase as

a function of MgATP concentration. Conditions are as described
material, which shows thét, increase after RPretreatment ~ uUnder Materials and Methods. MEoncentrations: 5 nM for 0.03

. : - : 100uM M@ATP, 10—15 nM for 0.3-1 mM MgATP, and 30 nM

is not th_e simple consequence of the stimulation of ATP for 5 mM MgATP. @), no IF1 present), 1 uM WT IF1.
hydrolysis. . Fluorescence was integrated on thetfts after MGATP addition.
Catalytic Site Occupancy in RHPretreated F-ATPase Each point represents the average of 10 measurements without IF1

Further analysis is required to estimate the catalytic site and the average of 5 measurements with IF1. Continuous curves
occupancy during steady-state ATP hydrolysis to know &€ fits obtained without assuming identical fluorescence quenching
whether it controls théw, value. This may be achieved by for the three sites. Parameters of the fits are displayed in Table 1.
measuring the ATP-dependent fluorescence quenching of the 100
mutated residugW345 39). This technique was first

introduced irE. coli F-ATPase 46) and applied tBacillus

PS3 R-ATPase 47, 48). With mitochondrial F-ATPase, %0
which is very active, this approach is possible only for very

short reaction times because measurements should be done g 80
in the absence of the ATP-regenerating system. In our 3
previous work, because of the lag time of ATPase activity § 70
observed at intermediate MgATP concentration, such rapid 2
measurements could be done only at two MgATP concentra- §
tions, 1uM and 1 mM @9). In the present work, elimination = 60

of the lag time by PPpretreatment allows us to do it at any

MgATP concentration. Figure 4 shows the fluorescence of 50
PR-pretreatepY345W F-ATPase as a function of MgATP

concentration. Fluorescence was measured within the first 2

s following MgATP addition (see Materials and Methods 0 10201 1 10 102 103 10°
for details). After 2 s, at the most, 20% of MgATP was
hydrolyzed for the lowest substrate concentrations and much [MgADP] or [MgAMPPNP] (uM)

less at high concentrations. Several phases of fluorescencéiGURE 5: Fluorescence of Riretreate@Y345W R-ATPase as
decrease are observed, and at high MgATP concentrations function of MgGADP @) and MgAMP-PNP Q) concentrations.

onditions are as described in Materials and Methods.; MF
the fluorescence reaches a plateau that represents about 55% .\ -entrations: 10 nM or 30 nM depending on nucleotide

of the initial value. This plateau corresponds to the filling concentration. The values (average of£2measurements) were

of the three catalytic sites. As a comparison, we also studiedtaken at equilibrium. Continuous curves are fits obtained without

the filling of catalytic sites of PPpretreated FATPase by assuming identical fluorescence quenching for the three sites. The

MgADP and MgAMP-PNP (Figure 5). Maximum fluores- dotted curve is the fit obtained after imposing identical fluorescence
: . quenching for the three sites (it can be distinguished from the

cence quenching was the same as that with MgATP. continuous curve only in the case of MgADP). Parameters of the

Fluorescence data were fitted to a tri-site model with three fits are displayed in Table 1.

different dissociation constanks;;, Kqz, andKgys (Table 1).

Two sets of constants were calculated. It was first assumedbinding parameters for MgATP depend only a little on the

that filling of each of the three catalytic sites led to identical initial postulate.Kq values were obtained using an ordered

fluorescence quenching. The second set of constants wasnodel for nucleotide binding, but they were practically

obtained without making this assumption. In both cakgs, unchanged if a random mechanism was assumed (not

was too small to be measured with MgATP (below nM); shown).

Kgz was 0.11+ 0.02uM in the first case and 0.0& 0.03 Table 1 also contains the values K, Kqg2, andKgs for

uM in the second case; afd; was 50+ 10 4M in the first MgADP and MgAMP-PNP, the values in parentheses being

case and 41 6 uM in the second case. So the values of those previously obtained without Ritetreatment39). Kq;
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Table 1: Determination of Nucleotide Binding Parameters 9345 Fluorescence

substrate fit Ka1 (uM); AF1 (%) Kaz (uM); AF2 (%) Kas («M); AF3 (%)
MaATP singleAF <0.001; 14.9£ 0.2 0.11+0.02; 14.9+ 0.2 49.94+9.8; 14.9+ 0.2
9 distinctAF <0.001; 15.0£ 1.8 0.0764+ 0.032; 13.3+ 1.6 41.3+6.3; 16.8+ 3.6

MQATP (+IF1) singleAF <0.001;14.86: 0.8
distinctAF <0.001; 15.9+-1.7
singleAF ~0.007; 15.4+ 0.7

MgADP (0.010)
distinctAF ~0.0002; 7.7+ 1.4

MgAMP-PNP singleAF ~0.005; 15.3 0.2
distinctAF <0.001; 9.3+ 2.9

2.7+11;,14.8+£0.8
3.7£1.7;15.5£ 45

0.18+ 0.02; 15.4+ 0.7
(0.22)
0.054+ 0.01; 20.1+ 1.3

0.065+ 0.007; 20.1+£ 1.3
0.034+ 0.013; 20.4 3.0

97+ 54,14.8+£0.8
1144+ 57;12.7£ 4.9

44.7+3.9; 15.4+ 0.7
(16.3)
30.3+ 1.8; 18.5+ 0.3

196+ 40; 15.3+ 0.2
150+ 39; 16.5+ 5.8

a Catalytic site dissociation constank&{, Kqz, andKgs) and the magnitude ¢gfw345 fluorescence quenchingk1, AF2, andAF3) by nucleotide
binding to PRpretreated FATPase are show\F is expressed as the percentage of the nucleotide-free enzyme fluorescence. Values were calculated
from the data in Figure 4 (MgATP, without and with IF1) and Figure 5 (MgADP and MgAMP-PNP) as described under Materials and Methods.
Fluorescence intensity I8 = 100[E] + (100 — AF1)[ES] + (100 — AF1 — AF2)[ES;S;] + (100 — AF1 — AF2 — AF3)[ESS;Ss], where E is
the nucleotide-free enzyme, and £EE8SS;, and ESS;S; have 1, 2, and 3 filled catalytic sites, respectively. Calculations were made assuming a
single value or distinct values faxF1, AF2, andAF3. Ky values in parentheses (MgADP, singi& value) were previously obtained with non-
PR-pretreated FATPase 89).

andKg, values for MgADP were not significantly changed ing the reaction medium. From the dependence of ATPase
by PR-pretreatment, but th&g; value was almost trebled.  activity on the incubation time with IFXk,, was estimated
The latter result slightly differs from that obtainedtn coli to be 2x 104 M~ min~! (data not shown), about 100 times
Fi-ATPase, where RFpretreatment did not at all affect lower than that in the presence of 2a®M MgATP (see
MgADP binding to catalytic sites40). Figure 2). This shows that MgADP-saturateg-ATPase

No K4 value for ATP binding matches with the half-rise  binds IF1 very slowly with respect to the MgATP-saturated
of kon (Ka = 0.8 £ 0.1 uM) estimated in Figure 2. This enzyme.
corroborates our previous proposa®) that the IF1 binding
rate is not directly controlled by the catalytic state af F
ATPase. By contrasKgsz (40 4 6 «M) could match the half-
decrease okon (Kp = 32 £+ 20 uM), although the latter is

not precisely determined (legend to Figure 2). equivalent to thefpp site of the reference stat®)(with
Catalytic Sites Occupancy in IF1-Inhibited-ATPaseTo  respect to they position but apparently filled with ATP
investigate the occupancy of the catalytic sites in the IF1- instead of ADP 85). From a dynamic point of view, it has
inhibited state of FATPase, the PRretreated enzyme was  been known for a long time that ATPase turnover is
first incubated with 1uM IF1 for 30 s, a time too shortto  necessary for IF1 binding@0, 37). The relationship between
form ATPase-IF1 complex in the absence of nucleotides MgATP concentration and the rate of IF1 binding is complex
(39), and then MgATP was added, which triggered ATP (38—39). We previously found a mismatch between the
hydrolysis and IF1 binding at the same timgW345 occupancy of the catalytic sites and the rate of IF1 binding
fluorescence quenching was estimated as in control condi-(39). This analysis was limited by the fact that ATP binding
tions and plotted on the same graph (Figure 4). At any had to be measured within a few seconds, whereas in most
MgATP concentration, the fluorescence quenching, related cases, steady-state ATP hydrolysis occurred only after several
to the catalytic site nucleotide content, was decreased in theminutes. Therefore, ATP binding parameters were deduced
presence of IF1Kq, was increased 2550-fold, andKqz was not directly fromBW345 fluorescence but from a combina-
increased 2 3-fold (Table 1). This suggests that IF1 binding tion of kinetic and fluorescence assays. Here, freezing the
during ATP hydrolysis diminishes ATP binding. noncatalytic sites by RPretreatment abolished the lag of
IF1 Binding to ADP-Loaded FATPase.lt is well ATPase activity and allowed for the fast measurement of
established that MgATP is required to promote IF1 binding nucleotide occupancy at all ATP concentrations. The mis-
and that it cannot be replaced by MgAMP-PNP. However, match between ATP binding and IF1 binding was confirmed.
this does not prove that IF1 binds to an ATP-containing This strengthens the view according to which the binding
catalytic site because during ATP hydrolysisATPase also  process occurs in two separate steps: (1) IF1 loose binding
contains ADP. We have estimated the rate of IF1 binding to that depends on the geometryaf3 interfaces, determined
Fi-ATPase saturated with MgADP by using a method by catalytic occupancy and (2) turnover-dependent IF1
previously developed to detect loose binding of IF1 on the locking. In this model, the theoretical value of the rate
nucleotide-free enzymé&$9). It consists of incubating resting  constantk,, is determined by the catalytic state of the
F1-ATPase for different times with IF1 at a high concentra- enzyme, but the observed value is a macroscopic constant
tion and then diluting it in a reaction medium containing modulated by the competition between IF1 locking and
MgATP at a high concentration to rapidly trap already bound release §9).
IF1. Here, PRpretreated FATPase (50 nM) was incubated Role of Noncatalytic Site®R pretreatment, which mimics
for various times with IF1 (100 nM) in the presence of 250 the filling of noncatalytic sites by ATP13, 40), slightly
uM MgADP. The binding of IF1 was indirectly probed by increases the rate of IF1 binding, independent of the
measuring ATPase activity just after diluting an aliquot of enhancement of the catalytic turnover. One may speculate
incubated material in the spectrophotometric cuvette contain-that filling noncatalytic sites with ATP directly acts on the

DISCUSSION

Dynamic Aspects of IF1 Bindingrrom crystallographic
data, IF1 was found to be bound at@f# catalytic interface,
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accessibility of IF1 binding sites. Our kinetic data strongly
suggest that at least two classes of noncatalytic sites bind
ATP with different affinities, one below 100M (this work

and refsl3 and40) and another above 1 mM. Because PP
pretreatment accelerates IF1 binding at MgQATP concentra-
tions that saturate the noncatalytic sites of higher affinity, it
is logical to suppose that this effect is due to conformational

change of the noncatalytic sites of lower affinity. But it
cannot be excluded that Pfretreatment affects the rate of
IF1 binding by a specific mechanism. Unfortunately, it is
not possible to study the effect of Pfretreatment on IF1

Ficure 6: IF1 inhibition and nucleotide occupancy. The two
catalytic states are before (left) and after (right) ATP hydrolysis

binding at MgATP concentrations above millimolar because ©n Sité (0). ATP hydrolysis converts site 1) from a loose site to

at these concentrations, the effect of ionic strengthkgun

a tight site and site{1) from a tight site to a loose site. IF1 bound
to site (0) during a previous catalytic cycle (asterisk) prevents ATP

becomes predominant. Whatever the precise mechanism ispydrolysis and also conformation changes of siteg)(and (-1).
the conformation of noncatalytic sites modulates the acces-Parentheses indicate that sitel) contains ADP only at high ATP

sibility of IF1 binding site only a little. We are not sure that
such a limited effect could be detected by structural
investigations.

Going Deeper into the BindLock Mechanism of IF1F1
binds very slowly to nucleotide-fre8%) and to ADP-loaded
(this work) R-ATPase. Although we do not know the
structure of these two forms ofifATPase, it is plausible

concentrations. See text for details.

According to our data and this mechanism, the average
number of nucleotides of the dead-end-HATPase complex
is variable, whereas the crystallized FATPase complex
has two bound nucleotide8%). It is probable that inhibited
enzymes with different nucleotide occupancy slowly con-

that at least one of the catalytic sites of the nucleotide-free Verge to a unique state before or during crystallization.
species and one of the sites of the ADP-loaded species look The proposal that IF1 loosely binds to an ATP-containing

like the empty and the ADP-filled catalytic sites, respectively,
of the working enzyme. It is therefore probable that during
ATP hydrolysis IF1 only binds to a catalytic site occupied
by ATP. IF1 could loosely bind to this site when it is not
yet tightly closed and would be locked during tight closing
promoted by catalytic events on other sites.
Nucleotide analysis of IF1-inhibited;fATPase $0) and

crystallographic study of bovine fATPase in complex with
IF1 (35) suggest that IF1 inhibits the cleavage of ATP into

ADP and Pi. We showed here that catalytic site occupancy wi

decreases in the {fnhibited R-ATPase. It was previously

shown that depending on MgATP concentration present

before inhibition IF1-inhibited FATPase, but not the active

enzyme, retained up to one catalytic nucleotide after separa

tion from unbound nucleotide$@). Our present data do not

contradict this report because here we measured boun

nucleotides in equilibrium with free nucleotides in the
medium. Within the investigated MgATP concentration

range, the minimum amount of catalytic nucleotides after

IF1 inhibition here is about 1 perfATPase (Figure 4),

which could correspond to the previously detected entrapped

nucleotide $0). The decrease in affinity for nucleotides in

the IF1-inhibited complex only concerns the second and the
third catalytic sites, mainly the second one (Table 1). These

data may be simply rationalized (Figure 6). During multisite
ATP hydrolysis, ATP loose binding to site-() promotes
ATP hydrolysis at site (0), which in turn would fully close
site (—1), and also opens sité-(), which eventually contains
ADP. By inhibiting ATP hydrolysis at site (0), bound IF1

interface may simply explain why IF1 is not retained to the
enzyme during pmf-driven ATP synthesis. If IF1 indeed
binds to this interface during ATP synthesis, the next state
experienced by this site is the open, nucleotide-free state,
which probably has a very higky for IF1 and therefore
allows its release. This model provides a clue for understand-
ing the unidirectional character of mitochondrial ATP
synthase inhibition by IF1.

Bi-Site versus Tri-Site CatalysigOur data are consistent
th tri-site ATP hydrolysis, a model supported in all the
reports using tryptophan to probe the filling of catalytic sites,
using R-ATPase fromE. coli (46, 51) as well as from
Bacillus PS3 @7, 48). In contrast, data obtained on bovine

Fi-ATPase by a rapid filtration technique supported bi-site

dATP hydrolysis 62), but they were questioned in a later

report 63). Fluorescence data from Figures 4 and 5 could
actually be fitted using a bi-site model by assuming that the
two sites do not equally contribute {345 fluorescence
(not shown). The resulting dissociation constants for MgATP
would beKy; = 15 nM andKg; = 34 uM. Again, none of
these constants match with the half-rise of the IF1 binding
rate K, = 0.8 M), and the bine-lock mechanism remains
valid.

The bi-site model would imply that th8W345 fluores-
cence plateau arounddM MgATP corresponds to the filling
of a single catalytic site (Figure 4). However, the catalytic
turnover in this MgATP concentration range is about-15
20 s* (Figure 1). Even with the small contribution of sites

prevents this interconversion between closed and open sitesof intermediate affinity, this is inconsistent with the much

At low ATP concentration, sitef1) is empty because ADP

lower single site catalytic turnover (0.05%sto 0.1 s)

release from this site, although slow, preceded ATP binding reported for the bovinés@—55) and yeast6) mitochondrial

to site (-1). The only effect of IF1 on nucleotide occupancy
is to decrease bound ATP, which results in a88-fold
increase inKg; (Table 1). At high ATP concentration, site

Fi-ATPases. It is therefore highly probable that the transient
plateau ofsW345 fluorescence observed in the micromolar
ATP concentration range is due to the saturation of the

(+1) is occupied by ADP, and in addition to decreasing second catalytic site. In conclusion, even though we consider
bound ATP, IF1 increases bound ADP. This results in a that some caution is still mandatory, we regard the tri-site
modest increase K43 (2—3-fold). mechanism as the most probable one.
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