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Abstract

In order to get insight into the origin of apparent negative cooperativity observed for F;-ATPase, we compared ATPase activity and
ATPMg binding of mutant subcomplexes of thermophilic F,-ATPase, o(wae3r3zPyzaiwyzY and oki7sa/ri176a/was3r)ysPeyaaiw)sy. For
Qwa63F)3P(y341w)3Y» apparent Kp,’s of ATPase kinetics (4.0 and 233 uM) did not agree with apparent K,,’s deduced from fluorescence
quenching of the introduced tryptophan residue (on the order of nM, 0.016 and 13 uM). On the other hand, in case of
QK 1754/ T176A/W463F)3B(v341w)3Y, Which lacks noncatalytic nucleotide binding sites, the apparent K,, of ATPase activity (10 uM) roughly
agreed with the highest K., of fluorescence measurements (27 pM). The results indicate that in case of q(wae3r)3By3a1wyzy, the
activating effect of ATP binding to noncatalytic sites dominates overall ATPase kinetics and the highest apparent K, of ATPase
activity does not represent the ATP binding to a catalytic site. In case of qki17sa/T176a/W463F)3P(v341w)3Y, the K, of ATPase activity
reflects the ATP binding to a catalytic site due to the lack of noncatalytic sites. The Eadie—Hofstee plot of ATPase reaction by
K175/ T176A/W463F)3B(Y341w)y3Y Was rather linear compared with that of o waesr;3By3a1wysy, if not perfectly straight, indicating that the
apparent negative cooperativity observed for wild-type F;-ATPase is due to the ATP binding to catalytic sites and noncatalytic sites.
Thus, the frequently observed K,’s of 100-300 pM and 1-30 pM range for wild-type F;-ATPase correspond to ATP binding to a

noncatalytic site and catalytic site, respectively.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The F,F{-ATP synthase catalyzes ATP synthesis from
ADP and phosphate, using the proton-motive force gener-
ated by respiratory chain or photosystems. The F; region
catalyzes synthesis and hydrolysis of ATP in the holoen-
zyme, but when F; is removed from F,, it catalyzes only
ATP hydrolysis. The membrane-embedded part, F,, consists

Abbreviations: TF;, soluble ATPase portion of ATP synthase from
thermophilic Bacillus PS3; MF,, soluble ATPase portion of mitochondrial
ATP synthase; EF;, soluble ATPase portion of ATP synthase from
Escherichia COli; Trp mutant, the Q(W463F)3 B(Y341W)3’y Subcomplex of
TF,; ANC mutant, the 335y subcomplex of TF; containing two mutations:
aK175A/aT176A; CW Less, the azB3y subcomplex of TF; containing two
mutations: aC193S/aW463F; EDTA, ethylenediaminetetraacetic acid;
LDAO, lauryl dimethyl aminooxide
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of at least three kinds of subunits with the stoichiometry
ab,Cio_14 and works as a proton channel.

Isolated F,; is water-soluble and consists of five kinds of
subunits with the stoichiometry of as3P;yde, having six
nucleotide binding sites. Three of them are contained mostly
within the  subunits and are catalytic sites. The other three
sites are contained mostly within the « subunits and they do
not have catalytic activity. The crystal structure of mitochon-
drial F|-ATPase (MF)) revealed that o and 3 subunits are
arranged alternately like sections of an orange and that the vy
subunit protrudes from the central cavity of o33 [1].

Kinetic analyses of the F; and F,F|-ATP synthase by
Boyer’s laboratory [2,3] lead to a hypothesis that the three
catalytic sites change their nucleotide binding affinity alter-
nately and the vy subunit rotates in the central cavity during
the catalysis [4]. This hypothesis was strongly supported by
the crystal structure of MF; [1] and the rotation of the
subunit during ATP hydrolysis was directly observed by
Noji et al. [S]. However, the precise catalytic mechanism of
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F,-ATPase is still unknown. There is a strong cooperativity
between three catalytic sites of F;-ATPase and apparent
negative cooperativity observed in ATP hydrolysis was
frequently discussed in relation to this cooperativity. How-
ever, the relationship between the catalytic activity and
catalytic site occupancy has not been figured out and the
origin of the apparent negative cooperativity is still unclear.
It has been established that when only one site is filled, the
catalytic rate is slow (uni-site catalysis) [6,7] and chase-
added ATP, as low as 5 uM, accelerates the hydrolysis of the
firstly bound ATP [8]. Previously, the apparent negative
cooperativity was explained as the rate acceleration by two
catalytic sites filling (bi-site catalysis)' and three catalytic
sites filling (tri-site catalysis)® [9]. However, whether the
maximal rate of catalysis is attained when all of the three
catalytic sites are occupied (tri-site catalysis) or when two of
them are occupied (bi-site catalysis) by nucleotides is still a
matter of debate [10—16]. In addition, the effect of ADP
inhibition and ATP binding to noncatalytic sites should be
taken into account for the apparent negative cooperativity.

Weber et al. [15] correlated ATPase activity and nucle-
otide binding of F;-ATPase from Escherichia coli (EF,) by
introducing a tryptophan residue at catalytic sites. They
concluded that the maximal rate of catalysis was attained
when all of the three catalytic sites were occupied. Accord-
ing to them, the rate of bi-site catalysis was negligible.
ATPase reaction by EF; was described with a simple
Michaelis—Menten mechanism and ADP inhibition and
ATP binding to noncatalytic site did not result in apparent
negative cooperativity. Dou et al. [14] also studied the
relationship between ATPase activity and nucleotide bind-
ing by measuring the fluorescence of tryptophans that had
been introduced at catalytic sites of F;-ATPase from ther-
mophilic Bacillus PS3 (TF,). They also concluded that the
maximal rate of catalysis was attained in tri-site catalysis.
But the apparent K, for ATP hydrolysis was higher than the
apparent K, for the third catalytic site filling by ATP as
determined by tryptophan fluorescence. Ren and Allison
[17] attributed this discrepancy to the effect of ATP binding
to noncatalytic sites. They assigned an apparent K;;, of some
1-5 uM as the K, of bi-site catalysis, 40—100 pM as the
K, of tri-site catalysis, and 200—400 uM as the apparent K,
due to ATP binding to noncatalytic site, respectively.

On the other hand, Milgrom et al. [16] studied the
ATPase activity of MF; and assessed the number of catalytic
sites which are occupied by nucleotide when the maximal
rate of activity is attained. They found only one apparent K,
(130 uM) which they identified as a K, of bi-site catalysis
and concluded that when only two of the catalytic sites were
occupied by nucleotide, the maximal rate of catalysis was
attained.

! We define bi-site catalysis as a reaction cycle which release product
from enzyme species with two catalytic sites filled with nucleotides.

2 We define tri-site catalysis as a reaction cycle which releases product
from enzyme species with three catalytic sites filled with nucleotides.

More importantly, a related question has arisen if the
bi-site catalysis is coupled with the rotation of the -y
subunit or only tri-site catalysis can drive the rotation.
The slow uni-site catalysis may not accompany the rota-
tion of the y subunit since cross-linking between the vy and
{3 subunits does not inhibit the uni-site catalysis [18]. This
contention is supported by the results that the uni-site
catalysis was not suppressed when the conformational
change of two 3 subunits was suppressed by cross-linking
[19]. As for the bi-site catalysis, Ren and Allison [20]
insist that regular rotational motion would not be expected
due to the low rate of bi-site catalysis. Yasuda et al. [21]
found rotation of the vy subunit at as low as 20 nM ATP.
Combined with other kinetic analyses, they conclude that
bi-site catalysis is the fundamental mode of rotation and
filling all sites does not significantly accelerate, nor add
power to, rotation [22], which is in good agreement with
Boyer [10—12]. On the other hand, using ITP as a
substrate, Weber and Senior [23] reached the conclusion
that bi-site hydrolysis activity is negligible, and may not
even exist. They argue that only tri-site hydrolysis drives
subunit rotation. In order to answer these questions, it is
necessary to correlate ATP binding and ATPase activity
precisely.

In the present study, we compared mutant subcomplexes
of thermophlhc Fl-ATPase (TF]), Q(W463F)3 B(Y341W)3'y (Trp
mutant) and o i175a/T176A/W463F)3Bv341w)3Y (ANC Trp
mutant). The Trp mutation which was first introduced
by Weber et al. [15] allowed to monitor the nucleotide
binding while the ANC mutation could eliminate the
influence of noncatalytic nucleotide binding sites. Our
results indicated that the apparent negative cooperativity
observed for wild-type F-ATPase in the ATP concentra-
tion range between 1 and 2000 pM is due to the ATP
binding to catalytic sites and noncatalytic sites. In this
concentration range, the frequently observed K, of 100—
300 uM corresponds to ATP binding to a noncatalytic
site. The apparent lower K, of 1-30 puM, which may
correspond to the K, for rotation of the vy subunit
observed by Yasuda et al. [22], corresponds to the ATP
binding to the third catalytic site, rather than the second
catalytic site.

2. Materials and methods
2.1. Strains, plasmids, and proteins

E. coli strain JM109 was used [24] for preparation of
plasmids. pKABG1-aW463F was prepared as previously
described [25]. The mutation of BY341W was introduced
into pTABGI [25] as previously described [26]. The Mull—
Smal fragment of pTABG1 which contained the pY341W
mutation was ligated into the corresponding site of
pKABG1-aW463F to produce aW463F/BY341W mutant
(Trp mutant). The pPKABG1-aK175A/aT176A (ANC mu-
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tation)’ was prepared as described previously [27]. The
EcoRI-Bglll fragment which contained the ANC mutation
was ligated into the corresponding site of pKABGI-
aW463F/BY341W to produce ANC/Trp mutation. The
mutant o33y complexes were purified as previously de-
scribed [26]. Before the activity measurement, the enzyme
was fractionated on a Superdex 200 gel filtration column
(Pharmacia Biotech) with a 20 mM 3-morpholinopropane-
sulfonic acid-KOH (pH 7.0) buffer containing 100 mM KCI
for purification. Then, the purified protein was adsorbed on
a Butyl-Toyopearl column (TOSOH, Japan). The column
was washed with 50 mM Tris—ClI (pH 8.0) bufter, contain-
ing 100 mM NaPi, 1 mM ethylenediaminetetraacetic
(EDTA), and 20% saturated ammonium sulfate and then
with 50 mM Tris—Cl (pH 8.0) buffer containing 1 mM
EDTA, 20% saturated ammonium sulfate successively. The
protein was eluted with 50 mM Tris—Cl (pH 8.0) buffer
containing 1 mM EDTA, for depletion of bound nucleotide.
Bound nucleotide was determined using a reverse phase
column ODS-80Ts as described in Ref. [28]. After the
treatment of nucleotide depletion, bound nucleotide was
less than 0.05 mol/mol of a3Psy.

2.2. ATPase activity measurements

ATPase activity was measured at 25 °C in the presence
of an ATP-regenerating system in 50 mM Tris—Cl (pH 8.0)
buffer containing 100 mM KCl, 3 mM MgCl,, | mM
EDTA, 50 pg/ml pyruvate kinase, 50 ng/ml lactate dehy-
drogenase, 2.5 mM phosphoenolpyruvate, 0.2 mM NADH
and indicated concentration of ATPMg. Reaction was
started by addition of azP5y. The rate of ATP hydrolysis
was determined from the rate of decrease of the absorbance
at 340 nm between 3 and 10 s after addition of a3Psy.

2.3. Fluorescence measurements

Fluorescence measurements were performed with FP-
777 spectrofluorometer (JASCO, Japan) at 25 °C. After
the treatment for nucleotide depletion, azPzy in 50 mM
Tris—Cl1 (pH 8.0) buffer containing 1| mM EDTA was diluted
to 80—100 nM to a total volume of 1.7 ml in 50 mM Tris—
CI (pH 8.0) buffer 100 mM KCI, 3 mM MgCl,, and 1 mM
EDTA. During measurements, the protein solutions were
magnetically stirred in the cuvettes. The excitation wave-
length was 300 nm. For titration experiments, the emission
wavelength was 345 nm. The slit for excitation was set at
1.5 nm and the slit for emission was set at 10 nm. Titrations

3 In the previous manuscript, we reported that ANC mutant contained
mutations: oaK175A/aT176A/aD261A/aD262A [27]. However, it was
recently confirmed that the mutant contained only oK175A/aT176A
mutations (Suzuki, T. and Ono, S., unpublished data). In spite of the
mistake in the mutated residues, the inability of nucleotide binding to
noncatalytic sites remains true judging from the absence of TNP—ATP
difference spectrum which appears upon nucleotide binding and the
absence of covalent labeling by 2-azido ATP [27].

were carried out by injecting ATPMg solutions into the
cuvettes.

3. Results

3.1. ATPMg binding and ATPase activity of Trp mutant
(% vas3p3P 34137

In the crystal structure of MF;, B-Tyr-345 interacts with
the adenine moiety of nucleotides bound to the catalytic
sites. Weber et al. [15] substituted the equivalent residue in
the E. coli F;-ATPase (B-Tyr-331) with tryptophan and
estimated the amount of nucleotide bound to catalytic sites
fluorometrically. Dou et al. [14] also substituted an equiv-
alent residue in TF;, p-Tyr-341, with Trp and examined the
relationship between nucleotide binding and ATPase activ-
ity. In the present study, a-Trp-463 was further substituted
with Phe to reduce the background fluorescence. The
fluorescence of the p-Trp-341 was reduced by addition of
ATPMg with a slight shift of maximal emission wavelength
and completely quenched when more than 200 uM ATPMg
was added (Fig. 1A). A typical time-course of fluorescence
decrease by addition of ATPMg was shown in Fig. 1B. The
equilibrium was attained rapidly after addition of ATPMg.
Dependencies of fluorescence quenching and ATPase activ-
ity on the ATPMg concentration are shown in Fig. 1C.

For evaluation of ATPMg binding curves (Fig. 1C) the
following equation was used,

[MgATP]
Kz + [MgATP]

[MgATP]
K + [MgATP]

FL = FL; 4+ FL, x + FL;

(1)

FL;, FL,, and FL; are the extent of fluorescence decrease
that was caused by ATPMg binding to the highest affinity
site, second highest affinity site, and the third lowest affinity
site, respectively. K,r» and K,,r; represent ATPMg binding
affinity to the second and third catalytic site. At ATP
concentrations lower than that of the enzyme, fluorescence
decreased linearly as increasing ATP concentration, indicat-
ing a very high affinity (nM order) of the first catalytic site.
Thus, Kr1, which represents the ATPMg binding to the
first site, was not evaluated. Instead, the contribution of the
first site to the fluorescence quenching was treated as a
constant value, FL;, which was determined as the fluores-
cence decrease when the enzyme concentration and ATP
concentration were the same. FL; was about one-third of the
total fluorescence intensity in the absence of nucleotide,
supporting the equal contribution of fluorescence intensity
by the three catalytic sites. Estimated parameters are sum-
marized in Table 1.

A clearly downward concave Eadie—Hofstee plot was
obtained for the ATPase reaction, (Fig. 1C, inset), indicating
apparent negative cooperativity. Therefore, for evaluation of
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Fig. 1. Comparison of occupancy of the catalytic sites by ATPMg and ATPase activity in Trp mutant. Enzyme concentrations were 80—100 nM for
fluorescence measurements and 9—12 nM for ATPase activity measurements. (A) The change in the spectrum of the Trp mutant by the binding of ATPMg.
ATPMg concentration for each individual experiment is given in the figure. (B) Time courses for the binding of ATPMg to the Trp mutant. ATPMg solution
was added at 60 s after the initiation of the measurement. ATPMg concentration for each individual experiment is given in the figure. (C) The fluorescence
decrease and ATPase activity as a function of ATPMg concentration. Filled square, extent of fluorescence decrease which reflects catalytic site occupancy, left-
hand scale; open circle, ATPase activity, right-hand scale. ATPase activity was measured with an ATP-regenerating system. The lines are theoretical curves
based on the parameters given in Table 1. (Inset, C), Eadie—Hofstee plot of ATPase activity. The line is a theoretical curve using the same parameters.
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Table 1
Kinetic parameters deduced from fluorescence titration and ATPase
measurement

Trp mutant
Fluorescence Kypy (MM)  Kippr (M) Kpps (uM)
ND* 0.016 13
(FL,=34.7%) (FL,=16.7%) (FL3=51.4%)
ATPase Kinar (BM)  Kipaz (BM)
4.0 233
(Vmax2:3~8) (Vmax3:20~5)
ANC/Trp mutant
Fluorescence Kpp (MM)  Kppo (BM)  Kips (M)
ND?* 0.05 26.9
(FL;=34.9%) (FL,=29.8%) (FL3=35.3%)
ATPase Ko (WM)°
10.0

(Vmax2 = 166)
KmAl (HM)C KmAZ (”M)c
1.3 22
(Vmax2=4~3) (Vmax3= 125)

#ND: not determined (nM order).

® Parameter deduced by fitting with a linear line.

¢ Parameters deduced by fitting with Eq. (2) guided by eyes. This
parameter set is not the best fit which gives minimal 2. See text for details.

ATPase activity (Fig. 1C), an equation was used in which
two catalytic sites had independent K, and V.« values,4 as
follows.

[MgATP]
KmAl —+ [MgATP}

[MgATP]
KmA2 + [MgATP]

V = Viax1 X

Vmax2

(2)

As there are three catalytic sites, a combination of at least
three Michaelis—Menten type reactions may be better than
the above equation (Eq. (2)). However, a combination of
three Michaelis—Menten type reactions did not give a better
fit than Eq. (2) or converge to give a stable parameter set.
Therefore, we applied Eq. (2) for phenomenological inter-
pretation.” Evaluated parameters are summarized in Table 1.

When we compared the parameters, the K, values of
fluorescence measurement (nM order, 0.016 and 13 uM) and
those of ATPase activity measurement (4.0 and 233 uM) did
not correspond to each other. The discrepancy is also
obvious in Fig. 1C where we tried to overlap the data of
fluorescence titration and ATPase activity by adjusting the
vertical scale. K,r, determined by the fluorescence mea-
surement was lower than the concentration of the enzyme
(80—100 nM) in the solution and should not be regarded as a

4 The results may be expressed equally by a scheme which includes
catalytic site cooperativity [29,30]. But the kinetic parameters deduced by
Eq. (2) and the scheme with cooperativity do not differ 10% when the K,’s
and Va's are 10 times different from each other [31].

5 The Kpmay and Viaxi, Kmaz and Viaxo do not necessarily correspond
to the parameters of uni-site catalysis and bi-site catalysis. Rather, the
following results suggested that they corresponded to the K, for tri-site
catalysis and ATP binding to noncatalytic site.

precise value. With this possible error in K,r, in mind, the
K., values evaluated from the fluorescence measurements in
this study were roughly similar to those previously reported
by Dou et al. [14] (<50 nM, 250 nM, and 35 pM). The
ATPase parameters also seem to be consistent with the
previous results [21]. Actually, the discrepancy between
the K, of fluorescence titration and ATPase reaction was
observed in the previous study although it was not quanti-
tatively evaluated. In the previous study, the fluorescence
intensities contributed by the three Trp’s were assumed to be
equal. Here we assumed that the intensities are independent
of each other and may not be the same. The converged ratios
to the total fluorescence decrecase were, FL;=34.7%,
FL,=16.7%, and FL;=51.4%, respectively. The discrepan-
cy between the K,’s of fluorescence titration and ATPase
activity, unequal fluorescence intensities of the three Trp
residues prompted us to consider several possible errors in
the measurements and interpretation. For example, there may
be some intrinsic difference in the fluorescence intensity of
the three tryptophans at the different catalytic sites, or non-
catalytic nucleotide binding site on the o subunits might have
some influence on the nucleotide binding to catalytic sites.

3.2. ATPMg binding to free-P,34;,, subunit

To examine the possibility that the fluorescence intensity
of the three tryptophans at the different catalytic sites in the
absence of nucleotide is significantly different, we further
measured the fluorescence of the isolated 3 subunit which
contained a mutation of Tyr-341 to Trp (free-Bys41w). The
fluorescence spectrum of free-PByz4;w subunit resembled to
that of the Trp mutant complex (Fig. 2, inset). The ATPMg
and ADPMg concentration dependency of the fluorescence
quenching of free-PBy341w is shown in Fig. 2. The Ky’s for
ATPMg and ADPMg were almost equal, 7.9 pM. The
fluorescence intensity of the free-PByssw was about 37%
of the Trp mutant complex, which contains three 3 subunits.
Combined with the results that about one-third of the total
fluorescence intensity was quenched when ATP was added
to the subcomplex at 1:1 ratio, it is most likely that all of
three PB-Trp-341 contribute to the total fluorescence in
roughly the same manner even if not identical. When the
fluorescence was completely quenched, all three catalytic
sites are filled with nucleotides. The unequal amplitude of
fluorescence quenching, FL;, FL,, and FL; seems due to
some heterogeneity of the o333y complex.

3.3. ATPMg binding and ATPase activity of ANC/Trp
mutant

The results of fluorescence titration for Trp mutant,
especially the significantly unequal values of FL;, FL,,
and FL;, suggested some heterogeneity of the enzyme
population after addition of ATPMg. For example, it is
possible that ATP binding to noncatalytic sites may affect
the affinity of the catalytic sites, causing the distorted
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binding of ATPMg.

fluorescence titration curve. As for the kinetics of ATPase
activity, activation effect of ATP binding to noncatalytic
sites may result in an apparent K, which does not reflect
ATP binding to a catalytic site [22,29]. In order to explore
the possible effects of noncatalytic sites, we investigated the
ATPMg binding and ATPase activity of ANC/Trp mutant.
The ANC mutant is unable to bind nucleotide to non-
catalytic sites [27]. ATPMg concentration dependency of

ATP binding and ATPase activity is shown in Fig. 3. As in
Fig. 1C, we adjusted the vertical scale to fit the data of
fluorescence titration to ATPase activity. Fairly good fit
between ATPase activity and fluorescence decrease is seen
where the latter exceeds 70%, suggesting strong correlation
between third ATP binding and ATPase activity.

An Eadie—Hofstee plot of the ATPase activity data (Fig.
3, inset) was rather linear compared with that for Trp mutant
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Fig. 3. Catalytic site occupancy and ATPase activity in ANC/Trp mutant as a function of ATPMg concentration. Enzyme concentrations were 80— 100 nM
for fluorescence measurements, and 2124 nM for ATPase activity measurements. Filled square, extent of fluorescence decrease which reflects catalytic site
occupancy, left-hand scale; open circle, ATPase activity, right-hand scale. ATPase activity was measured with an ATP-regenerating system. Lines are
theoretical curves based on the parameters given in Table 1. (Inset) Eadie—Hofstee plot of ATPase activity. The lines are theoretical curves using the same

parameters.
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with noncatalytic sites present (Fig. 1C, inset). When Eq. (2)
was used to derive kinetic parameters, K,5; fell into a
negative value. A manual adjustment of the kinetic param-
eters guided by eyes gave a parameter set of K, 41 =1.3 uM,
Koar=22 uM, Va1 =4.3 Umg, Viao=12.5 U/mg. But
application of a single Michaelis—Menten parameter set
with a K, of 10 pM and V},,.x of 16.6 U/mg also gave a
fit as good as the others. Therefore, from the kinetic plot, we
would not dare to say there is some cooperativity. Actually,
the K, a1 deduced by manual fitting may be a small blip in
the titration curve and may fall well within experimental
error. Slight curvature of the linear plot may be a result of
time-dependent progress of ADPMg inhibition.

Together with the fluorescence titration, the parameters
are summarized in Table 1. The important point is the close
coincidence between the K53 of fluorescence titration (27
uM) and K, of ATPase activity (22 pM by manual fitting or
10 uM by assuming a simple Michaelis—Menten type
dependency). It strongly suggests that when all three cata-
lytic sites are occupied by nucleotides, the maximum
activity is attained. Different from the Trp mutant, the
fluorescence intensities FL;, FL,, and FL; were roughly
the same for ANC/Trp mutant (34.9%, 29.8% and 35.3% of
the total fluorescence change, respectively). This may be
because the enzyme population was kept homogeneous due
to the absence of ATP binding to noncatalytic site.

3.4. koy of ADPMg fiom Trp mutant under fluorescence
measurement condition

Kr3 evaluated from the fluorescence measurements of
the ANC/Trp mutant corresponded to the K, evaluated from
ATPase activity as stated above. As for the Trp mutant, the
Kiua1 of ATPase (4.0 uM) may correspond to the K,p3 of
fluorescence titration (13 uM) while the K> of ATPase
reaction (233 uM) corresponds to ATP binding to non-
catalytic sites. Then, there seems no counterpart for the
K..r>» observed in fluorescence titration (0.016 uM for Trp
mutant and 0.05 uM for ANC/Trp mutant) in the ATPase
measurements. Actually, as stated above, the K, estimated
by fluorescence titration should not be regarded as a precise
value because it was below the concentration of the mutant
complexes. In addition, there may be some influence of the
ADPMg inhibition. When a simple Michaelis—Menten
scheme is assumed, K, is defined as (kogr+ kcar)/kon, Where
kons kogr and k., are the rate of substrate binding, substrate
release, and product release, respectively. When k., was
decreased by an inhibition, the K, apparently decreases. By
analogy, the K, estimated in fluorescence titration may be
an underestimate of the real value. In particular, at pM
concentrations of ATPMg, most of the ATPMg was hydro-
lyzed quickly and most of the enzyme complex may have
fallen into ADPMg-inhibited state. The ADPMg-inhibited
enzyme tightly retains nucleotides, resulting in an apparent-
ly low bi-site K,,,. If this is the case, ko of ADP from the
enzyme under the fluorescence measurement conditions is

expected to be significantly smaller than the ATPase turn-
over rate.

To examine the possibility that the K,,r, for the second
catalytic site was underestimated in the fluorescence mea-
surement due to ADPMg inhibition, the k. of ADP was
measured by trapping ADP released from Trp mutant using
a cysteine- and tryptophan-less mutant o3B3y (CW Less)
[25] (Fig. 4). Upon addition of the CW Less mutant,
fluorescence was recovered. After subtraction of the base-
line shift upon the addition of the CW Less mutant, there
was a slow recovery of the fluorescence following a rapid
increase. The rate calculated from the slow phase was about
0.01 s~ ' (ADPMg concentration at 100 and 300 nM). If we
apply the k,, for ATP, evaluated from a single molecule
experiment (2.7 x 10’ M~ ' s7 ' [21]), and ko for ATP is
assumed to be the same order of magnitude as the kg for
ADP described above, the apparent K;;, will be on the order
of 10~ ' M. This may qualitatively account for the very low
K, of the second catalytic site evaluated from the fluores-
cence measurements.
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Fig. 4. Time course for the release of ADPMg from Trp mutant. The
concentration of Trp mutant was about 100 nM. ATPMg solution was added
at 120 s after the initiation of measurement. CW Less (about 1 pM) was
added at 300 s. The theoretical lines for the time course were calculated
assuming an exponential increase of the fluorescence intensity. The change
in fluorescence intensity by injection of CW Less solution was subtracted.
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4. Discussion

The kinetics of F.F;, Fy, and its subcomplexes are
complicated due to the presence of strong cooperativity
between catalytic sites, ADPMg inhibition, ATP binding to
noncatalytic sites, and so on. In the present study, the results
and explanations are fairly consistent with those reported by
Ren and Allison [17]. They compared steady state ATPase
reaction and fluorescence titration in the presence or ab-
sence of lauryl dimethyl aminooxide (LDAO). In the
absence of LDAO, they assigned three K,,’s of ATP hydro-
lysis which corresponded to bi-site catalysis, tri-site cataly-
sis and activation by ATP binding to noncatalytic sites by
linear extrapolations of Lineweaver—Burk plots. However,
fluorescence titration gave a complex curve and could not
give a reliable K, of the bi-site catalysis as was the case in
our present study. They attributed this anomaly to an
equilibrium between active enzyme complex and ADPMg-
inhibited complex. Actually, in the presence of LDAO,
which shifts the equilibrium to the active complex, the
fluorescence titration curve gave a K, of bi-site catalysis
(0.9 uM) which agreed fairly well with the K, of ATPase
activity (ca. 3—5 pM). In the present study, we avoided the
influence of noncatalytic sites by using ANC/Trp mutant. In
case of ANC/Trp mutant, the equilibrium between the active
and ADP-inhibited complex was shifted towards ADPMg-
inhibited form and resultant fluorescence titration curve
gave three phases which correspond to uni-site, bi-site,
and tri-site occupancy with approximately the same fluo-
rescence intensity.

Our results of fluorescence titration indicated that for
the ANC/Trp mutant (and also Trp mutant), the K, for the
uni-site catalysis is at most in 10 nM range, K, for bi-site
catalysis in 10—50 nM, and the K, for the tri-site catalysis
is ca. 10-30 pM. Comparison of the steady state ATPase
kinetics of ANC/Trp mutant and Trp mutant strongly
suggested that the apparent K, of 100 pM or higher
(Kma2) observed for Trp mutant (and wild-type enzyme)
represents ATP binding to noncatalytic sites and tri-site K,
of fluorescence titration (K,r3) corresponds to the K 5, of
ATPase reaction. The analysis of ATPase activity, however,
did not give a clear counterpart to the K., (bi-site
catalysis) in fluorescence titration. In this case, the absence
of an apparent K, of bi-site catalysis in ATPase measure-
ments which should correspond to the K, determined
from fluorescence titration may be attributed to the severe
inhibition by ADPMg for the latter condition and difficulty
in resolving multiple K,’s from ATPase kinetics. Actually,
the Kr» determined from fluorescence titration might be
an underestimate. The absence of an ATP-regenerating
system and ATPase concentration higher than that in
ATPase measurement should accumulate significant con-
centration of ADP under the conditions of fluorescence
titration, which in turn causes inhibitory strong binding of
ADP to the catalytic sites. The retarded release of ADP
was indeed clearly shown using the trapping by CW Less

mutant. As for the ATPase kinetics, it is sometimes quite
difficult to resolve multiple K,,’s from a subtle curvature of
the kinetic plots. Even in the presence of an ATP-regen-
erating system, ATPase activity at low ATP concentrations
may be underestimated due to ADPMg inhibition. This
may cause significant underestimation of the contribution
of bi-site catalysis to the total activity. Or, it is possible
that the K, for the bi-site catalysis is really low even in
the absence of ADPMg inhibition and V., accompanying
the K, is very low. In case of V;-ATPase from Thermus
thermophilus which is closely related to F-type ATPase but
lacks noncatalytic sites, an Eadie—Hofstee plot of ATPase
gave a straight line [30]. Anyway, the absence of a clear
negative cooperativity in ANC/Trp mutant and its presence
in Trp mutant lead to a conclusion that the apparent
negative cooperativity observed in uM to mM range of
ATP arises mostly from the ATP binding to noncatalytic
site. which activates the ADPMg-inhibited form of the
enzyme. Our results suggest that the cooperativity between
catalytic sites does not contribute much to the negative
cooperativity experimentally observed in pM to mM range
of ATP.

Our present results strongly indicate that the appearance
of the major ATPase activity is correlated with the filling of
the third catalytic site. The so-called bi-site catalysis does
not seem to have much contribution to the overall ATPase
activity. Actually, Weber and Senior [23,31] insist that bi-
site catalysis has little turnover rate and is not coupled with
rotation of the central vy subunit. But there is much contro-
versy on this point. Ren and Allison [17,20] assigned some
catalytic activity to the bi-site mode, but they regarded tri-
site activity as the normal activity which is coupled with the
rotation of y subunit and made a model based on the tri-site
catalysis. On the other hand, Yasuda et al. [22] observed
rotation using a small gold particle as a marker at as low as
20 nM ATP and concluded that the rotation was driven by
bi-site catalysis. But their K, for the rotation was about 15
uM. Compared with the binding data of fluorescent titration
here, they might have been observing rotations driven by tri-
site catalysis. Milgrom et al. [16] carefully examined the
ATPase kinetics of MF; and found a single K,,, of 130 uM
for MF;. They assigned the K,,, as that of bi-site catalysis
and concluded that maximum ATPase activity is attained
when two catalytic sites were filled. Zhou and Boyer [32]
examined the ATP synthesis by membrane bound CF,F,
and concluded that maximum ATP synthesis occurs when
two catalytic sites were filled with nucleotides. Boyer [13]
recently admitted that three catalytic sites may be filled with
nucleotides, but insists that the bi-site catalysis is the
essential mode of the enzyme and filling a third catalytic
site at most modulates the activity of the enzyme to some
extent. He also pointed out many reasonable difficulties in
measuring nucleotide binding by Trp fluorescence. It seems
that the presently most important point is whether bi-site
catalysis is coupled with the rotation of the «y subunit while
tri-site activity has only an accessory role or bi-site catalysis
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is so slow and the rotation of the y subunit is exclusively
driven by tri-site catalysis. Our present study did not give a
clear evidence for a possible role of the bi-site cycle but
cannot exclude the possibility that bi-site catalysis is cou-
pled with the rotation of the y subunit. Obviously, further
careful study is required.

Our present conclusion is slightly different from our
previous report [27]. In our previous study, K, of ANC
mutant was determined to be 135 uM, which was smaller
than that of the wild-type enzyme (187 uM). We previ-
ously ignored the difference and concluded that the appar-
ent K, of ATP hydrolysis (187 pM for wild-type enzyme)
really represents ATP binding to a catalytic site [27,33].
The additional data on ATP binding measured by Trp
fluorescence led us to the present conclusion with greater
confidence.
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