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Abstract—MgADP and MgATP binding to catalytic sites of BY341W-a,;3;y subcomplex of F,-ATPase from thermophilic
Bacillus PS3 has been assessed using their effect on the enzyme inhibition by 7-chloro-4-nitrobenz-2-oxa-1,3-diazole
(NBD-CI). It was assumed that NBD-CI can inhibit only when catalytic sites are empty, and inhibition is prevented if a cat-
alytic site is occupied with a nucleotide. In the absence of an activator, MgADP and MgATP protect BY341W-a,;5y sub-
complex from inhibition by NBD-CIl by binding to two catalytic sites with an affinity of 37 uM and 12 mM, and 46 uM and
15 mM, respectively. In the presence of an activator lauryldimethylamine-N-oxide (LDAO), MgADP protects fY341W-
o35y subcomplex from inhibition by NBD-CI by binding to a catalytic site with a K; of 12 mM. Nucleotide binding to a
catalytic site with affinity in the millimolar range has not been previously revealed in the fluorescence quenching experi-
ments with BY341W-a,;B;y subcomplex. In the presence of activators LDAO or selenite, MgATP protects BY341W-a;35y
subcomplex from inhibition by NBD-CI only partially, and the enzyme remains sensitive to inhibition by NBD-CI even at
MgATP concentrations that are saturating for AT Pase activity. The results support a bi-site mechanism of catalysis by F,-

ATPases.
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In the energy-transforming membranes of mito-
chondria, chloroplasts, and bacteria, reversible ATP syn-
thesis/hydrolysis coupled to transmembrane transport of
H" is catalyzed by a multisubunit complex — F F,-ATP
synthase. This complex can be separated into a soluble
catalytic component F,-ATPase that consists of five types
of subunits in a stoichiometry of a;B;yde, and a mem-
brane-embedded component F, that in bacteria is formed
by a, b, and a ring of ¢ subunits in a stoichiometry of

Abbreviations: BSA, bovine serum albumin; F,, the solubilized
portion of F F,-ATP synthase; LDAO, lauryldimethylamine-
N-oxide; MF,, EcF,, and TF,, F,-ATPases from mitochondria,
Escherichia coli, and thermophilic Bacillus PS3, respectively;
NBD-Cl, 7-chloro-4-nitrobenz-2-oxa-1,3-diazole; PEP,
phosphoenolpyruvate.

ab,c,,. F, has three catalytic and three noncatalytic
nucleotide-binding sites formed by the major B and o
subunits [1]. In addition, isolated & subunit [2] and ye-
subcomplex [3] of TF, have been reported to bind an ATP
molecule. In the high-resolution crystal structure of MF,,
o and B subunits are arranged alternately around the y
subunit with the catalytic and noncatalytic sites located
alternately at the six o/p interfaces [4]. It is generally
accepted that F F-ATP synthase operates according to
the rotary binding change mechanism proposed by Boyer
and colleagues [5-7]. It is thought that binding changes at
the F, catalytic sites are coupled to proton transport
through F, via rotation of a complex of subunits (rotor,
vecy, in bacteria) within a stator that in bacteria is formed
by asp;0ab, [8, 9]. ATP-dependent rotation of a rotor
component (y subunit) relative to a stator (a;f3;) was first

1253



1254

directly demonstrated with o35y subcomplex of TF, [10],
and, subsequently, relative rotation involving other com-
ponents of rotor and stator has been also directly observed
[11-13]. In the presence of ADP and P;, forced rotation of
the y subunit in the direction opposite to that observed
during ATP hydrolysis has been shown to result in a net
ATP synthesis by the a;35y subcomplex [14].

According to the binding change mechanism, the
enzyme turnover is slow and limited by the product disso-
ciation when only one of F, catalytic sites is occupied, but
the turnover is accelerated when substrate binds at the
additional catalytic site(s) that sequentially participate in
catalysis [7]. This strong positive catalytic cooperativity
was first quantified for ATP hydrolysis by MF, to result in
a 10%-fold acceleration of the turnover rate [15]. Slow F,
turnover with only one catalytic site occupied has been
named uni-site catalysis [16], and the cooperative mode of
F, turnover (multi-site catalysis) has been referred to as bi-
site or tri-site catalysis depending on the presumed extent
of catalytic site occupancy [15]. It has been initially sug-
gested that substrate binding at a second catalytic site pro-
vides the major kinetic enhancement seen in multi-site
catalysis [15, 17]. However, the matter of whether a bi-site
or tri-site model of catalysis is responsible for positive cat-
alytic cooperativity of F, has remained controversial. The
results obtained in studies of transition to multi-site catal-
ysis during ATP synthesis by chloroplasts [18] and ATP
hydrolysis by MF, [19], in studies of competition between
ATP and TNP-ATP for binding to MF, [20], and in stud-
ies of catalytic site occupancy during multi-site ATP
hydrolysis by MF, [21] and EcF, [22] using a centrifugal
filtration method, all strongly support a bi-site model of
multi-site catalysis. On the other hand, main support for a
tri-site model of catalysis has been provided by the fluores-
cence studies first carried out with BY331W-mutant EcF,
[23] and subsequently with the homologous BY341W-
mutant o;B5y subcomplex of TF, [24, 25] and BY345W-
mutant MF, from the yeast Saccharomyces cerevisiae [26].
In these studies, the extent of catalytic-site occupancy dur-
ing ATP hydrolysis was ascertained using nucleotide-
induced quenching of fluorescence of the engineered tryp-
tophan residues with the assumption that nucleotide bind-
ing at all three catalytic sites could be detected. The results
were interpreted as supporting a tri-site model regardless of
whether the contribution of nucleotide binding at each of
the three catalytic sites to the overall fluorescence quench-
ing was considered to be the same [23, 24, 26] or not [25].

The validity of the interpretation of the fluorescence
quenching data in favor of a tri-site model has been
recently challenged by Bulygin and Milgrom [27] who
have shown that nucleotide-concentration dependence of
BY331W-EcF, fluorescence quenching by ADP, ATP, and
MgADP is biphasic with each phase contributing about
equally to the total nucleotide-induced quenching. These
results as well as similar results obtained in the other stud-
ies when fluorescence of BY331W-EcF, was quenched by
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MgADP [23, 28-30] and MgAMPPNP [23, 31] and fluo-
rescence of BY341W-mutant o;B5y subcomplex of TF,
was quenched by MgADP and MgATP [32, 33] make it
highly unlikely that the extent of fluorescence quenching
correctly reports the extent of occupancy of three catalyt-
ic sites in the enzyme. Moreover, analysis of the data
obtained by Senior and colleagues with BY331W-EcF,
that contained a series of additional second mutations
[34-38] on MgADP-induced fluorescence quenching and
MgADP-induced protection from inactivation by 7-
chloro-4-nitrobenz-2-oxa-1,3-diazole (NBD-Cl) — a
well known inhibitor of F,-ATPases [39] that specifically
reacts with the homologous tyrosine residues in 3 sub-
units (BY311 in MF, [40, 41] and BY307 in TF, [42,
43]) — has led to a conclusion [27] that nucleotide bind-
ing at the third (lowest affinity) catalytic site contributes
little if at all to the overall nucleotide-induced fluores-
cence quenching. This conclusion is supported by the
recent results obtained with EcF, containing only the
BY331W-mutation [44]. The results show that MgADP-
induced protection of BY331W-EcF, from inhibition by
NBD-CI is due to the nucleotide binding to a catalytic
site with a K; of about 10 mM [44]. Such a binding
escaped detection when MgADP binding to the catalytic
sites of BY331W-EcF, was probed using the fluorescence-
quenching approach [23, 27, 28, 30, 45, 46].

In the present paper, it was examined whether
nucleotide binding to the lowest affinity catalytic site of
BY341W-a;B5y subcomplex of TF, could have escaped
detection in the fluorescence-quenching studies as it did
in the studies with BY331W-EcF,. To this aim, it was
investigated how MgADP and MgATP protected
BY341W-a;B5y subcomplex from inhibition by NBD-CI.
The data show that these nucleotides bind to the lowest
affinity catalytic site of BY341W-a,;;y subcomplex with a
K, of 12 mM and >15 mM, respectively. Such a binding is
not reflected in the nucleotide-induced fluorescence
quenching reported for BY341W-a,;B5y subcomplex [24,
25, 32, 33, 47, 48]. The results show that nucleotide bind-
ing to the third catalytic site of Y341W-a;[;y subcom-
plex of TF|, as in the case of BY331W-EcF,, occurs with-
out a significant contribution to the total nucleotide-
induced fluorescence quenching and support a bi-site
mechanism of ATP hydrolysis by F,.

MATERIALS AND METHODS

Materials. ADP, ATP, NADH, Tris, triethanol-
amine, bovine serum albumin (BSA), pyruvate kinase,
and lyophilized lactate dehydrogenase were from Sigma
(USA). Mops and potassium phosphoenolpyruvate (PEP)
were from Fluka (USA); H,SeO; was from Aldrich (USA);
dimethyl sulfoxide was from Baker (USA); and lauryl-
dimethylamine-N-oxide (LDAQO) was from Calbiochem
(USA). NBD-CI was from Pierce (USA). Stock solutions
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of NBD-CI (50 mM) were prepared in dry dimethyl sulf-
oxide and stored at —20°C protected from light. KHSeO,
was prepared by titrating the H,SeO; solution with KOH
to pH 8.0. The pH of the stock solutions of ADP, ATP and
PEP was adjusted to 8.0 with triethanolamine.

An aW463Y/BY341W-a;B5y subcomplex of TF, [49]
containing additionally a His,,-tag at the N-terminus of
subunits (subsequently referred to in this paper as
BY341W-a;B5y subcomplex) and purified as described
[50] with an additional anion-exchange chromatography
step using DEAE-Toyopearl 650S was generously provid-
ed by Dr. Masasuke Yoshida and Dr. Toshiharu Suzuki.
For the experiments, an ammonium sulfate suspension of
the subcomplex was centrifuged, and the precipitate was
dissolved in a buffer containing 20 mM Mops/tri-
ethanolamine, pH 8.0, and 0.2 mM EDTA (MTE buffer).
The BY341W-a;B5y subcomplex solution was then desalt-
ed by column centrifugation method [51] using columns
equilibrated with MTE buffer, and the subcomplex was
stored in small aliquots at —80°C until use. The A,5,/Ax
ratio of the preparations was 2.0 and corresponded to an
adenine nucleotide content of less than 0.1 mol/mol of
subcomplex [52, 53]. Concentration of the subcomplex
was calculated using absorbance at 280 nm and an extinc-
tion coefficient of 1.54:10° M~':cm™' [54].

Inhibition of BY341W-0;3;y subcomplex by NBD-CI.
To investigate the effect of MgADP on inhibition of
BY341W-a;B5y subcomplex by NBD-CI, 20 nM subcom-
plex was preincubated at room temperature (20-22°C) for
2 min in MTE buffer containing additionally 2.2 mM
Mg(CH,;COQ0),, 0.2 mg/ml pyruvate kinase, and
0.3 mg/ml BSA in the absence and presence of MgADP
(prepared using equimolar amounts of ADP and
Mg(CH;CO0O0),) and 0.06% LDAO. Then NBD-CI was
added from 50-mM stock solution to obtain the final con-
centration of 0.15 mM unless indicated otherwise, and
ATPase activity was measured as described below using
40-ul aliquots of the reaction mixture after additional
incubation for 0.5-12 min. When MgADP concentration
exceeded 1 mM, the subcomplex concentration was
increased to 80 nM and the volume of reaction mixture
aliquots used to assay the ATPase activity was decreased
to 10 pl. Control experiments showed that incubation of
BY341W-a;B5y subcomplex as described above in the
absence and presence of MgADP and/or LDAO but with-
out NBD-CI did not affect the ATPase activity.

To investigate the effect of MgATP on inhibition of
BY341W-a;B5y subcomplex by NBD-CI, 10 nM subcom-
plex was preincubated at room temperature for 2 min in
MTE buffer containing additionally 10 mM CH;COOK,
2.2 mM Mg(CH;COO0),, | mM PEP, 0.2 mg/ml pyruvate
kinase, and 0.3 mg/ml BSA in the absence and presence
of MgATP (prepared using equimolar amounts of ATP
and Mg(CH;CO0),; a constant 2-mM excess of Mg**
ensured that the nucleotide was completely complexed
with Mg?"). Then NBD-Cl was added from 50-mM stock
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solution to obtain the final concentration of 0.15 mM,
and ATPase activity was measured as described below
using 40-pl aliquots of the reaction mixture after addi-
tional incubation for 0.5-12 min. Control experiments
showed that incubation of BY341W-a;3;y subcomplex as
described above in the absence and presence of MgATP
did not affect the ATPase activity. When the effect of
MgATP was probed in the presence of 0.06% LDAO or
10 mM KHSeO;, the BY341W-a,;B;5y subcomplex con-
centration was decreased to 5 nM, the PEP concentration
was increased to 1.5 mM, and the preincubation time was
increased to 15 and 8 min, respectively. Less than 70% of
the added PEP was consumed in the course of experi-
ments with MgATP even in the absence of NBD-CI.

The apparent pseudo first-order rate constants of
BY341W-a;B5y subcomplex inhibition by NBD-CI (k)
were obtained by fitting the data to equation:

A=A+ A, (D

where A, is AT Pase activity of BY341W-a;3;y subcomplex
after incubation with NBD-CI for a time .

ATPase activity assay. ATPase activity of BY341W-
o35y subcomplex was measured spectrophotometrically
[55] at 340 nm at 30°C. The assay medium (final volume
1 ml) contained MTE buffer, 4.2 mM Mg(CH;COO),,
10 mM CH;COOK, 1 mM PEP, 2 mM ATP, 0.3 mM
NADH, 0.06% LDAO, 0.1 mg/ml pyruvate kinase, and
0.1 mg/ml lactate dehydrogenase. As reported earlier for
o;B5y subcomplexes lacking [56] and containing BY341W
mutation [32, 57], the kinetics of ATP hydrolysis by
BY341W-a;B5y subcomplex exhibits a lag phase due to
presence of LDAQO. Under the assay conditions described
above, this lag phase lasted about 2 min. For this reason,
the ATPase activity was calculated using the slope of the
linear part of the absorbance recording observed during
the last 4 min of the 7-min assay. Molar activity of
BY341W-ai,;B4y subcomplex was 400 sec™'. AT Pase activi-
ty of the samples containing NBD-Cl was calculated after
correcting for a small rate of absorbance decrease due to
presence of NBD-CI determined using samples lacking
BY341W-a;B5y subcomplex.

MgATP-concentration dependence of PY341W-
o35y subcomplex steady-state activity at room tempera-
ture was measured in MTE buffer containing additionally
2.2 mM Mg(CH,;CO00),, 10 mM CH,COOK, 1 mM PEP,
0.3 mM NADH, MgATP (prepared using equimolar
amounts of ATP and Mg(CH,C0OOQ),), 0.1 mg/ml pyruvate
kinase, and 0.1 mg/ml lactate dehydrogenase in the
absence and presence of 0.06% LDAO or 10 mM KHSeO;.

RESULTS AND DISCUSSION

Figure 1a shows time-course of BY341W-a;[3;y sub-
complex inhibition by 0.05 mM (curve 7), 0.1 mM (curve
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Fig. 1. Inhibition of BY341W-a;B5y subcomplex by NBD-CI. a) Time course of $Y341W-a,;3;y subcomplex inhibition by 0.05 (1), 0.1 (2), and
0.15 mM (3) NBD-CI. b) Effect of NBD-CI concentration on the pseudo-first order rate constant & of Y341 W-a;3;y subcomplex inhibition.
Rate constants k were obtained from the data shown in panel (a) as described in “Materials and Methods”. Slope of the line obtained using

the linear regression analysis is equal to (4.4 + 0.3)'10* M~"min~".
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Fig. 2. Effect of MgADP on inhibition of BY341W-a;35y subcomplex by 0.15 mM NBD-CI. a) Time course of $Y341W-a;f3;y subcomplex
inhibition by 0.15 mM NBD-Cl in the absence (/) and presence of 0.1 uM (2), 0.5 mM (3), 5 mM (4), and 20 mM (5) MgADP. b) Effect of
MgADP concentration on the rate constant k£ of BY341W-a.;3;y subcomplex inhibition by 0.15 mM NBD-Cl in the absence (/) and presence
of 0.06% LDAO (2). Rate constants k£ were obtained as described in “Materials and Methods”. Solid line represents the best fit of the data
obtained in the absence of LDAO to Eq. (2) with the values of k, k3, Ky, and K3 equal to 0.33 £ 0.04 min~', 0.51 £ 0.04 min~", 37 + 20 uM,
and 12 + 4 mM, respectively. Dashed line represents the best fit of the data obtained in the presence of LDAO to Eq. (3) with the values of
and K; equal to 0.508 + 0.008 min~! and 12 + 2 mM, respectively.
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2), and 0.15 mM (curve 3) NBD-CI. The values of the
apparent first-order rate constants k obtained by fitting
the data shown in Fig. 1a to Eq. (1) are plotted in Fig. 1b
versus the corresponding NBD-CI concentrations. It is
seen in Fig. 1b that, in the range of NBD-CI concentra-
tions up to 0.15 mM, there is a linear dependence
between k values and NBD-CI concentrations. This fact
means that in the studied range of NBD-Cl concentra-
tions the rate of BY341W-a,;p5y subcomplex inactivation
by NBD-Cl is limited by the rate of the inhibitor binding
to the subcomplex.

Figure 2a shows time-course of BY341W-a;f5y sub-
complex inhibition by 0.15 mM NBD-CI in the absence
(curve 1) and presence of 0.1 uM (curve 2), 0.5 mM (curve
3), 5 mM (curve 4), and 20 mM (curve 5) MgADP. Curve
1 in Fig. 2b shows MgADP concentration dependence of
the apparent first-order rate constants k of the subcomplex
inactivation by 0.15 mM NBD-CI. It is seen that MgADP
at the lowest concentration tested (0.1 uM) accelerates
inhibition of BY341W-a;B;y subcomplex by NBD-CI.
Similar effect of low concentrations of MgADP on inhibi-
tion by NBD-CI has been observed with the wild-type
EcF, but not with BY331W-EcF, [44]. With BY341W-
o3Py subcomplex, increasing MgADP concentration
above 2 uM results in a two-phase decrease of the inhibi-
tion rate. Such a MgADP-concentration dependence of &
indicates that MgADP modulation of the FY341W-ai;B5y
subcomplex inhibition by NBD-CI is due to nucleotide
binding at more than one catalytic site. A satisfactory fit
(solid line, Fig. 2b) was obtained when the data obtained
in the presence of MgADP were fitted to equation:

k= ky/(1 + 8/Kgp) + ks/(1 + §/Ky), (2)

where § is the concentration of MgADP. Equation (2) is
based on a model that assumes that MgADP at saturating
concentration completely protects the enzyme from inhi-
bition by NBD-CI, and that independent MgADP bind-
ing at two catalytic sites (designated as sites 2 and 3) with
Ky, and K5, respectively, results in a decrease of the rate
constant of Y341W-a;3;y subcomplex inhibition (k, and
k5, respectively) by NBD-CI. The best fit values of k, and
k; are equal to 0.33 + 0.04 and 0.51 £ 0.04 min™"!, respec-
tively, and the best fit values of K, and Kj; are equal to
37+ 20 uM and 12 £ 4 mM, respectively. Practically
indistinguishable results of the best fit were obtained
when MgADP binding to the catalytic sites 2 and 3 was
assumed to be sequential. When MgADP-induced fluo-
rescence quenching was used as a signal, the K, values of
14-34 uM were obtained for the lowest affinity catalytic
site of BY341W-a;3;y subcomplex [24, 32, 33]. These val-
ues are significantly lower than the K ; value for MgADP
of 12 mM obtained from the data of Fig. 2b (curve /), but
are close to the K, value of 37 uM.

Curve 7 in Fig. 3 shows the effect of MgATP on inhi-
bition of BY341W-a;B;y subcomplex by NBD-CI. These
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Fig. 3. Effect of MgATP concentration on the rate constant £ of
BY341W-a,;f;y subcomplex inhibition by 0.15 mM NBD-CI in
the absence (/) and presence of 0.06% LDAO (2) or 10 mM
selenite (3). Rate constants k were obtained as described in
“Materials and Methods”. Line represents the best fit of the data
obtained in the absence of LDAO and selenite (/) to Eq. (2),
where K, and K; were substituted for Ky, and K, 5, respectively,
with the values of k,, k3, K, 5, and K, ; equal to 0.31 + 0.03 min",
0.19 £ 0.03 min~', 46 £ 16 uM, and 15 = 11 mM, respectively.

data were obtained in the presence of PEP and pyruvate
kinase to prevent accumulation of MgADP during
hydrolysis of ATP. Under these conditions, the rate con-
stant k of BY341W-a;B;y subcomplex inhibition by
0.15 mM NBD-CIl in the absence of nucleotide
(0.46 min~'") is about 30% smaller than the k value
obtained in the absence of MgADP (0.68 min~'; Fig. 2b).
This difference is likely due to the presence of 1 mM PEP
in the incubation medium during k£ measurements in the
absence of MgATP. PEP was observed before to compete
with MgATP for binding to catalytic sites of BY341W-
o3B3y subcomplex that contained additional aK175A/
T176A-mutations affecting noncatalytic nucleotide-
binding sites [58].

Fitting the data shown by circles in Fig. 3 to Eq. (2)
where Ky, and K,; were substituted for K, and Ky,
respectively (Ky, and K, ; denote concentrations of
MgATP required for half-maximal saturation of catalytic
sites 2 and 3, respectively), resulted in the best fit values
of k, and k; equal to 0.31 + 0.03 and 0.19 + 0.03 min',
respectively, and the best fit values of K, and K, ; equal
to 46 £ 16 uM and 15 = 11 mM, respectively. In this case
also, indistinguishable results of the best fit were obtained
when MgATP binding to catalytic sites 2 and 3 was
assumed to be sequential. In the fluorescence quenching
studies of BY341W-a,;B;y subcomplex, the catalytic site
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with the lowest affinity was reported to exhibit a half-
maximal saturation with MgATP at the nucleotide con-
centrations of 35 puM [24], 21 uM [32], 24 uM [33],
13 uM [25], and 38 uM [47]. All these values are signifi-
cantly lower than the K, ; value of 15 mM obtained from
the data shown in Fig. 3 (curve /), but correspond well to
the K, , value of 46 pM.

The data of Fig. 2b (curve /) and Fig. 3 (curve 1)
show that one of the catalytic sites of BY341W-a,;p,y sub-
complex remains unoccupied at submillimolar concentra-
tions of MgADP and MgATP and that this catalytic site
has escaped detection by the fluorescence quenching
method when the subcomplex was titrated by MgADP and
MgATP. However, under the conditions used to obtain the
data shown by curves 7 in Figs. 2b and 3 (a 2-mM excess
of Mg?" over the nucleotide), both the wild-type [59, 60]
and BY341W-mutant [24, 49, 61] a5y subcomplexes are
known to form an inactive enzyme form. This inactive
form is a result of MgADP (the so-called inhibitory
MgADP) binding at one of the catalytic sites [62, 63].
Inhibitory MgADP renders the enzyme completely inac-
tive [64, 65]. It has been shown first with MF, [66] and
subsequently with the wild-type and BY341W-mutant
o3B5y subcomplexes [25, 56, 57, 67, 68] that formation of
MgADP-inhibited form of the enzyme during ATP
hydrolysis is responsible for deviations from the
Michaelis—Menten behavior (see for example circles in
Fig. 4). Therefore, to determine whether the low affinity

200
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100

10! 10° 10!
[MgATP], mM

1072

Fig. 4. Effect of MgATP concentration on the steady-state activi-
ty of BY341W-0;B5y subcomplex in the absence (/) and presence
of 0.06% LDAO (2) or 10 mM selenite (3) at room temperature.
Lines represent the best fit of the data to the Michaelis—Menten
equation with K, and V,,,, values equal to 52 = 5 uM and 191 £
4 sec™!, respectively, in the presence of LDAO (2), and 57 + 4 uM
and 239 + 4 sec™!, respectively, in the presence of selenite (3).
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of the catalytic site 3 to MgADP and MgATP observed in
the experiments shown by curves 7/ in Figs. 2b and 3,
respectively, is an intrinsic characteristic of the active
BY341W-a;B5y subcomplex and is not due to MgADP-
induced inhibition, the experiments were repeated in the
presence of LDAO. LDAO is a well-known activator of
TF, [69] and its wild-type [60] and BY341W-mutant [24,
31, 57, 61] (see also Fig. 4) a5y subcomplexes and has
been shown to act by releasing the MgADP-induced inhi-
bition [59, 65].

The effect of MgADP on the inhibition of fY341W-
o;B5y subcomplex by NBD-CI in the presence of 0.06%
LDAO is shown by diamonds in Fig. 2b (curve 2). It is
seen that, in the absence of MgADP, LDAO decreases the
rate constant of inhibition k by about 25%. In the pres-
ence of LDAO, MgADP at concentrations up to 0.2 mM
does not affect the inhibition of BY341W-a;3;y subcom-
plex by NBD-CI, but at the higher concentrations slows
down the inhibition. Fitting these data to a hyperbolic
equation:

k= ko/(1 + 5/Ky), 3)

where k; is the rate constant of inhibition in the absence
of MgADP, S is the concentration of MgADP, and K| is
the dissociation constant for a catalytic site where
MgADP binding in the presence of LDAO provides a
complete protection of BY341W-a;35y subcomplex from
inhibition by NBD-CI, resulted in the best fit values for &,
and K, of 0.508 + 0.008 min~! and 12 + 2 mM, respec-
tively (dashed curve 2 in Fig. 2b). The latter value
(12 mM) is significantly higher than the K, values for the
lowest affinity catalytic site of 69 uM [24], 43 uM [32],
and 50 uM [48] obtained for MgADP in the presence of
LDAO using the fluorescence quenching method.
Diamonds in Fig. 3 show the effect of MgATP on
the inhibition of Y341 W-a;3,y subcomplex by NBD-Cl
in the presence of 0.06% LDAO. It is seen that, in the
absence of nucleotide, LDAO decreases the rate constant
of inhibition k by about 30%, and that increasing MgATP
concentration to 20 uM results in an additional about 2-
fold decrease of k. However, we were unable to obtain k
values at the higher MgATP concentrations in the pres-
ence of LDAO, for under these conditions, in the
absence of NBD-CI, fY341W-a;5y subcomplex showed
a decrease in activity of about 20% or more after pro-
longed incubations required for accurate measurements
of low k values. Similar results shown by hexagons in Fig.
3 were obtained when we used 10 mM KHSeO; as an
activator. Selenite is one of MF,-activating anions [70].
It has been shown to activate EcF, [22] and is as effective
as LDAO in activating BY341W-a;5y subcomplex of TF,
(curve 3in Fig. 4). Since the K, values for MgATP in the
presence of LDAO and selenite are equal to 52 and
57 uM, respectively (Fig. 4), the data obtained in the
presence of activators and shown by diamonds and hexa-
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gons in Fig. 3 are not sufficient to ascertain whether the
active fY341W-a;B5y subcomplex remains sensitive to
inhibition by NBD-CI at saturating MgATP concentra-
tions and therefore has one catalytic site unoccupied,
which would be indicative of a bi-site catalytic mecha-
nism. To resolve this question, the extent of inhibition of
BY341W-a,;B;y subcomplex by 0.15 mM NBD-CI during
MgATP hydrolysis in the presence of LDAO or selenite
was measured after the enzyme incubation in the pres-
ence of the inhibitor for a short time, 2.5 min. Under
these conditions, both in the absence and presence of
MgATP, no decrease of the BY341W-a,;3;y subcomplex
activity occurred in the absence of NBD-CI. The results
obtained in the presence of LDAO (diamonds) and
selenite (hexagons) are shown in Fig. 5. It is seen that, in
the presence of either activator, increasing MgATP con-
centration to 0.1-1 mM decreases the extent of the
BY341W-a,;B;y subcomplex inhibition by NBD-Cl about
2-fold, but further increase of MgATP concentration
results in no additional protection from the inhibition.
Since the K, for MgATP in the presence of LDAO and
selenite is about 50 uM (Fig. 4), these results are incon-
sistent with a tri-site mechanism of ATP hydrolysis by the
BY341W-a,;B;y subcomplex, but are in agreement with a
bi-site mechanism of catalysis.

The result that activators LDAO and selenite in the
absence of nucleotides partially protect BY341W-a,;B5y
subcomplex from inhibition by NBD-CI (Figs. 2b and 3)
is similar to partial protection of the wild-type EcF, from
inhibition by NBD-CI exerted by selenite [44]. In the
case of EcF,, MgATP in the absence of selenite protected
the enzyme from inhibition by NBD-CIl only partially, but
a complete protection by MgATP was observed in the
presence of selenite. On the basis of these observations it
has been suggested that stimulation of ATP hydrolysis by
activating anions is due to anion binding to the catalytic
site that remains free of the nucleotide at saturating sub-
strate concentration [44]. Partial protection of fY341W-
o3f5y subcomplex by LDAO and selenite in the absence of
nucleotides (Figs. 2b and 3) suggests that in this enzyme
activators also bind to a catalytic site. This suggestion is
supported by the observation of Matsui et al. [65] that
LDAO is able to activate a mutant a,;3;y subcomplex of
TF, that lacks noncatalytic nucleotide-binding sites.
However, lack of complete protection of BY341W-oi;B35y
subcomplex from inhibition by NBD-CI in the presence
of MgATP and activators leaves a possibility open that in
this enzyme the activators may bind outside of a catalytic
site.

The results obtained show that Y341 W-o,;B5y sub-
complex remains susceptible to inhibition by NBD-CI at
MgADP and MgATP concentrations that has been
shown to induce practically complete fluorescence
quenching [24, 25, 32, 33, 47-49]. In the absence of an
activator, a complete protection from NBD-Cl-induced
inhibition by MgADP (curve 7 in Fig. 2b) and MgATP
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Fig. 5. Effect of substrate concentration on BY341W-o,;35y sub-
complex inhibition by NBD-CI during MgATP hydrolysis in the
presence of 0.06% LDAO (I) or 10 mM selenite (2). Ten
nanomolar BY341W-a;3;y subcomplex was preincubated at room
temperature in MTE buffer containing additionally 10 mM
CH,;COOK, 2.2 mM Mg(CH;C0O0),, 1.5 mM PEP, 0.2 mg/ml
pyruvate kinase, 0.3 mg/ml BSA, and either 0.06% LDAO (1) or
10 mM selenite (2) in the absence and presence of MgATP, then
additionally incubated for 2.5 min in the presence of 0.15 mM
NBD-CI, and ATPase activity was measured as described in
“Materials and Methods”. Preincubation time in the presence of
selenite was 8 min and in the presence of LDAO varied from
15 min at MgATP concentrations below 0.1 mM to 3 min at
MgATP concentrations above 1 mM.

(curve I in Fig. 3) occurs with the nucleotide binding to
a catalytic site with a K, of 12 and 15 mM, respectively.
In addition, in the presence of LDAO, MgADP protects
BY341W-a,B5y subcomplex from inhibition by NBD-CI
by binding to a catalytic site with a K; of 12 mM (curve 2
in Fig. 2b). The fact that such catalytic-site binding of
MgADP and MgATP has not been detected in the fluo-
rescence quenching experiments [24, 25, 32, 33, 47-49]
suggests that in BY341W-a;B,y subcomplex of TF,, as in
BY331W-mutant EcF, [27, 44], nucleotide binding to
the third (lowest affinity) catalytic site contributes little if
at all to the total nucleotide-induced fluorescence
quenching. Such a circumstance might have contributed
to a mistaken interpretation of the fluorescence quench-
ing results obtained with the BY341W-a,;3;y subcomplex
of TF, [24, 25, 32, 33, 57] in a favor of a tri-site mecha-
nism.

I thank Dr. Masasuke Yoshida and Dr. Toshiharu
Suzuki for providing BY341W-a;3;y subcomplex of TF,,
Dr. Richard L. Cross for support, and Dr. Paul D. Boyer
for instigating this project and many discussions.
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