
F1�ATPase is the catalytic component of FoF1�ATP

synthase responsible for ATP synthesis during oxidative

and photophosphorylation in eubacteria, mitochondria,

and chloroplasts. F1 consists of five types of subunits in a

stoichiometry of α3β3γδε and is capable only of net ATP

hydrolysis when separated from the membrane�bound

factor Fo that is responsible for trans�membrane transport

of H+ (and, in some bacteria, Na+) and in Escherichia coli

is formed by a and b subunits and a ring of c subunits in

stoichiometry ab2c10. In the high�resolution crystal struc�

ture of beef heart MF1, α and β subunits are arranged

alternatively in a hexamer around the γ subunit [1]. Six

nucleotide�binding sites of F1 [2�4] are differentiated

functionally as three catalytic and three noncatalytic [2].

Catalytic and noncatalytic sites are located at alternating

α/β interfaces and are formed primarily by the amino acid

residues of β and α subunits, respectively [1]. Synthesis

and hydrolysis of ATP coupled to transmembrane H+�

transport by FoF1 is best described by the rotary binding

change mechanism proposed by Boyer and colleagues [5�

7] and involves a rotation of a complex of subunits (rotor,

γεc10 in E. coli) relative to a stator composed of α3β3δab2

[8, 9]. During a catalytic cycle, each of the three catalyt�

ic sites of F1 sequentially proceeds through an identical

set of conformational states in a series of tightly coordi�

nated conformational transitions [10, 11].

As predicted by the binding change mechanism and

first shown with MF1, the enzyme turnover is slow and

limited by product dissociation when only one catalytic

site is occupied [12]. Such mode of enzyme turnover is

referred to as uni�site catalysis [12]. MgATP binding at

additional catalytic site(s) of MF1 induces acceleration of

product release resulting in positive cooperativity in
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catalysis [12, 13]. Similar results have been subsequently

obtained with EcF1 [14]. Cooperative mode of F1

turnover (multi�site catalysis) has been referred to as bi�

site or tri�site catalysis depending on the presumed cat�

alytic site occupancy [13]. Under conditions when for�

mation of the inactive enzyme complex with MgADP

bound at one of the catalytic sites [15] is avoided, MgATP

concentration dependence of F1 activity does not deviate

from Michaelis–Menten behavior [16�22] even at submi�

cromolar MgATP concentrations [21, 23, 24]. Similarly,

MgATP�concentration dependence of the rate of γ�sub�

unit rotation is hyperbolic over a very wide range of

MgATP concentrations [21, 22].

These results strongly indicate that a single catalytic

mechanism, either bi�site or tri�site catalysis, is responsi�

ble for multi�site ATP hydrolysis and ATP�induced γ�sub�

unit rotation. Studies of the transition to multi�site catal�

ysis during ATP synthesis by chloroplasts [25] and ATP

hydrolysis by MF1 [23], as well as studies on competition

between TNP�ATP and ATP for binding to MF1 [26]

strongly support the bi�site model of multi�site catalysis.

Additional evidence supporting the bi�site model has been

recently provided by the results obtained when the catalyt�

ic site occupancy during multi�site ATP hydrolysis by MF1

[27] and EcF1 [24] has been measured using a centrifugal

filtration method. A major part of experimental support

for the tri�site model comes from the fluorescence studies

first performed with βY331W�mutant EcF1 [28] and sub�

sequently with the homologous βY341W�mutant α3β3γ�

subcomplex of TF1 [29, 30] and βY345W�mutant MF1

from the yeast Saccharomyces cerevisiae [31]. In these

studies, catalytic�site occupancy during ATP hydrolysis

was estimated using nucleotide�induced quenching of flu�

orescence of the engineered tryptophan residues assuming

the existence of proportionality between the extent of

occupancy of all three catalytic sites and the extent of flu�

orescence quenching. The results were interpreted as sup�

porting a tri�site model with the concentration of MgATP

required for half�maximal occupancy of the third catalyt�

ic site and Kd values for MgADP binding at the third cat�

alytic site to be less than 0.1 mM.

We have recently presented data showing that when

βY331W�EcF1 is titrated with ADP, ATP, or MgADP, the

nucleotide concentration dependence of fluorescence

quenching is biphasic with each phase contributing about

equally to the overall nucleotide�induced quenching [32].

Based on these results, as well as on similar titration

curves obtained by others when fluorescence of βY331W�

EcF1 was quenched by MgADP [28, 33�35] and

MgAMPPNP [28, 36] and fluorescence of βY341W�

mutant α3β3γ�subcomplex of TF1 was quenched by

MgADP and MgATP [20, 30, 37], we have concluded

that the relationship between the extent of nucleotide�

induced quenching of the fluorescence of the engineered

tryptophan residues and the extent of filling of three cat�

alytic sites is not linear and that nucleotide binding to the

third (lowest affinity) catalytic site contributes little if at

all to the overall nucleotide�induced fluorescence

quenching [32]. We have also suggested that MgADP

binds to the third catalytic site of EcF1 with nearly mil�

limolar Kd.

In the present study, we tested this suggestion by

investigating the MgADP concentration dependence of

inactivation of the wild�type and βY331W�mutant EcF1

by NBD�Cl. NBD�Cl inhibits F1 [38] by modifying a spe�

cific tyrosine residue in β subunit (βY311 in MF1 [39, 40]

and βY307 in TF1 [41, 42]). MF1�βY311 and TF1�βY307

are homologous to βY297 in EcF1 [43], and mutation

βY297F makes EcF1 resistant to inactivation by NBD�Cl

[44]. In the crystal structure of MF1 inactivated by NBD�

Cl, the Y331 residue of the β subunit that contains empty

catalytic site (βE) is modified [45]. Nucleotides [38, 46�

49] and Pi [47�51] protect F1 from inactivation by NBD�

Cl.

The results presented here show that MgADP pro�

tects wild�type and βY331W�mutant EcF1 by binding to a

catalytic site with a Kd of 0.7 and ~10 mM, respectively,

and support our conclusion [32] that nucleotide binding

to the third (lowest affinity) catalytic site in βY331W�

EcF1 escapes detection by the fluorescence quenching

method. The results also show that, during MgATP

hydrolysis by EcF1 in the absence of an activating anion,

a catalytic site remains unoccupied at the nucleotide con�

centration as high as 10 mM and suggest that stimulation

of MgATP hydrolysis by activating anions results from the

anion binding to the third, unoccupied by nucleotide,

catalytic site. These findings provide additional support

for a bi�site mechanism of F1 catalysis.

MATERIALS AND METHODS

Materials. ADP, ATP, NADH, Tris, triethanol�

amine, pyruvate kinase, and lyophilized lactate dehydro�

genase were from Sigma (USA). Mops and potassium

phosphoenolpyruvate were from Fluka (USA), H2SeO3

was from Aldrich (USA), dimethyl sulfoxide was from

Baker (USA), and NBD�Cl was from Pierce (USA).

Stock solutions of NBD�Cl (50 mM) were prepared in

dry dimethyl sulfoxide and stored at –20°C protected

from light. KHSeO3 was prepared by titrating the H2SeO3

solution with KOH to pH 8.0. The pH of the stock solu�

tions of ADP, ATP, and phosphoenolpyruvate was adjust�

ed to 8.0 with triethanolamine.

Wild type EcF1 and ε subunit [24] and βY331W�EcF1

[32] were prepared as described previously. EcF1 and

βY331W�EcF1 with the endogenous nucleotides bound at

the catalytic sites removed as described previously [32]

were used in the experiments. As discussed earlier [24], in

order to avoid problems associated with ε subunit dissoci�

ation, all the experiments were carried out in the presence

of saturating ε.
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Inhibition of EcF1 and ββY331W�EcF1 by NBD�Cl. To

investigate the effect of MgADP on inhibition of the wild�

type enzyme by NBD�Cl, 70 nM EcF1 was incubated at

room temperature (20�22°C) for 60 min in the medium

containing 20 mM Mops/triethanolamine, pH 8.0,

2.2 mM Mg(CH3COO)2, 0.2 mM EDTA, 100 nM ε sub�

unit, 0.1 mg/ml pyruvate kinase and MgADP (2�mM

excess of Mg2+ in the medium ensured that practically all

added nucleotide remained complexed with the cation).

Then NBD�Cl was added from 50�mM stock solution to

obtain the final concentration of 0.2 mM unless indicat�

ed otherwise, and ATPase activity was measured as

described below using 40�µl aliquots of the reaction mix�

ture after additional incubation for 0.5�38 min. When

MgADP concentration was 10 and 20 mM, the EcF1 con�

centration was increased to 280 nM and volume of the

reaction mixture used to assay the ATPase activity was

decreased to 10 µl. The effect of MgADP on inhibition of

βY331W�EcF1 by NBD�Cl was investigated under the

same conditions but using the 85�nM enzyme at

nucleotide concentrations lower than 10 mM and

0.42�µM enzyme when MgADP concentration was 10

and 20 mM.

To investigate inhibition by NBD�Cl during ATP

hydrolysis, 60 nM EcF1 was incubated at room tempera�

ture in medium containing 20 mM Mops/tri�

ethanolamine, pH 8.0, 2.2 mM Mg(CH3COO)2, 10 mM

CH3COOK, 0.2 mM EDTA, 1 mM phosphoenolpyru�

vate, 100 nM ε subunit, 0.1 mg/ml pyruvate kinase and

MgATP in the absence and presence of 40 mM KHSeO3

for 10 sec, then NBD�Cl was added to obtain the final

concentration of 0.2 mM, and ATPase activity was meas�

ured as described below using 40�µl aliquots of the reac�

tion mixture after additional incubation. In the absence

of NBD�Cl, the enzyme activity was not affected when

EcF1 was incubated in the absence or presence of

MgADP and MgATP and when βY331W�EcF1 was incu�

bated in the absence or presence of MgADP. The pres�

ence of selenite during 10�sec incubation increased EcF1

activity by 25%.

The apparent pseudo�first�order rate constants of

EcF1 inhibition by NBD�Cl (k) were obtained by fitting

the data to equation:

At = A1 + A2e
–kt,                           (1)

where At is ATPase activity of EcF1 after incubation with

NBD�Cl for time t.

ATPase activity assay. ATPase activity of EcF1 and

βY331W�EcF1 was measured spectrophotometrically [52]

at 340 nm at room temperature. The assay medium (final

volume 1 ml) contained 20 mM Mops/Tris, pH 8.0,

0.2 mM EDTA, 3.2 mM Mg(CH3COO)2, 10 mM

CH3COOK, 1 mM phosphoenolpyruvate, 1 mM ATP,

0.3 mM NADH, 40 mM KHSeO3, 100 nM ε subunit,

0.1 mg/ml pyruvate kinase, and 0.1 mg/ml lactate dehy�

drogenase. When concentration of carryover nucleotide

(ADP and ATP) introduced to the assay medium with the

sample exceeded 0.1 mM, the concentration of ATP in

the assay medium was appropriately decreased in order to

keep the total nucleotide concentration equal to 1 mM.

ATPase activity of the samples containing NBD�Cl was

calculated after correcting for a small rate of absorbance

decrease due to presence of NBD�Cl determined using

samples lacking EcF1.

MgATP�concentration dependence of EcF1 activity

under conditions used for NBD�Cl�modification experi�

ments was obtained using assay medium containing

20 mM Mops/triethanolamine, pH 8.0, 0.2 mM EDTA,

2.2 mM Mg(CH3COO)2, 10 mM CH3COOK, 1 mM

phosphoenolpyruvate, 0.3 mM NADH, 100 nM ε sub�

unit, 0.1 mg/ml pyruvate kinase, 0.1 mg/ml lactate dehy�

drogenase, and MgATP in the absence and presence of

40 mM KHSeO3. The EcF1 concentration was 12.2 and

5.7 nM in the absence and presence of selenite, respec�

tively.

Protein assay. Protein was determined by a modified

Lowry procedure [53] with BSA as a standard. A value of

380 kDa was used as the molecular mass of EcF1 [54].

RESULTS

Effect of MgADP on inhibition of EcF1 and ββY331W�
EcF1 by NBD�Cl. The time course of EcF1 inhibition by

0.2 mM NBD�Cl in the absence and presence of MgADP

at three representative concentrations is shown in Fig. 1a.

Both in the absence and presence of MgADP, the time

course of inhibition is satisfactorily described by the

exponential Eq. (1). NBD�Cl�induced inactivation of

EcF1 was completely reversed by incubation of the inacti�

vated enzyme in the presence of 2 mM dithiothreitol for

10 min. This result is expected when the enzyme inhibi�

tion is due to modification of βY297 by NBD�Cl [38, 55,

56]. In the absence of MgADP, the time course of inhibi�

tion (curve 1, Fig. 1a) corresponds well to the kinetics of

EcF1 inhibition by 0.1 mM NBD�Cl under the similar

conditions reported by Ahmad and Senior [49] when the

difference in the NBD�Cl concentration is taken into

account. Figure 1b shows MgADP�concentration

dependence of the rate constant k of EcF1 inactivation by

0.2 mM NBD�Cl. It is seen that with increasing MgADP

concentrations, the rate of EcF1 inactivation initially

increases reaching a maximum in the presence of 10 µM

MgADP and then decreases. MgADP at high concentra�

tions has been shown to protect the enzyme from inacti�

vation by NBD�Cl [49]; however, the increased sensitivi�

ty of EcF1 to NBD�Cl in the presence of micromolar

MgADP has not been reported before.

The results presented in Fig. 2 show that the

observed pseudo�first�order rate constant k for inhibition

of EcF1 by NBD�Cl is proportional to NBD�Cl concen�
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tration both at low and high MgADP concentrations.

Values of k for inhibition of EcF1 by NBD�Cl in the

absence of MgADP were also reported to be proportional

to NBD�Cl concentration [49]. Thus, the results of Fig. 2

mean that the rate of EcF1 inhibition by 0.2 mM NBD�Cl

is limited by the rate of NBD�Cl binding to EcF1. This

circumstance allows using the MgADP concentration

dependence of k (Fig. 1b) to obtain the Kd values for

MgADP binding to catalytic sites of EcF1 that affects the

enzyme inactivation by NBD�Cl.

The line in Fig. 1b represents the results of the best

fit of the data to equation:

k = (k0 + k2S/Kd2)/[1 + S/Kd2 + S2/(Kd2⋅Kd3)],      (2)

where k0 is the rate constant of EcF1 inhibition by 0.2 mM

NBD�Cl in the absence of nucleotide, k2 is the rate con�

stant of the enzyme inhibition after MgADP binding at a

catalytic site with a dissociation constant Kd2, Kd3 is the

dissociation constant for a catalytic site where MgADP

binding completely protects the enzyme from inactiva�

tion by NBD�Cl, and S is the concentration of MgADP.

Equation (2) is based on a model that assumes that

MgADP binding at two catalytic sites modulates reactivi�

ty of EcF1 toward NBD�Cl. In this model, MgADP bind�

ing at the catalytic site with higher affinity increases the

reactivity, and the nucleotide binding at the lower affinity

catalytic site results in complete protection of EcF1 from

inactivation by NBD�Cl. The best�fit values of k0 and k2

are equal to 0.33 ± 0.03 and 0.53 ± 0.02 min−1, respective�

ly, and the best fit values of Kd2 and Kd3 are equal to 1.3 ±
0.7 µM and 0.7 ± 0.1 mM, respectively. The Kd3 value for

MgADP of 0.7 mM obtained from the data shown in Fig.

1b is in good agreement with the Kd value of about

0.5 mM for the lowest affinity catalytic site of EcF1 we

have estimated recently [32] based on the results present�

ed by Ahmad and Senior [49].

Fig. 1. Inhibition of EcF1 by NBD�Cl. a) Time course of EcF1 inhibition by 0.2 mM NBD�Cl in the absence (1) and presence of 0.01 (2),

1 (3), and 20 mM MgADP (4). Lines are drawn according to results of best fit of the corresponding data to Eq. (1). b) Effect of MgADP con�

centration on the rate constant k of EcF1 inhibition by 0.2 mM NBD�Cl.
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Figure 3a shows time course of βY331W�EcF1 inhi�

bition by 0.2 mM NBD�Cl in the absence and presence of

MgADP. For comparison, Fig. 3a also shows the course of

wild�type EcF1 inhibition by 0.2 mM NBD�Cl in the

absence of MgADP. It is seen that kinetics of βY331W�

EcF1 inhibition is not monoexponential. For this reason,

to evaluate the effect of MgADP on βY331W�EcF1 inhi�

bition by NBD�Cl we plotted in Fig. 3b the extent of inhi�

bition observed after 5�min incubation with 0.2 mM

NBD�Cl versus the MgADP concentration. The results

show that MgADP at concentrations up to about 1 mM

does not affect significantly inhibition of βY331W�EcF1

by NBD�Cl, but at higher concentrations slows down

NBD�Cl�induced inhibition of the enzyme. Fitting the

results shown in Fig. 3b to a hyperbolic equation yielded

an apparent Kd value for MgADP of 10 ± 2 mM.

Inhibition of EcF1 by NBD�Cl during ATP hydrolysis.
Within the framework of a bi�site catalytic mechanism,

the substrate modulation of multi�site activity of F1 is due

to the substrate binding to the second catalytic site. On

the other hand, in tri�site models of the F1 catalysis, fill�

ing the second catalytic site produces little or no acceler�

ation of catalysis and the substrate binding to the third

site is required for rapid enzyme turnover [30, 31, 57�59].

According to tri�site models, all three catalytic sites

should be filled by substrate and intermediately bound

products during MgATP hydrolysis at saturating substrate

concentrations, while one catalytic site can remain unoc�

cupied under these conditions according to a bi�site

model. Therefore one can expect that EcF1 would remain

sensitive to inhibition by NBD�Cl in the presence of sat�

urating MgATP concentrations if the enzyme operates

according to a bi�site model. To test this possibility, we

investigated MgATP effect on EcF1 inactivation by

0.2 mM NBD�Cl. To avoid interference from product

MgADP rebinding at the catalytic sites of EcF1, the

experiments were conducted in the presence of pyruvate

kinase and 1 mM phosphoenolpyruvate using a sufficient�

ly low EcF1 concentration to prevent the exhaustion of

the phosphoenolpyruvate. That pyruvate kinase remained

active during EcF1 incubation with NBD�Cl had been

established in the control experiments, in which incuba�

tion of pyruvate kinase in the presence of 0.2 mM NBD�

Cl for up to 1 h inhibited this enzyme by less than 15%.

Curve 1 in Fig. 4a demonstrates the effect of MgATP

on the apparent rate constant k of EcF1 inhibition by

0.2 mM NBD�Cl. It is seen that MgATP at concentra�

tions up to 2 µM does not affect inhibition of EcF1 by

NBD�Cl. Further increase in MgATP concentration

results in a decrease in k values. This decrease in the k val�

ues levels off at about 0.1 min−1 in the presence of 0.2 mM

MgATP, and subsequent increase in MgATP concentra�

tion up to 10 mM does not affect the k value. Fitting the

data to a hyperbolic equation resulted in the best fit val�

ues for k of 0.34 ± 0.02 and 0.1 ± 0.01 min−1 in the absence

of MgATP and in the presence of the nucleotide at satu�

Fig. 3. Inhibition of βY331W�EcF1 by NBD�Cl. a) Time course of βY331W�EcF1 inhibition by 0.2 mM NBD�Cl in the absence (1) and pres�

ence of 10 (2) and 20 mM (3) MgADP. 100% activity for βY331W�EcF1 corresponds to 9.2 sec–1. For comparison, curve 4 shows the time

course of wild�type EcF1 inhibition by 0.2 mM NBD�Cl in the absence of MgADP. b) Effect of MgADP concentration on βY331W�EcF1

inhibition by NBD�Cl. βY331W�EcF1 was preincubated with and without MgADP for 1 h and assayed after additional incubation for 5 min

in the presence of 0.2 mM NBD�Cl as described in “Materials and Methods”. The line represents the best fit of the data to the hyperbolic

equation I = I0/(1 + S/Kd), where I0 is the inhibition in the absence of MgADP, S is the concentration of MgADP, and Kd is the dissociation

constant for MgADP. The best fit values of I0 and Kd are equal to 35 ± 1% and 10 ± 2 mM, respectively.
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rating concentration, respectively. The best fit (Fig. 4a,

curve 1) also yielded a value for MgATP concentration

inducing a half�maximal change in k (K1/2) of 12.5 ±
3 µM. The results (curve 1, Fig. 4a) show that Y297 in

apparently one β subunit of EcF1 remains available for

modification by NBD�Cl during hydrolysis of MgATP at

concentrations as high as 10 mM.

Circles in Fig. 4b show MgATP�concentration

dependence of EcF1 activity under conditions used in the

experiments represented by curve 1 in Fig. 4a. It is appar�

ent that this dependence does not exhibit simple

Michaelis–Menten behavior. However, in the range of

MgATP concentrations ≤1 mM, the substrate�concentra�

tion dependence of EcF1�ATPase activity fits well to the

Michaelis–Menten equation with the best fit Km and Vmax

values of 51 ± 5 µM and 13.7 ± 0.4 sec−1, respectively (Fig.

4b, solid line 1). Formation of an inactive MgADP⋅F1

complex with the inhibitory MgADP bound at one of the

catalytic sites [15] has been shown to be responsible for

deviations from the Michaelis–Menten behavior during

ATP hydrolysis by F1 [18, 21, 22, 58] and for well known

inhibition of EcF1�ATPase activity by free Mg2+ [60]. The

deviation from Michaelis–Menten behavior in MgATP�

concentration dependence of EcF1 activity in the pres�

ence of free Mg2+ (Fig. 4b, circles) is apparently also due

to the presence of an inactive EcF1 species with the

inhibitory MgADP bound at one of the catalytic sites, and

the increase in EcF1 activity at MgATP concentrations

>1 mM is most likely the result of a decrease in the frac�

tion of the inactive enzyme due to low�affinity MgATP

binding. Nucleotide binding to noncatalytic sites has

been shown to affect the dynamic steady state between

MgADP�inhibited and active F1 forms during ATP

hydrolysis [61�66]. However, even if the increase of

ATPase activity of EcF1 at MgATP concentration >1 mM

(Fig. 4b, circles) is due to nucleotide binding at a catalyt�

ic site, the results represented by curve 1 in Fig. 4a show

that one catalytic site remains mostly unoccupied even in

the presence of 10 mM MgATP.

Selenite, one of the activating anions [16], stimulates

MgATPase activity of EcF1 ([24] and Fig. 4b, diamonds).

This stimulation is likely due to a decrease in a relative

content of MgADP�inhibited EcF1 because activating

anions have been shown to accelerate reactivation of

MgADP�inhibited enzyme [67, 68]. In the presence of

selenite, the substrate�concentration dependence of

MgATPase activity of EcF1 does not deviate significantly

from a hyperbola with Km and Vmax values of 73 ± 8 µM

and 35 ± 0.8 sec−1, respectively (Fig. 4b, curve 2). In the

absence of added MgATP, selenite slows down inhibition

of EcF1 by 0.2 mM NBD�Cl (Fig. 4a). Selenite also

increases efficiency of MgATP in protecting EcF1 from

Fig. 4. Effect of MgATP concentration on the rate constant k of EcF1 inhibition by 0.2 mM NBD�Cl (a) and the enzyme activity (b) in the

absence (1) and presence (2) of 40 mM selenite. a) Rate constants k were obtained as described in “Materials and Methods”. Lines represent

the best fit of the data to a hyperbolic equation k = k1 + k2/(1 + S/K1/2), where S is the MgATP concentration, k1 + k2 and k1 are the rate con�

stants of inhibition in the absence of MgATP and at the infinite MgATP concentration, respectively, and K1/2 is the concentration of MgATP

required for half�maximal decrease of k. When fitting the data obtained in the presence of selenite, k1 was assumed to be equal to zero. The

best fit values of k1, k2, and K1/2 for the data obtained in the absence of selenite (1) are 0.10 ± 0.01 min−1, 0.24 ± 0.01 min−1, and 12.5 ± 3 µM,

respectively, and the best fit values of k2 and K1/2 for the data obtained in the presence of selenite (2) are 0.23 ± 0.02 min−1 and 3 ± 1 µM, respec�

tively. b) Lines represent the best fit of the data to the Michaelis–Menten equation. Only activity values obtained at MgATP concentrations

≤1 mM were used to fit the data obtained in the absence of selenite (1). The best fit values of Km and Vmax are equal to 51 ± 5 µM and 13.7 ±
0.4 sec−1, respectively, in the absence of selenite (1), and to 73 ± 8 µM and 35 ± 0.8 sec−1, respectively, in the presence of selenite (2).

1 

0.2

2 

0.0

a

0.3

10–3 10–1 10–2 100

k,
 m

in
–

1

[MgAТP], mM

20

0

40

V
, 

se
c–

1

b

101

0.1

2

1



BI�SITE MECHANISM OF ATP HYDROLYSIS BY E. coli F1 333

BIOCHEMISTRY  (Moscow)   Vol.  75   No.  3   2010

inactivation by NBD�Cl (Fig. 4a, curve 2). Fitting the

data obtained in the presence of selenite (diamonds in

Fig. 4a) to a hyperbolic equation yielded a value of K1/2

for MgATP of 3 ± 1 µM (Fig. 4a, curve 2). Selenite�

induced decrease in k values in the absence of MgATP

(∼0.1 min−1) is equal to values of k obtained in the

absence of selenite at MgATP concentrations ≥0.2 mM

suggesting that selenite can slow down the NBD�Cl�

induced inactivation of EcF1 by binding at the catalytic

site that remains unoccupied during enzyme turnover at

saturating substrate concentrations.

DISCUSSION

The results presented in this study (Fig. 1b) show

that inactivation of EcF1 by NBD�Cl is affected by

MgADP binding at two catalytic sites. It is likely that the

MgADP�induced protection from inhibition by NBD�Cl

with a Kd for the nucleotide of 0.7 mM is due to MgADP

binding to the catalytic site with the lowest affinity to the

nucleotide, namely, the third catalytic site, as it was sug�

gested by Ahmad and Senior [49]. The Kd value for

MgADP obtained in the present study (0.7 mM) is very

close to the value of about 0.5 mM that was estimated ear�

lier [32] using the data presented by Ahmad and Senior

[49]. The Kd3 value of 0.7 mM for MgADP is also consis�

tent with the results of Pagan and Senior [69], who using

the column�centrifugation method [70] detected about

2.5 moles of nucleotide/mole of EcF1 bound to the cat�

alytic sites after incubation in the presence of 1.25 mM

MgADP. However, it is not clear whether the MgADP�

induced increase in sensitivity of EcF1 toward inhibition

by NBD�Cl with a Kd of 1.3 µM at pH 8.0 (Fig. 1b) is due

to the nucleotide binding to the first or the second cat�

alytic site. The Kd values for MgADP binding at the first

catalytic site of EcF1 were estimated from the kinetics of

the nucleotide binding and dissociation to be 8.8 and

1.7 µM [71] at pH 7.5 and 8.5, respectively. Two binding

sites with a Kd of 3 µM for MgADP were detected in EcF1

[3] when nucleotide binding to catalytic sites was meas�

ured using the column�centrifugation method [70]. It

appears however that affinity of the first catalytic site to

MgADP reported earlier [3, 71] might have been under�

estimated due to presence of sulfate in the incubation

media. Sulfate has been shown to significantly increase

the Kd value for MgADP binding at the first catalytic site

of βY331W�EcF1 [32]. For this reason, we believe that

MgADP binding at the first catalytic site does not signif�

icantly affect EcF1 inhibition by NBD�Cl, and it is

MgADP binding at the second catalytic site with a Kd of

1.3 µM that increases sensitivity of EcF1 to inhibition by

NBD�Cl (Fig. 1a).

Under identical conditions, βY331W�EcF1 is less

susceptible to inhibition by NBD�Cl than the wild�type

enzyme (Fig. 3a). In this regard, it should be mentioned

that double mutant enzymes containing βY331W�muta�

tion and additionally one of the mutations βR246Q,

βR246K, or βR246A [49], βN243D [72], βR246A,

βR243R, or αF291R [73], αF291D or αF291E [74] are

also less susceptible to inhibition by NBD�Cl when com�

pared to the wild�type EcF1. Unlike the wild�type

enzyme, βY331W�EcF1 does not exhibit increased sensi�

tivity to NBD�Cl in the presence of micromolar MgADP

(Fig. 3b). However, βY331W�EcF1 similarly to the wild�

type enzyme is protected from inactivation by NBD�Cl

when MgADP binds to a low�affinity (Kd about 10 mM)

catalytic site (Fig. 3b). When βY331W�EcF1 [28, 33, 35,

75] and ε�depleted βY331W�EcF1 [32, 76] were titrated

with MgADP, the extent of the nucleotide�induced fluo�

rescence quenching exhibited saturation at about 0.1 mM

MgADP with little or no significant increase at higher

nucleotide concentrations. Therefore, the fact that

MgADP protects βY331W�EcF1 from inactivation by

NBD�Cl by binding to a catalytic site with a Kd of about

10 mM (Fig. 3b) lends additional support to our conclu�

sion [32] that the relationship between occupancy of the

three catalytic sites and the nucleotide�induced fluores�

cence quenching in βY331W�EcF1 is not linear and that

nucleotide binding to the third catalytic site of βY331W�

EcF1 contributes little if at all to the overall nucleotide�

induced fluorescence quenching. This lack of linearity

significantly complicates analysis of data obtained using

the fluorescence�quenching approach, and might have

contributed to mistaken interpretation of the data in favor

of a tri�site mechanism.

The result that MgATP at concentration as high as

10 mM only partially protects EcF1 from inactivation by

NBD�Cl (Fig. 4a, curve 1) supports our conclusion [24]

that a bi�site mechanism is responsible for catalysis of

MgATP hydrolysis by EcF1. Obviously, one catalytic site

remains mostly unoccupied by nucleotide during mil�

limolar MgATP hydrolysis by EcF1 in the absence of an

activating anion. The effect of selenite on MgATP�con�

centration dependence of EcF1 inhibition by NBD�Cl

(Fig. 4a, curve 2) gives evidence for the anion binding to

this unoccupied catalytic site. Stimulating effect of acti�

vating anions on ATP hydrolysis by F1 was originally pro�

posed to be due to their competing with MgATP for bind�

ing to noncatalytic nucleotide�binding sites [77] that were

considered to be specific for adenine nucleotides [78].

However, the results of the present study suggest the

hypothesis that stimulation by selenite and other activat�

ing anions of MgATP hydrolysis by MF1 [16] and EcF1

[24, 79] is due to anion binding to the catalytic site that

remains free of nucleotide at saturating substrate concen�

trations. In this regard, it should be mentioned that an

electron density consistent with bound sulfate anion is

found at different positions in the free of nucleotide cat�

alytic site in the crystal structures of MF1 [80], dicyclo�

hexylcarbodiimide�inhibited MF1 [81], and yeast MF1

[82].
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Both in the absence and presence of selenite, the

concentration of MgATP required for half�maximal

decrease of the rate constant k of EcF1 inhibition by

NBD�Cl (K1/2, Fig. 4a) is smaller than the corresponding

Km value (Fig. 4b). Obviously, the increase of proportion

of the enzyme molecules with two catalytic site occupied

that is responsible for substrate�concentration modula�

tion of EcF1 activity (Fig. 4b) cannot explain the decrease

of k values that takes place mostly in the range of MgATP

concentrations < Km (Fig. 4a). Indeed, the catalytic site

occupancy exhibited an increase of only 0.2�0.3 mole of

nucleotide/mole of EcF1 when MgATP concentration

was increased from 1 to 20 µM both in the absence and

presence of selenite [24]. We propose that MgATP�

induced decrease of EcF1 sensitivity to NBD�Cl at the

substrate concentrations < Km (Fig. 4a) is due to an

increased abundance of the enzyme species with one cat�

alytic site occupied by MgATP. During steady�state

MgATP hydrolysis by EcF1 when the substrate concen�

tration << Km, the enzyme exists practically only in a state

with only one catalytic site occupied either by MgATP or

by MgADP with or without Pi. The latter species may

include also the MgADP�inhibited enzyme form that is

more abundant in the absence of selenite. In the active

fraction of EcF1, the relative abundance of the enzyme

species having at a single catalytic site either ATP or ADP

with or without Pi is determined mainly by the rates of

interconversion ATP ↔ ADP + Pi at a single catalytic site

and by MgATP concentration. We propose that when

MgATP is bound at the catalytic site of one β subunit,

Y297 residues in one or both β subunits with unoccupied

catalytic sites are significantly less reactive toward NBD�

Cl than when MgADP is bound at a single catalytic site

with or without Pi. With the increase in MgATP concen�

tration, the rate of the nucleotide binding to the second

catalytic site is increased, which results in the increased

abundance of the enzyme species with MgATP bound at

a single catalytic site and, as a consequence, in the

decreased reactivity toward NBD�Cl. This kinetic mech�

anism explains why K1/2 values for MgATP (Fig. 4a) are

lower than the corresponding Km values (Fig. 4b) and is

similar to the mechanism proposed to explain modulation

of the intermediate H2O/Pi�oxygen exchange by the sub�

strate concentration during MgATP hydrolysis by MF1

[13, 83].
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