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Catalytic site occupancy of the yeast vacuolar V-ATPase during ATP hydrolysis in the presence of an ATP-
regenerating system was probed using sensitivity of the enzyme to inhibition by 7-chloro-4-nitrobenzo-
2-oxa-1,3-diazole (NBD-CIl). The results show that, regardless of the presence or absence of the proton-
motive force across the vacuolar membrane, saturation of V-ATPase activity at increasing MgATP concen-
trations is accompanied by only partial protection of the enzyme from inhibition by NBD-CI. Both in the
presence and absence of an uncoupler, complete protection of V-ATPase from inhibition by NBD-Cl
requires MgATP concentrations that are significantly higher than those expected from the K, values
for MgATP. The results are inconsistent with a tri-site model and support a bi-site model for a mechanism
of ATP hydrolysis by V-ATPase.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Vacuolar type (V-type) H"-ATPases are proton pumps responsi-
ble in eukaryotic cells for acidification of the various intracellular
and extracellular compartments and are important for many cellu-
lar functions (see [1-5] for recent reviews). V-ATPase is a large
multisubunit complex that is structurally and mechanistically re-
lated to F,F{-ATPase (ATP synthase). Two main domains are func-
tionally and structurally recognized in V-ATPase - a membrane-
imbedded domain called V, (by analogy to factor F, of the F,F;-
ATPase) responsible for the transmembrane transport of protons,
and a peripheral domain called V; responsible for ATP hydrolysis.
The V, and V; domains are composed of six (q, ¢, ¢, ¢’, d, e) and
eight (A, B, C, D, E, F, G and H) different types of subunits, respec-
tively, and are connected by one centrally located stalk and by a
few peripheral stalks. It is generally accepted [1-5] that ATP hydro-
lysis is coupled to a proton transport in V-ATPase by a rotary mech-
anism similar to a rotary binding change mechanism originally
proposed by Boyer and colleagues for F,F;-ATPase [6-8]. It is
thought that ATP-dependent proton translocation by V-ATPase in-

Abbreviations: V-ATPase, proton-translocating vacuolar ATPase; MF;, EcF; and
TF,, F1-ATPases from beef-heart mitochondria, Escherichia coli, and thermophilic
Bacillus PS3, respectively; NBD-Cl, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole; PEP,
phosphoenolpyruvate; FCCP, carbonilcyanide p-triflouromethoxyphenylhydrazone.
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volves a rotation of the centrally located stalk composed of D, F,
and d subunits and a ring of ¢, ¢/, and ¢” subunits (rotor). This rota-
tion is assumed to be driven by conformational changes of the
three catalytic A subunits of V; that are induced by ATP binding
to and ADP and P; dissociation from the three catalytic sites. ATP-
driven rotation has been directly observed both in F; [9] and V-
ATPase [10].

According to the binding change mechanism, during ATP hydro-
lysis each of the three catalytic sites sequentially progresses
through identical set of states in a series of tightly coordinated con-
formational transitions [11]. Cooperativity among catalytic sites
was predicted to result in a slow enzyme turnover when a sub-
strate was bound at only one catalytic site and in an acceleration
of turnover upon substrate binding at additional catalytic site(s)
[7]. Such enzyme behavior has been directly observed first with
MF,; [12,13] and subsequently with V-ATPase [14] and explains
the substrate-concentration dependence of the intermediate H,0/
P;-oxygen exchange during ATP hydrolysis by MF; [15] and V-ATP-
ase [16]. The slow enzyme turnover with only one catalytic site
occupied has been named uni-site catalysis [12], and the coopera-
tive modes of the enzyme turnover have been named bi-site and
tri-site catalysis in accordance with the presumed extent of occu-
pancy of the three catalytic sites [13] and are often referred to as
multi-site catalysis. The issue of relative contribution of bi-site
and tri-site catalysis to enzyme turnover at saturating substrate
concentration has not been studied with V-ATPase, but has been
a matter of a debate in studies of F; catalytic mechanism. Studies
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of the transition to multi-site catalysis during ATP synthesis by
chloroplasts [17] and ATP hydrolysis by MF; [18], as well as studies
on competition between TNP-ATP and ATP for binding to MF; [19]
strongly support the bi-site model of multi-site catalysis according
to which substrate binding to F; with a formation of the catalytic
intermediate with two catalytic sites occupied results in a rapid
enzyme turnover. Additional evidence supporting bi-site model
has been recently provided by the results obtained when the cata-
lytic site occupancy during multi-site ATP hydrolysis by MF; [20]
and EcF; [21] has been measured using centrifugal filtration meth-
od and by the results obtained when inhibition of EcF; [22] and TF,
[23] by 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) has
been studied in the presence of MgADP and/or MgATP. On the
other hand, a support of the view that F; operates according to a
tri-site mechanism, when rapid enzyme turnover can occur only
after formation of an intermediate with all three catalytic sites
occupied, currently comes mainly from the results obtained in
two types of experiments. In one type, a tryptophan was inserted
at the catalytic sites of F; as a reporter group and the catalytic-site
occupancy was estimated using nucleotide-induced fluorescence
quenching [24-26]. Another type of experiments involved single-
molecule measurements of Cy3-ATP interaction with the o3B3y
subcomplex of TF; with the simultaneous observation of ¥ subunit
rotation [27,28]. The results of both types of experiments were
interpreted as supporting a tri-site model but the validity of such
an interpretation has been recently challenged [21-23,29].

In the present study we investigated whether V-ATPase oper-
ates according to a bi-site or a tri-site mechanism by examining
of how the enzyme was inhibited by NBD-Cl during ATP hydrolysis
in a wide range of substrate concentration. NBD-Cl inhibits F;- [30]
and V-type [31-35] ATPases. Nucleotides protect F; [30] and V-
ATPase [14,33,36-38] from inactivation by NBD-Cl, and nucleo-
tide-protected labeling by NBD-Cl has been used to localize hydro-
lytic sites of V-ATPase to A subunits [14,36-39], while nucleotide
concentration dependence of ECF; [22] and TF; [23] protection
has been recently shown to support a bi-site catalytic mechanism.
Cys-261 located in the glycine-rich loop (P-loop) of yeast A subunit
has been suggested as the residue which modification by NBD-CI
leads to inhibition of V-ATPase [40].

The results obtained in the present study show that half-maxi-
mal protection of V-ATPase from inhibition by NBD-CI occurs at
MgATP concentrations that are significantly higher than the K,
values for the nucleotide regardless of whether or not ATP hydro-
lysis was coupled to energization of the vacuolar membrane. This
pattern of protection is inconsistent with a tri-site model of catal-
ysis and supports a bi-site mechanism for ATP hydrolysis coupled
to a transmembrane transport of H* by V-ATPase.

2. Materials and methods
2.1. Materials

ATP, NADH, FCCP, triethanolamine, pyruvate kinase, and lyoph-
ilized lactate dehydrogenase were from Sigma. Mops and potas-
sium phosphoenolpyruvate (PEP) were from Fluka, NBD-Cl was
from Pierce, concanamycin A was from ALEXIS Biochemicals, and
dimethyl sulfoxide was from Baker. Stock solutions of NBD-CI
(50 mM) were prepared in dry dimethyl sulfoxide and stored at
—20 °C. pH of the stock solutions of ATP and PEP was adjusted to
7.0 with triethanolamine.

Vacuoles were prepared from the wild-type Saccharomyces cere-
visiae yeast strain SF838-5Aa (MATo, leu2-3112, ura-52, ade5)
according to [34] with a modification described by Liu and Kane
[41]. At 37 °C, 0.1 uM concanamycin A inhibited ATPase activity
of the vacuole preparations by 81-88% when assayed with

1 mM MgATP in the presence of 6 M FCCP as described below.
Under these conditions, concanamycin A-sensitive specific ATPase
activity of the vacuoles was 1-2.5 U/mg (1 U is 1 pmol/min).

2.2. Inhibition of V-ATPase by NBD-Cl during ATP hydrolysis

To investigate the effect of MgATP on inhibition of V-ATPase by
NBD-CI, vacuolar vesicles (40-80 g of protein per ml) were incu-
bated for 15 s at room temperature (18-20 °C) in the medium con-
taining 50 mM Mops/triethanolamine, pH 7.0, 2.2 mM Mg
(CH3C00),, 0.2 mM EDTA, 10 mM CH3COOK, 1 mM PEP, 0.1 mg/
ml pyruvate kinase, and MgATP as required in the absence or pres-
ence of 8 uM FCCP. Then NBD-Cl was added from 50-mM stock
solution to obtain the desired final concentration (25-200 uM)
and, after incubation for 0.5-10 min, ATPase activity was measured
as described below using 40-pl aliquots of the reaction mixture.

The pseudo first-order rate constants of ATPase inhibition by
NBD-CI (k') were obtained by fitting the data to equation

A =A; +A; x eik/t7 (1)

where A; is the vacuolar ATPase activity after incubation with NBD-
Cl for a time t. The apparent second-order rate constants k of inhi-
bition were then obtained by dividing the k'values by the concen-
tration of NBD-Cl used.

2.3. ATPase activity assay

ATPase activity of vacuoles was measured spectrophotometri-
cally [42] at 340 nm at 37 °C. The assay medium contained in a fi-
nal volume of 1 ml 50 mM Mops/triethanolamine, pH 7.0, 0.2 mM
EDTA, 3.2 mM Mg(CH5C00),, 10 mM CH5COOK, 1 mM ATP, 1 mM
PEP, 0.3 mM NADH, 6 uM FCCP, 0.1 mg/ml pyruvate kinase, and
0.1 mg/ml lactate dehydrogenase. 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 vacuoles.

MgATP-concentration dependence of V-ATPase activity in vacu-
oles was measured at room temperature in the absence and pres-
ence of 6 uM FCCP, and at 37 °C in the presence of 6 pM FCCP in the
medium containing 50 mM Mops/triethanolamine, pH 7.0, 0.2 mM
EDTA, 2.2 mM Mg(CH5C0O0),, 10 mM CH3COOK, 1 mM PEP, 0.3 mM
NADH, 0.1 mg/ml pyruvate kinase, 0.1 mg/ml lactate dehydroge-
nase, and 5 pM-2 mM MgATP. V-ATPase activity was calculated
as a difference between activities measured in the absence and
presence of 0.1 M concanamycin A.

3. Results and discussion

Fig. 1A shows time-course of vacuolar ATPase activity inhibition
by 25 uM (diamonds), 50 uM (circles), and 75 pM (hexagons) NBD-
Cl. It is seen that within 10 min, the extent of inhibition reaches
about 80%. Similar degree of inhibition by NBD-CI was reported
previously for yeast membrane-bound [34] and isolated V-ATPase
[14,40]. Under our experimental conditions, incubation of vacuoles
at room temperature in the absence of NBD-Cl resulted in slow de-
crease of ATPase activity that reached about 15% after 10-min incu-
bation and about 25% after 30-min incubation. For this reason, to
minimize NBD-Cl-independent decrease in activity, all the incuba-
tions with NBD-CI were performed for no longer than 10 min. As it
was shown with isolated V-ATPase [14], the pseudo first-order rate
constants of inhibition of vacuolar ATPase activity obtained from
the data of Fig. 1A are proportional to the NBD-Cl concentrations
used (Fig. 1B). This result means that the rate of inhibition is lim-
ited by the rate of NBD-Cl binding to V-ATPase. The second-order
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Fig. 1. Inhibition of vacuolar ATPase activity by NBD-CI. (A) Time-course of inhibition in the presence of 0.025 mM (diamonds), 0.05 mM (circles), and 0.075 mM (hexagons)
NBD-Cl. Vacuoles were incubated with NBD-Cl in the presence of FCCP and the ATPase activity was assayed as described in the Section 2. (B) Effect of NBD-CI concentration on
the pseudo first-order rate constants of vacuolar ATPase inhibition. The slop of the linear regression line is equal to (1.65 + 0.25) x 10* M~' min .

rate constant of NBD-Cl binding to V-ATPase obtained from the
data of Fig. 1B is equal to (1.65 £ 0.25) x 10* M~ ! min .

It was reported that, in the absence of Mg?*, ATP protected V-
ATPase in the vacuolar membranes from inhibition by NBD-Cl
[14]. Half-maximal protection was observed in the presence of
about 0.2 mM ATP. As the data of Fig. 2A show, MgATP also slows
down inhibition of V-ATPase by NBD-Cl (in our experiments
MgATP exhaustion was prevented due to presence of pyruvate Ki-
nase and PEP). Fig. 2B shows MgATP-concentration dependence of
the apparent second-order rate constant k of the V-ATPase inhibi-
tion by NBD-Cl in the presence of uncoupler. Fitting the data of
Fig. 2B to a hyperbolic equation

Residual activity (%)

0 2 4 6 8 10
Time (min)

k=ko/(1+S/Kip), )

where kq is the inhibition rate constant in the absence of MgATP, K,
» is the concentration of MgATP required for half-maximal decrease
of k, and S is the concentration of MgATP, resulted in the best fit val-
ues of ko and Kjp of (1.48+0.04)x 10*M'min~' and
0.29 £ 0.04 mM, respectively. However, the line drawn using these
best fit values (dashed line in Fig. 2B) significantly deviates from
the experimental points. This indicates that complete protection
of V-ATPase from inactivation by NBD-Cl requires MgATP binding
at more than one catalytic site. A better fit (solid line in Fig. 2B)
has been obtained using a model that assumes that MgATP binding
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Fig. 2. Effect of MgATP on inhibition of V-ATPase by NBD-Cl in the presence of FCCP. (A) Time-course of vacuolar ATPase inhibition in the presence of FCCP by 0.05 mM
(circles, diamonds, and hexagons) and 0.2 mM (triangles) NBD-Cl in the absence (circles) and presence of 0.1 mM (diamonds), 1 mM (hexagons), and 5 mM (triangles) MgATP.
(B) Effect of MgATP concentration on the apparent second-order rate constant k of V-ATPase inhibition by NBD-Cl in the presence of FCCP. Values of k were obtained as
described in the Section 2 using 0.05 mM (circles) and 0.2 mM (hexagons) NBD-CI. Dashed line represents the best fit of the data to Eq. (2) (ko = (1.48 £ 0.04) x 10* M~ min~',
and Ky, = 0.29 + 0.04 mM). Solid line represents the best fit of the data to Eq. (3) (ki, k, K51, and Ky, are equal to (0.7 £ 0.5) x 10* M~' min~, (0.86 £ 0.5) x 10* M~ min~',

60 =50 pM, and 0.8 + 0.6 mM, respectively).
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Fig. 3. MgATP-concentration dependence of V-ATPase activity in the absence
(diamonds) and presence (circles) of FCCP. Concanamycin A-sensitive activity was
assayed at room temperature as described in the Section 2. Lines represent the best
fit of the data to the Michaelis—-Menten equation (Vp.x=0.88+0.01 U/mg and
Kn=0.029+0.002 mM in the presence of FCCP, and 0.136 +0.003 U/mg and
0.015 + 0.002 mM, respectively, in the absence of FCCP).

to two catalytic sites is necessary for complete V-ATPase protection
and is described by an equation

k=ki/(1+S/Ki21) +ko/(14S/Ki22), 3)

where (k; +ky) is the inhibition rate constant in the absence of
MgATP, Ky2,1 and Kj> are the concentrations of MgATP required
for half-maximal saturation of the catalytic sites where MgATP
binding decreases the inhibition rate constant by k; and k;, respec-
tively. For the data shown in Fig. 2B, the best fit values of kq, k;, Ky,

21, and Kipp are equal to (0.7%0.5)x 10*M ' min’,
(0.86£0.5) x 10*M ' min~!, 60+50pM, and 0.8+0.6 mM,
respectively.

Circles in Fig. 3 show MgATP-concentration dependence of con-
canamycin A-sensitive vacuolar ATPase activity measured at room
temperature in the presence of uncoupler (that is under conditions
used to obtain the data shown in Fig. 2B). Fitting the data to the
Michaelis-Menten equation yielded the best fit values for Vi.x
and K, of 0.88 £0.01 U/mg and 29 + 2 pM, respectively (for com-
parison, when ATPase assay was performed at 37 °C with the same
vacuolar preparation, the Vi, and K, values obtained were equal
to 2.63+0.04U/mg and 36+2 puM, respectively (results not
shown)).

Under the conditions used to obtain the results shown in Fig. 2B
and Fig. 3 (circles), V-ATPase hydrolyzed ATP without formation of
the proton-motive force across the vacuolar membrane due to
presence of FCCP. As expected, when FCCP was omitted, lack of
uncoupling resulted in a significant decrease of V-ATPase activity
(Fig. 3, diamonds). In the absence of FCCP, the V,.x and K, values
were equal to 0.136 £0.003 U/mg and 15+ 2 pM, respectively.
Fig. 4 shows the effect of MgATP on V-ATPase inhibition by NBD-
Cl in the absence of FCCP. As with the data obtained in the presence
of FCCP (Fig. 2B), the model with two binding sites (Eq. (3)) pro-
duced a better fit (solid line in Fig. 4, the best fit values of ki, ko,
Kijz1, and  Kipz equal to  (0.9:0.1)x 10*M~'min~},
(0.5+0.1) x M~ min~', 19 + 8 uM, and 1.2 + 0.9 mM, respectively)
than the model with one binding site (Eq. (2), dashed line).

Both in the absence and presence of FCCP, the K, values for
MgATP are close to the respective values of Ky, but are signifi-
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Fig. 4. Effect of MgATP concentration on the apparent second-order rate constant k
of V- ATPase inhibition by NBD-Cl in the absence of FCCP. Values of k were obtained
as described in the Section 2 using 0.05mM (circles), 0.1 mM (diamonds) and
0.2 mM (hexagons) NBD-Cl. Dashed line represents the best fit of the data to Eq. (2)
(ko =(1.34+0.07) x 10* M" min', and K, = 0.09 + 0.02 mM). Solid line represents
the best fit of the data to Eq. (3) (ki, k», Ky1, and Ky, are equal to
(0.9+0.1) x 10*M'min~!, (0.5+0.1) x M~'min~!, 0.019 £0.008 mM, and
1.2 £ 0.9 mM, respectively).

cantly lower than the respective values of Ky, or Kj3,. These re-
sults mean that substrate saturation of a catalytic site
responsible for rapid V-ATPase turnover is not sufficient to provide
a complete protection of the enzyme from inhibition by NBD-Cl,
and that the complete protection can be achieved only after sub-
strate binding to an additional catalytic site. MgATP binding to this
additional catalytic site results in no change in V-ATPase activity
regardless of whether proton-motive force is present or not. This
circumstance is inconsistent with a tri-site model of ATP hydrolysis
that requires all three catalytic sites to be occupied at saturating
substrate concentrations. On the other hand, the fact that V-ATPase
remains sensitive to NBD-Cl in the presence of MgATP at concen-
trations sufficient to saturate the ATPase activity supports a bi-site
mechanism that requires substrate binding to only two catalytic
sites for a rapid enzyme turnover.

Acknowledgments

We thank Dr. Richard L. Cross and Dr. Stephan Wilkens for sup-
port and Dr. Paul D. Boyer for many discussions.

References

[1] P.M. Kane, The where, when, and how of organelle acidification by the yeast
vacuolar H*-ATPase, Microbiol. Mol. Biol. Rev. 70 (2006) 177-191.

[2] K.W. Beyenbach, H. Wieczorek, The V-type H* ATPase: molecular structure and
function, physiological roles and regulation, J. Exp. Biol. 209 (2006) 577-589.

[3] K.C. Jefferies, D.J. Cipriano, M. Forgac, Function, structure and regulation of the
vacuolar (H*)-ATPase, Arch. Biochem. Biophys. 476 (2008) 33-42.

[4] V. Marshansky, M. Futai, The V-type H'-ATPase in vesicular trafficking:
targeting, regulation and function, Curr. Opin. Cell Biol. 20 (2008) 415-426.

[5] S.P. Muench, ]. Trinick, M.A. Harrison, Structural divergence of the rotary
ATPases, Quart. Rev. Biophy. 44 (2011) 311-356.

[6] P.D. Boyer, R.L. Cross, W. Momsen, A new concept for energy coupling in
oxidative phosphorylation based on a molecular explanation of the oxygen
exchange reactions, Proc. Natl. Acad. Sci. USA 70 (1973) 2837-2839.

[7] C. Kayalar, ]. Rosing, P.D. Boyer, An alternating site sequence for oxidative
phosphorylation suggested by measurement of substrate binding patterns and
exchange reaction inhibitions, J. Biol. Chem. 252 (1977) 2486-2491.



E.M. Milgrom, Y.M. Milgrom/Biochemical and Biophysical Research Communications 423 (2012) 355-359 359

[8] P.D. Boyer, W.E. Kohlbrenner, The present status of the binding-change
mechanism and its relation to ATP formation by chloroplasts, in: B.R.
Selman, S. Selman-Reiner (Eds.), Energy Coupling in Photosynthesis, Elsevier
North Holland, New York, 1981, pp. 231-240.

[9] H. Noji, R. Yasuda, M. Yoshida, K. Kinosita Jr., Direct observation of the rotation
of Fi-ATPase, Nature 386 (1997) 299-302.

[10] T. Hirata, A. Iwamoto-Kihara, G.-H. Sun-Wada, T. Okajima, Y. Wada, M. Futai,
Subunit rotation of vacuolar-type proton pumping ATPase. Relative rotation of
the G and c subunits, J. Biol Chem. 278 (2003) 23714-23719.

[11] P.D. Boyer, The binding change mechanism for ATP synthase some
probabilities and possibilities, Biochim. Biophys. Acta 1140 (1993) 215-250.

[12] C. Grubmeyer, R.L. Cross, H.S. Penefsky, Mechanism of ATP hydrolysis by beef
heart mitochondrial ATPase. Rate constants for elementary steps in catalysis at
a single site, ]. Biol. Chem. 257 (1982) 12092-12100.

[13] R.L. Cross, C. Grubmeyer, H.S. Penefsky, Mechanism of ATP hydrolysis by beef
heart mitochondrial ATPase. Rate enhancements resulting from cooperative
interactions between multiple catalytic sites, J. Biol. Chem. 257 (1982) 12101-
12105.

[14] E. Uchida, Y. Ohsumi, Y.J. Anraku, Characterization and function of catalytic
subunit a of H'-translocating adenosine triphosphatase from vacuolar
membranes of Saccharomyces cerevisiae. A study with 7-chloro-4-nitrobenzo-
2-oxa-1,3-diazole, ]J. Biol. Chem. 263 (1988) 45-51.

[15] C.C. O'Neal, P.D. Boyer, Assessment of the rate of bound substrate
interconversion and of ATP acceleration of product release during catalysis
by mitochondrial adenosine triphosphatase, J. Biol. Chem. 259 (1984) 5761-
5767.

[16] V.N. Kasho, P.D. Boyer, Vacuolar ATPases, like F1, Fo-ATPases, show a strong
dependence of the reaction velocity on the binding of more than one ATP per
enzyme, Proc. Natl. Acad. Sci. USA 86 (1989) 8708-8711.

[17] J.-M. Zhou, P.D. Boyer, Evidence that energization of the chloroplast ATP
synthase favors ATP formation at the tight binding catalytic site and increases
the affinity for ADP at another catalytic site, J. Biol. Chem. 268 (1993) 1531-
1538.

[18] Y.M. Milgrom, M.B. Murataliev, P.D. Boyer, Bi-site activation occurs with the
native and nucleotide-depleted mitochondrial F,-ATPase, Biochem. ]J. 330
(1998) 1037-1043.

[19] M.B. Murataliev, P.D. Boyer, Interaction of mitochondrial F;-ATPase with
trinitrophenyl derivatives of ATP and ADP. Participation of third catalytic site
and role of Mg?* in enzyme inactivation, J. Biol. Chem. 269 (1994) 15431-
15439.

[20] Y.M. Milgrom, R.L. Cross, Rapid hydrolysis of ATP by mitochondrial F;-ATPase
correlates with the filling of the second of three catalytic sites, Proc. Natl. Acad.
Sci. USA 102 (2005) 13831-13836.

[21] V.V. Bulygin, Y.M. Milgrom, A bi-site mechanism for Escherichia coli F;-ATPase
accounts for the observed positive catalytic cooperativity, Biochim. Biophys.
Acta 1787 (2009) 1016-1023.

[22] V.V.Bulygin, Y.M. Milgrom, Probes of inhibition of Escherichia coli F;-ATPase by
7-chloro-4-nitrobenz-2-oxa-1,3-diazole in the presence of MgADP and MgATP
support a bi-site mechanism of ATP hydrolysis by the enzyme, Biochemistry
(Moscow) 75 (2010) 327-335.

[23] Y.M. Milgrom, Characteristics of protection by MgADP and MgATP of o383
subcomplex of thermophilic Bacillus PS3 BY341W-mutant F1-ATPase from
inhibition by 7-chloro-4-nitrobenz-2-oxa-1,3-diazole support a bi-site
mechanism of catalysis, Biochemistry (Moscow) 76 (2011) 1253-1261.

[24] J. Weber, S. Wilke-Mounts, R.S.-F. Lee, E. Grell, A.E. Senior, Specific placement
of tryptophan in the catalytic sites of Escherichia coli F;-ATPase provides a
direct probe of nucleotide binding: maximal ATP hydrolysis occurs with three
sites occupied, J. Biol. Chem. 268 (1993) 20126-20133.

[25] C. Dou, P.A.G. Fortes, W.S. Allison, The o3(BY341W)3y subcomplex of the F;-
ATPase from the thermophilic Bacillus PS3 fails to dissociate ADP when MgATP
is hydrolyzed at a single catalytic site and attains maximal velocity when three
catalytic sites are saturated with MgATP, Biochemistry 37 (1998) 16757-
16764.

[26] V. Corvest, C. Sigalat, R. Venard, P. Falson, D.M. Mueller, F. Haraux, The binding
mechanism of the yeast F;-ATPase inhibitory peptide. Role of catalytic
intermediates and enzyme turnover, J. Biol. Chem. 280 (2005) 9927-9936.

[27] T. Nishizaka, K. Oiwa, H. Noji, S. Kimura, E. Muneyuki, M. Yoshida, K. Kinosita
Jr., Proton-powered subunit rotation in single membrane-bound F,F;-ATP
synthase, Nat. Struct. Mol. Biol. 11 (2004) 142-148.

[28] K. Adachi, K. Oiwa, T. Nishizaka, S. Furuike, H. Noji, H. Itoh, M. Yoshida, K.
Kinosita Jr., Coupling of rotation and catalysis in F;-ATPase revealed by single-
molecule imaging and manipulation, Cell 130 (2007) 309-321.

[29] V.V. Bulygin, Y.M. Milgrom, Studies of nucleotide binding to the catalytic sites
of Escherichia coli BY331W-F;-ATPase using fluorescence quenching, Proc. Natl.
Acad. Sci. USA 104 (2007) 4327-4331.

[30] SJ. Ferguson, W. Lloyd, M.H. Lyons, G.K. Radda, The mitochondrial ATPase:
evidence for a single essential tyrosine residue, Eur. J. Biochem. 54 (1975) 117-
126.

[31] D.A. Apps, J.G. Pryde, R. Sutton, J.H. Phillips, Inhibition of adenosine
triphosphatase, 5-hydroxytryptamine transport and proton-translocation
activities of resealed chromaffin-granule ‘ghosts’, Biochem. J. 190 (1980)
273-282.

[32] E.J. Bowman, Comparison of the vacuolar membrane ATPase of Neurospora
crassa with the mitochondrial and plasma membrane ATPases, J. Biol. Chem.
258 (1983) 15238-15244.

[33] M. Forgac, L. Cantley, Characterization of the ATP-dependent proton pump of
clathrin-coated vesicles, J. Biol. Chem. 259 (1984) 8101-8105.

[34] E. Uchida, Y. Ohsumi, Y.J. Anraku, Purification and properties of H'-
translocating, Mg?*-adenosine triphosphatase from vacuolar membranes of
Saccharomyces cerevisiae, ]. Biol. Chem. 260 (1985) 1090-1095.

[35] Y. Wang, H. Sze, Similarities and differences between the tonoplast-type and
the mitochondrial H*-ATPases of oat roots, J. Biol. Chem. 260 (1985) 10434~
10443.

[36] S. Mandala, L. Taiz, Characterization of the subunit structure of the maize
tonoplast ATPase. Immunological and inhibitor binding studies, J. Biol. Chem.
261 (1986) 12850-12855.

[37] H. Arai, M. Berne, G. Terres, H. Terres, K. Puopolo, M. Forgac, Subunit
composition and ATP site labeling of the coated vesicle proton-translocating
adenosine triphosphatase, Biochemistry 26 (1987) 6632-6638.

[38] S.K. Randall, H. Sze, Probing the catalytic subunit of the tonoplast H*-ATPase
from oat roots. Binding of 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole to the 72-
kilodalton polypeptide, J. Biol. Chem. 262 (1987) 7135-7141.

[39] EJ. Bowman, S. Mandala, L. Taiz, B.J. Bowman, Structural studies of the
vacuolar membrane ATPase from Neurospora crassa and comparison with the
tonoplast membrane ATPase from Zea mays, Proc. Natl. Acad. Sci. USA 83
(1986) 48-52.

[40] Q. Liu, X.-H. Leng, P.R. Newman, E. Vasilyeva, P.M. Kane, M. Forgac, Site-
directed mutagenesis of the yeast V-ATPase A subunit, ]. Biol. Chem. 272
(1997) 11750-11756.

[41] J. Liu, P.M. Kane, Mutational analysis of the catalytic subunit of the yeast
vacuolar proton-translocating ATPase, Biochemistry 35 (1996) 10938-10948.

[42] M.E. Pullman, H.S. Penefsky, A. Datta, E. Racker, Partial resolution of the
enzymes catalyzing oxidative phosphorylation. I. Purification and properties of
soluble, dinitrophenol-stimulated adenosine triphosphatase, J. Biol. Chem. 235
(1960) 3322-3329.



	MgATP-concentration dependence of protection of yeast vacuolar V-ATPase  from inactivation by 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole supports a bi-site  catalytic mechanism of ATP hydrolysis
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Inhibition of V-ATPase by NBD-Cl during ATP hydrolysis
	2.3 ATPase activity assay

	3 Results and discussion
	Acknowledgments
	References


