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Abstract: A rotary molecular motor is F1-adenosine triphosphatase (F1-ATPase) in which the γ subunit
rotates around α3β3 cylinder upon ATP hydrolysis. ATP hydrolysis activity of the mutant α3β3γ
subcomplexes lacking 25, 29, 32 and 36 amino-acid residues at the carboxy-terminus of the γ subunit was
measured by a spectrophotometer at various ATP concentrations at 23°C. The results showed that the
values of Vmax, the hydrolysis activity at saturating [ATP] gradually decreased with longer deletions of
amino-acid residues. The largest difference in Vmax was found for the 36-deletion mutant, being ~37-fold
less active than the wild-type. 
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INTRODUCTION

ATP synthase synthesizes ATP in plants, animals
and bacteria[1, 2]. It is composed of two rotary motors:
a proton-driven Fo motor and an ATP-driven F1 motor.
They are interconnected with each other through a
common rotor shaft and a stator stalk[3]. The isolated F1

motor only hydrolyzes ATP and is called F1-ATPase.
Its minimal subcomplex capable of ATP hydrolysis
driven rotation consists of α3β3γ subunits[4], which is
referred to here as F1. In the crystal structure of
mitochondrial F1 (MF1), the central γ subunit is
surrounded by an α3β3 cylinder where three α and three
β subunits are alternately arranged[5]. The six nucleotide
binding sites are located at the α/β subunit interfaces.
Three of the binding sites are catalytic and the β
subunits host most of the catalytic residues. The other
three sites are noncatalytic and are mainly hosted by
the α subunits. The structure of α3β3 hexamer of F1

from thermophilic Bacillus PS3 (TF1) is similar to MF1

and is three-fold symmetric in the absence of bound
nucleotides[6]. The asymmetric γ subunit dictates which
of the three basically equivalent catalytic sites will bind
an ATP molecule[7].

The role of γ subunit of F1 in ATP hydrolysis
driven rotation and torque generation was studied by
truncating amino-acid residues from the carboxy-
terminus[8,9,10] or from both the carboxy and amino
termini of the γ subunit[11]. In our previous work[10], the
mutants lacking 25, 29, 32 and 36 amino acid residues
at the carboxy-terminus of the γ subunit (of TF1) could
produce ~50% torque and ~7-3% hydrolysis activity

compared to the wild type at 2 mM ATP concentration.
Here, the work was extended to inquire how these
mutants exhibit their hydrolytic properties at various
ATP concentrations from 2 mM down to 200 nM
compared to the wild type. The results showed that the
kinetic parameters are changed in the mutants. 

MATERIALS AND METHODS

Phosphoenolpyruvate and ATP were purchased
from Sigma-Aldrich (St. Louis, MO) and other
chemicals were of the highest grade commercially
available. An α3β3γ (α-C193S, β-His10 at amino
terminus, γ-S107C and γ-I210C) subcomplex derived
from thermophilic Bacillus PS3 was used as the wild
type[9,12]. The mutants ΔC25, ΔC29, ΔC32 and ΔC36
were constructed by truncating 25, 29, 32 and 36
amino-acid residues from the carboxy-terminus of the
γ subunit as described[10]. All these subcomplexes were
expressed in Escherichia coli. The wild-type and
mutant F1 were purified as described[9, 13] without heat
treatment and passage through a butyl-Toyopearl
column[10]. After sonication on ice, cell lysate was
ultracentrifuged for 30 minutes at 40,000 rpm and 4
°C. The supernatant was then passed through a Ni2+-
nitrilotriacetic acid (Ni-NTA) Superflow column
(Qiagen, Hilden, Germany) at room temperature (23
°C) and eluted in buffer A (300 mM imidazole, pH7.0
and 100 mM NaCl). The purified F1 was mixed with
70 % ammonium sulfate and 2 mM dithiothreitol (DTT)
to store at 4 °C. The precipitate was dissolved in buffer
B (100 mM KPi, pH 7.0, and 2 mM EDTA) and
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passed through a size exclusion column (Superdex 200
HR 10/30, Amersham Pharmacia, Piscataway, NJ) pre-
equilibrated with buffer B at 4 °C to remove DTT and
possible denatured enzyme. 

The ATP hydrolysis activity of the F1

subcomplexes was measured at various ATP
concentrations using a spectrophotometer (U-3300,
Hitachi, Japan) at 23 °C. The reaction was started by
rapidly adding either wild or mutant F1

  to the final
concentration of 5–100 nM, into buffer C (10 mM
MOPS (3-(N-morpholino)propanesulfonic acid)-KOH,
pH 7.0, 50 mM KCl, 2 mM MgCl2) that includes an
ATP regeneration system consisting of 0.2 mM NADH
(nicotinamide adenine dinucleotide), 1 mM
phosphoenolpyruvate, 250 μg ml–1 pyruvate kinase
(rabbit muscle, Roche Diagnostics, Mannheim,
Germany), 50 μg ml–1 lactate dehydrogenase (hog
muscle, Roche) and desired amount of MgATP.
Hydrolysis rate was determined from the decrease in
the NADH absorbance at 340 nm[14] and the activity of
ATP hydrolysis in the initial phase was determined. In
hydrolysis experiments, Mg2+ was always 2 mM in
excess over ATP.

RESULTS AND DISCUSSION

The activity of ATP hydrolysis by the wild type
and mutant subcomplexes was measured in the
presence of a regenerating system at 23 °C for 6 min.
Some representative time courses of hydrolysis activity
measurements at various [ATP]s are shown in Fig. 1.
For the wild type (Fig.1a), F1 showed a biphasic time
course: an initial burst rapidly decelerated into a steady
final state except at 60 nM or below[9]. After addition
of F1, it hydrolyzes ATP rapidly and as time passes a
portion of the enzyme is inhibited by tightly binding
MgADP and the inhibited fraction accumulates
gradually until a steady state is reached that represents
a dynamic equilibrium between active and MgADP-
inhibited forms[14, 15, 16]. In the case of mutants (Fig.1b-
e), the time courses are almost linear and different
from the wild type. 

The hydrolysis activity in a time course is plotted
in Fig.2. The initial activity can be approximately fitted
with Michaelis-Menten kinetics V = Vmax[ATP]/(Km +
[ATP]). Vmax and Km are 244.7 s-1 and 18.5 μM (star-
wild), 19.6 s-1 and 30.6 μM (square-ΔC25), 16.5 s-1 and
115.1 μM (circle-ΔC29), 9.2 s-1 and 45.7 μM (triangle-
ΔC32) and 6.5 s-1 and 53.2 μM (diamond-ΔC36). The
values of Vmax, the hydrolysis activity at saturating
[ATP] gradually decrease with longer deletions of
amino-acid residues. The largest difference in Vmax is
for ΔC36 mutant, being ~37-fold less active than the
wild type. The apparent rates of ATP binding for the
wild type and mutants are 1.3x107 M-1s-1 (wild),
0.64x106 M-1s-1 (ΔC25), 0.14x106 M-1s-1 (ΔC29),

0.2x106 M-1s-1 (ΔC32) and 0.12x106 M-1s-1 (ΔC36). A
little deviation seen in the wild type activity (star line,
Fig.2) is due to the presence of phosphate (R. Shimo-
kon, unpublished). Addition of lauryldimethaylamine
oxide in the assay mixture leads to a simple Michaelis-
Menten kinetics[12].  

The results presented above show that the
hydrolysis kinetics is altered in the mutants compared
to the wild type because of truncation of γ subunit.
The mutants are unstable and the γ subunit tended to
dissociate from the subcomplex[10] so that the tightly-
bound inhibitory nucleotides[13] could not be removed
and the hydrolysis rates remained in lower bound [10].
The diminishing hydrolysis activity with the extent of
truncation at the carboxy-terminus was also observed in
some previous works: the mutants of EF1

[8], CF1
[17] and

TF1
[9,10]. Truncation of γ subunit at the amino-terminus

in CF1
[18] or both at the amino and carboxy termini in

TF1
[11] was possible with diminishing but without

complete loss of hydrolysis activity. 
The tendency that the values of Vmax and Km are

changed in the mutants compared to the wild type is
supported by a previous work[9] in which 14, 17 and 21
carboxy-terminus amino-acid residues of the γ subunit
were absent. The differences observed in the kinetic
parameters are related to the structural differences in
the γ subunit of the wild type and mutants. Truncation
of the γ subunit may impair the communication from
γ to catalytic sites[9]. Due to the absence of amino-acid
residues in the mutants compared to the wild type
(Fig.3, middle and right), some contacts/interactions
between γ and α3β3 cylinder are lost that affects the
hydrolysis kinetics in the catalytic sites. 

Conclusion: It is observed from this study that the
values of Vmax and Km for mutants change that lead to
the apparent reduction of ATP binding rates. In the
case of ATP hydrolysis, the measured hydrolysis rates
may be produced by some F1 molecules having very
high activity (fully active) and some may have zero
activity (fully inhibited by MgADP or by dissociation
into subunits). One observes only active molecules in
the case of single molecule rotation experiment and
ATP binding rates obtained from rotation are more
reliable compared to hydrolysis. Thus, further
experiment with rotation at low ATP concentrations
will have to be done. 
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Fig. 1: Pattern of ATP hydrolysis time courses for the wild type and mutant subcomplexes at indicated [ATP]s.
(a) Wild type, (b) Δ C25, (c) Δ C29, (d) Δ C32 and (e) Δ C36. To avoid overlap, the curves are
vertically shifted by an arbitrary amount. For wild type, [F1]= 5 nM except at 60 nM ATP where [F1]=10
nM[9]. For mutants  ΔC25- ΔC32, [F1]=10 nM and for Δ C36, [F1]=25 nM from 2 mM  down to 60 μM.
At 2 μM ATP, [F1]=20 nM for Δ C25; 50 nM for Δ C29; 70 nM for Δ C32; and 100 nM for Δ C36.

Fig. 2: Comparison of hydrolysis rates at various ATP concentrations. For wild type and mutants, the symbols
show the average over three data points, error bars being a standard deviation. The initial activity of the
wild type or mutants was fitted with simple Michaelis-Menten kinetics, V = Vmax[ATP]/(Km + [ATP]). Stars
show the initial hydrolysis activity estimated in a time course over 5s (2 μM ATP and above), 13 s (600
and 200 nM ATP), or from the entire ~300-s portion (60 nM ATP) for wild type[9] after 2s of addition
of F1. For ΔC25-ΔC36 mutants, the activity was estimated over initial 38s (6 μM ATP and above) and
~300s portion (below 6 μM ATP) except for ΔC32 mutant where initial ~36s (6 μM ATP and above)
were used. 
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Fig. 3: A schematic diagram of an α3β3γ subcomplex of F1 (left). For clarity, an α1β1γ (middle) with full length
γ and an α1β1γ (right) with the longest truncated γ (ΔC36) are shown.  
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