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ABSTRACT Molecular machines fueled by NTP play pivotal roles in a wide range of cellular activities. One common feature
among NTP-driven molecular machines is that NTP binding is a major force-generating step among the elementary reaction
steps comprising NTP hydrolysis. To understand the mechanism in detail,in this study, we conducted a single-molecule rotation
assay of the ATP-driven rotary motor protein F1-ATPase using uridine triphosphate (UTP) and a base-free nucleotide (ribose
triphosphate) to investigate the impact of a pyrimidine base or base depletion on kinetics and force generation. Although
the binding rates of UTP and ribose triphosphate were 103 and 106 times, respectively, slower than that of ATP, they supported
rotation, generating torque comparable to that generated by ATP. Affinity change of F1 to UTP coupled with rotation was deter-
mined, and the results again were comparable to those for ATP, suggesting that F1 exerts torque upon the affinity change to UTP
via rotation similar to ATP-driven rotation. Thus, the adenine-ring significantly enhances the binding rate, although it is not
directly involved in force generation. Taking into account the findings from another study on F1 with mutated phosphate-binding
residues, it was proposed that progressive bond formation between the phosphate region and catalytic residues is responsible
for the rotation-coupled change in affinity.
INTRODUCTION
Chemical energy liberated from the hydrolysis of ATP is a
common chemical fuel for biomolecular machines that
change their own conformation to exert force on substrates
or partner proteins upon ATP hydrolysis. Many ATP-driven
molecular machines share highly conserved structural
features, such as the p-loop (1,2) (also termed Walker motif
A) and are therefore thought to also share their functional
principle. One common feature among p-loop ATP-driven
molecular machines is that among the elementary reaction
steps comprising ATP hydrolysis, ATP binding, together
with the release of inorganic phosphate (Pi), is a major
force-generating step, whereas chemical cleavage of the
phosphate ester bond of ATP does not comparably con-
tribute to force generation (3). Many ATP-driven molecular
machines show a large conformational difference between
the nucleotide-free and nucleotide-bound states (4,5), sug-
gesting that a large conformational change occurs upon
ATP binding. Thus, the ATP-binding step is crucial for the
force-generation mechanism of biomolecular machines.
However, several fundamental questions regarding the mo-
lecular mechanism of binding-induced force generation
remain. One basic question involves the role of the chemical
moieties composing NTP, i.e., the base, ribose, and phos-
phate, in force generation. In this study, we addressed this
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issue by using ATP analogs either with a pyrimidine base
or without a base structure in a single-molecule rotation
assay of F1-ATPase, which is one of the best-characterized
molecular motors.

F1 is the water-soluble part of F0F1-ATP synthase and
acts as an ATP-driven rotary motor when isolated from
the membrane-embedded part of ATP synthase, F0, which
is also rotary-molecular-motor-fueled by proton-motive
force (pmf) across the membrane (6–8). In the F0F1-ATP
synthase complex, F1 and F0 are connected to intertransmit
torque. Under physiological conditions where pmf is suffi-
ciently large, F0 exerts larger torque than F1, leading to
reverse rotation in F1. As a result, the reverse reaction of
ATP hydrolysis, ATP synthesis, is catalyzed by F1 (9,10).
The catalysis of F0F1-ATP synthase is reversible: when
pmf decreases, F1 reversibly rotates F0, hydrolyzing ATP
to form pmf.

The minimum complex of F1 as a rotary motor is the
a3b3g subcomplex, hereafter referred to as F1 for simplicity.
F1 is composed of the a3b3 stator ring and the central g sub-
unit (4,11,12). Upon ATP hydrolysis, the a3b3 ring rotates
the g subunit in the counterclockwise direction as viewed
from the membrane side (from the top in Fig. 1 a) (13–17).
The catalytic reaction centers are located on each ab

interface (4). The crystal structure of F1 shows that most
directly interacting residues reside on the b subunit, whereas
the a subunit has one of the most catalytically critical
arginine residues (18–20). Each catalytic site performs
http://dx.doi.org/10.1016/j.bpj.2014.05.016
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FIGURE 1 Rotary motion of F1 in the presence

of UTP or RTP. (a) Side view of the crystal struc-

ture of F1 (PDB code 1BMF): interface between

aDP and bDP. The a, b, and g subunits are shown

in green, light green, and yellow, respectively.

(b) Structural formulas for ATP, UTP, and RTP.

(c) Time courses of rotary motion of wild-type F1
in the presence of 100 mM ATP (red), 100 mM

UTP (blue), and 800 mM RTP (green). (d) Histo-

gram of the angular position during rotation,

calculated from Fig. 1 c. (e) Rotational velocity

(V) at various NTP concentrations. Red, blue, and

green points represent the rotational velocity in

the presence of ATP, UTP, and RTP, respectively.

The solid curves represent Michaelis-Menten fits

withV¼Vmax[ATP]/([ATP]þKm),whereVmax
ATP¼

5.6 s�1, Vmax
UTP ¼ 5.6 s�1, Km

ATP ¼ 1.2 mM,

and Km
UTP ¼ 9.1 � 102 mM. From these fits, the

rate constants for ATP and UTP binding were calcu-

lated as kon ¼ 3 � Vmax/Km, with kon
ATP ¼ 1.4 �

107 M�1 s�1, and kon
UTP ¼ 1.8 � 104 M�1 s�1.

The gray curve represents the simulated Michae-

lis-Menten curve produced by possible ATP con-

tamination. The dashed curve represents the linear

fit with V ¼ 1/3 � kon
RTP � [RTP], where kon

RTP ¼
6.3 � 101 M�1 s�1. To see this figure in color, go

online.
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ATP hydrolysis in a highly cooperative manner to induce the
unidirectional rotation of the g subunit (21).

As expected from the pseudo-threefold symmetry in the
structure, F1 rotates in 120

� steps (22), each ofwhich is driven
by a single turnover of ATP hydrolysis (10). The 120� step is
further resolved into 80� and 40� substeps (22,23). The 80�

substep is triggered by ATP binding and ADP release that
occur on different b subunits (24,25). The 40� substep is initi-
ated by ATP hydrolysis and release of inorganic phosphate
(Pi), which also occur on different b subunits (23,24,26). In
early experiments, the 80� and 40� substeps were found to
be triggered by ATP binding and ATP hydrolysis, respec-
tively (23,27). Therefore, the angles from which the 80�

and 40� substeps begin are referred to as the binding angle
and the catalytic angle, respectively. The reaction scheme
of catalysis and rotation has been mostly established (28),
although some uncertainties still exist (8,29). According to
the reaction scheme described here, each catalytic site un-
dergoes a single turnover of the ATP hydrolysis reaction
coupled with one revolution of the g subunit, and the phase
of the catalytic reaction state among three catalytic sites
always differs by 120� (30).
Biophysical Journal 107(1) 156–164
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The ATP binding process has been revealed to be critical
for torque generation in F1. Classic biochemical works by
the Boyer group showed that the ATP releasing step is
the step that requires the most energy in the ATP-synthesis
reaction of F0F1-ATP synthase (31). This finding suggests
that the ATP-binding step is the step with the greatest en-
ergy release in the ATP hydrolysis reaction. Structural
studies also support this notion. Crystal structures showed
that F1 takes on largely different conformational states
depending on whether or not it has a bound nucleotide
(4,11,12). In the nucleotide-bound form, the b subunit takes
on a so-called closed conformation by rotating the C-termi-
nal helical domain inward to enclose the bound nucleotide,
whereas in the nucleotide-free form, the b subunit takes
on an open conformation (4,32,33). NMR and single-
fluorophore imaging experiments also have shown that
the b subunit undergoes a large conformational change.
These findings suggest that the ATP-binding process is
critical for torque generation, although the large confor-
mational change itself does not necessarily mean that it is
a large energy-releasing step. A recent single-molecule
manipulation study provided more direct evidence for
this point, showing that the affinity of F1 for ATP exponen-
tially increases with rotation, whereas the equilibrium con-
stant of ATP hydrolysis increases only slightly (34,35).
This observation indicates that a large amount of energy
is released upon ATP binding compared with chemical
cleavage of ATP.

Thus, it is well established that the binding step is a major
torque-generating step for F1. To investigate the role of the
adenine ring in torque generation, we previously tested the
potency of ATP analogs in a single-molecule rotation assay
and found that GTP and inosine triphosphate (ITP) support
this rotation, whereas uridine triphosphate (UTP) does not
(36). Because the rotary torque of GTP- or ITP-driven
rotation was similar to that of ATP-driven rotation, we
concluded that the purine ring is crucial for energy transduc-
tion of F1. However, it is possible that the single-molecule
assay we performed in a previous study was not sufficiently
sensitive to detect slow UTP-driven rotation, as implied by a
biochemical study on F0F1 (37). Recent single-molecule
rotation assays are highly sensitive because of the sophisti-
cation of the experimental setup and the establishment of
the protocol such that rotation at <0.001 rps is detectable
(R. Watanabe and Y. Matsukage, unpublished). In this study,
we reanalyzed the competency of UTP to support rotation.
We found active rotation in the presence of UTP, although
UTP was revealed to be bound with 1000-fold lower
affinity compared with ATP. This finding shows that F1 ex-
erts torque regardless of structural differences in the base
of the nucleotide, leading to the question of whether the
base is necessary. To address this question, we chemically
synthesized a base-free nucleotide (ribose triphosphate
(RTP)) and tested its competency for rotation of F1. Surpris-
ingly, RTP also supported rotation of F1, generating torque
Biophysical Journal 107(1) 156–164
similar to that seen in ATP-driven rotation. These findings
indicate that the base of the nucleotide is not required by
F1 for force generation.
MATERIALS AND METHODS

Rotation assay

F1 from thermophile Baccilus PS3 was prepared as previously reported (38).

To visualize the rotation of F1, the stator region (a3b3) was fixed onto a

glass surface, and magnetic beads (Seradyn, Indianapolis, IN) were attached

to the rotor (g) as a rotation probe, as previously reported (28). The rotating

beads were observed under a phase-contrast microscope (IX-70 or IX-71,

Olympus, Tokyo, Japan). The rotation assay was performed at 25�C. The
images of rotary motion were recorded at 30–2000 frames/s (FASTCAM,

Photron, Tokyo, Japan and FC300M, Takex, Kyoto, Japan). Images were

stored on the HDD of a computer as AVI files and analyzed using custom-

made software.
RESULTS

Rotary motion of F1 in the presence of UTP or RTP

Commercial UTP was used for the rotation assay without
purification. Contaminating nucleotides in the UTP sample
were below the detection limit of the chromatography anal-
ysis (see Fig. S1 in the Supporting Material), i.e., present at
<0.0025% of the UTP content. Actively rotating particles
were observed in the presence of UTP in the range 6 mM
to 100 mM. Fig. 1 c shows 120� stepping rotation at
100 mM UTP. The rotation rate obeyed a Michaelis-Menten
curve with a maximum rotational rate, Vmax

UTP, of 5.6 s�1

and a Michaelis constant, Km
UTP, of 9.1 � 102 mM. The

binding rate constant of UTP, kon
UTP, was determined as

3 � Vmax
UTP/Km

UTP, or 1.8 � 104 M�1 s�1, which is almost
103 times lower than that of ATP, 1.4 � 107 M�1 s�1. Thus,
kon

UTP/kon
ATP was 0.1% and definitely higher than the

maximum possible ATP contamination of 0.0025%. This
suggests that UTP supports the rotation of F1. To confirm
this finding, we estimated the Michaelis-Menten curve
for rotation induced by possible ATP contamination (cf.
Fig. 1 e, gray and blue lines). The curve produced is clearly
lower than the observed rotational rate. Thus, the observed
rotation cannot be attributed to possible contamination by
ATP, ensuring that it was induced by UTP. This rotation
assay used magnetic beads as a rotation marker, where the
maximum rotational rate was limited by the viscous friction
of the magnetic beads. Thus, the rotational speed indicates
the magnitude of torque. The observation that Vmax

UTP

was similar to Vmax
ATP indicates that the torque of UTP-

driven rotation is similar to that of ATP-driven rotation.
This finding is further confirmed below.

The finding that UTP can drive rotation suggests that the
base structure is not critical for rotation. To address this hy-
pothesis, we chemically synthesized a nucleotide without
a base (RTP). The synthesis and purification procedures
are described in the Supporting Material. RTP was
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chemically synthesized from ribose, phosphorus oxychlor-
ide, and pyrophosphate to ensure that it was not contami-
nated by other nucleotides. The yield of RTP was low;
therefore, the rotation assay was conducted at concentra-
tions of RTP ranging from 800 mM to 4 mM, which was
the highest available concentration. Under these conditions,
F1 exhibited continuous unidirectional rotation with 120�

steps (Fig. 1 c). Thus, it was demonstrated that the base
ring structure is also not required for driving rotation. The
rotation rate was proportional to the RTP concentration,
confirming that RTP binding is the rate-limiting step under
the concentrations tested, i.e., from 800 mM to 4 mM. The
rate constant for RTP binding (kon

RTP) was determined to
be 6.3 � 101 M�1 s�1 (Fig. 1 e, green), which was 2.2 �
105 times lower than that for ATP binding.
Measurement of torque

To measure the torque of the UTP- and RTP-driven rotation
of F1, we determined the angular velocity of UTP- and RTP-
driven rotation based on a comparison with ATP-driven
rotation for each molecule by conducting buffer-exchange
experiments; the UTP or RTP buffer was exchanged to
ATP buffer during observation of the rotating molecules.
The angular velocity ratios of UTP- to ATP-driven rotation
(uUTP/uATP) and RTP- to ATP-driven rotation (uRTP/uATP)
a

b c
were determined. Fig. 2 a presents typical time courses in
the experiment with buffer exchange from 100 mM UTP
to 200 nM ATP, in which each slope value for the cyan lines
corresponds to the angular velocity (uUTP or uATP). We
performed the same experiment for RTP and collected
more than five molecules for each nucleotide. uUTP/uATP

and uRTP/uATP were 1.0 5 0.2 and 0.9 5 0.5 (Fig. 2 b),
respectively. Therefore, the torque of rotation driven by
UTP or RTP was comparable to that of ATP-driven rotation.
Assuming that the torque driven by ATP was 43 pN$nm,
based on our latest measurement of torque (R.Watanabe
and Y. Matsukage et al. unpublished), that driven by UTP
and RTP was determined to be 44 pN$nm and 39 pN$nm,
respectively (Fig. 2 c). These results are similar to those
of our previous study, in which it was found that substitu-
tion of ATP with GTP or ITP does not affect torque gener-
ation, although GTP and ITP are slow binding substrates
(Fig. S3) (36).
Rotary potential

We examined the effect of UTP and RTP on the rotary po-
tential at the binding-waiting angle. The probability distri-
bution of g-subunit orientation during the binding-waiting
pauses was measured by recording at 1000 fps, and the
rotary potentials were determined from the probability
FIGURE 2 Rotary torque. (a) Time course of the

stepping rotation of wild-type F1 in the presence

of 200 nM ATP (right) or 100 mM UTP (left).

We exchanged the buffer from 200 nM ATP to

100 mM UTP. Thin lines show 17 successive steps,

with their averages (thick orange lines). The thick

cyan lines show the linear fittings of the average

step between 40� and 80�. The trajectories are

aligned at 60�. (b) The average angular velocity

in the presence of UTP or RTP divided by that of

ATP, uNTP/uATP, was estimated from the slope of

the fitted straight line in Fig. 2 a. (c) Torque ampli-

tudes (N) generated by ATP, UTP, and RTP are

presented as red, blue, and green bars, respectively.

To see this figure in color, go online.
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FIGURE 3 Single-molecule manipulation of F1, (a) Schematic image of
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distribution according to the Boltzmann law (Fig. S2 a). The
determined potentials were well fitted by the harmonic
function DG ¼ 1/2 � k� q2, where k is the apparent torsion
stiffness. The apparent torsion stiffness is determined by at
least two elastic components; the elasticity of the g subunit
and the rotary potential between the ab stator ring and
the g subunit (38). The former is the dominant factor in
determining the apparent torsion stiffness of the wild-type
F1 in the presence of ATP. However, when the rotary
potential is largely weakened, the apparent torsion stiffness
is significantly lowered, and it shows a good correlation
with the rotary torque (39). Thus, the apparent stiffness
is a good barometer for how stably the ab stator ring
holds the g subunit. In the presence of UTP and RTP, F1
showed torsion stiffness of 69 and 64 pN$nm during the
binding-waiting pauses. These values are essentially com-
parable to the torsion stiffness determined in the presence
of ATP for comparison, 79 pN$nm, which shows that F1
retains its tight interaction between stator and rotor and
hence produces a constant rotary torque of ~40 pN$nm,
even when the base is either substituted with a pyrimidine
or deleted (Fig. S2 b).
manipulation procedures. When F1 paused as a result of the UTP binding

dwell, the magnetic tweezers were turned on to stall F1 at the target angle

and then turned off to release the motor after the set period lapsed. The F1
released showed forward stepping (ON) or a return to the original pause

angle (OFF), indicating whether or not, respectively, UTP was bound to

the catalytic site. (b) Examples of the stalling experiment in the presence

of 60 mM UTP. During a pause, F1 was stalled at þ35� from the original

pausing angle for 1.0 s and then released. After being released, F1 stepped

to the next catalytic angle without moving back, indicating that UTP was

bound to the catalytic site (left), or rotated back to the original pausing

angle, indicating that UTP was not bound (right). To see this figure in color,

go online.
Angular dependence of UTP binding

To determine the torque generation upon affinity change of
F1 to UTP, we performed single-molecule manipulation
using magnetic tweezers. To manipulate g-subunit rotation,
a magnetic bead (fz 200 nm) was attached to the g subunit
of F1, and the a3b3 ring was immobilized on the glass sur-
face. For the stalling experiments, the rotation of F1 was
observed under UTP-limiting conditions, i.e., at a concen-
tration of 20–200 mM. Under these conditions, F1 shows
120�-interval pauses. The durations of these pauses are in
inverse proportion to the concentration of UTP, confirming
that they correspond to the waiting state of UTP binding.
When F1 showed a UTP-waiting pause, the magnetic twee-
zers were turned on to arrest F1 at the target angle (Fig. 3 a).
After the set period had elapsed, the magnetic tweezers
were turned off to release F1 from arrest. F1 showed either
of two behaviors without exception, as previously reported
(35): stepping forward to the next UTP-waiting angle
(Fig. 3 b, left) or returning to the original UTP-waiting angle
(Fig. 3 b, right). Forward stepping indicated that F1 had
already bound UTP during the stall and exerted torque on
the magnetic beads. The return to the original pause angle
indicated that UTP was not bound to the catalytic site,
because torque cannot be generated unless F1 catalyzes
the reaction. These behaviors are hereafter referred to as
ON and OFF, respectively. Thus, we primarily conducted
the stalling experiments at an angle of550�. The following
sections discuss the analysis of the probability of ON events
in the total trials, PON.

The experiments were conducted at 60 mM UTP, where
the UTP-waiting time was 0.72 s (Fig. S5 b, left). Fig. 4 a
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shows PON plotted against the stall time. PON increased
with both stall angle and stall time, similar to our previous
findings for ATP binding (35). In addition, PON converged
to a certain value, e.g., 60% for 50� stall (Fig. 4 a, black
points), which showed that UTP binding is reversible.
To confirm reversibility, we analyzed the dwell time of F1
when it spontaneously rotated 120� after an OFF event
(Fig. 3 b, blue points). The dwell time histogram showed
a single exponential decay, providing a rate constant of
1.1 s�1 (Fig. S5 b, right) corresponding to that of free rota-
tion. This corroboration excluded the possibility of unex-
pected inactivation during stalling. We also plotted a
histogram of the dwell time during the 120� step after an
ON event (Fig. 3 b, red points). This histogram agreed
with that observed for free rotation (Fig. S5 b, middle), con-
firming that manipulation did not alter the kinetic properties
under this condition.

By fitting the time course of PON based on a reversible
reaction scheme, F1 þ UTP % F1$UTP, the rate constants
for UTP binding and release, kon

UTP and koff
UTP, were deter-

mined for each stall angle (Fig. 4, b and c). kon
UTP increased

exponentially with the stall angle, by 2.4-fold per 20�,
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whereas koff
UTP decreased exponentially by a factor of 1.7,

corresponding to our findings regarding increase/decrease
of binding/release reported previously for ATP (35). The
dissociation constant of UTP, Kd

UTP, decreased 4.2-fold
from �10� to þ10� (Fig. 4 d, orange points), which is
similar to the previously reported angle dependence of
ATP binding (Fig. 2 in our previous work (35)). To confirm
the angle dependence of UTP binding under different condi-
tions, the stalling experiment was also performed at 20 mM
and 200 mMUTP (Fig. S4, a and b). The time course of PON

in those experiments showed the same tendency observed at
60 mM UTP (Fig. 4 a), and the reversibility of UTP binding
was also confirmed from the analysis of dwell time after ar-
rest (Fig. S5, a and c). The rate constants and dissociation
constant, kon

UTP, koff
UTP, and Kd

UTP, were determined as dis-
cussed above (Fig. 4, b–d) and showed essentially the same
angle dependence observed at 60 mM UTP, i.e., the angle
dependence of UTP binding was inherent to F1 at various
concentrations. Thus, this study showed that base recogni-
tion of NTP does not contribute to the mechanical modula-
tion of NTP binding.
DISCUSSION

This work clearly shows that both of the tested nucleotides,
UTP and RTP, support the unidirectional rotation of F1. In
addition, the torque of UTP- or RTP-driven rotation is com-
parable to that of ATP-driven rotation, despite the large
difference in or removal of the base. Thus, the adenine
ring is not directly involved in the force-generating binding
process in F1. In contrast, use of UTP or RTP had a sig-
nificant impact on the rate constant of binding; the kon for
UTP and RTP was 103 or ~106 times slower than that
for ATP. These findings indicate that the adenine ring is
responsible for the first docking process, but is not involved
in the subsequent affinity change that accompanies the
global power-stroke motion of the b subunit.

This scenario is consistent with structural features found
in the crystal structures of F1-ATPase. In nearly all crystal
structures (4,40), with only a few exceptions (41), the b sub-
unit takes on two distinctive conformations, i.e., open and
closed. The catalytic site in the open b subunit is not occu-
pied by a nucleotide. In the closed b subunit, the bound
nucleotide (ADP or ATP analog) resides in the catalytic
site. In the structure recently determined by Rees et al.
(42), Mg-free ADP was found in the open b subunit.
A conformational comparison of the catalytic residues of
closed and open b subunits in that structure revealed that
both forms have a similar conformation for adenine binding
sites but not for phosphate binding sites. Considering that
the conformational transition from the open form to the
closed form of the b subunit is the principal power-stroke
motion of b induced by ATP binding, the crystal structure
also suggests that adenine binding promotes the first dock-
ing process (substrate recognition) but not the large con-
formational transition of the b subunit from the open to
the closed form.

The single-molecule manipulation data from this study
strongly support this contention. We quantitatively mea-
sured the change in affinity for UTP upon g-subunit rota-
tion. Although the absolute value of the rate constant or
dissociation constant of UTP at individual rotary angles
was 1000 times lower than that of ATP, Similar to the find-
ings for ATP, UTP still showed significant angle-dependent
affinity changes upon g-subunit rotation. Therefore, the
energy released upon the rotation-coupled affinity change
during UTP-driven rotation is comparable to that released
during ATP-driven rotation. The similarity between the
angle-dependent affinity changes for Kd

UTP and Kd
ATP sug-

gests that the base residue of ATP is not involved in the rota-
tion-coupled affinity change. These findings are consistent
with the abovementioned features of the crystal structures.
To confirm this point, we attempted to investigate the
angle-dependent affinity change of RTP. However, the diffi-
culty of performing the rotation assay prevented us from
successfully performing the single-molecule manipulation
experiment.
Biophysical Journal 107(1) 156–164
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An important question that remains to be answered is
whether ribose or phosphate is involved in the change in
affinity. Considering that the open b subunit with bound
Mg-free ADP showed a conformation distinct from that of
the closed b subunit around the phosphate-binding regions,
it is likely that the phosphate-binding residues are directly
involved in the rotation-coupled affinity change (Fig. 5).
Supporting this contention, our recent work showed that
F1 mutated at catalytically critical residues, i.e., the p-loop
lysine, the glutamic acid of the general base, and the
arginine-finger, which are directly involved in phosphate
binding, significantly reduced torque, and affinity of ATP,
respectively (R. Watanabe and Y. Matsukage et al., unpub-
lished). In contrast, in this study, we show that the torque
supported by ATP analogs is constant at ~40 pN$nm, irre-
spective of kon (Figs. 1 e, 2 c, and S3). This suggests that
modulation of phosphate binding also affects torque gener-
ation, supporting the abovementioned observations.

From these findings, we propose a simplified model for
ATP binding. First, ATP is captured on the catalytic residues
of the open b subunit. The binding is dependent on the
interaction of the adenine ring with the aromatic residues
via p-p stacking. Although some phosphate-binding resi-
dues are involved in the first docking process, the b subunit
FIGURE 5 Force generation upon ATP binding. Conformational changes of t

(upper). The ATP binding process consists of two steps, first docking and indu

The induced-fit process that follows is triggered by phosphate recognition of A

go online.
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does not undergo a large conformational change at this
point. The conformational transition from the open form
to the closed form is progressively induced by the stepwise
formation of bonds between the phosphate region of ATP
and phosphate-binding residues, thus tightening the affinity
to ATP. This rotation-coupled affinity change was apparent
from the similar dependence on binding angle for ATP,
GTP (35), and UTP.

Our previous work estimated the maximum turnover
rate for UTP hydrolysis measured in bulk solution with a
UTP-regenerating system as 256 s�1, which is comparable
to that of ATP hydrolysis, 313 s�1. The turnover rates of
GTP hydrolysis and ITP hydrolysis were reported to be
157 s�1 and 257 s�1, respectively. Although these values
range from 50% to 82% relative to the ATP turnover rate,
the difference is minor when compared with the significant
difference in kon, which is 4.8, 15, and 1000 times lower for
GTP, ITP, and UTP, respectively, than for ATP. Considering
that the koff of GDP, IDP, and UDP should also be signifi-
cantly different from that of ADP, the narrow range of the
turnover rate implies that release of nucleotide diphosphate
is not the kinetic bottleneck for F1 under a substrate-
saturated condition, a finding consistent with our reaction
scheme, in which the kinetic bottleneck step involves
he b subunit against its chemical state (lower) or rotation of the g subunit

ced fit. The first-docking process is triggered by base recognition of ATP.

TP, which contributes to the torque generation. To see this figure in color,
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reactions occurring during the catalytic dwell, i.e., hydroly-
sis and phosphate release.

The reason that UTP-driven rotation was analyzed in this
study, whereas in our previous study it was not, should
briefly be mentioned. One of the fundamental differences
between the two studies is the purity of the commercially
available UTP. The UTP in this work was so pure that
further purification was not required, whereas the UTP
used in the previous study had several contaminants,
including GTP (0.01%) and contaminants of unknown
origin (up to 0.39%). Therefore, in the previous study,
UTP was purified by chromatography and eluted with
50 mM phosphate. The rotation assay was conducted at a
concentration of 300 mM UTP, which was the highest con-
centration available after column purification with 50 mM
Pi. Because Pi competes for the binding site with UTP, the
rotation rate under such conditions is estimated to be 0.06
rps from the inhibitory constant of phosphate, Ki

Pi, which
was later determined to be 1.8 mM (supplemental Fig. 3
in our previous article (26)). This estimated rotational rate
was close to the detection limit for the rotation assay at
that time. Furthermore, the rotation did not show clear step-
ping under Pi-competing conditions (26). Thus, it is likely
that slow and fluctuating rotation impeded our previous rota-
tion assay.

Other molecular motors have also been reported to hydro-
lyze different nucleotides or ATP analogs (43–45) and trans-
locate their substrate filaments, i.e., actin for myosin and
microtubules for kinesin and dynein. To our knowledge,
single-molecule stall force measurements have not been
obtained for other motor proteins, for example, myosin,
kinesin, and dynein; therefore, the impact of different bases
on the energy transduction of these molecular motors is not
clear. Considering the structural similarities of molecular
motors, especially around the phosphate-binding region, it
is likely that other motors also exert force upon bond forma-
tion between the phosphate of ATP and phosphate-binding
residues. A recent report indicated that even when the
adenine ring and ribose were substituted with azobenzene,
kinesin still actively slid microtubules by hydrolyzing
azobenezene triphosphate (43). Although the effects of
azobenezene triphosphate on energy conversion efficiency
were not determined, this report also suggests the funda-
mental role of the phosphate-binding region in chemome-
chanical coupling in other motors.
SUPPORTING MATERIAL

One scheme and five figures are available at http://www.biophysj.org/
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