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Keywords

Activity of life is supported by various molecular machines
made of proteins. Protein molecular machines are tiny, but
show very high performance, and are superior to man-made
machines in many aspects. One of the representatives of
protein molecular machines is linear and rotary molecular
motors (Figure 1). Molecular motors generate mechanical
forces and torques that drive their unidirectional motions from
the energy of chemical reaction or the electrochemical poten-
tial across the cell membrane. We unveil operation principles
of molecular motors with advanced single-molecule functional
analysis. With the help of site-saturation mutagenesis and
robot-based automation, we also engineer non-natural molecu-
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Figure 1. Protein molecular machines. (Left) A linear molecular
motor chitinase A. (Center and Right) Rotary molecular motors
Fi-ATPase and V-ATPase, respectively.
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1. Direct Observation of Stepping Rotation
of V-ATPase Reveals Rigid Component in
Coupling between V, and V; Motors"

V-ATPases are rotary motor proteins that convert the
chemical energy of ATP into the electrochemical potential of
ions across cell membranes (Figure 2). V-ATPases consist of
two rotary motors, V, and V1, and Enterococcus hirae V-ATPase
(EhV,V)) actively transports Na* in V, (EhV,) by using torque
generated by ATP hydrolysis in V| (EhV}). Here, we observed
ATP-driven stepping rotation of detergent-solubilized EhV,V
wild-type, aE634A, and BR350K mutants under various Na®™
and ATP concentrations ([Na*] and [ATP], respectively) by
using a 40-nm gold nanoparticle as a low-load probe. When
[Na*] was low and [ATP] was high, under the condition that
only Na® binding to EhV, is rate-limiting, wild-type and
aE634A exhibited 10-pausing positions reflecting 10-fold
symmetry of the EhV, rotor and almost no backward steps.
Duration time before the forward steps was inversely propor-
tional to [Na*], confirming that Na™ binding triggers the steps.
When both [ATP] and [Na'] were low, under the condition
that both Na* and ATP bindings are rate-limiting, aE634A
exhibited 13-pausing positions reflecting 10- and 3-fold sym-
metries of EhV, and EhV}, respectively (Figure 3). The distri-
bution of duration time before the forward step was fitted well
by the sum of two exponential decay functions with distinct
time constants. Furthermore, occasional backward steps smaller
than 36° were observed. Small backward steps were also
observed during three long ATP cleavage pauses of BR350K.
These results indicate that EhV, and EhV; do not share pausing
positions, Na* and ATP bindings occur at different angles, and
the coupling between EhV, and EhV; has a rigid component
(Figure 4).
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Figure 2. (A) Overall architecture of EhV,V,. The dotted circular
arcs represent the rotation direction driven by ATP hydrolysis. (B)
(top) Top view of a-subunit (cyan) and cjo-ring (brown) of EhV, and
(bottom) A- (yellow), B- (orange), D- (green), and F-subunits (pink)
of EhV|. The black arrow at the top indicates the path of Na* move-
ment during ATP-driven rotation. The arcs at the bottom represent the
catalytic AB pairs. (C) Side view of a-subunit viewed from the
c-subunit. The mutated residue, aGlu634, is located on the surface of
the entry half-channel of the a-subunit as highlighted in red letters and

a circle.
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Figure 3. (A) Typical trajectory of rotation at 1 uM ATP and 0.3 mM
Na* recorded at 1,000 fps. Enlarged view of one revolution (360°) is
shown on the right. Pink, red, and black traces represent raw, median-
filtered (current + 7 frames), and fitted trajectories, respectively. The
inset shows the corresponding x-y trajectory. Pink lines and red dots
represent the raw and median-filtered (current + 7 frames) coordinates,
respectively. (B) Distribution of the step size fitted with the sum of
three Gaussians: One peak in backward (minus) direction and two
peaks in forward (plus) direction, one of which was fixed at 36°,
assuming that it was the step of EhV,. (C) Distribution of the duration
time before the forward step fitted with the sum of two exponential
decay functions.
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Figure 4. Schematic models of the stepping rotation and rigid
coupling of EhV,V;. The orange circles and dark green squares
indicate the pausing positions waiting for Na* binding to EhV, and
ATP binding to EhV), respectively. The red arrows indicate the 36°
steps between adjacent pausing positions for the EhV,. The blue
arrows indicate the backward and forward steps smaller than 36°
between adjacent pausing positions for EhV, and EhV;. (A) Condition
in which only Na* binding to EhVj is rate-limiting. In this condition,
the pauses waiting for ATP binding to EhVy are too short to be
detected, and EhV, V| rotates unidirectionally without backward steps.
(B) Condition in which both Na™ and ATP bindings are rate-limiting.
The pausing positions waiting for ATP binding are visualized, and
then 13-pausing positions are detected per single turn. Because no
torque is generated during the pauses waiting for ATP binding to
EhVj, EhV,V| rotates to the backward and forward pausing positions
of EhVj, driven by Brownian motion.
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