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ABSTRACT

The F4F, ATP synthase is required for energy conversion in almost
all living organisms. The F4 complex is a molecular motor that uses ATP
hydrolysis to drive rotation of the y-subunit. It has not been previously
possible to resolve the speed and position of the y-subunit of the F;-
ATPase as it rotates during a power stroke. The single molecule
experiments presented here measured light scattered from 45X91 nm gold
nanorods attached to the y-subunit that provide an unprecedented 5 us
resolution of rotational position as a function of time. The product of
velocity and drag, which were both measured directly, resulted in an
average torque of 63+8 pN nm for the Escherichia coli F1-ATPase that

was determined to be independent of the load. The rotational velocity had
an initial (I) acceleration phase 15° from the end of the catalytic dwell, a

slow (S) acceleration phase during ATP binding/ADP release (15°-60°),
and a fast (F) acceleration phase (60°-90°) containing an interim
deceleration (ID) phase (75°-82°). High ADP concentrations decreased
the velocity of the S phase proportional to 'ADP-release' dwells, and the F
phase proportional to the free energy derived from the [ADP][Pi)/[ATP]
chemical equilibrium. The decreased affinity for ITP increased ITP-binding
dwells by 10%, but decreased velocity by 40% during the S phase. This is
the first direct evidence that nucleotide binding contributes to F{-ATPase
torque. Mutations that affect specific phases of rotation were identified,

some in regions of F4 previously considered not to contribute to rotation.
[



Mutations BD372V and yK9I increased the F phase velocity, and yK9lI
increased the depth of the ID phase. The conversion between S and F
phases was specifically affected by yQ269L. While yT273D, D305E, and
aR283Q decreased the velocity of all phases, decreases in velocity due to
BD302T, yR268L and yT82A were confined to the I and S phases. The
correlations between the structural locations of these mutations and the
phases of rotation they affect provide new insight into the molecular basis

for F4-ATPase y-subunit rotation.
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Chapter 1
INTRODUCTION
The FoF1 ATP Synthase

The F1F, ATP synthase can be found in most living things, and
utilizes the available energy formed from a proton gradient to combine
ADP and Pi to catalyze the formation of ATP. The two complexes of the
synthase allow protons to pass through the membrane embedded ab,C;o.15
collection of subunits referred to as F,, and subsequently causes each of
3 catalytic sites located between each off heterodimer within the F; to
catalyze the formation of ATP. In photosynthetic organisms, the ATP
synthase can be found in the thylakoid membrane oriented with the F;
portion facing the stroma of the chloroplast. Conversely, in organisms that
utilize mitochondria, the ATP synthase resides in the membranes that
make up the cristae, with the ATP generating F; subunits facing the
matrix. Organisms that lack either chloroplast or mitochondria, such as
bacteria, locate the FoF; ATP synthase to their inner membrane, with the
F, turned toward the cytosol.

A high proton gradient potential is maintained either through light
driven photosynthetic reactions, or through the breakdown of metabolites,
and is harnessed by the F1F, ATP synthase to phosphorylate ADP to
produce ATP and water, despite high concentrations of ATP present in
the cell (Nakamoto, Ketchum et al. 1999; Frasch 2000; Stock, Gibbons et

al. 2000; Yoshida, Muneyuki et al. 2001; Fillingame, Angevine et al. 2002;
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Senior, Nadanaciva et al. 2002). One reason for the ubiquity of the FyF;
ATP synthase in living systems is its central role in providing the chemical
energy in the form of ATP that cellular processes utilize in order to
function. In specialized circumstances however, the F1F, ATP synthase
can hydrolyze ATP and reverse the flow of protons across the
membrane, thus acting as a proton pump.

The conversion of potential energy to the production of chemical
energy is accomplished through the rotation of two separate rotary
molecular motors, the F, and F; complexes (Figure 1). In order to
synthesize ATP, protons pass through the F, and induce rotation of the c-
ring, which in E. coli is composed of 10 ¢ subunits and also interacts
tightly with the ye subunits of the F; rotor. Rotational steps of the F; rotor
have previously been shown by single molecule FRET measurements to
occur in 120° intervals (Borsch, Diez et al. 2002). The rotation of the y
subunit induces conformational changes within the F; that alternately
change the affinities of each site to induce binding of ADP and Pi, and the
release of ATP product. Hydrolysis of ATP in the catalytic sites reverses
the process by forcing y in the opposite direction and thus, causing the
rotor of F, to rotate and pump protons back across the membrane.
Although this reverse activity is rare when F; is bound to F,, F; can be
purified away from F, in a soluble form, in which the primary catalytic
activity is hydrolysis powered rotation of the y subunit (Noji, Yasuda et al.

1997).
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Experiments involving the observation of probes attached to single
molecules of F; have demonstrated the ability for the y subunit to rotate
(Noji, Yasuda et al. 1997; Cherepanov and Junge 2001; Yasuda, Noji et
al. 2001; Spetzler, York et al. 2006). F; molecules anchored to a coverslip
coated in nickel nitrilotriacetate (Ni-NTA) through histidine tags engineered
into the N-terminus of the 8 subunit were bound so that the long axis of
the y subunit was perpendicular to the surface. In order to examine the
rotation of the y subunit, an actin filament was bound to a biotin-maleimide
molecule covalently attached to a cysteine mutation located in the foot of
y. The filament was then observed to rotate counterclockwise in the
presence of ATP.

Rotation of the y subunit occurs in 120° steps when the
concentration of ATP has saturated the ability of the F; enzyme to
catalyze hydrolysis, and results in the consumption of 3 ATP for a full 360°
of rotation. Periods of dwelling between rotational events have been
observed to last as long as 8 ms for F; obtained from E. coli (Spetzler,
York et al. 2006) and as short as 2 ms in the case of F; purified from the
thermophile, PS3 (Yasuda, Noji et al. 2001). At low concentrations of
ATP, the 120° power stroke is interrupted by the presence of a pause that
is dependent upon the amount of ATP present, indicating that the rotation
is halted until nucleotide substrate is bound. Early single molecule
experiments determined this dwell to occur about 30° after the catalytic

dwell (Yasuda, Noji et al. 2001), but further experiments showed that
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rotation stopped closer to 40° (Sakaki, Shimo-Kon et al. 2005). In
addition, it has been determined that ADP is released from the adjacent
catalytic site at the same rotational position that ATP is bound and that
high concentrations of Pi lengthened the catalytic dwell, but not the 40
degree dwell under substrate limiting conditions (Adachi, Oiwa et al.
2007). This is consistent with other evidence that suggests product
release initiates the final 40° of rotation to complete the catalytic cycle
(Sielaff, Rennekamp et al. 2008).

Structure of F;

The first high resolution structure of F; was determined for the
enzyme from the bovine mitochondrial. That structure resolved most of
the (af3)s ring and part of the y subunit, but did not include the smaller
subunits. The a and B subunits were resolved nearly completely, while
subunit y was resolved only partially (Abrahams, Leslie et al. 1994). Since
that time structures of F; complexes from several sources have been
successfully crystallized under various conditions (Hausrath, Gruber et al.
1999; Gibbons, Montgomery et al. 2000; Menz, Walker et al. 2001,
Kabaleeswaran, Puri et al. 2006; Bowler, Montgomery et al. 2007). The
most complete F; complex structure, including all subunits in the central
stalk, was obtained in 2000 (Braig, Menz et al. 2000).

The F; ATPase is composed of a hexamer of alternating o and 3

subunits that surround a coiled-coil structural domain of the y subunit.

Subunit € acts in conjunction with the y globular domain that protrudes
5



from the ring formed by the o3B3 subunits to bind F; to the F, complex.
The catalytic sites responsible for ATP hydrolysis are located at the
interface of each of the 3 aff heterodimers; with B subunit residues mostly
involved in binding and catalysis. Additionally, three more ATP binding
sites are located mostly in the a subunits, but remain non-catalytic.

The o and B subunits are very similar in structure and are primarily
comprised of three domains. At the end furthest from F,, a p — barrel
provides structural support for the a;p; ring and provide a solid attachment
point for the 6 subunit. The central domain is involved in nucleotide
binding via the Walker A motif, catalysis, as well as interactions between 3
and y. Specifically, the residues referred to as the catch loop form strong
electrostatic interactions between the N-terminus of the y subunit and the
B subunit (Greene and Frasch 2003). Residues a287-394 and 274-381
form hydrophobic regions that closely interact with the y C-terminal
hydrophobic end. This structure is called a “sleeve” and appears to ensure
friction-free rotation of y.

The most mobile domain is an a helical bundle domain that contain
a group of negatively charged residues referred to as the DELSEED,
based on the sequence of amino acids. It has been previously thought
that its function is primarily regulatory (Bi, Watts et al. 2008; Volkov, Zaida
et al. 2009), but more recently it has been proposed to be responsible for

promoting y subunit rotation (Tanigawara, Tabata et al. 2012; Usukura,



Suzuki et al. 2012). Movement of the a helical bundle domain of the 3
subunit opens and closes access to the catalytic site dependent upon the
occupancy of nucleotide in the site. This results in a structural asymmetry
that is key to understanding the mechanism for F; rotation as domains
open and close upon release of product and binding of substrate and as
the rotational position of the y subunit changes in relation to the hexameric
ring.

The y subunit is composed primarily of two domains, a coiled-coil
structure formed from a-helixes in the C and N termini, and a globular
domain referred to as the foot. The coiled-coil extends up through the
aperture of the of} ring for nearly the entire breadth of the ring, and is
composed of anti-parallel a-helixes that are bound together by a band of
nonpolar residues (Wilkens 2005). The foot extends toward the
membrane from the hexamer, and in conjunction with & -subunit, docks the
F, to the F, c-ring (Pogoryelov, Nikolaev et al. 2008). The y—subunit
functions as the rotor of the molecular motor for the F; ATPase and is
responsible for transferring rotational torque from F, during ATP synthesis.

The & subunit is thought to hold the b subunit stalks from F, to the o
subunits of F;. The N terminus is composed of six a-helixes that form a
helical bundle that previous studies demonstrated interacts with the N-
terminal region of subunit a (Greie, Deckers-Hebestreit et al. 2000). In a

previous NMR study, the C-terminus was shown to have few structural



elements (Dmitriev, Jones et al. 1999), but was shown to associate with
the C terminal end of the subunit b dimer (Caviston, Ketchum et al. 1998).

The ¢ subunit has two domains; a B-barrel domain in the N-
terminus, and a C-terminal helix-turn-helix domain. Although ¢ is involved
in the binding of F; to F, through the foot of the y subunit, it has also been
shown to have a regulatory role. Recently, a crystal structure was solved
in which the F; was inhibited by the helix turn helix (Cingolani and Duncan
2011). The extension of the normally compact helix-turn helix into the
cavity of the Ba ring disrupted rotation of the y-subunit, presumably
through steric restrictions.
Observation of Single Molecule Rotation

The F1 ATPase was first shown to rotate in a counterclockwise
direction through observations of a fluorescently labeled actin filament
bound to the foot of the y-subunit of single molecules of thermophilic F;
(TF1) immobilized onto a glass slide (Noji, Yasuda et al. 1997). Further
studies have successfully observed rotation of F; derived from E.coli and
chloroplasts (Hisabori, Kondoh et al. 1999; Noji, Hasler et al. 1999;
Omote, Sambonmatsu et al. 1999) using reporter groups other than actin.
Some of the probes that have been used include, a single fluorophore
(Adachi, Yasuda et al. 2000), spherical bead or bead duplex (Hirono-Hara,
Noji et al. 2001; Yasuda, Noji et al. 2001), metal bar (Soong, Bachand et

al. 2000), FRET or fluorescence resonance energy transfer (Borsch, Diez



et al. 2002) and more recently, gold nanoparticles (Spetzler, York et al.
2006; Spetzler, Ishmukhametov et al. 2009).

Bulk measurements of the E. coli F; ATPase activity determined
that Kn, was 10 puM, with a ks for hydrolysis activity of 120 sec™ (Greene
and Frasch 2003). The TF; however had a Viax 0f 390 steps s and a K,
of 15 uM (Yasuda, Noji et al. 2001). It has been determined that each
120° rotational event is associated with the hydrolysis of a single ATP
molecule (Yasuda, Noji et al. 1998; Adachi, Yasuda et al. 2000; Yasuda,
Noji et al. 2001). It has been thought previously that the hydrolysis rate for
single molecules should be higher than bulk measurements observed in
solution due to inhibition by Mg?*-ADP (Jault, Dou et al. 1996; Boyer 1997;
Matsui, Muneyuki et al. 1997; Kinosita, Yasuda et al. 2000; Hirono-Hara,
Noji et al. 2001). However, when the average catalytic dwell time
observed in single molecule experiments was compared to bulk
measurements, it was determined that they were comparable (Yasuda,
Noji et al. 2001; Spetzler, York et al. 2006).

Rotation of a gold nanosphere attached to the foot of the y subunit
of thermophilic F1 was recorded with a high speed camera capable of
collecting data at up to 8000 frames/sec (Yasuda, Noji et al. 2001). The
centroid of the nanosphere was tracked and was observed to rotate in
120° steps in ATP saturating conditions, separated by short pauses or
dwells. An additional dwell separating the rotation into 40° and 80° sub

steps (Figure 2) was detected when substrate was limited (20 nM ATP).
9



The length of the dwell prior to the 80° rotational step was inversely
proportional to the concentration of ATP present during the experiment.
This dependence provided evidence that ATP binding occurs before the
80° substep, and thus this pause has been labeled the “ATP Binding”

dwell.

10
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Figure 2. Separation of F;-ATPase rotation into 40° and 80° sub-steps.

Sub-steps in F; rotation at 20 mM ATP (upper panel) recorded with a
temporal resolution of 0.125 ms (Yasuda, Noji et al. 2001). With this

resolution, sub-steps are not discerned at 2 mM ATP (lower panel),

implying that the ATP-waiting dwell is <0.125 ms and the next 80° rotation

is complete within 0.125 ms of ATP binding; it also implies that F; is

completely reset and ready to bind a next ATP by the end of a 40° sub-

step. Horizontal solid lines are separated by 120°, and dotted lines are

drawn 40° below (Taken from (Kinosita, Adachi et al. 2004).
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Energy for Rotation

Based on early single molecule experiments (Yasuda, Noji et al.
2001) that showed that each 120° power stroke is split by a pause that
occurs 30° after the catalytic dwell, a free energy profile was determined
as shown in Figure 3 (Gao, Yang et al. 2003). The model was constructed
under the assumptions that the rotational pause that occurs after 30° is a
result of ATP waiting to bind to the empty (E) site, and product release

occurs during the catalytic dwell after 90°.
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conformational transitions. (b) The change of the total free energy, which
is the sum of the free energy changes of the three sites. Taken from (Gao,

Yang et al. 2003).
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During ATP binding, the E site changes conformation by causing
the ap subunits to close around the substrate, and becomes the (TP) site
observed in crystal structures, which contains a bound ATP. The 19.4 pN
nm/molecule of free energy calculated for this change was based on a
change in Kp from 25 mM for the E site to 0.3 nM for the TP site and using
the cellular level of 3mM ATP (Gao, Yang et al. 2003). It was postulated
that the majority of this binding energy is used to drive rotation of the y-
subunit as a result of the conformational changes undergone by the off
subunits. Hydrolysis was thought to occur any time after the TP site has
formed, due to the equal affinity for both ATP and the products ADP and
Pi. The site becomes stabilized however, upon conformational change to
the DP site, which has a higher affinity for ADP. The energy derived from
binding the ADP to DP site is thought to be a secondary source of energy
for y-subunit rotation.

Due to the cooperative nature of F;, the changing of E site to the
TP site upon ATP binding, causing the former TP site to become the DP
site. However, the energy provided by these steps promotes the release
of ADP from the DP site resulting in a new E site (Gao, Yang et al. 2003).
Through addition of the free energy contributions of each site as they
change during 120° of rotation, the net free energy change available for
the rotation of the y-subunit was calculated to be 80.6 pN nm/molecule

equivalent to the free energy of hydrolysis.

14



Torque Determination

Torqgue is calculated by multiplying the measured velocity, v, by the
frictional drag coefficient, &, which represents the drag on the probe as it
passes through a liquid medium as shown in Equation 1:

T=¢&v Q)

One the first measurements of torque were based on the rotational
velocity of actin filaments that were attached to the y-subunit of the F;
ATPase. Slow rotation of F; was the result of viscous drag on the filament,
which calculated & by Equation 2 (Hunt, Gittes et al. 1994; Adachi,
Nishizaka et al. 2003):

A7
ol
377

°" In(%) —0.447

2)
for filament of radius r (~5 nm) and length L, and where 1 is ~10° nm™? s,
the viscosity of the medium at room temperature.

The hydrodynamic drag on a spherical bead with radius a attached
to F, off center with a distance between the center of the bead and axis

rotation is x, the frictional drag coefficient, & is determined by:
5 = 872'778.3 + 672'778.X2 (3)

Early single molecule experiments have not been able to measure
rotation directly, due to inadequate time resolution during observation of
the 120° power stroke. Indirect methods estimated the torque of F; as it

moves through a viscous medium to range from 44-55 pN nm (Yasuda,
15



Noji et al. 1998; Panke, Cherepanov et al. 2001). The torque was
determined to be about 40 pN nm by using an estimated average velocity
calculated from a number of full revolutions of an actin filament, during
which, stepping was not observed (Yasuda, Noji et al. 1998). However,
because this average velocity included periods of dwelling, the torque is
an underestimate of that produced only when the y-subunit is rotating.
Using this torque estimate the amount of work performed by the F; during
120° of rotation was calculated to be 40—-44 pN nm times (2/3)r radians,
which is, ~20 kgT or about 80-90 pN nm. Since this is close to the free
energy available from hydrolysis, it was concluded that the F; is nearly
100% efficient in performing mechanical work using chemical energy.
Further experiments have used alternate methods to determine the
torque without using calculations based on drag as determined by
Equations 2 and 3 (Hunt, Gittes et al. 1994). Measurements of the drag as
determined from the curvature of an actin filament bound to the y-subunit
of F1, calculated the torque to be 50 + 6 pN nm (Panke, Cherepanov et al.
2001). Because the bending of the actin filament is a conservative force,
this measurement provides a more accurate result than determined
previously. However, because the filament was not able to relax during
periods when the y-subunit was not moving during a dwell, this torque
estimate is a lower bound for the available torque of the F;. A 40-nm gold
bead (Figure 4), shown not to slow the rotation rate, was also used as a

probe of rotation (Yasuda, Noji et al. 2001). Despite the use of high speed
16



camera operating at 8000 frames s™ only dwells were recorded, without

resolution of the rotational movement between them (Figure 5).
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Figure 4. Observation of F; rotation via a 40-nm gold bead attached to the
y-subunit (a) Atomic structure of F1-ATPase viewed from the F, side (top
in b). b, Side view of the observation system. The 40-nm bead gave a
large enough optical signal that warranted a sub millisecond resolution;
but the bead was small enough not to impede the rotation via viscous
drag. c, Laser dark-field microscopy for observation of gold beads. Only
light scattered by the beads exited the objective and was detected. DFC,
dark-field condenser. d, Sequential images of a rotating bead at 2 mM
ATP. Images are trimmed in circles (diameter 370 nm) to aid identification
of the bead position; centroid positions are shown above the images at
100X magnification. The interval between images is 0.5 ms. (Taken from

(Yasuda, Noji et al. 2001))
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Figure 5. Unfiltered time courses of stepping rotation of 40-nm beads at
varying [ATP]. a, b, 2 mM; c, d, 20mM; e, f, 2 mM [ATP]. All curves in a
panel are continuous; later curves are shifted, to save space. Grey
horizontal lines are placed 30° below black lines. In e, some of the long
dwells are cut short. Insets, positions of a bead within 0.25+0.5 ms before
(red) and after (green) the main (90° or 120°) steps; runs lasting 0.5 s (2
mM) or 2 s (2mM and 20mM) were analyzed. Circles indicate projection of
0° and 90° dwell points on an obliquely situated circular trajectory that best
fit the data. Angles in the time courses are those on the oblique circle.

(Taken from (Yasuda, Noji et al. 2001))
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Recently, measurements of unprecedented resolution of rotation
(Spetzler, York et al. 2006) were observed by recording light scattered
from gold nanorods attached to the y-subunit of the E. coli F;-ATPase
(Figure 6). Torgue was then calculated by measuring the velocity during
the power stroke, and through direct measurements of drag, resulted in
values as high as 63 £ 8 pN nm (Spetzler, York et al. 2006; Hornung,
Ishmukhametov et al. 2008). Less precise experiments estimated torque
for F1 to be 74 + 20 pN nm using optical clamps (Pilizota, Bilyard et al.

2007), which confirms that the earlier estimated were low.
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Figure 6. Schematic of F1-ATPase and a gold nanorod used to determine

the torque generated by the enzyme.
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Mechanism of the F; ATP Synthase
Alternating Site Mechanism of F;

Each of} heterodimer from the hexameric ring of the F; ATPase
forms a catalytic site that functions cooperatively via an alternating site
mechanism in which the binding of ATP to one site prompts release of
product in an adjacent site (Boyer 1975). The binding of ATP and release
of products depend upon which of three unique binding affinities that each
catalytic site adopts; tight, loose, or open. Rotation of the y subunit occurs
when ATP is bound to the open site which then transitions to the loose
binding conformation. The loose site then becomes tight, at which point
hydrolysis occurs since the tight site has the same affinity for ATP and
ADP. Upon binding of ATP to the open site, ADP is released from the
tight site. This sequence of substrate binding, hydrolysis, and product

release is shown in Figure 7.
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Figure 7: The Binding Change Mechanism. Conformations assumed by
one catalytic site of the ATP synthase during synthesis or hydrolysis of
ATP during one complete rotation of the y subunit in 120° steps. The sites
are designated as O (open), T (tight) or L (loose), and are related to forms
designated as Bg, Bp, or By in the Walker structure. Tightness of ATP
binding is indicated by the degree of openness of the depicted sites.
Intermediate forms during a 120° binding change event are indicated with
lighter dashed lines. Forms with some curved lines preferentially bind ATP
and those with all straight lines preferentially bind ADP and P;. The
sequence of conformational events during ATP synthesis or hydrolysis
occurs is shown. Appropriate arrows indicate reversible substrate binding
or release for rapid bisite catalysis. Dashed arrows and dotted ATP
indicate that whether ATP is released primarily from the L or the O form
during rapid synthesis is not known. A dashed portion of the T site
indicates that H,O formed when ATP is made interchanges readily with
the medium water (Boyer 2000).
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This mechanism was determined from measurements of the
binding affinities of various nucleotides to the three catalytic sites, and
from conformational differences in the three catalytic sites as observed in
crystal structures. Examination of the three catalytic sites from the first F;
crystal structure revealed that the nonhydrolyzable ATP analog AMPPNP
was bound in what is referred to as the Brp site, ADP in the Bpp site, and
no nucleotide was bound to the Bg site. The conformations of these sites
are all different, with the largest difference seen between the ¢ site and
the other two. This is due to the B subunit helical domain containing the
DELSEED sequence of residues being observed in an open conformation
that had a deviation of 30°, versus the closed confirmation seen in the
other two sites.

Affinity for nucleotide for the three catalytic sites has been
determined to different by several orders of magnitude. Measurements
that determined the dissociation constants for each catalytic site were
made using the BY331W mutant in E. coli F;, (Weber, Wilke-Mounts et al.
1993). F; enzyme that was fully depleted of nucleotides, was monitored
for successive quenching of tryptophan fluorescence as each site filled
with nucleotide when added in increasing amounts. Quenching was due
to masking of fluorescence from n—n bonding of the nucleotide with the
tryptophan residue (Shimabukuro, Yasuda et al. 2003).

A modified version of this alternating site mechanism was proposed

(Figure 8) in which all three sites become occupied once ATP binds
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(Weber and Senior 1997). This mechanism labels the three sites
according to their nucleotide affinities of high (H), medium, (M) or low (L).
The catalytic cycle begins when ATP binds to the low affinity site, which
causes the other two sites to alter their binding affinites (M —- L, L > H, H
— M). Hydrolysis of ATP in the high affinity site produces ADP and Pi as
products which are released upon conformational change to the medium
binding affinity state. Product release then induces the medium site to

become a low affinity site once again, resetting the system.
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Figure 8 Tri-site Catalysis Model. Conformations of each of the 3 catalytic
subunits that occur during one catalytic cycle of the enzyme with all the
catalytic sites in a ‘closed’ conformation with nucleotide bound and where
the time that the open conformation exists is negligible. Taken from

(Weber and Senior 1997).
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The Binding Zipper Model

The Binding Zipper model proposes that ATP-binding-induced
rotation of the y subunit is powered by the gradual closing of the N-
terminal helical domain of the B-subunit (Figure 9). As this domain draws
to closed position, it acts as a lever arm that pushes against the y-subunit
similar to a cam shaft for approximately 90° of rotation that ends upon
formation of the catalytic dwell. To explain the energy source for the 30° of
rotation subsequent to ATP hydrolysis during the catalytic dwell, elastic
energy stored in the closed lever arm conformation of the B—subunit is
relaxed upon Pi release. Consequently, 120° of y-subunit rotation requires
the binding of substrate to one site, and elastic recoil in another such that

rotation occurs in two separate steps.

27



[ 2

Binding
Transition

(@)

T‘ Gate 1
Weak
!

Binding transition:
PS, + Store elastic energy

10f
Gate 2

AG [kgT] |
@
Tight
201 Binding PS, = Elastic recoil
[ADP}
Fy*ADP Ey
30 -

Binding Hy is Release

Reaction Coordinate

(b)
Figure 9. Modeling the power stroke. (a) The Binding Zipper: ATP binds to

the catalytic site by a rapid thermal “zippering' of hydrogen bonds. The
closing of the site around the nucleotide creates constant torque about the
hinge point in 3, causing the upper portion of  to rotate with respect to the
lower portion. (b) Free energy diagram for the hydrolysis cycle. The
second drop reflects release of elastic strain energy stored in 3 during
nucleotide binding. There are two power strokes: the primary power stroke
(PS1) is driven by the Binding Zipper, and the secondary powerstroke
(PS2) is driven by the elastic recoil of the passive spring. Taken from

(Oster and Wang 2000).
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The Gamma Dictator Model

The hypothesis that the rotational position of the y-subunit in
relationship to the (af)s ring dictates the steps of hydrolysis, has been
referred to as the Gamma-Dictator model. This was deduced from single
molecule experiments where a magnetic particle was attached to the foot
of the y-subunit and the rotational position controlled through the influence
of an external magnetic field, so that the position where product is
released could be determined (Adachi, Oiwa et al. 2007). It was concluded
that upon phosphate release, rotation was initiated and the ADP was
released between 30°-40° of rotation afterward.

Application of a magnetic force to drive the rotation of the y-subunit
limits the velocity of the power stroke and therefore encumbers the
rotation. Because the force applied was constant, it changed the rate
limiting step of the reaction as it was forced to rotate during the catalytic
dwell, when rotation is normally dormant. Catalytic site occupancy as
measured by tryptophan fluorescence quenching produced results
(Nadanaciva, Weber et al. 2000; Weber and Senior 2000; Weber and
Senior 2004) contrary to those using a magnetic bead (Adachi, Oiwa et al.
2007), but it was suggested (Senior 2007) that interactions with the vy-
subunit are inducing changes that do not normally occur under
circumstances in which the rotation is not forced. Single molecule

experiments have primarily attached probes for visualizing rotation to the
29



foot domain of the y-subunit (Sabbert, Engelbrecht et al. 1996; Noji,
Yasuda et al. 1997; Omote, Sambonmatsu et al. 1999; Spetzler, York et
al. 2006; Spetzler, Ishmukhametov et al. 2009), and therefore
measurements reflect the movement of only this domain. Forced
restriction in linear motors has been shown to alter the order of substrate
binding and the release of products (Spudich 2006), and may also affect
F1 in a similar way.
Dissertation Introduction

The velocity of rotation of the F;-ATPase was directly observed by
microscopy in Chapter 2, after F; was mounted on a slide and a visible
probe was attached to the y subunit. Rotation of the y subunit occurs in
discrete 120° steps, each of which is associated with hydrolysis of an ATP
molecule (Futai, Omote et al. 1995; Junge, Sabbert et al. 1996; Noji,
Yasuda et al. 1997). The torque generated by the molecule is dependent
upon the strength of the power stroke associated with each hydrolysis
event. The power stroke is dependent upon the velocity of the y subunit
when it rotates. At saturating ATP conditions, the velocity is determined
by the transition time; i.e. the time required for y to move from one dwell
location to the next. By measuring the number of rotations per second as
a function of the length of an actin filament (200-3000 um) the first torque
calculations of 40 pN nm were obtained by estimating the drag based
upon the length of the probe (Noji, Yasuda et al. 1997). A torque value of

50 pN nm was calculated by estimating the drag from the curvature of an
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actin filament induced by the rotation of the y-subunit (Panke, Cherepanov
et al. 2001). This torque estimate was superior to previous attempts since
the torque of F; is balanced by the elastic recoil of a bent actin filament
which, unlike drag, is a conservative force. Similar values were obtained
using video imaging systems to measure the rotation of an F;-ATPase
labeled with a gold nanosphere (Yasuda, Noji et al. 1998).

Limitations of the temporal resolution of these methods resulted in
using the number of revolutions per second to approximate rotational
velocity (Noji, Yasuda et al. 1997; Yasuda, Noji et al. 1998). This method
failed to account for the fact that the motor spends most of the time in a
state where y is not rotating. The number of rotations per second gives an
average velocity which is the integral of all the instantaneous velocities
that occur during one 360° rotation. When the motor is in a dwell state it
has a velocity of zero. Thus, the velocity of the power stroke is faster than
the average value resulting in an underestimation of the torque. A related,
but less significant, problem occurs with the actin flament curvature
approach. Since the filament relaxes during each dwell, the net curvature
is less than what would occur if the motor rotated continuously.

Recently, the rotational events of the y-subunit were measured with
a time resolution of 5 ps using gold nanorods as probes such that the
speed of rotation could be distinguished from the dwell time (Spetzler,
York et al. 2006). Based on these measurements, values of torque as high

as 61 pN nm were calculated by estimating the drag (Spetzler, York et al.
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2006). However, the accuracy of the torque calculations was limited by the
ability to estimate the drag on the gold nanorod. Several different models
have been proposed to estimate the drag on the probe based on the size,
shape, viscosity, and binding orientation (Noji, Yasuda et al. 1997; Soong,
Bachand et al. 2000; Yasuda, Noji et al. 2001; Spetzler, York et al. 2006).
In Chapter 2, the torque generated by the power stroke of F1-
ATPase as a function of the load on the enzyme was directly determined.
Measurements of the velocity were obtained using a 5 ps time resolution
and by directly measuring the drag. This result was compared to values of
torque calculated using four different drag models. Rotational assays were
performed as described recently (Spetzler, York et al. 2006; York, Spetzler
et al. 2007) as a function of polyethylene glycol (PEG-400) which
increases the viscosity of the reaction medium. Although the y-subunit
was able to rotate with a 20-fold increase in viscosity, the transition time
increased from 0.4 ms to 5.26 ms and the torque remained 638 pN nm,
independent of the load on the enzyme. However, it is important to note
that in the determination of this value for torque, it was assumed that the
velocity of the 120° power stroke was constant between catalytic dwells.
Chapter 3 directly examines the rotational velocity as a function of
rotational position as the y-subunit rotates during the power stroke.
Previous work has determined the torque using a number of various
methods including; the number of revolutions of a gold bead (Yasuda, Noji

et al. 2001), or of an actin filament (Noji, Yasuda et al. 1997; Cherepanov
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and Junge 2001), fluctuation theorem (Watanabe, Hayashi et al. 2011),
and the transition time of a gold nanorod (the time it takes for a gold
nanorod to rotate 90°) (Spetzler, York et al. 2006; Spetzler,
Ishmukhametov et al. 2009). These approaches however, rely on the
hypothesis that F; rotates at a constant velocity based on single molecule
results (Noji, Yasuda et al. 1997) showing that the F; is nearly 100%
efficient (Oster and Wang 2000).

If the rotational velocity were not constant then the efficiency would
necessarily be less than 100%. Based on this premise, it was proposed
that ATP-binding-induced rotation of the y subunit is powered by the
gradual closing of the N-terminal helical domain of the 3-subunit. As this
domain draws to closed position, it acts as a lever arm that pushes against
the y-subunit similar to a cam shaft for approximately 80° of rotation that
ends upon formation of the catalytic dwell. To explain the energy source
for the 40° of rotation subsequent to ATP hydrolysis during the catalytic
dwell, elastic energy stored in the closed lever arm conformation of the -
subunit is relaxed upon Pi release. Consequently, 120° of y-subunit
rotation requires the binding of substrate to one site, and release of elastic
energy in another such that rotation occurs in two separate steps.

In Chapter 3, it has been clearly shown, through high fidelity
observations of the rotational position of the y-subunit as it traverses a
power stroke, that the rotational velocity is not constant, but has an initial

() acceleration phase during the first 15° from the end of the catalytic
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dwell, followed by a slow (S) acceleration phase that occurs during ATP
binding and ADP release. At ~60°, the SP transitions to a fast (F)
acceleration phase that contains an interim deceleration (ID) phase
between 75° - 82°. High ADP concentrations decreased the velocity of the
slow phase proportional to the increased presence of ‘ADP-release’ dwells
but also decreased the velocity of the fast phase proportional to the
change in free energy derived from the change in chemical equilibrium
with ATP and Pi. The rotational velocities were compared using purine
nucleotides that differed in their binding affinities at the catalytic sites.
Although the decreased affinity for ITP caused an expected 10% increase
in ITP-binding dwells, the ITP- dependent rotational velocity decreased by
40% during the slow acceleration phase. Since torque is proportional to
the velocity times the drag, this is the first direct evidence that nucleotide
binding contributes to the generation of torque on the F1-ATPase
molecular motor.

Chapter 4 examines the effects of mutations on the velocity of y-
subunit rotation using the gold nanorod-based single molecule assay that
provides detailed resolution of the power strokes. In Chapter 3, single
molecule measurements of E. coli F;-ATPase rotation resolved the
rotational position and velocity with high precision, and revealed initial (1),
slow (S), and fast (F) acceleration phases of rotational velocity where the
latter included an interim deceleration (ID) phase. However, except for the

nucleotide binding and release steps, the association of these phases with
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conformational changes of F; is currently not understood. Chapter 4
identifies for the first time single-site mutations that can affect the velocity
of specific phases of y-subunit rotation. Some residues, including those in
the region of the y-subunit coiled-coil previously considered not to
contribute to rotation, were found to change the velocity by as much as
50% from that in the wild type. Mutations BD372V and yK9I were found to
increase the velocity specifically during the F phase, while yK9I also
increased the depth of the ID phase. The conversion between S and F
phases was specifically affected by yQ269L. While yT273D, BD305E, and
aR283Q decreased the velocity of all phases, the decreases in velocity
due to BD302T, yR268L and yT82A were confined to the | and S phases.
The correlations between the structural locations of these mutations and
the phases of rotation they affect provide new insight into the molecular
basis for the conformational changes of the protein that contribute to
rotation of the y-subunit.

In all available crystal structures of F; ATPase the y-subunit coiled-
coil is attached via electrostatic interactions to residues located on the j-
subunit of the empty catalytic site known as “the catch loop”. Mutations to
residues on the  and y-subunits that form this catch have dramatic effects
on catalytic function, and have been postulated to be involved in an
Escapement Mechanism that permits rotation only upon substrate binding

to the empty catalytic site (Greene and Frasch 2003). The electrostatic
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interactions in the Catch include residues D305 and D302 of the empty
catalytic site and residues yQ269, yT273, and yR268 on the y-subunit
coiled-coil. In the other two catalytic sites where nucleotide is bound, the
catch loop residues form salt bridges with «aR283 on the a subunit of the
ofy heterodimer that comprise those catalytic sites (Boltz and Frasch
2006). Consequently, sometime after ATP binds to the empty site, the
subunit catch loop residues must switch from the y-subunit to the a
subunit of that catalytic site. Conversely, ADP release at the adjacent
catalytic site must dissociate the electrostatic interactions between
neighboring o and B so that the y subunit can bind to the next catch loop
at the conclusion of that rotational event.

Recently, it was shown that the binding of ATP to the empty
catalytic site provides the energy required for the 120° power stroke of F;
(Chapter 3). To explain why the low affinity substrate ITP decreased the
velocity during the 40° of rotation that follows the catalytic dwell but not the
80° of rotation immediately following substrate binding, it was proposed
that the binding energy only needs to exceed a minimal threshold value to
initiate rotation prior to the catalytic dwell. The remaining binding energy
was thought to be stored as elastic energy during the catalytic dwell that
propels the remaining 40° of rotation (Oster and Wang 2000). The binding
of ATP is believed to induce the movement of the B-subunit helical domain

containing the DELSEED motif to move from an open to a closed position.
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This movement of the DELSEED-containing domain is thought to push on
the on the y-subunit as a lever arm on a camshatft to induce rotation. It was
shown that when the a-helical arm adjacent to the DELSEED was
shortened, torque was reduced significantly, yet torque was not affected
by the removing the negative charges in the DELSEED region (Hara, Noji
et al. 2000; Usukura, Suzuki et al. 2012). It was concluded that the y-
subunit coiled-coil does not contribute to the generation of torque based
on experiments that showed that rotation was still observed after most of

the coiled-coil had been deleted (Furuike, Hossain et al. 2008).
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Chapter 2
DETERMINATION OF TORQUE GENERATION FROM THE POWER
STROKE OF ESCHERICIA COLI F;-ATPASE
Abstract
The torque generated by the power stroke of Escherichia coli F;-
ATPase was determined as a function of the load from measurements of
the velocity of the y-subunit obtained using a 5 ps time resolution and
direct measurements of the drag from 45 to 91 nm gold nanorods. This
result was compared to values of torque calculated using four different
drag models. Although the y-subunit was able to rotate with a 20 fold
increase in viscosity, the transition time decreased from 0.4 ms to 5.26
ms. The torque was measured to be 638 pN nm, independent of the load
on the enzyme.
Introduction
The F1F, ATP synthase is required for energy conversion in almost

all living organisms. It is composed of two complexes, the F;. ATPase
(Escherichia coli subunits a, B, v,  and ¢€) that is peripheral to bioenergetic
membranes, and F, (E. coli subunits a, b, and c) that is an integral
membrane complex. In F1, a ring of three o8 subunit heterodimers
surrounds the y subunit coiled-coil domain while the y subunit ‘foot’
domain anchors F; to the ci0-subunit ring of E. coli F, (Abrahams, Leslie et
al. 1994, Stock, Leslie et al. 1999). Functionally F;F, is a rotary machine,

where rotor subunits y, € and c rotate relative to the stator composed of
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subunits a, b, o, B and & (Noji, Yasuda et al. 1997; Borsch, Turina et al.
1998).

Each aff heterodimer contains a site that catalyzes ATP
synthesis/hydrolysis. The synthesis of ATP is driven by Apy. driven
rotation the c-ring of F, that forces conformational changes in the (ap)s
ring (Borsch, Turina et al. 1998). Conversely, ATP hydrolysis can drive y
subunit rotation in the opposite direction (Noji, Yasuda et al. 1997). The
three catalytic sites operate in an alternating site mechanism in which
binding of ATP to the empty catalytic site induces release of ADP and
phosphate from an adjacent site concurrent with rotation (O'Neal and
Boyer 1984).

Direct observation of ATPase-driven rotation by microscopy is
possible when F; is mounted on a slide and a visible probe is attached to
the y subunit. Rotation of the y subunit occurs in discrete 120° steps, each
of which is associated with hydrolysis of an ATP molecule (Futai, Omote
et al. 1995; Junge, Sabbert et al. 1996; Noji, Yasuda et al. 1997). The
torgue generated by the molecule is dependent upon the strength of the
power stroke associated with each hydrolysis event. The power stroke is
dependent upon the velocity of the y subunit when it rotates. At saturating
ATP conditions, the velocity is determined by the transition time; i.e. the
time required for y to move from one dwell location to the next. By

measuring the number of rotations per second as a function of the length

39



of an actin filament (200-3000 um) the first torque calculations of 40 pN
nm were obtained by estimating the drag based upon the length of the
probe (Noji, Yasuda et al. 1997). A torque value of 50 pN nm was
calculated by estimating the drag from the curvature of an actin filament
induced by the rotation of the y-subunit (Panke, Cherepanov et al. 2001).
This torque estimate was superior to previous attempts since the torque of
F, is balanced by the elastic recoil of a bent actin filament which, unlike
drag, is a conservative force. Similar values were obtained using video
imaging systems to measure the rotation of an F;-ATPase labeled with a
gold nanosphere (Yasuda, Noji et al. 1998).

Limitations of the temporal resolution of these methods resulted in
using the number of revolutions per second to approximate rotational
velocity (Noji, Yasuda et al. 1997; Yasuda, Noji et al. 1998). This method
failed to account for the fact that the motor spends most of the time in a
state where y is not rotating. The number of rotations per second gives an
average velocity which is the integral of all the instantaneous velocities
that occur during one 360° rotation. When the motor is in a dwell state it
has a velocity of zero. Thus, the velocity of the power stroke is faster than
the average value resulting in an underestimation of the torque. A related,
but less significant, problem occurs with the actin filament curvature
approach. Since the filament relaxes during each dwell, the net curvature

is less than what would occur if the motor rotated continuously.
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Recently, the rotational events of the y-subunit were measured with
a time resolution of 5 ps using gold nanorods as probes such that the
speed of rotation could be distinguished from the dwell time (Spetzler,
York et al. 2006). Based on these measurements, values of torque as high
as 61 pN nm were calculated by estimating the drag (Spetzler, York et al.
2006). However, the accuracy of the torque calculations was limited by the
ability to estimate the drag on the gold nanorod. Several different models
have been proposed to estimate the drag on the probe based on the size,
shape, viscosity, and binding orientation (Noji, Yasuda et al. 1997; Soong,
Bachand et al. 2000; Yasuda, Noji et al. 2001; Spetzler, York et al. 2006).

The torque generated by the power stroke of F1-ATPase as a
function of the load on the enzyme has now been determined as
presented here. Measurements of the velocity were obtained using a 5 us
time resolution and directly measuring the drag. This result was compared
to values of torque calculated using four different drag models. Rotational
assays were performed as described recently (Spetzler, York et al. 2006;
York, Spetzler et al. 2007) as a function of polyethylene glycol (PEG-400)
which increases the viscosity of the reaction medium. Although the y-
subunit was able to rotate with a 20x increase in viscosity, the transition
time decreased from 0.4 ms to 5.26 ms and the torque remained 63+8 pN

nm, independent of the load on the enzyme.
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Results

Figure 10 shows the measured viscosity of the assay buffer as a
function of the percentage (vol/vol) of PEG 400. These data were used to
calculate the shear stress as a function of the shear rate (Figure 11). The
linear dependence between these parameters indicates that the assay
buffer containing PEG 400 behaves as a Newtonian fluid. Thus, PEG 400
molecules are too small to be pulled along by the rotating nanorod, and do

not make secondary nonlinear contributions to the drag.
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Figure 10. Viscosity of the assay buffer as a function of percent PEG-400
added. The viscosity of the buffer used to make single molecule rotation
measurements (Rotation Buffer (50 mM Tris—Cl/pH 8.0, 10 mM KCI)) as a
function of its percent composition of PEG 400 (vol/vol). The
measurements were made using a Brookfield DVE viscometer with a UL

adapter at 28 °C.
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Figure 11. Shear stress as a function of the shear rate. The shear stress
as a function of the shear rate of the Rotation Buffer containing PEG 400.
This was determined by measuring the effect of increasing the velocity on

a rotating probe in the Brookfield DV-E viscometer
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The drag coefficient was determined directly as described by Hunt
et al. (Hunt, Gittes et al. 1994) by measuring the amount of angular
change in individual gold nanorods near the surface in the absence of F;
(Figure 12). Nanorods were selected which displayed a color change
indicative of rotational movement, and which did not move significantly in
the z direction, i.e. remained in focus. The dynamic range of scattered
light intensity from a nanorod was measured by rotating the polarizer 360°
in 10° increments. The angular change is related to the intensity by:

| = Asin(¢) + B ' (1)
where ¢ is the difference in angle between the plane of polarization and
the gold nanorod, A is the dynamic range, and B is the sum of the
background noise level and half the dynamic range. The angular change

was used to determine the diffusion constant by:

_Ag’
2At ) 2)
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Figure 12. Drag coefficient as a function of viscosity. The solid symbol (¢)
is the experimental value, while the open symbols are the theoretical

values for a rod (A), a sphere (O), a filament (L), and a propeller (0)

calculated from Eqs. (4)—(7).
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The change in the angle of gold nanorods near the surface was
measured at data acquisition rates from 10 to 200 kHz in 10 kHz
increments, which made the determination of the diffusion constant, D,
independent of time artifacts. Using Einstein’s relation (Eq. 3) the drag

coefficient, T", was determined from the diffusion coefficient,

D 3)

Figure 12 also shows a comparison of the various drag values
calculated from models that assume that the gold nanorod has the
properties of a propeller (Soong, Bachand et al. 2000), a nanosphere
(Yasuda, Noji et al. 2001), a rod (Spetzler, York et al. 2006), and a long
filament (Noji, Yasuda et al. 1997). Based on the model for a propeller, the

drag force is approximated by Eqg. 4:

_Amu(L] + L)

T AU I A
3cosh™ (%)

4)

where L; and L, are the lengths of the propeller extending from the
rotational axis, r is the radius of the rod,  is the viscosity of the medium,
and h is the height of the cylinder axis relative to the surface. The height of
the propeller was estimated to be 17 nm based on the dimensions of F;
and avidin from crystal structures (Al-Shawi, Ketchum et al. 1997;
Ketchum, Al-Shawi et al. 1998). When h is small, most energy dissipation
is believed to occur in the gap between the propeller and the surface (Al-
Shawi and Nakamoto 1997).
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The models used to estimate the drag force generated by a

nanoscale rod, a nanosphere, and a filament are described by Eqgs. 5-7,

respectively:
r= 8nur3 (5)
[ =167ur® +127url’ + 127l (6)

o Aru(L +L3)

L
3In(—-0.447
TR ™

The results in Figure 12 show that the propeller model provides the
closest approximation to the experimental data. Other models estimated
the drag to be as much as 4-fold higher than the measured value at 60%
PEG.

To determine the velocity of the power stroke generated during F;-
ATPase-driven rotation, transition times were measured by tracking a
91x45 nm gold nanorod, through 90° of a rotation as described in Spetzler
et al. (Spetzler, York et al. 2006), and the velocity plotted as a function of

the viscosity (Figure 13).
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Figure 13. The velocity of the y-subunit power stroke as a function of

viscosity.
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The velocity of the transition decreased with increasing viscosity.
Figure 14 shows the torque values calculated from the drag and the
velocity by:

T=Tw, (8)
where w is the angular velocity as a function of viscosity. The value
calculated from the direct measurements of the drag was 63 pN-nm + 8
nm, and was independent of the load applied to the motor. The estimated
value for the torque based on the propeller model (~55 pN nm) was similar
to the measured result. However, the estimated values based on the
sphere, the rod, and filament models were substantially different,
indicating that the models provide poor estimates of the drag on the
nanorod. For the models of the sphere and rod, the torque values were
greater than the maximum amount of energy available to the enzyme in
the absence of PEG 400 and increased linearly as a function of the

viscosity violating the second law of thermodynamics.
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DISCUSSION

The torque value obtained from measured values for both the
velocity and the drag reported here was 63 + 8 pN nm. As the load
increased, there was a corresponding decrease in the velocity indicating
that the torque was constant over the range of viscous conditions
examined. This value is consistent with the highest measured values for
the torque generated by the F;-ATPase (Spetzler, York et al. 2006), but is
significantly higher than values obtained elsewhere (Noji, Yasuda et al.
1997; Yasuda, Noji et al. 1998; Panke, Cherepanov et al. 2001).
Independent evidence that supports the torque reported here can be
derived from measurements of the H+/ATP ratio of proton transport-
coupled ATP synthesis and hydrolysis catalyzed by liposomes that contain
chloroplast F,F; (Fischer, Graber et al. 2000). In this study, the rates of
ATP synthesis and hydrolysis were measured with the luciferin/luciferase
assay after an acid-base transition at various [ATP]/(JADP][PI]) ratios as a
function of ApH. By determining the point at which the free energy from
the [ATP)/([ADP][PI]) ratio was in equilibrium with the transmembrane
electrochemical potential difference such that there was no net synthesis
or hydrolysis of ATP, H+/ATP ratios of 3.9-4.0 and standard Gibbs free
energies of ATP synthesis of 37+2 kJ/mol and 36x3 kJ/mol at pH 8.45 and
8.05, respectively, were obtained. If the equilibrium point (when there is no
net ATP synthesis or hydrolysis) occurs when Apy. is equivalent and
opposite to the force generated by F1-ATPase hydrolysis, then the Gibbs
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free energy is equal to the energy used to generate torque. Based on this
assumption the chloroplast F1-ATPase generates 61.4+3 pN nm and
59.8+5 pN nm of torque at pH 8.45 and 8.05, respectively. These values
are comparable to those reported here for the torque generated by E. coli
F1-ATPase.

Previous estimates of the torque F; produces against the friction of
the viscous medium range from 40 to 50 pN nm (Yasuda, Noji et al. 1998;
Panke, Cherepanov et al. 2001). From these estimates, it was calculated
that the work F; can do in a 120° step is about 80—90 pN nm or ~20 kBT,
calculated as 40-44 pN nm times (2/3)x radians. This is close to the
physiological |AG| for ATP hydrolysis, and was interpreted to mean that
the efficiency of the enzyme to convert chemical energy into mechanical
energy is nearly 100% under physiological conditions (Kinosita, Yasuda et
al. 2000). Since the experiments were not performed under physiological
conditions, not all sources of energy were taken into consideration, thus,
the efficiency would be lower, consistent with predictions made by Karplus
et al. (Karplus, Gao et al. 2005).

The results presented here show that the enzyme is capable of
doing more work than would be predicted by the amount of free energy
under physiological conditions suggesting that there are additional
sources of energy. Gao et al. (2003) and Yang et al. (2003) calculated that
the differential in binding constants could yield ~80 PN nm worth of work

using cellular concentrations of 3 mM ATP, 0.4 Mm ADP, and 6 mM Pi. In
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the experiments reported here, there were only trace amounts, < 1%, of
ADP and Pi in the 1 mM ATP solution used to induce rotation allowing as
much as 60 pN nm of free energy to be generated from the concentration
gradient between [ATP]/([ADP][Pi]). Adding the energy from binding to that
from the concentration gradient yields a net amount of 140 pN nm of free
energy. Based upon the data presented here, the work done by the
enzyme is ~130 pN nm. The energy available from substrate binding and
subsequent product release, and the concentration gradient yield a net
amount of 140 pN nm of free energy, suggesting that the enzyme is at

least 90% efficient.
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Chapter 3
ANATOMY OF F;-ATPASE POWERED ROTATION

ABTRACT

Due to poor resolution of single molecule approaches, it has not
been possible to resolve the speed and position of the y-subunit of the F;-
ATPase as it rotates during a power stroke, and thus, was assumed to
rotate at a constant velocity. Single molecule experiments are presented
here that measure light scattered from gold nanorods attached to the y-
subunit of the motor that provide unprecedented resolution of rotational
position as a function of time. Analysis of these results clearly show that
the rotational velocity is not constant during a power stroke, but has an

initial (1) acceleration phase during the first 15° from the end of the

catalytic dwell, followed by a slow (S) acceleration phase that occurs
during ATP binding and ADP release. At ~60°, the S transitions to a fast
(F) acceleration phase that contains an interim (ID) deceleration phase
between 75° - 82°. High ADP concentrations decreased the velocity of the
slow phase proportional to the increased presence of ‘ADP-release’ dwells
but also decreased the velocity of the fast phase proportional to the
change in free energy derived from the change in chemical equilibrium
with ATP and PI. The rotational velocities were compared using purine
nucleotides that differed in their binding affinities at the catalytic sites.
Although the decreased affinity for ITP caused an expected 10% increase

in ITP-binding dwells, the ITP- dependent rotational velocity decreased by
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40% during the slow acceleration phase. Since torque is proportional to
the velocity times the drag, this is the first direct evidence that nucleotide
binding contributes to the generation of torque on the F1-ATPase
molecular motor.
INTRODUCTION

The FoF1 ATP synthase is responsible for generating the majority of
ATP in nearly all living things. It is composed of two rotary molecular
motors, F, and the F; ATPase, that rotate in opposite directions and share
a common rotation axle comprised of the ye subunits in Escherichia coli
(Stock, Leslie et al. 1999). The integral membrane F, motor (Jiang,
Hermolin et al. 2001), utilizes the energy available in a transmembrane
proton gradient to drive clockwise rotation of ye. Conformational changes
caused by the rotation of the y subunit within the ring of three a-subunit
heterodimers that form the stator for F1, catalyze the synthesis of ATP
(Boyer 1997). Each af-heterodimer of F; forms a catalytic site for ATP
synthesis. Conversely, hydrolysis of ATP by the peripheral F;-ATPase can
drive the y subunit to rotate counterclockwise and cause F, to pump
protons against the proton gradient. The F;-ATPase can be purified from
Fo, and the membrane where it can be studied as a soluble protein. In the
presence of saturating ATP, the y subunit of purified E. coli F;-ATPase
rotates in 120° power strokes (Sabbert, Engelbrecht et al. 1996; Noji,
Hasler et al. 1999; Spetzler, York et al. 2006) separated by 8.3ms catalytic

dwells comparable to the turnover time of the rate-limiting step of ATP
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hydrolysis (Spetzler, York et al. 2006; Hornung, Ishmukhametov et al.
2008).

Each ap heterodimer forms a catalytic site that functions
cooperatively via an alternating site mechanism in which the binding of
ATP to one site prompts release of product in an adjacent site (Boyer
1975). In substrate-limiting conditions, single molecule experiments have
observed an additional dwell separating 120° of rotation into a 40° and 80°
step (Yasuda, Noji et al. 2001). The duration of the dwell prior to the 80°
step was sensitive to the concentration of ATP available and is known as
ATP Binding dwell, while the dwell that is insensitive to ATP concentration
has been labeled the catalytic dwell, and is believed to include the ATP
hydrolysis step. Release of Pi from one catalytic site leaves the site vacant
and initiates y—subunit rotation (Adachi, Oiwa et al. 2007; Watanabe, lino
et al. 2010). If ATP has not bound, or if the ADP generated from the prior
hydrolysis has not been released from the adjacent site counterclockwise
to that where ATP binds, then the 120° power stroke is interrupted by an
ATP Binding dwell ~40° from the catalytic dwell (Watanabe, Okuno et al.
2012).

The binding affinities for nucleotides at the three catalytic sites
differ by orders of magnitude, and each changes its affinity sequentially as
the result of rotation (Weber and Senior 1997). The F;-ATPase has been
proposed to take advantage of the free energy made available by the

change in the affinity for nucleotide at each catalytic site (Gao, Yang et al.

57



2003). Using cellular concentrations for ATP, ADP, and Pi, and the
dissociation constants the free energy for each site was calculated. The
overall difference in free energy was then determined for each site after
the accompanying change in binding affinities (i.e. low to high, etc.) after
120° of rotation. The net free energy was calculated to be approximately
equivalent to the free energy released from hydrolysis of one ATP. Two
separate binding steps were proposed to provide the energy needed for
the energy consuming step of product release. First, the energy gained in
the change from low to high binding affinity once ATP binds, and second,
free energy gained when ADP and Pi bind to the medium affinity site.

It was concluded that the rotation must have constant torque (Oster
and Wang 2000) based on single molecule measurements that show that
the F; is nearly 100% efficient (Noji, Yasuda et al. 1997). If the rotational
velocity were not constant then the efficiency would necessarily be less
than 100%. Based on this premise, it was proposed that ATP-binding-
induced rotation of the y subunit is powered by the gradual closing of the
N-terminal helical domain of the B-subunit. As this domain draws to closed
position, it acts as a lever arm that pushes against the y-subunit similar to
a cam shaft for approximately 80° of rotation that ends upon formation of
the catalytic dwell. To explain the energy source for the 40° of rotation
subsequent to ATP hydrolysis during the catalytic dwell, elastic energy

stored in the closed lever arm conformation of the f—subunit is relaxed

upon Pi release. Consequently, 120° of y-subunit rotation requires the
58



binding of substrate to one site, and hydrolysis and phosphate release in
another such that rotation occurs in two separate steps.

Previous work has determined the torque using a number of
various methods including; the number of revolutions of a gold bead
(Yasuda, Noji et al. 2001), or of an actin filament (Noji, Yasuda et al. 1997;
Cherepanov and Junge 2001), fluctuation theorem (Watanabe, Hayashi et
al. 2011), and the transition time of a gold nanorod (the time it takes for a
gold nanorod to rotate 90°) (Spetzler, York et al. 2006; Spetzler,
Ishmukhametov et al. 2009). These approaches however, rely on the
hypothesis that F; rotates at a constant velocity based on single molecule
results (Noji, Yasuda et al. 1997) showing that the F; is nearly 100%
efficient (Oster and Wang 2000).

Recently a new method was reported that measured light scattered
from gold nanorods attached to the y-subunit of the E. coli F1-ATPase that
provide unprecedented resolution of rotational position as a function of
time (Spetzler, York et al. 2006; Spetzler, Ishmukhametov et al. 2009).
Rotation was observed as sinusoidal changes in the intensity of red light
scattered from the nanorod that correlated to the orientation of the long
axis of the nanorod relative to the direction of polarization (Figure 15).
Upon alignment with the plane of polarized light, the gold nanorods
scattered a maximum intensity of red light, and a minimum when aligned
perpendicularly (Sonnichsen and Alivisatos 2005). Rotation of the y-

subunit was then determined by observing the intensity of red light

59



scattered from a single nanorod attached to the foot of the y—subunit.
Using this approach, the average rotation was measured to occur in 250

us, such that the E. coli F;-ATPase generated an average torque of ~61

pN nm.
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Figure 15. Single molecule measurements of rotation using gold
nanorods as a probe. The intensity of the light scattered from the nanorod
is proportional to the rotational position of the nanorod in relation to the
plane of polarization. A maximum intensity is observed when the nanorod
is parallel to the incoming polarized light, and at a minimum when the
nanorod is perpendicular. As the foot of the gamma subunit rotates in a
counter clockwise direction, the nanorod also rotates, and the intensity of
scattered red light increases as the nanorod approaches alignment with

the plane of polarized light.
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High fidelity observations of the rotational position of the y-subunit
as it traverses a power stroke clearly show that the rotational velocity is

not constant, but has an initial () acceleration phase during the first 15°

from the end of the catalytic dwell, followed by a slow (S) acceleration
phase that occurs during ATP binding and ADP release. At ~60°, the SP
transitions to a fast (F) acceleration phase that contains an interim
deceleration (ID) phase between 75° - 82°. High ADP concentrations
decreased the velocity of the slow phase proportional to the increased
presence of ‘ADP-release’ dwells but also decreased the velocity of the
fast phase proportional to the change in free energy derived from the
change in chemical equilibrium with ATP and PI. The rotational velocities
were compared using purine nucleotides that differed in their binding
affinities at the catalytic sites. Although the decreased affinity for ITP
caused an expected 10% increase in ITP-binding dwells, the ITP-
dependent rotational velocity decreased by 40% during the slow
acceleration phase. Since torque is proportional to the velocity times the
drag, this is the first direct evidence that nucleotide binding contributes to
the generation of torque on the F;-ATPase molecular motor
RESULTS

The most sensitive measure of rotation using gold nanorods occurs
during the 90° in which a 120° power stroke passes through a minimum
and a maximum of scattered light intensity designated as a transition.

Figure 16A shows three example transitions collected at 200 KHz after
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the dynamic range of the intensity of scattered light from the nanorod was
maximized. These transitions span a range faster and slower than the
average duration of about 0.25 ms for 120° of rotation (Spetzler, York et

al. 2006).
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Figure 16. Example Single Transitions of F; Power Strokes in the
presence of 1 mM Mg®" and 2 mM ATP. (A) Light intensity scattered from
a gold nanorod attached to the y subunit collected at 200kHz as a function
of time. The average transition time under these conditions was 0.17 ms.
(B) Rotational position of the y subunit as a function of time calculated

from the transitions in (A) using Eq. 1.
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In Figure 16B, each of the respective transitions was converted to
degrees of rotation as a function of time using Eq. 1, where | is the
intensity of light scattered from the nanorod.

0 = (asin 1)180x™* Eq. 1
It is clear from these example transitions that the rotational velocity is not
constant throughout the power stroke. Even though these power strokes
occurred at saturating Mg?*-ATP concentrations, occasional short pauses
were resolved at this data acquisition speed.

To understand how the velocity of rotation changes as a function of
rotational position, the velocity was binned and averaged for every three
degrees of rotation. The average velocity of transitions as a function of

rotational position from the end of the catalytic dwell is shown in Figure
17. Following an Initial (I) Acceleration Phase during the first 10° of

rotation, a Slow (S) Acceleration Phase was observed between 10° to 60°
of rotation. During the next 30° of rotation a Fast (F) Acceleration Phase
occurred that, at its maximum velocity, was about 8 fold of that observed
during the slow acceleration phase. Within this fast acceleration phase
was a short period of deceleration between 75° and 80° of rotation

designated the Interim (ID) Deceleration Phase.
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It is noteworthy that the average velocity included data when, at
given rotational positions, the velocity was zero. The location and duration
of pauses were identified by binning the rotational position of each data
point within a transition and plotting them as a histogram. A 3D histogram
of pause duration and location is shown in Figure 18A. The distribution of
pauses was fairly constant with small increases in abundance between
15-20° and also between 60-70° of rotation. The duration of the vast
majority of these pauses was less than 20 usec. An ADP-Release dwell is
known to occur at about 40° and becomes evident in the presence of
elevated concentrations of product (Adachi, Oiwa et al. 2007). Figure 18B
shows the effect of additional ADP to the 3D dwell profile. The addition of
ADP increased the abundance and duration of dwells located around 40°

from the catalytic dwell.
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Figure 18. 3D histogram of location and duration of pauses. Distribution of
the duration of dwells that occurred during single transitional events as a
function of rotational position in the presence of 2mM ATP and 1mM Mg2+

(A) or in the presence of 4 mM ADP, 2mM ATP, and 3 mM Mg2+ (B).
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The averaged rotational profile of F; in the presence versus the
absence of elevated Mg-ADP is shown in Figure 19A. The presence of
Mg-ADP decreased the initial and slow acceleration phases. As shown in
Figure 21B, the fractional differences in rotational velocity due to the
addition of Mg-ADP were 40 - 50% during these phases. Although the
velocities were about the same at 60° from the catalytic dwell, the
rotational position between the slow and rapid acceleration phases, the
additional Mg-ADP also decreased the rapid acceleration phase by an
average of 22% in a manner that suppressed the magnitude of the

deceleration phase.
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Figure 19. Effect of ADP on Average Rotational Velocity as a Function of
Rotational Position. (A) The average rotational velocities of F1 ATPase
powered rotation in the presence of 2 mM ATP and Mg2+ (e), versus 4
mM ADP, 2mM ATP and 3 mM Mg2+ (e). (B) The fractional decrease in
rotational velocity (e) from (A), and the fractional increase in the
occurrence of dwells (#) in the presence versus absence of added ADP as

a function of rotational position.
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To assess the contribution of the occurrence of Mg-ADP dependent
dwells to the decreases in average velocity, the fractional difference in
dwell abundance (i.e. the difference in dwell abundance between Figs.
18A and B) as a function of the rotation position is also shown in Figure
19B. Comparison of the fractional changes of rotational velocity and Mg-
ADP dwell abundance clearly show that the decrease in velocity and
increase in dwell abundance during the slow acceleration phase was the
same. Thus, the decrease observed during the slow acceleration phase
was the result of suppression of Mg-ADP release and not an actual
change in rotational velocity.

The contribution of nucleotide binding affinity to the rotational
velocity of the y-subunit was determined by comparing the effects of GTP
and ITP to ATP as substrates for hydrolysis. The dissociation constants
for GTP, GDP and IDP determined by tryptophan fluorescence quenching
are shown in Table 1 along with a summary of the dissociation constants
for ATP, ITP, and ADP as determined by Senior et al. (Weber and Senior
2001; Senior, Nadanaciva et al. 2002) using the same method. The
binding affinity of GTP and ITP for Catalytic Site 1 was about 300 fold
lower than that of ATP. At Catalytic Site 2, the affinities for GTP and ITP
were 30 and 40 fold lower than that of ATP. Although Site 3 had similar
binding affinities for ATP and GTP, the affinity of ITP was nearly 500 fold

lower.
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Nucleotide Catalytic Site

1 2 3

Ko Ko Ko

(uM) (uM) (uM)

ATP2 0.001 1.00 30.00
GTP 0.290 29.33 20.76
ITP> 0.330 41.00 1400.00
ADP2 0.040 1.80 35.00
GDP 0.023 41.29 41.75
IDP 4.450 1316.00 1316.00

aSenior, Nadanaciva & Weber (2002) Biochim Biophys Acta, 1553, 188
t\Weber &Senior (2001) J Biol Chem, 276, 35422

Table 1. Binding affinities of purine nucleotides. To the three catalytic site

of F1-ATPase measured by tryptophan fluorescence quenching.
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The differences in the affinities of the catalytic sites for ATP, GTP
and ITP were reflected in changes in the ke,yKv of ATP hydrolysis (Figure
20), consistent with Michaelis-Menton kinetics. As a consequence, 1 mM
Mg-ATP approximated k., conditions, whereas equivalent concentrations
of Mg-GTP and Mg-ITP were rate-limiting. Under substrate-limiting
conditions, the rotary mechanism of the F;-ATPase is known to have an
ATP-binding dwell at 40° of rotation from the catalytic dwell (Adachi, Oiwa

et al. 2007).
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Figure 20. Rate of F;-dependent hydrolysis as a function of Nucleotide
Triphosphate (NTP) concentration. The ATPase activity of F; was
measured using a coupled assay nucleotide regenerating assay (Greene
and Frasch 2003). The k¢4 Of F1 was calculated and plotted as function
of increasing concentrations of the purine nucleotides; ATP, GTP, and
ITP. In order reduce possible nucleotide diphosphate inhibition, NTP was
added at concentration double that of Mg®*. Thus, the reported
concentrations are for Mg?*-NTP, and not for the total nucleotide present
in each experiment. Rates were measured and calculated at 0.075,
0.150, 0.300, 0.500, 0.750, 1.00, 1.50, 2.00, 3.00, 4.00, and 5.00 mM

Mg?*-NTP.
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Figure 21A shows the effects of substrate limiting concentrations of
nucleotides on the average rotational velocities of F; as a function of

rotational position from the catalytic dwell. Although the velocities of both

the | and S phases were decreased by 1 mM ITP, only the latter phase

was slower in the presence of either 300 uM ATP and 1 mM GTP. In all
cases, limiting substrate concentrations resulted in small increases during
the fast acceleration phase. The fractional differences in velocity centered
on the slow acceleration phase at limiting ATP and GTP were about the
same magnitude as the fractional increases in the nucleotide-binding
dwells (Figure 21B and 21C). The magnitudes of the decreases in dwells
during the fast acceleration phase were also about the same as the
increases in velocity observed with these nucleotides. These data indicate
that the differences in average velocity are the result of dwells, and not

from a change in actual rotational velocity.
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Figure 21. Effects of limiting substrate concentrations for ATP, GTP, and

ITP on the nucleotide binding dwells and velocity. (A) Average rotational

velocities of F; as a function of rotational position from the catalytic dwell

for 300uM Mg-ATP (e), 1 MM Mg-GTP (m), and 1mM Mg-ITP (=)

compared to 1ImM Mg-ATP (¢). The fractional decrease in rotational

velocity for (e) from (A), and the fractional increase in the occurrence of

dwells (#) for 300 uM ATP (B), 1 mM Mg-GTP (C), and 1mM Mg-ITP (D)

versus 1mM Mg-ATP as a function of rotational position.
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Limiting ITP also resulted in an increase in the nucleotide-binding
dwells during the S phase, and a decrease in dwells during the F phase
(Figure 21D). The magnitude of the change in velocity during the fast
acceleration phase with ITP was comparable to that of the dwells.
However, during the slow acceleration phase, the magnitude of the
fractional decrease in rotational velocity was 3-fold greater on average
than the fractional increase in the nucleotide-binding dwells. Thus, the
decrease in velocity during the slow acceleration phase indicates that
nucleotide affinity does contribute to the rotational velocity.

Discussion

The use of light scattered from gold nanorods attached to the vy-
subunit of the F;-ATPase presented here provide unprecedented
resolution of rotational position as a function of time. These results clearly
show that the rotational velocity is not constant during a power stroke, but

has an initial (l) acceleration phase during the first 15° from the end of the

catalytic dwell, followed by a slow (S) acceleration phase that occurs
during ATP binding and ADP release. At ~60°, the S transitions to a fast
(F) acceleration phase that contains an interim deceleration (ID) phase
between 75° - 82°. The energy conversion efficiency from nucleotide
hydrolysis to rotary torque has been estimated to be close to 100% based
on early single molecule observations of y-subunit rotation of F; (Noji,
Yasuda et al. 1997). Based on this result, the rotary torque generated

during rotation was assumed to be nearly constant (Oster and Wang
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2000) because the high efficiency implies tight coupling between the
mechanics and the chemistry such that entropic losses are small. Since
torque is directly proportional to the product of the drag and the velocity,
the results presented here clearly show that the torque is not constant,
and thus, any conclusions that rely on the assumption of constant torque
must be reexamined.

The results presented here that the fractional decrease in ITP-
dependent rotational velocity was four-fold larger than the fractional
increase in substrate-binding dwells provides the first direct evidence that
nucleotide binding contributes to the generation of torque on the F;-
ATPase molecular motor. This is consistent with theoretical studies (Oster
and Wang 2000; Gao, Yang et al. 2003). As shown in Figure 23, ATP can
bind to E. coli F; when the y-subunit has rotated anywhere from 15° — 50°
from the catalytic dwell, with the highest binding affinity occurring at ~35°.
This is consistent with the probability for ATP binding reported for the
thermophilic PS3 enzyme (Yasuda, Noji et al. 2001).

Following the binding of ATP, the y-subunit is halted by the catalytic
dwell after 80° of rotation. The velocity of F; rotation powered by ATP,
GTP, or ITP during the fast acceleration phase of this 80° rotation was
about the same (Figure 21) even though the affinity for ITP at catalytic
site-3 is almost 50-fold lower than ATP and GTP (Table 1). This suggests
the binding affinity of all three nucleotides exceed a threshold for the

minimum energy required to rotate the y-subunit during the rapid
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acceleration phase. To explain how ATP binding energy contributes to
torque for the final 40° of the power stroke after the catalytic dwell, Wang
and Oster (Oster and Wang 2000) postulated that a portion of the energy
from ATP binding is stored during the catalytic dwell as elastic energy in
the lever arm of the  subunit. Since a greater fraction of the energy
derived from ITP binding would be consumed during the first 80° of
rotation, less energy is subsequently available to be stored during the
catalytic dwell. This would explain the lower ITP-dependent velocity during
the 40° power stroke observed here. More experiments are required to
identify how this energy is stored during the catalytic dwell.

In the presence of high ADP concentrations, it was observed that
the rotational velocity of the S phase decreased proportional to the
increase in ‘ADP-release’ dwells (Figure 19) similar to that reported for F;
from the thermophilic bacterium PS3 (Watanabe, lino et al. 2008).
Furthermore, the addition of ADP to the E. coli F; also decreased the
velocity of the F phase, which was not compensated by a change in the
abundance of dwells (Figure 19B). Consequently, the 22% decrease in
average rotational rate is solely due to a decrease in velocity. The free
energy of the chemical equilibrium of [ADP][Pi]/[ATP] in the presence and
absence of the Mg-ADP added here was calculated to be -94.4 pN nm
and -116 pN nm, respectively. This 19% difference in free energy
approximately corresponded to the fractional decrease in velocity

observed during the F phase.
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Chapter 4
EFFECT OF CATCH LOOP MUTATIONS ON THE VELOCITY OF F;
ATPASE ROTATION
ABSTRACT
Recent single molecule measurements of E. coli F;-ATPase

rotation that resolve the rotational position and velocity with high precision
revealed initial (), slow (S), and fast (F) acceleration phases to the
rotational velocity where the latter included an interim deceleration (ID)
phase. Single site mutations that can affect the velocity of specific phases
of y-subunit rotation were observed for the first time, which in some cases,
were in regions of F; previously considered not to contribute to rotation.
Mutations BD372V and yK9l were found to increase the velocity
specifically during the F phase, while yK9I also increased the depth of the
ID phase. The conversion between S and F phases was specifically
affected by yQ269L. While yT273D, BD305E, and aR283Q decreased the
velocity of all phases, the decreases in velocity due to D302T, yR268L
and yT82A were confined to the | and S phases. The correlations between
the structural locations of these mutations and the phases of rotation they
affect provide new insight into the molecular basis for the conformational

changes of the protein that contribute to rotation of the y-subunit.
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INTRODUCTION

The Fi-ATPase is a rotary motor composed of the y subunit that
rotates within a hexameric ring of alternating o and 8 subunits (Figure
22A). The three catalytic sites for ATP hydrolysis in the ring, each formed
by an aff subunit heterodimer, function in a sequential manner to promote
CCW rotation of the y-subunit. The y—subunit is composed of a globular
domain known as the foot, and the coiled-coil domain that extends up

through the center of the hexameric ring.
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Figure 22. Crystal structures of the F; ATPase. (A) Depiction of the F;
crystal structure (30AA) from E.coli that has been inhibited by £ showing
the B subunits designated as E (dark blue) and F (light blue). The y subunit
has two domains, the foot (tan) and the coiled-coil region (grey). This
structure also shows that the foot of y is rotated 43° counterclockwise from
that of 1H8E. (B) Model of angular deviations of the foot of the y subunit in
relation to the coiled-coil as determined from available F; crystal
structures. Hexagonal shapes represent alternating . and 3 subunits in
the F; ATPase, and v is represented by the orange stalk and foot sections,
representing the coiled-coil and foot domains of vy, respectively. Crystal
structures of various F; structures show counterclockwise rotation of the

foot while the coiled-coil domain does not move.
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Hydrolysis of ATP is believed to occur during Catalytic Dwells that,
in the E. coli enzyme, last for about 8 ms and are rate-limiting to the
overall reaction (Spetzler, York et al. 2006). Release of Pi from one
catalytic site ends the catalytic dwell to initiate y-subunit rotation (Adachi,
Oiwa et al. 2007; Watanabe, lino et al. 2010). At saturating ATP
concentrations, rotation occurs in 120° steps separated by catalytic dwells.
As rotation proceeds from the end of the catalytic dwell, a second (ATP-
Binding) dwell can occur if ATP has not become bound and/or if ADP has
not been released (Watanabe, Okuno et al. 2012). Although ATP can bind
when the y-subunit has rotated anywhere from 15° — 50° from the catalytic
dwell, it binds with the highest affinity at about 35° - 40° (Chapter 3,
(Adachi, Oiwa et al. 2007)). At this point in the rotation, ATP binds to the
empty catalytic site vacated by the Pi, while the ADP generated from the
prior hydrolysis is released from the adjacent site located on the af} ring
counterclockwise to the ATP-binding site (Site CD, Figure 22B).

It was recently shown that the binding of ATP to the empty catalytic
site provides the energy required for the 120° power stroke of F; (Chapter
3). To explain why the low affinity substrate ITP decreased the velocity
during the 40° of rotation that follows the catalytic dwell but not the 80° of
rotation immediately following substrate binding, it was proposed that the
binding energy only needs to exceed a minimal threshold value to initiate
rotation prior to the catalytic dwell. The remaining binding energy was

thought to be stored as elastic energy during the catalytic dwell that
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propels the remaining 40° of rotation (Oster and Wang 2000). The binding
of ATP is believed to induce the movement of the B-subunit helical domain
containing the DELSEED motif to move from an open to a closed position
(Figure 1A). This movement of the DELSEED-containing domain is
thought to push on the on the y-subunit as a lever arm on a camshatft to
induce rotation. It was shown that when the a-helical arm adjacent to the
DELSEED was shortened, torque was reduced significantly, yet torque
was not affected by the removing the negative charges in the DELSEED
region (Hara, Noji et al. 2000; Usukura, Suzuki et al. 2012). It was
concluded that the y-subunit coiled-coil does not contribute to the
generation of torque based on experiments that showed that rotation was
still observed after most of the coiled-coil had been deleted (Furuike,
Hossain et al. 2008).

In the 1H8E crystal structure of bovine F; ATPase (Menz, Walker et
al. 2001), all catalytic sites contain nucleotide, two of which contain the
transition state analog Mg?*-ADP-AIF,,. This suggests that this structure
most closely resembles the catalytic dwell, which is consistent with the
observation that the y-subunit foot domain of 1H8E is rotated the furthest
clockwise of available F; crystal structures (Figure 22B). Two-thirds of
available F; crystal structures show that the foot of the y—subunit is rotated
13° - 17° counterclockwise from 1H8E, suggesting that this is the angular

position of lowest free energy for the foot domain. At the other extreme, in
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the E. coli F; structure (30AA) , the foot domain is rotated CCW up to 43°
relative to the coiled-coil domain as compared to the 1H8E structure.

In all available crystal structures of F; ATPase the y-subunit coiled-
coil is attached via electrostatic interactions to residues located on the -
subunit of the empty catalytic site known as “the catch loop”. Mutations to
residues on the  and y-subunits that form this catch have dramatic effects
on catalytic function, and have been postulated to be involved in an
Escapement Mechanism that permits rotation only upon substrate binding
to the empty catalytic site (Greene and Frasch 2003). The electrostatic
interactions in the Catch include residues D305 and D302 of the empty
catalytic site and residues yQ269, yT273, and yR268 on the y-subunit
coiled-coil (Figure 23A). In the other two catalytic sites where nucleotide
is bound, the catch loop residues form salt bridges with a«R283 on the o
subunit of the ap heterodimer that comprise those catalytic sites (Boltz
and Frasch 2006) (Figure 23B). Consequently, sometime after ATP binds
to the empty site, the B subunit catch loop residues must switch from the vy-
subunit to the a subunit of that catalytic site. Conversely, ADP release at
the adjacent catalytic site must dissociate the electrostatic interactions
between neighboring o and  subunits (Catalytic Site CD, Figure 25B) so
that the y subunit can bind to the next catch loop at the conclusion of that

rotational event.
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Figure 23. Crystal structures that show interactions of § catch loop
residues with the y-subunit and a-subunits. (A) A close up of the hydrogen
bond network formed between the Be subunit and y referred to as the
catch loop region. This MF; structure is from 1E79 as crystallized from
bovine. (B) Crystal structure 1H8E of bovine MF; showing interactions of

BD305 and BD302 with cR283 within the Bre site.
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Recently, using the light scattered from gold nanorods as a probe
of rotation, the velocity of the y-subunit as a function of rotational position
was observed at much higher resolution than was previously possible
(Spetzler, York et al. 2006; Spetzler, Ishmukhametov et al. 2009). This
study revealed that the rotational velocity is not constant, but accelerates
in four phases. At the end of the catalytic dwell there is an initial

acceleration (l) during the first 15° followed by a slow acceleration (S)

phase from 15° — 60°. During this latter phase ATP binds and ADP is
released with the highest probability occurring from 30° - 40°. From 60° —
90° acceleration is much faster (F), except for a short interim deceleration
(ID) that occurs between 75° and 82°. However, except for the nucleotide
binding and release steps, the association of these phases with
conformational changes of F; is currently not understood.

The effects of mutations on the velocity of y-subunit rotation using
the gold nanorod-based single molecule assay have now been examined
through detailed resolution of their power strokes. These studies identify
for the first time single-site mutations that can affect the velocity of specific
phases of y-subunit rotation. Some residues, including those in the region
of the y-subunit coiled-colil previously considered not to contribute to
rotation, were found to change the velocity by as much as 50% from that
in the wild type. The correlations between the structural locations of these

mutations and the phases of rotation they affect provide new insight into
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the molecular basis for the conformational changes of the protein that
contribute to rotation of the y-subunit.
RESULTS

The 1H8E crystal structure of bovine F; shown in Figure 24,
depicts a salt bridge linking the E. coli equivalent of D372, which is
adjacent to the DELSEED domain, to yK9. The effects of yK9I and
BD372V on the average rotational velocities as a function of rotational
position are shown in Figure 25A. The y—subunit rotational position of 0°
is defined as the end of the catalytic dwell. The average rotational

velocities observed with both mutants were the same as that of the wild
type during the Tand S phases. While the velocity during the F phase was
increased by these mutants relative to wild type, the D372V mutant
showed a greater effect during this phase than yK9l. However, yK9I also
slowed the rotational velocity by an additional 33% during the ID phase

compared to wild type.
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Figure 24. Interaction of the DELSEED lever arm and the y-subunit coiled-
coil. Crystal structure 1H8E of bovine MF; that shows the interaction of
BD372 adjacent to the DELSEED domain with residue yK9 on the coiled-
coil domain of the y subunit. This interaction does not occur in other F;

crystal structures for analogous residues.
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Figure 25. The effects of the D372V and yK9I mutations on the average
velocity of F; rotation and dwell abundance as a function of rotational
position. (A) The average rotational velocity of F; ATPase powered
rotation of wild type (#), versus the D372V (e), and yK9I (=) mutations.
(B) Normalized occurrences of the abundance of dwells for each rotational
position for wild type (black), versus the D372V (red), and the yK9I (blue)
mutations. The first nine degrees were excluded from all dwell analysis
due to interference from catalytic dwells. The fractional decrease in
rotational velocity (e) from (A), and the fractional increase in the

occurrence of dwells (#) as calculated from (B) for yK9l in (C), and

BD372V in (D) over wild type as a function of rotational position.
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The average velocities in Figure 25A include data from contributing
individual transitions that have paused at various rotational positions. The
distributions of these pauses in the wild type, yK9I, and BD372V mutants
were plotted as a function of rotational position (Figure 25B). Although, at
saturating ATP, pauses in the wild type occur throughout the transition,
the abundance is at a local minimum around 40° of rotation where the
ATP-binding dwell is observed at limiting substrate concentrations
(Chapter 3). When these data were plotted as the fractional differences in
dwell abundance between the wild type and the D372V mutant (Figure
25C), the mutant had up to 30% fewer dwells during the F phase, yet
there was a corresponding increase of 60% in the velocity of y subunit
rotation. Thus, the D372V mutant allows the y-subunit to rotate at higher
velocities upon nucleotide binding. The absence of dwells, along with an
increase in the rotational velocity suggests that removal of the negative
charge of the D372 residue reduced obstacles that impeded rotation
during the F phase.

The fractional differences in dwells observed for yK9I relative to wild
type compared to fractional differences in velocity as a function of
rotational position is shown in Figure 25D. During the F phase, the yK9I
mutant had about 20% fewer dwells while at the same time the average

rotational velocity increased up to 60%. This increased velocity is likely the
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result of the elimination of possible electrostatic interactions between y
and the surrounding a3 subunits.

A comparison of the average rotational velocities of the yQ269L and
yT273N mutants to wild type as a function of rotational position is shown in
Figure 26A. Although | and S phases were not affected by the yQ269L
mutation, the average rotation rate was 20% slower than wild type from

40° to 60° of rotation (Figure 26B), which was predominantly the result of

a proportionate increase in dwells.
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Figure 26. Effects of the yQ269L and yT273N mutations to the average
rotational velocity of the y-subunit and dwell abundance as a function of
rotational position. (A) The average rotational velocities of F; ATPase
powered rotation of wild type (¢), versus the yQ269L (e) and, yT273N (A)
mutations. (B) The fractional decrease in rotational velocity (e) from (A),
and the fractional increase in the occurrence of dwells (#) for the yQ269L
mutation as shown in (C), and the yT273N mutation as shown in (D) as

compared to wild type and as a function of rotational position.
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The yT273 residue is located one helical turn from the yQ269
residue (Figure 23A), where it interacts with the B-subunit through a
hydrogen bond to the backbone of fV265. The yT273N mutation, which
substituted a group that retained both the size and polarity, slowed y-
subunit rotation by less than 10%. This decrease was primarily the result
of an increase in dwells (Figure 26C). The yT273D mutant, which converts
the polar side chain to a negatively charged group, suppressed the
rotational velocity of the y-subunit during all three phases of rotation
(Figure 27A), and reduced the magnitude of the ID phase. Although there
was a 10% fractional increase in dwells during the S phase (Figure 27B),
this did not compensate for the 40% decrease in velocity observed during

this phase.
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Figure 27. Mutations that affect all three phases of the average rotational

velocity of F; as a function of rotational (A) The average rotational

velocities of F; ATPase powered rotation of wild type (#), versus the

yT273D (o), BD305E (A), and aR283Q (=) mutations. The fractional

decrease in rotational velocity (e) from (A), and the fractional increase in

the occurrence of dwells (#) for the yT273D mutation as shown in (B), the

BD305E mutation as shown in (C), and the aR283Q mutation as shown in

(D) compared to wild type and as a function of rotational position.
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The BD305E and aR283Q mutants also caused decreases in
rotational velocity during all three acceleration phases (Figure 27A). In
both cases, the ID phase was suppressed, and was almost eliminated by
the aR283Q mutation. The fractional decrease in velocity by about 35%
during the | and S phases resulting from the BD305E mutation, was
substantially greater than the 10% increase in dwells during these phases
(Figure 27C). During the F phase, the dwells had little impact on the 20%
average decrease in the observed rotational velocity. Although the
aR283Q mutation also decreased the | and S phase by 18% (Figure
27D), this was largely the result of a very unusual periodic increase in
dwells during these phases.

Mutations that decreased the rotational velocity specifically during

the | and S phases include YR268L, BD302T and yT82A (Figure 28A).

The yR268 residue forms a salt bridge to catch loop residue D302 of the
empty catalytic site. Mutations to yR268L and D302T resulted in a
decrease in the rotational velocity of 20%-30% and 40%, respectively
(Figures 28B-C). The yR268L increased dwells by an average of 5%,
while BD302T had 10% fewer dwells such that the actual decrease in

rotational approached 50%.
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Figure 28. Mutations that affect the average velocity of y-subunit rotation

exclusively during the S phase. (A) The average rotational velocities of F;

ATPase powered rotation of wild type (¢), versus the yR268L (m), BD302T

(®), and yT82A (A) mutations. (B) The fractional decrease in rotational

velocity (e) from (A), and the fractional increase in the occurrence of

dwells (#) for the yR268L mutation as shown in (B), and the D302T

mutation as shown in (C). (D) Crystal structure of 1H8E showing

electrostatic interactions involving yT82 that connect the foot of the y

subunit to the coiled coil region. (E) The fractional decrease in rotational

velocity (e) from (A), and the fractional increase in the occurrence of

dwells (#) for the yT82A mutation.
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Residue yT82 is part of an electrostatic network that strengthens
the linkage between the foot and the coiled-coil domain (Figure 28D). This
mutant resulted in a 10% average increase in dwells during the S phase,
and a 10% decrease in dwells during the F phase. In contrast, the mutant

caused a 30% decrease in rotational velocity during the S phase.

DISCUSSION

Single site mutations have been identified for the first time which
affect the velocity of specific phases of y-subunit rotation, and in some
cases, are located in regions of F; that were previously considered not to
contribute to rotation. The correlations between the structural locations of
these mutations and the phases of rotation that they affect provide new
insight into the molecular basis for the conformational changes of the
protein that contribute to rotation of the y—subunit. Mutations D372V and
vK9I were found to increase the velocity specifically during the F phase. In
the F; crystal structure from bovine mitochondria (Menz, Walker et al.
2001) the residue analogous to yK9 is member of a ring of positively
charged residues known as the ionic track. Since the negatively charged
DELSEED residues at the end of the f—subunit lever arms face the ionic
track, electrostatic interactions between DELSEED and the track were
initially proposed to propel y-subunit rotation (Ketchum, Al-Shawi et al.
1998). However, many of the ionic track residues are not conserved, and

single molecule experiments of mutants that eliminate the negative
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charges of the DELSEED residues have been shown to have no effect on
torque generation (Hara, Noji et al. 2000). The increase in rotational
velocity observed here with the D372V and yK9I mutations not only
confirm that these electrostatic interactions are not contributing to torque,
but demonstrate that these interactions slow the average rotational
velocity. It is likely that although the two mutations both increase the
velocity of the F phase, these effects are not necessarily the result of an
interaction of the two residues with each other. This is suggested first by
the fact that the bD372V and yK9l mutations accelerate the velocities of
the F phase to different extents, and second, by the observation that yK9I
uniquely exaggerated the deceleration during the ID phase. This latter
effect is possibly explained if electrostatic interactions between yK9 and
the negative charges on DELSEED assist in repositioning the 3 subunit in
such a way that reduces the extent of deceleration.

The results presented here show that yT82A was found to decrease
the velocity specifically during the S and | phases. The foot and coiled-coil
domains are connected by two loops at the end of the coiled-coil. Residue
yT82 is part of an electrostatic network between the two domains that
minimizes movement of the domains relative to each other. The strength
of this electrostatic network is evident by the fact that it remains in place in
crystal structures that show up to 43° of rotational movement of the foot
domain relative to the coiled-coil (Figure 22B). To explain how ATP

binding energy contributes to torque for the 40° power stroke following the
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catalytic dwell, Wang and Oster (Oster and Wang 2000) postulated that a
portion of the energy from ATP binding is stored during the catalytic dwell
as elastic energy in the lever arm of the 8 subunit. The decrease in
rotational velocity observed here as the result of yT82A, could occur if the
release of stored elastic energy caused the DELSEED lever to push the
foot of the y subunit to rotate counterclockwise. In the absence of the
electrostatic network, the mechanical advantage is reduced, resulting in a
slower rotation of the foot.

Although the yQ269L mutation had little effect on the rotational
velocity during the S and F phases, there was a unique decrease in the
velocity during the transition from the S to the F phase. This transition
region is likely where the B-subunit catch interactions with the y—subunit
are disrupted and reform with the neighboring a-subunit residue triggered
by the binding of ATP. Since the decrease in rotational velocity occurred
at this point due to the conversion of a polar to a hydrophobic residue,
vQ269 may be important for disengaging the catch from the y-subunit by
forming a hydrogen bond with yR268. This possibility is supported by the
relative positions of yQ269, yR268, and 3 subunit catch loop residues of
the empty catalytic site in the E. coli F; structure where the foot of the y
subunit is rotated 43° relative to the coiled-coil.

The results presented here show that the mutations BD302T and

vYR268L slowed the velocity only in the | and S phases. Rotation during the
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| and S phases has been proposed to result from the release of elastic

energy stored during the catalytic dwell that opens the DELSEED lever
arm to push against the y-subunit (Chapter 3). The observation that ITP-
driven rotation results in a decrease in velocity specifically during the | and
S phases supports the hypothesis that energy from substrate binding has
been stored in some conformational state of the protein during the
catalytic dwell (Oster and Wang 2000). In order for the DELSEED arm to
apply the leverage needed to drive y-subunit rotation of the foot by 40°
following the catalytic dwell, the B subunit needs to be anchored opposite
to where the leverage is applied. Since the BD302T and yR268L mutations
weaken the catch interaction with the y-subunit, the decreased velocity
observed for these mutations may be the result of decreased leverage as
the DELSEED arm pushes against the foot of the y-subunit. This is
supported by the position of the DELSEED arm in the site where ADP is
released (Site CD in Figure 2B) relative to the foot of the y—subunit in the
bovine F; crystal structure 1H8E (Menz, Walker et al. 2001).

All phases of rotation were observed here to decrease as the result
of the yT273D, BD305E, and aR283Q mutations (Figure 6). Since these
residues interact with multiple partners at the three catalytic sites in the
course of a rotational event, the underlying causes for the observed
differences on rotational velocity are complex. The enzyme is extremely
sensitive to mutation at position D305 such that only the most
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conservative substitution to the longer glutamate that retains the carboxyl
group is tolerated (Boltz and Frasch 2006). This increase in the length of
the side chain is likely to cause the decreases in velocity by disrupting the
electrostatic networks between the y-subunit and the -subunit of the
empty catalytic site as well as the salt bridges this residue forms with the

aR283 at the other two catalytic sites.
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Chapter 5
SUMMARY
Single molecule experiments are critical to understanding the
mechanism of F; rotation. Examination of the details that the effects of
treatments and mutations provide on an individual level, provide a different
perspective that is important in determining subtleties that can be missed
with bulk experiments. The results presented in the preceding three
chapters, as well as the appendices provide unique insights into the
mechanism of F; rotation and can be used to help model this mechanism.
In Appendix A, the abundance of E. coli F;-ATPase molecules
observed to rotate using gold nanorods attached to the y- subunit was
guantitated. Individual F; molecules were determined to be rotating based
upon time dependent fluctuations of red and green light scattered from the
nanorods when viewed through a polarizing filter. The average number of
F1 molecules observed to rotate in the presence of GTP, ATP, and without

nucleotide was ~50, ~25, and ~4% respectively. In some experiments, the

fraction of molecules observed to rotate in the presence of GTP was as
high as 65%. These data indicate that rotational measurements made
using gold nanorods provide information of the F;-ATPase mechanism
that is representative of the characteristics of the enzyme population as a
whole.

In chapter 2, the torque generated by the power stroke of

Escherichia coli F1-ATPase was determined as a function of the load from
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measurements of the velocity of the y-subunit obtained using a 5 ys time
resolution and direct measurements of the drag from 45 to 91 nm gold
nanorods. This result was compared to values of torque calculated using
four different drag models. Although the y-subunit was able to rotate with a
20 fold increase in viscosity, the transition time decreased from 0.4 ms to
5.26 ms. The torque was measured to be 63£8 pN nm, independent of the
load on the enzyme.

Appendix B measured increases in the power stroke and dwell
durations of single molecules of Escherichia coli F;-ATPase in response to
viscous loads applied to the motor and inhibition of ATP hydrolysis. The
load was varied using different sizes of gold nanorods attached to the
rotating y subunit and/or by increasing the viscosity of the medium using
PEG-400, a noncompetitive inhibitor of ATPase activity. Conditions that
increase the duration of the power stroke were found to cause 20-fold
increases in the length of the dwell. These results suggest that the order
of hydrolysis, product release, and substrate binding may change as the
result of external load on the motor or inhibition of hydrolysis.

The use of light scattered from gold nanorods attached to the vy-
subunit of the F;-ATPase presented in chapter 3 provided unprecedented
resolution of rotational position as a function of time. These results clearly
show that the rotational velocity is not constant during a power stroke, but

has an initial (l) acceleration phase during the first 15° from the end of the

catalytic dwell, followed by a slow (S) acceleration phase that occurs
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during ATP binding and ADP release. At ~60°, the S transitions to a fast
(F) acceleration phase that contains an interim deceleration (ID) phase
between 75° - 82°. The energy conversion efficiency from nucleotide
hydrolysis to rotary torque has been estimated to be close to 100% based
on early single molecule observations of y-subunit rotation of F; (Noji,
Yasuda et al. 1997). Based on this result, the rotary torque generated
during rotation was assumed to be nearly constant (Oster and Wang
2000) because the high efficiency implies tight coupling between the
mechanics and the chemistry such that entropic losses are small. Since
torque is directly proportional to the product of the drag and the velocity,
the results presented chapter 3 clearly show that the torque is not
constant, and thus, any conclusions that rely on the assumption of
constant torque must be reexamined.

The results presented in chapter 3 also show that the fractional
decrease in ITP-dependent rotational velocity was four-fold larger than the
fractional increase in substrate-binding dwells; thus, providing the first
direct evidence that nucleotide binding contributes to the generation of
torgue on the F;-ATPase molecular motor. This is consistent with
theoretical studies (Oster and Wang 2000; Gao, Yang et al. 2003). As
shown in Figure 19, ATP can bind to E. coli F; when the y-subunit has
rotated anywhere from 15° — 50° from the catalytic dwell, with the highest

binding affinity occurring at ~35°. This is consistent with the probability for
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ATP binding reported for the thermophilic PS3 enzyme (Yasuda, Noji et al.
2001).

Following the binding of ATP, the y-subunit is halted by the catalytic
dwell after 80° of rotation. The velocity of F; rotation powered by ATP,
GTP, or ITP during the fast acceleration phase of this 80° rotation was
about the same (Figure 21) even though the affinity for ITP at catalytic
site-3 is almost 50-fold lower than ATP and GTP (Table 1). This suggests
the binding affinity of all three nucleotides exceed a threshold for the
minimum energy required to rotate the y-subunit during the rapid
acceleration phase. To explain how ATP binding energy contributes to
torque for the final 40° of the power stroke after the catalytic dwell, Wang
and Oster (Oster and Wang 2000) postulated that a portion of the energy
from ATP binding is stored during the catalytic dwell as elastic energy in
the lever arm of the  subunit. Since a greater fraction of the energy
derived from ITP binding would be consumed during the first 80° of
rotation, less energy is subsequently available to be stored during the
catalytic dwell. This would explain the lower ITP-dependent velocity during
the 40° power stroke observed in chapter 3. More experiments are
required to identify how this energy is stored during the catalytic dwell,
although the results presented in chapter 3 provide some insight into this
process.

In the presence of high ADP concentrations, it was observed that

the rotational velocity of the S phase decreased proportional to the
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increase in ‘ADP-release’ dwells (Figure 19) similar to that reported for F;
from the thermophilic bacterium PS3 (Watanabe, lino et al. 2008).
Furthermore, the addition of ADP to the E. coli F; also decreased the
velocity of the F phase, which was not compensated by a change in the
abundance of dwells (Figure 19B). Consequently, the 22% decrease in
average rotational rate is solely due to a decrease in velocity. The free
energy of the chemical equilibrium of [ADP][Pi]/[ATP] in the presence and
absence of the Mg-ADP added in chapter 3 was calculated to be -94.4 pN
nm and -116 pN nm, respectively. This 19% difference in free energy
approximately corresponded to the fractional decrease in velocity
observed during the F phase.

Chapter 4 shows for the first time, single site mutations that can
affect the velocity of specific phases of y-subunit rotation, which in some
cases, were in regions of F; that were previously considered not to
contribute to rotation. The correlations between the structural locations of
these mutations and the phases of rotation that they affect provide new
insight into the molecular basis for the conformational changes of the
protein that contribute to rotation of the y-subunit. Mutations D372V and
vK9I were found to increase the velocity specifically during the F phase. In
the F; crystal structure from bovine mitochondria (Menz, Walker et al.
2001) the residue analogous to yK9 is member of a ring of positively
charged residues known as the ionic track. Since the negatively charged

DELSEED residues at the end of the -subunit lever arms face the ionic
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track, electrostatic interactions between DELSEED and the track were
initially proposed to propel y-subunit rotation (Ketchum, Al-Shawi et al.
1998). However, many of the ionic track residues are not conserved, and
single molecule experiments of mutants that eliminate the negative
charges of the DELSEED residues have been shown to have no effect on
torque generation (Hara, Noji et al. 2000). The increase in rotational
velocity observed in chapter 4 with the D372V and yK9l mutations not
only confirm that these electrostatic interactions are not contributing to
torque, but demonstrate that these interactions slow the average rotational
velocity. It is likely that although the two mutations both increase the
velocity of the F phase, these effects are not necessarily the result of an
interaction of the two residues with each other. This is suggested first by
the fact that the bD372V and yK9l mutations accelerate the velocities of
the F phase to different extents, and second, by the observation that yK9I
uniquely exaggerated the deceleration during the ID phase. This latter
effect is possibly explained if electrostatic interactions between yK9 and
the negative charges on DELSEED assist in repositioning the 3 subunit in
such a way that reduces the extent of deceleration.

The results presented in chapter 4 show that yT82A was found to
decrease the velocity specifically during the S and | phases. The foot and
coiled-coil domains are connected by two loops at the end of the coiled-

coil. Residue yT82 is part of an electrostatic network between the two
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domains that minimizes movement of the domains relative to each other.
The strength of this electrostatic network is evident by the fact that it
remains in place in crystal structures that show up to 43° of rotational
movement of the foot domain relative to the coiled-coil (Figure 22B). To
explain how ATP binding energy contributes to torque for the 40° power
stroke following the catalytic dwell, Wang and Oster (Oster and Wang
2000) postulated that a portion of the energy from ATP binding is stored
during the catalytic dwell as elastic energy in the lever arm of the 3
subunit. The decrease in rotational velocity observed in chapter 4 as the
result of yT82A, could occur if the release of stored elastic energy caused
the DELSEED lever to push the foot of the y subunit to rotate
counterclockwise. In the absence of the electrostatic network, the
mechanical advantage is reduced, resulting in a slower rotation of the foot.
Although the yQ269L mutation had little effect on the rotational
velocity during the S and F phases, there was a unique decrease in the
velocity during the transition from the S to the F phase. This transition
region is likely where the B-subunit catch interactions with the y-subunit
are disrupted and reform with the neighboring a-subunit residue triggered
by the binding of ATP. Since the decrease in rotational velocity occurred
at this point due to the conversion of a polar to a hydrophobic residue,
vQ269 may be important for disengaging the catch from the y-subunit by

forming a hydrogen bond with yR268. This possibility is supported by the
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relative positions of yQ269, yR268, and 3 subunit catch loop residues of
the empty catalytic site in the E. coli F; structure where the foot of the y
subunit is rotated 43° relative to the coiled-coil.

The results presented in chapter 4 show that the mutations D302T
and yR268L slowed the velocity only in the T and S phases. Rotation
during the I and S phases has been proposed to result from the release of
elastic energy stored during the catalytic dwell that opens the DELSEED
lever arm to push against the y-subunit (Chapter 4). The observation that
ITP-driven rotation results in a decrease in velocity specifically during the |
and S phases supports the hypothesis that energy from substrate binding
has been stored in some conformational state of the protein during the
catalytic dwell (Oster and Wang 2000). In order for the DELSEED arm to
apply the leverage needed to drive y-subunit rotation of the foot by 40°
following the catalytic dwell, the  subunit needs to be anchored opposite
to where the leverage is applied. Since the BD302T and yR268L mutations
weaken the catch interaction with the y-subunit, the decreased velocity
observed for these mutations may be the result of decreased leverage as
the DELSEED arm pushes against the foot of the y-subunit. This is
supported by the position of the DELSEED arm in the site where ADP is
released (Site CD in Figure 22A) relative to the foot of the y-subunit in the

bovine F; crystal structure 1H8E (Menz, Walker et al. 2001).

110



All phases of rotation were observed chapter 4 to decrease as the
result of the yT273D, BD305E, and aR283Q mutations (Figure 27). Since
these residues interact with multiple partners at the three catalytic sites in
the course of a rotational event, the underlying causes for the observed
differences on rotational velocity are complex. The enzyme is extremely
sensitive to mutation at position D305 such that only the most
conservative substitution to the longer glutamate that retains the carboxyl
group is tolerated (Boltz and Frasch 2006). This increase in the length of
the side chain is likely to cause the decreases in velocity by disrupting the
electrostatic networks between the y-subunit and the -subunit of the
empty catalytic site as well as the salt bridges this residue forms with the
aR283 at the other two catalytic sites.

Figure 29 shows a model of y-subunit rotation illustrating the
proposed timing of events that occur during each 120° of rotation.
Subunits A, B, and C represent conformations of the o subunits while D,
E, and F are B subunits of a specific conformation. Together the of3-
heterodimers of the three catalytic site conformations are designated AE,
BF, and CD. The AE site is the conformation in which the DELSEED arm
of the B-subunit is in the open position in the absence of bound nucleotide.
The BF site contains ATP bound to the catalytic site, and the B-subunit
DELSEED lever is in the closed position. The final site, CD has ADP and

Pi bound with the lever arm in the closed position.
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Figure 29. Model of y-subunit rotation illustrating the proposed timing of
events that occur during each 120° rotational event. Conformations of a
subunits (A, B, and C) and B subunits (D, E, and F) form catalytic site
conformations AE, BF, and CD. Steps 1—2 and 2—3 represent the | (0° -
15°) and S (15 — 60) phases, while Step 3—4 represents the F phase. The
asterisks indicate the steps in which changes in velocity were observed as
the result of a mutation to residues: a, aR283; b, D302; ¢, fD305; d,

yR268: e, yQ269; f, yK9; g, yT82; h, pD372.
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The model starts at the end of the catalytic dwell during which ATP
hydrolysis is believed to occur. Although definitive evidence for Pi release
is currently lacking, this product is thought to be released from Site AE
during the catalytic dwell, or it defines the end of the catalytic dwell. During

Step 1, the elastic energy stored in the DELSEED lever arm located at site

CD (the Bpp site) is released and drives rotation during the initial 40° ( the |

and S phases) by pushing on the y-subunit in a cam shaft manner. At
some point during the rotation (Step 2), and likely within the first 40°, Site
CD releases ADP but not Pi. However, release of ADP is not necessarily
concurrent with the opening of the DELSEED lever arm for Subunit D. The
resulting CD conformational change releases the subunit D catch loop
residues from interacting with aR283 on C to make them available for
binding to the y-subunit after the final 80° rotational step. In addition the
other interactions that hold the D and C subunits together are weakened,
and begin to draw apart as the A and E subunits of Site AE draw together
during ATP binding.

During Step 3, ATP binds to the AE site and y-subunit rotation
resumes as the DELSEED lever arm of E draws the closed position and
pushes on the most eccentric point of the y-subunit coiled-coil. However,
the fast acceleration phase can only be reached after the catch loop

residues in the E subunit disengage from the y-subunit and bind to the

113



adjacent a-subunit A, pulling A and E. During ATP binding, the empty
(AE) catalytic site changes its binding affinity and adopts the BF
conformation, and in turn the other subunits change from BF>CD, and
CD—>AE in a cooperative fashion.

Rotation proceeds for 80° (F phase), until the catch loop residues
from the newly formed E site stop the rotation and hold the y-subunit in
place (Step 4) to initiate the catalytic dwell and ATP hydrolysis at the end

of the rotational event.
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Chapter 6
METHODS
Preparation of F; Protein
The Fi-ATPase was purified from E. coli XL-10 strain. F; contains a
Hisg tag on the N-terminus of the a-*subunit and yS193C for biotinylation
as described previously (Greene and Frasch 2003; York, Spetzler et al.
2007). Membranes were resuspended in Buffer A containing 5.0 mM TES,

pH 7, 40 mM g-amino-caproic acid, 1 mM EDTA, 1 mM DTT, 5.0% (v/v)

glycerol, and the mixture was centrifuged at 180,000 x g for 1 hr at 4°C.
The supernatant was mixed with Buffer B (0.5 M TRIS/pH 8.0, 1 M KCl,
300 mM imidazole, 50 mM MgCl,) at a 10:1 (v/v) ratio. Glycerol was added
to 15% (v/v), and this mixture was loaded on a Ni-NTA column (0.8 cm in
diameter, 1.5 cm? of resin) washed initially with water and equilibrated with
Buffer C (50 mM TRIS/pH 8.0, 100 mM KCI, 30 mM imidazole, 5 mM
MgCl,, 15 % glycerol) to bind the F;-ATPase to the column, and the
column was washed with 20 ml of Buffer C. To biotinylate the enzyme, an
excess of biotin maleimide (Pierce) was dissolved in 3 ml of Buffer C,
which was used to wash the Ni-NTA column containing bound F;-ATPase.
After a wash with 10ml of Buffer C, the column was then flushed with 3 ml
of Buffer C containing 180 mM imidazole instead of 30 mM to elute the F;-
ATPase. The F1-ATPase containing solution was then passed through a

desalting column (Pierce) equilibrated with Buffer C in order to remove
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excess imidazole. Biotinylated F; was stored at 0.1 mg/ml at -80°C prior to
use. The protein prep demonstrated high rotational activity for half a year.
Gold Nanorod Preparation.

Protocols available to make gold nanorods have primarily optimized
factors that give rise to a high yield of nanorods with a narrow distribution
of size and aspect ratio. However, optimization of the dynamic range of
polarized light scattering has not been a priority. Although adding small
amounts of Ag during the synthesis of the gold nanorods has improved the
yield and uniformity of the nanorods, the presence of Ag decreased the
dynamic range significantly.

Nanorods used in the single molecule experiments presented in
this work came from both synthesized and commercial sources, or
commercial nanorods that were modified. Synthesis of gold nanorods was
accomplished through the reduction of HAuCl, to form 4-nm seeds (Jana,
Gearheart et al. 2001). Commercial nanorods were obtained from
Nanopartz, Inc., and were also used as a scaffold for growing larger
nanorods. In order to maximize their light scattering properties gold
nanorods were required to have an aspect ratio of around 1.7 to 1.9
(Huang, Neretina et al. 2009). In addition, the more gold material present
in the rod, the more efficient their light scattering properties. Thus, the
ideal rod was large, and yet did not exceed the ideal aspect ratio.

Long and narrow gold nanorods fom Nanopartz, Inc. were used as

a substrate in order to increase their girth until they reached the optimum
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aspect ratio of about 1.8. The gold nanorods were added in 1:4 ratio to
Solution A (100 mM CTAB, 67 uM HAuCl4, 69 uM Ascorbic Acid, 67 uM
Dehydroascorbic acid). Then the gold nanorod solution was placed in 70°
C water bath for 30 mins, and then the nanorods were spun down at 5,200
x g for 10 minutes. The agueous solution was removed from the nanorod
pellet, and the pellet was resuspended in distilled deionized water. The
sample was spun again at 5,200 x g for 10 minutes, and the solution was
carefully decanted, leaving the nanorod pellet intact. Finally, the gold
nanorod pellet was resuspended in 1 mM CTAB and was stored at room
temperature for up to six months.

Because the synthesis of nanorods is not precise, each nanorod
preparation that was either synthesized or obtained commercially was
examined by electron microscopy to confirm the distribution of sizes and
shapes before use in single molecule experiments. It has been determined
that the drag on the motors can be determined precisely based on their
dimensions, with the one minor caveat that the drag may be sensitive to
the extent of curvature at the ends of the rods (Spetzler, Ishmukhametov
et al. 2009).

The prepared rods were functionalized with Neutravidin in order to
facilitate binding to biotinylated F1-ATPase molecules for single molecule
rotation experiments. Neutravidin was added directly to the
nanorod/CTAB solution to a final concentration of 40 ug/ml. The solution

was then shaken at room temperature for 1 hour, and was diluted with
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Buffer D (50 mM Tris-Cl/pH 8.0, 10 mM KCI) containing BSA-c. The
coating of the nanorods with avidin was verified by confirming a 4-10 nm
red shift in the spectrum obtained from a Cary 100 spectrophotometer,
and it was determined that the coating lasted about a day.
PEG-400 Utilization

Where PEG-400 was present, the desired volume of PEG-400 was
mixed with Buffer D, 60 uM phenol red pH indicator, and the desired
amount of MgCl, and ATP. A 1:2 mole ratio of Mg**-ATP ratio was
maintained to minimize the presence of free Mg®*. Since high
concentrations of PEG-400 interfere with the accuracy of measurements
by a pH meter, the pH was adjusted by comparing absorbance of the
phenol red at 557 nm in the presence and absence of PEG-400.

The viscosity of the solutions was measured with a Brookfield
LVDV viscometer with UL adaptor at 28°C, and varied between 1-20 cP
(Hornung, Ishmukhametov et al. 2008). Figure 30 shows the measured
viscosity of the assay buffer as a function of the percentage (vol/vol) of
PEG 400. These data were used to calculate the shear stress as a

function of the shear rate (Figure 31).
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Figure 30. Viscosity of the assay buffer as a function of percent PEG-400
added. The viscosity of the buffer used to make single molecule rotation
measurements (Rotation Buffer (50 mM Tris—Cl/pH 8.0, 10 mM KCI)) as a
function of its percent composition of PEG 400 (vol/vol). The
measurements were made using a Brookfield DVE viscometer with a UL

adapter at 28 °C.
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Figure 31. The shear stress as a function of the shear rate of Buffer D
containing PEG 400. This was determined by measuring the effect of

increasing the velocity on a rotating probe in the Brookfield DV-E

viscometer.
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The linear dependence between these parameters indicates that
the assay buffer containing PEG 400 behaves as a Newtonian fluid. Thus,
PEG 400 molecules are too small to be pulled along by the rotating
nanorod, and do not make secondary nonlinear contributions to the drag.
ATPase Assay

The bulk activity of F; was measured in a buffer containing 55 mM
KCI, 5 mM TRIS, pH 8.0, and the indicated amount of ATP in a Cary 100
spectrophotometer at 28°C. Activity was monitored with the ATP
regenerating system as described by Greene et al. (Greene and Frasch
2003) and with the phenol red assay as done previously by
Ishmukhametov et al. (Ishmukhametov, Galkin et al. 2005). The ATP
regenerating system media contained 0.4 mM NADH, 30 mM PEP, 7 units
of pyruvate kinase and 7 units of lactate dehydrogenase, except in the
case of alternate nucleotides for which the amount of pyruvate kinase
added was quadrupled.

Single Molecule Rotation Assay

Single molecule rotation assays were performed as described by
Spetzler et al. (Spetzler, York et al. 2006) with the following modifications.
A 5 pl droplet of biotinylated F;-ATPase was bound to the surface of non-
functionalized glass slide for 5 minutes instead of Ni-NTA coated cover
slips, since there was no measurable difference in dwell or transitions
times between the substrates. The slide was then washed thoroughly with
Buffer D. Nanodevice assembly (Figure 32) was completed by addition of
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saturating amounts of avidin-coated nanorods and incubated for 5 min at
room temperature. This allowed the avidin-coated gold nanorods to be
captured by the biotinylated y-subunit. The slide was washed thoroughly in
Buffer D to remove excess nanorods and minimize nonspecific binding.
Samples that were examined for rotation included a Buffer D containing
Mg2+-NTP at a concentration that maximized F1-ATPase activity. On
average 25% of nanorods were observed to rotate (York, Spetzler et al.

2007).
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+———— 6xHis-tags

Figure 32. Assembly of gold nanorod probe and the F;-ATPase on a glass
slide. The F; is bound to the slide via three 6x His tags engineered onto
the N terminus of the a subunit. During purification the F1 is
functionalized with biotin through a cysteine residue located on the foot of
the y-subunit. Gold nanorods coated in nuetravidin are then captured by

the biotinlylated F;-ATPase, completing the assembly.
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The slide was then observed via dark field microscopy (Figure 33),
where incident light illuminated the sample at an oblique angle so that only
light scattered from the nanorods entered the objective. When scattered
light from a nanorod was viewed through a polarizing filter, its intensity
changed as a function of the relative angle between its longitudinal and

translational axes and the polarizing filter (Figure 34).
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Figure 33. Schematic of the instrument used to make single molecule

measurements.
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Figure 34. Light-Scattering Properties of Gold Nanorods Viewed Through
A Polarizing Filter. (A) Consecutive dark-field micrographs of a stationary
rod observed under different positions of the polarized lens. (B) Schematic
of a gold nanorod that illustrates the change in red light intensity as the
rod is rotated relative to the plane of polarized light.
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Light is scattered most efficiently along the rod axes such that the
intensity of scattered red light is maximal and minimal when the long and
short axes of the rod are parallel and orthogonal to the plane of
polarization, respectively. The converse is true for the intensity of
scattered green light. Therefore, the intensities of light scattered from a
gold nanorod immobilized to a single F; y-subunit change as a function of
the polarization angle. The resulting intensity profiles of red and green
light follow out-of-phase sine curves.

Single gold nanorods were initially identified to undergo F1-ATPase-
dependent rotation by observing oscillations in light intensity through a
polarizing filter via a Zeiss HSC color CCD camera at 55 fps. Each
molecule was aligned confocal to a Perkin-EImer SPCM-AQR-15 single
photon detector to quantitate changes in scattered light intensity from the
nanorods as a function of time. A total of 100 sec of data was collected in
successive 5 sec data sets at each acquisition speed from 10- 200 kHz in
10 kHz increments for each molecule. Temperatures of the slide on the
microscope while making the measurements were observed to vary
between 27-29° C. The viscosity of the buffer used in these single
molecule measurements was varied by increasing the concentration of
polyethylene glycol 400 (PEG 400) in the rotation assay buffer (Hornung,

Ishmukhametov et al. 2008).
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Analysis of Transitions

Since minimum and maximum intensity values of red light scattered
from the nanorod occur when the rod is perpendicular and parallel to the
plane of polarization, respectively, these minimum and maximum intensity
values provide the most sensitive measure of the rotation rate. Thus, the
most sensitive measure of a 120° rotational power stroke driven by ATP
hydrolysis at saturating Mg*-ATP will occur in the subset of data that
includes the 90° of rotation between these maximum and minimum values.
These 90° rotational events in the data set are referred to here as
transitions.

The single molecule rotation data is analyzed to identify and
measure transitions using custom software written in Mat Lab 6.5
(Spetzler, York et al. 2006). The program first establishes the minimum
and maximum intensity values for each data set. Rotational events are
then identified as a consecutive group of a minimum of three data points in
which the intensity changes from within 5% of the minimum intensity of
scattered light to >95% of the maximum or vice versa that also have a
linear regression R? value of 0.95 or greater. Each group of data points in
a transition are stored for use in determining the rotational velocity of
each, and collated in a spread sheet. They can be accessed and plotted
individually or as a group. The software allows the min/max intensity
percentage cut-offs and R? values to be varied to examine the variation in
the calculation of the rotational velocity. Information concerning the total
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number of rotational events, average velocity and distribution of events in
a given data acquisition is also tabulated.

A schematic of scattered light intensity during three consecutive
power strokes (one complete revolution) is shown in Figure 35 when the
nanorod was initially aligned nearly, but not exactly, perpendicular to the
polarizer. Since the stochastic nature of the enzyme results in a variation
in the rotational position of each catalytic dwell (Yasuda, Noji et al. 2001),
the alignment of the nanorod with the polarizer will show small variations
during the data collection period. If the nanorod is initially aligned
perpendicular to the polarizer and the 3 consecutive power strokes are
exactly 120° during a single revolution such that the nanorod is also
perpendicular during catalytic dwell 3, the algorithm will analyze transitions
from power strokes one and three. In practice, the number of consecutive
power strokes analyzed is randomized by the stochastic nature of the
molecular motor. Due to the randomization, there is an equal probability
that the 90° increments of rotation measured as transitions represents the
beginning, the middle, and the end of each 120° power stroke such that
the entire power stroke is sampled in the course of the ~3520 power
stroke events monitored on average for each molecule during the 50s of

data acquisition at 100KHz.
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Figure 35. Relationship between a 120° power stroke and a 90° measured
rotational transition. Theoretical plot of the intensity of scattered red light
from a nanorod during one complete revolution that involves three
consecutive power strokes and three consecutive catalytic dwells
separated by exactly 120°. The nanorod is initially positioned almost, but
not exactly perpendicular to the orientation of the polarizer such that the
scattered light intensity goes through a minimum then a maximum prior to
catalytic dwell 1. A transition includes the data between the minimum and
maximum intensities representing 90° of the 120° of rotation for analysis.
When initial alignment of the nanorod is exactly at the minimum and each
of the successive power strokes is exactly 120°, the algorithm selects

transitions for power strokes 1 (min to max) and 3 (max to min).
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Since the intensity of scattered light changes as a sinusoidal
function of the rotational position of the nanorod, the degrees of rotation
during a transition were derived from the arcsine of the fractional intensity
of light scattered from the nanorod by Eq. 1:

8 = (asin 1)180T™ 1)
where 6 is degrees of rotation, and | is the fractional intensity of scattered
light. Figure 36 shows example transitions that have been converted from

light intensity to rotational position.
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Figure 36. Example Single Transitions of F; Power Strokes in the
presence of 1 mM Mg®" and 2 mM ATP. (A) Light intensity scattered from
a gold nanorod attached to the y subunit collected at 200kHz as a function
of time. The average transition time under these conditions was ~17 ms.
(B) Rotational position of the y subunit as a function of time calculated

from the transitions in (A) using Eq. 1.
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Analysis of Catalytic Dwells

The average dwell time was calculated by determining the number
of hydrolysis events that occurred in a given time frame. This was
measured by counting the number of times that the scattered light
intensity spanned the 5" and 95™ percentile of the dynamic range of the
intensity of that data set. The average dwell time was calculated by
dividing the total time by the number of 5™-95" percentile events.
Analysis of Rotational Direction

The optional use of two photon counters to acquire rotation data
(Figure 37) provides the ability to determine the direction of rotation. The
exact number of degrees of offset between the two polarizers is not
important, but it must be sufficient to distinguish the time that a power
stroke is detected by the two single photon counters (Figure 38A). Simply,
CCW rotation is indicated when photon counter 1 detects a power stroke
before photon counter 2 and vice versa for CW rotation. By tracking the
changes in intensity with a known polarization phase shift between the
detectors, an algorithm can calculate the exact angular position of the
Nanorod and the direction of rotation throughout during the entire data set.

An example is shown in Figure 38B and 38C.
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Figure 37. Schematic of the dark-field microscope used to make

measurements to determine rotational direction. In this configuration, the

scattered light from a single rotating gold nanorod (dashed line) passes

through a beam splitter for measurement by two single photon counting

avalanche photodiode detectors when the orientation of the polarizer for

detector 1 is offset from that of detector 2.
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Figure 38. Detection of rotation direction using 2 offset polarizers. (A)
Theoretical plot of changes in intensity of red scattered light observed
from two single rotating nanorod by two photon counters when the
orientation of the polarizer for detector 1 is offset from that of detector 2.
(B) Experimental time course of rotational position of the g subunitin a
single F1 molecule determined from data acquired at 10 kHz with two
photon counters in which the orientation of the polarizer for detector 1 was
offset from that of detector 2. The substrate concentration was 1 mM
MgCI2 and 2 mM ATP. (C) Detail of the rotational stepping of the boxed
region of (b). Horizontal lines indicate the 120° catalytic dwell positions.
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Determination of Pauses during Rotation

Determination of the possible impact that dwells have on rotation
was accomplished by using an algorithm that determines when rotation
has paused. The algorithm examined individual transitions, and using
Equation 1, converted the intensity scattered from the nanorod during a
transition to degrees of rotation. Then, the data was binned according to
the rotational position, and during a pause in rotation, counts would accrue
in the bin at which rotation had stopped (Figure 39). A threshold value
was then calculated by rounding up the average of all the bins between
10° and 90° that were greater than the positive minimum of all the bins. All
contiguous bins greater than the threshold, were considered to be a
pause, and the duration and location of all pauses in each transition were

compiled for further analysis.
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Figure 39. Analysis of transitions using an algorithm to identify pauses.
Both panels depict a transition as it rotates 90° after the catalytic dwell. A
histogram of rotational position is plotted on the y axis, and as a transition
pauses, data points accumulate dependent upon the duration of the
pause. Pausing (dotted horizontal line) is identified by bins that are greater

than a threshold (red line).
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Determination of Average Rotational Velocity

Rotational velocities were calculated using a Matlab algorithm that
converted the intensity of scattered light to degrees of rotation for each
transition. Then the velocity was calculated between neighboring data
points by determining their slope as shown in Figure 40. The average
velocities were then calculated for every 3 degrees of rotation by collating
all the calculated velocities that had an initial starting position within that

bin and finding their average.
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Figure 40. Determination of average rotational velocity of individual
transitions for the F; ATPase. Velocity was determined at each rotational
position by calculating the slope for neighboring data points and plotting it
as a function of time. The average rotational velocities for three degrees
of rotation was determined by averaging all the calculated velocities (black
box, bottom) for data points that originated within a three degree rotational
window (black box, top).
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Load on F; and Torque Calculations

The load imposed on the motor can be varied by changing the size
of the nanorod and/or by increasing the viscosity of the medium (REF).
The viscosity was varied by the inclusion of PEG400 in the solution
because it was determined that PEG400 molecules behave as a
Newtonian fluid (Hornung, Ishmukhametov et al. 2008). As such, they are
too small to be pulled along by the rotating nanorod, and thus do not make
secondary nonlinear contributions to the drag. The increased drag on the
gold nanorod due to the viscosity of the PEG400 solution exerts a load on
the motor that slows the power stroke velocity, which can be used to
determine the torque (Hornung, Ishmukhametov et al. 2008). For a given
size of nanorod, the angular velocity is determined by the rotational
distance (arc distance) divided by time. In the absence of the transient
dwell, the average angular velocity is calculated using the arc distance of
the rod moving 90° divided by the transition time. In the presence of the
transient dwell, the average angular velocity is the arc distance of the rod
moving 36° divided by the average time between transient dwells.

Torque is calculated from the drag and the velocity by Eq. 2:

T=Tw, (2)
where [ is the drag force, and w is the angular velocity of the power
stroke.

Comparison of direct measurements of the drag on the nanorod
(Hornung, Ishmukhametov et al. 2008) showed that the propeller model
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provided a close approximation of the drag force as a function of PEG400
concentration. Based on this model, the drag force is approximated by Eq.
3),

r_ Am(L + 1)

3cosh™ (%) | @)

where L; and L, are the length of the propeller extending from the
rotational axis, r is the radius of the rod,  is the viscosity of the medium,
and h is the height of the cylinder axis relative to the surface. Values for
the viscosity of a solution of PEG400 in the buffer used for these rotation
measurements is provided in (Hornung, Ishmukhametov et al. 2008). The
drag generated by a 77x39 nm gold nanorod will vary depending on
whether the axis of rotation is at the end or in the middle of the nanorod.
Error in scattered light intensities

The error in the determination of rotational position primarily results
from variations in the intensity of scattered photons from the nanorod. The
distribution of light intensity scattered from the nanorod was narrower at
polarizer angles in which the intensity was at a minimum than that
observed at the maximum. Based on the data of Figure 41, the standard
error in the measurement varied between about 0.02° and 0.12° as the
scattered light intensity varied between minimum and maximum values

(Ishmukhametov 2010).
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Abstract The abundance of E. coli F{-ATPase molecules
observed to rotate using gold nanorods attached to the y-
subunit was quantitated. Individual F; molecules were
determined to be rotating based upon time dependent
fluctuations of red and green light scattered from the
nanorods when viewed through a polarizing filter. The
average number of F; molecules observed to rotate in
the presence of GTP, ATP, and without nucleotide was ~50,
~25, and ~4% respectively. In some experiments, the
fraction of molecules observed to rotate in the presence of
GTP was as high as 65%. These data indicate that rotational
measurements made using gold nanorods provide informa-
tion of the F;-ATPase mechanism that is representative of
the characteristics of the enzyme population as a whole.

Keywords F;-ATPase - Gold nanorods -
Plasmon resonance - Molecular motors -
Single molecule microscopy

Introduction

The F|F, ATP synthase is composed of a transmembrane F,
complex and extrinsic membrane F; complex that work
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together to couple the energy from a nonequilibrium trans-
membrane proton gradient into the synthesis of ATP from
ADP and phosphate. Both complexes are rotary molecular
motors that use a common drive shaft composed of the y and ¢
subunits. The F;-ATPase driven rotation and F,-proton
gradient driven rotation of the ¢ and 7y subunits occur in
opposite directions (Noji et al. 1997; Borsch et al. 2002).
The F,-ATPase can be purified from F, and the
membrane, and studied as a soluble protein. Hydrolysis of
ATP occurs at the interface of each of the three «f3 subunit
heterodimers that form a ring around the coiled-coil domain
of the vy subunit (Abrahams et al. 1994). When F; is
attached to a Ni-NTA coated microscope slide via histidine
tags on « or 3 subunits, and a visible probe is attached to
the y-subunit, single molecules of the y-subunit can be
observed to rotate via microscopy (Noji et al. 1997). In the
presence of saturating amounts of substrate, the F; -
subunit rotates in 120° step increments that correspond to
the hydrolysis of one ATP per event (Yasuda et al. 1998).
When fluorescent actin filaments were used as a reporter
group to visualize rotation, Noji et al. (1997) observed less
than 2% of F; from the thermophilic bacterium PS3 to
rotate, whereas Adachi et al. (2000) observed 10%. About
5% of E. coli F-ATPase molecules examined using actin
filaments were observed to rotate (Panke et al. 2000). Actin
filaments are very large with respect to F; which increases
the potential for these probes to interfere significantly with
the ability of the motors to drive rotation. Rotation has also
been detected using nanospheres that varied from 40 nm to
1 um in diameter as probes. These measurements rely on
the ability to detect the eccentricity of y subunit rotation
through calculation of the centriod movement of a
diffraction-limited 250 nm diameter spot of green light
scattered from the nanosphere, and measured with a video
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or digital camera (Yasuda et al. 2001). The fraction of
molecules observed to rotate increased to about 10% for E.
coli F; through the use of nanospheres as rotation probes
(Nakanishi-Matsui et al. 2006). Although the causes of such
a low yield of rotating molecules remain unclear, this
observation has been explained by postulating that only
10% of the molecules in an F, preparation are active, and
that the active motors hydrolyze ATP at a rate 10-fold
higher than would be expected from bulk measurements
(Nakanishi-Matsui et al. 2006). However, because such a
small percentage of the population of molecules has been
observed to rotate, it has been difficult to conclude that the
measurements made that characterize rotation are represen-
tative of the enzyme population as a whole.

Spetzler et al. (2006) recently reported a new method to
detect F{-ATPase rotation using 35x75 nm gold nanorod
probes viewed through a polarizing filter. The nanorods
scatter green and red light intensely when the long axis is
perpendicular and parallel to the plane of a polarizing filter,
respectively (Raschke et al. 2003; Sonnichsen and Alivisatos
2005), such that F;-ATPase-driven rotation of these probes
results in a predictable color change. The large dynamic
range of intensity fluctuations of the red and green light as a
function of the angular position between the nanorod and the
polarizing filter provides a much more sensitive means to
identify rotation compared to previous methods. Using a
single photon counter, variations in intensity of the scattered
red light from one F;-bound nanorod allowed precise
measurement of changes in angular position of the rod
below the diffraction limit of light, and also provided the
ability to resolve the power stroke of the motor with a time
resolution of 2.5 us.

In the work reported here, the gold nanorod assay with a
polarizing filter was used to assess the fraction of E. coli
F;-ATPase molecules observed to rotate. A digital color
camera with a refresh rate of 50 fps was used to record
fields of view of F-dependent rotation of nanorods that
were determined to be rotating based on their ability to
blink red and green. The fraction of rotating molecules
observed under these conditions was found to be 5 to 30-
fold higher than reported previously with other methods,
such that the majority of molecules can be observed to
rotate. These data indicate that rotational measurements
made using gold nanorods provide information of the F-
ATPase mechanism that is representative of the character-
istics of the enzyme population as a whole.

Materials and methods
E. coli XL-10 strain (Greene and Frasch 2003), containing

a His6 tag on the N-terminus of the o-subunit, and a
2S193C mutation to provide a biotinylation site, was used
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to isolate F,. Cells were grown as explained previously
(Lowry and Frasch 2005). Membranes were obtained as in
(Ishmukhametov et al. 2005), and were resuspended in
Release buffer containing 5.0 mM TES, pH 7, 40 mM ¢-
amino-caproic acid, | mM EDTA, 1 mM DTT, 5.0% (v/v)
glycerol. The mixture was centrifuged at 180,000 xg for 1 h
at 4 °C. The supernatant was mixed with 10-x Binding
buffer (0.5M TRIS/pH 8.0, 1M KCl, 300 mM imidazole,
50 mM MgCl,) at a ratio of 10:1 (v/v). Glycerol was then
added to 15% (v/v). This mixture was then loaded onto a
Ni-NTA column (0.8 c¢m in diameter, 1.5 cm® of resin),
which was prepared by first washing with water, and then
equilibrating the column with Wash buffer (50 mM TRIS/
pH 8.0, 100 mM KClI, 30 mM imidazole, 5 mM MgCl,, 15%
glycerol). After binding the protein to the column, it was
washed with 4 column volumes of Wash buffer. To elute F;,
3 ml of Wash buffer, supplemented with 150 mM imidazole,
was passed through the column.

In the process of biotinylating the purified F; enzyme,
200 pl of Fy solution was mixed with equimolar amount of
biotin-maleimide, and passed through a desalting column
equilibrated with Wash buffer. Biotinylated F, was stored at
0.1 mg/ml at —80 °C until use. The protein preparation
demonstrated high rotational activity for half a year.

Gold nanorods for rotational microscope assay were
prepared as in Spetzler et al. (2006). It was found that F,
binds to the surface of regular glass as sufficiently as it does
to a Ni-NTA covered glass surface. A 5 ul droplet of
biotinylated F; was incubated on the slide for 5 min then
washed with F; buffer (50 mM Tris-Cl, pH 8.0, and 10 mM
KCl). Nanodevice assembly was completed by addition of
saturating amounts of avidin-coated nanorods and incubated
for 5 min at room temperature. This allowed the avidin-
coated gold nanorods to be captured by the biotinylated y-
subunit. The slide was washed thoroughly in F; buffer to
remove excess nanorods and minimize nonspecific binding.
Samples that were examined for rotation included a final
buffer containing Mg?*-NTP at a concentration that
maximized F,-ATPase activity.

The bulk activity of F; was measured in a buffer
containing 20 mM KCl, 100 mM TRIS, pH 8.0, 1 mM
MgCl,, and 2 mM ATP or GTP at 25 °C. Activity was
monitored with the coupled assay as described by Greene
and Frasch (2003). The turnover for ATP and GTP
hydrolysis was 108 and 130 s, respectively.

Results

Figure 1 shows the amount of gold particles bound to the
surface in a typical field of view under the microscope in
the absence and presence of immobilized F;. The F;-
ATPase was immobilized on the slide by incubating for
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Fig. 1 A field of view under the
microscope of gold particles
bound to the slide in the absence
(a) and presence (b) of 100 pg/ml
F, immobilized to the surface. F;
was immobilized to the surface
prior to the addition of the gold
nanoparticles. White spots are
aberrations in the glass

5 min with 100 pug/ml of protein. Under these conditions,
the average distance between immobilized F; molecules
was 14+0.5 pum as measured by atomic force microscopy
(Fig. 2), which is large enough to ensure that the gold rods
are rarely bound to multiple F; molecules. The percent of
nonspecifically bound nanorods is <0.1% of that bound
when F, is present.

The method to prepare the gold nanorods used here is a
two-step process that involves the initial formation of gold
nanospheres that are subsequently elongated to nanorods
with a yield of about 30% (Spetzler et al. 2006). Nanorods
prepared in this manner provide a more sensitive measure
of rotation compared to preparations that yield nearly 100%
nanorods (Jana et al. 2001) due to the larger dynamic range
of scattered light as a function of angular position to the
polarizer. Consequently, the red spots in Fig. 1b are
necessarily the result of light scattered from the long axis
of bound nanorods, while the green spots are primarily the
result of nanospheres that will not exhibit a rotational-
dependent color change when viewed through a polarizer.
Thus, for this study, green spots were not counted and not

Fig. 2 Atomic force microscopy surface scan of F; bound to the
surface of the slide after incubation of 100 pg/ml F1 followed by a
wash

included in the calculation of the fraction of F; molecules
observed to rotate.

Figure 3 shows a field of view under the microscope
which is the first frame of a 500 frame movie of GTP-
dependent rotation, where each frame had an exposure time
of 20 ms. Determination that a nanorod was rotating was
based on the fluctuation in the color between red and green
during the course of each movie. Example movies are
available as supplemental data. Yellow and red X’s denote
rods observed to rotate and not rotate, respectively. Figure 4
shows the first frame of a similar movie in the absence of
nucleotide. Without substrate, a small percentage of the
nanorods show some color fluctuation due to Brownian
motion. While nucleotide-driven rotation can last for hours
at a time, Brownian fluctuations are typically sporadic and
do not show consistent rotation. The number of nanorods
observed to rotate in the presence of ATP was also
measured.

Fig. 3 The first frame from a movie depicting a microscope field of
view of GTP-driven F, rotation. Yellow and red Xs denote rotating and
non-rotating molecules, respectively. The GTPase activity of F; as
measured with a coupled assay in the presence of 1 mM Mg* GTP
was 130 s . The movie can be viewed online in the supplemental
information
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Fig. 4 The first frame from a movie depicting a microscope field of
view of F; bound nanorods in the absence of nucleotides. Yellow and
red Xs denote fluctuating and non-motile nanorods, respectively. The
movie can be viewed online in the supplemental information

The fraction of nanorods observed to rotate was
calculated by quantitating the number of rotating rods in
each of several movies under the same conditions, then
dividing by the total number of nanorods in those movies.
As summarized in Fig. 5, the average number of F,
molecules observed to rotate in the presence of GTP, ATP,
and without nucleotide was ~50, ~25, and ~4% respective-
ly. In some experiments, the fraction of molecules observed
to rotate in the presence of GTP was as high as 65%.

Discussion

The results here clearly show that a majority of F,
molecules can be observed to rotate with GTP. These data
indicate that rotational measurements made using gold
nanorods provide information about the F;-ATPase mech-
anism that is representative of the characteristics of the
enzyme population as a whole. It has been shown that E.
coli Fi-ATPase is highly susceptible to inhibition that
results from the entrapment of Mg?*-ADP at a catalytic site
(Hyndman et al. 1994; Bowler et al. 2006; Galkin et al.
2006). However, Mg”*-GDP has been shown not to cause
such an inhibition (Vasilyeva et al. 1980). This is the likely
cause of the two-fold difference reported here in the
abundance of rotating molecules powered by ATP and
GTP, respectively.

The small fraction of molecules observed to rotate as
measured by other approaches may be due to inherent
limitations of those methods. When 40 nm gold nano-
spheres are used as the reporter group for rotation, they
appear as light diffraction-limited spots ~250 nm in
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diameter. The eccentricity of the y-subunit allows for about
5 nm of displacement during rotation (Oster et al. 2000;
Sun et al. 2004). Thus, any bead that is attached near the
center of the axis of rotation will show little variation in the
location of the centroid of the spot when it rotates. Also,
due to the substantial amount of surface variation on
standard slides, it is possible for F; to become immobilized
to the surface at an angle to the observation plane that
virtually eliminates any variation in the location of the
centroid.

The fraction of F; observed to rotate in single molecule
measurements are likely an underestimate of the total
number of those rotating on the slide due to several factors.
First, it is possible that surface interactions prohibit
rotation. The surface of the slide is not flat relative to the
size of the F;-ATPase and the detection probes. Conse-
quently, it is likely that a fraction of the F; molecules bind
to the surface at an angle that causes the probe to come in
contact with the surface at some point in its trajectory in a
manner that interferes with rotation.

Second, Spetzler et al. (2006) have shown that data
acquisition rates of at least 50 kHz are required to resolve
the 120° rotational steps (0.24 ms duration) of the E. coli F,
y-subunit that occur between the relatively long 8 ms
pauses in rotation. Consequently, in the work presented
here, rotation is evident in the movies acquired with a
50 fps color camera due to a strobe effect between rotation
rate and the refresh rate of the camera. The strobe effect
may not be apparent if the dwell positions for a given
functioning F; motor are oriented in the field of view
relative to the plane of polarization in such a way that there
is very little dynamic range in the light intensity scattered
by the nanorod. When this occurs, the apparent color of the
nanorod will not fluctuate between red and green as a
function of time.

o |

40 1
“g‘ L
© 30
e T
20 1
10 -
0 \ %
ATP GTP None

Fig. 5 Percent of nanorods directly observed to fluctuate between red
and green in the presence of ATP, GTP, or in the absence of a
nucleotide. Data were compiled from 11, 6, and 9 movies for GTP,
ATP, and without nucleotide, respectively. Example movies of each
condition can be viewed online in the supplemental information
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ABSTRACT: Increases in the power stroke and dwell durations of single molecules of Escherichia coli
F-ATPase were measured in response to viscous loads applied to the motor and inhibition of ATP
hydrolysis. The load was varied using different sizes of gold nanorods attached to the rotating y subunit
and/or by increasing the viscosity of the medium using PEG-400, a noncompetitive inhibitor of ATPase
activity. Conditions that increase the duration of the power stroke were found to cause 20-fold increases in the
length of the dwell. These results suggest that the order of hydrolysis, product release, and substrate binding
may change as the result of external load on the motor or inhibition of hydrolysis.

Mechanical work at the subcellular level is performed by
enzymes called molecular motors that convert chemical energy
in the form of either ATP or a transmembrane electrochemical
gradient into mechanical energy by initiating conformational
changes capable of performing work. Molecular motors are
classified as either linear or rotary, depending upon the type of
work they perform. The effect of external load on some linear
molecular motors has been found to alter the relationship
between the mechanical output and the kinetics of nucleotide
binding, hydrolysis, and product release (/—8).

Application of a load to several motors perturbs the mechan-
ical transitions in the catalytic cycle, causing a force-dependent
shift in both the dwell time distribution and mechanical transi-
tions (/). Several groups have observed changes in these distri-
butions resulting from intramolecular strain due to an applied
external load that altered the conformations of the active site and
affected nucleotide binding, ATP hydrolysis, and product re-
lease (2, 5, 8—10). Single molecule studies using a laser trap
revealed a 100-fold increase in the rate of ADP binding when
2 pN of load was applied to the linear molecular motor myosin
VI (7). A biochemical mechanism was derived from this applica-
tion of an external force that caused this motor to stop its
transport function and become a structural linker. Spudich (1)
has suggested that the use of mechanical strain to alter protein
function may serve as a widespread means of enzyme activity
regulation.

The F,F, ATP synthase is composed of the transmembrane F,
complex and extrinsic membrane F; complex that couples the
energy from a transmembrane proton gradient to synthesize ATP
from ADP and phosphate. Both complexes are rotary molecular
motors that use a common drive shaft composed of the y and
¢ subunits. Crystal structures show that the F; y subunit is
composed of two domains, a coiled-coil domain that protrudes
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not necessarily represent the official views of the National Institute of
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through the center cavity of the (0,5); ring and an open a-helix/
f-sheet domain known as the foot that binds to the & subunit and
the c-subunit ring of F, (/). The F;-ATPase-driven and
F,-proton gradient-driven rotation of the ye subunits occur in
opposite directions (12, 13).

The rotary cycle of the F;-ATPase molecular motor at
saturating ATP concentrations involves three 120° power strokes
each separated by a catalytic dwell (/3). Catalytic dwell durations
of 8 and 2 ms measured in F; from Escherichia coli and the
thermophilic bacterium PS3, respectively, are consistent with
the turnover time of ATP hydrolysis (14, 15). Early measure-
ments with low temporal resolution were unable to resolve the
velocity of the power stroke but estimated torque to be about
40 pN nm (/4). However, more recent measurements using
acquisition rates of 100 kHz have shown that the velocity of
the power stroke is 0.45 deg us ', which results in a torque of
63 pN nm (15, 16). Torque values of 56—74 pN nm have also been
estimated using other methods that do not rely on resolving the
power stroke directly (17—20).

Rotation occurs in discrete 120° steps between the catalytic
dwells under saturating ATP concentrations (27), where the rate-
limiting step is product release (22, 23). At rate-limiting concen-
trations of ATP, the 120° rotational steps occur in 80° and
40° substeps (14, 24) that result in two different dwells. The
duration of the dwell prior to the 80° substep is inversely
proportional to the substrate concentration, indicating that
further rotation requires ATP binding. This dwell occurs at the
0° position and is often referred to as the ATP-waiting dwell. The
dwell prior to the 40° rotational step does not change with ATP
concentration and is likely the same dwell observed at saturating
ATP. However, for the mutant SD190E where the rate-limiting
step is hydrolysis (25), the enzyme follows an alternative reaction
pathway. In this pathway a 120° power stroke occurs after
adwell at the 0° position without stopping at the 80° position (26).
A dwell at the 0° position also results from an application of
external load to the motor that has been shown to alter the rate
constant of ATP binding (9).

We now present measurements of the power stroke and
dwell duration of single molecules of E. coli F|-ATPase in
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response to viscous loads applied to the motor. We show
that an increase in the duration of the power stroke is correlated
with a 20-fold increase in the length of the dwell. The results
presented here show that the dwell duration is extended by
application of an external load on the motor and/or by inhibition
of ATP hydrolysis. These results suggest that the order of
hydrolysis, product release, and substrate binding may change
as the result of external load on the motor and inhibition of
hydrolysis.

EXPERIMENTAL PROCEDURES

The F;-ATPase was purified from E. coli XL-10 strain.
F; contains a Hisg tag on the N-terminus of the a subunit and
yS193C for biotinylation as described previously (27, 28).
Membranes were resuspended in buffer A containing 5.0 mM
TES, pH 7, 40 mM e-aminocaproic acid, | mM EDTA, | mM
DTT, and 5.0% (v/v) glycerol, and the mixture was centrifuged at
180000g for 1 h at 4 °C. The supernatant was mixed with buffer B
(0.5M Tris, pH 8.0, 1 M KCl, 300 mM imidazole, 50 mM MgCl,)
at a 10:1 (v/v) ratio. Glycerol was added to 15% (v/v), and this
mixture was loaded on a Ni-NTA column (0.8 cm in diameter,
1.5¢cm?® of resin) washed initially with water and equilibrated with
buffer C (50 mM Tris, pH 8.0, 100 mM KCl, 30 mM imidazole,
5 mM MgCl, 15% glycerol) to bind the F;-ATPase to the
column, and the column was washed with 20 mL of buffer
C. To elute F;-ATPase, the column was then flushed with 3 mL
of buffer C containing 180 mM imidazole instead of 30 mM.
To biotinylate the enzyme, 200 uL of F; solution was mixed
with an equimolar amount of biotin-maleimide (Pierce) and
passed through a desalting column (Pierce) equilibrated with
buffer C. Biotinylated F; was stored at 0.1 mg/mL at —80 °C
prior to use.

Where PEG-400 was present, the desired volume of PEG-400
was mixed with buffer D (50 mM Tris-HCI, pH 8.0, 10 mM KClI),
60 uM phenol red pH indicator, and the desired amount of
MgCl, and ATP. A 1:2 mol ratio of Mg®*-ATP was maintained
to minimize the presence of free Mg*". Since high concentrations
of PEG-400 interfere with the accuracy of measurements by a
pH meter, the pH was adjusted by comparing absorbance of the
phenol red at 557 nm in the presence and absence of PEG-400.
The viscosity of the solutions was measured with a Brookfield
LVDV viscometer with UL adaptor at 28 °C and varied between
1 and 20 cP (16). The F|-ATPase activity was measured as
described (29) in 5 mM Tris, pH 8, and 55 mM KCI with the
indicated amount of Mg>"-ATP in a Cary 100 spectrophoto-
meter at 28 °C.

The power stroke of the enzyme was characterized by measur-
ing the transition time, defined as the time required for the
y subunit to travel any 90° of the 120°. Single molecule rotation
assays were performed as described by Spetzler et al. (15) with the
following modifications. The F;-ATPase was bound to the
surface of nonfunctionalized glass coverslips since there was no
measurable difference in dwell or transition times from enzyme
bound to Ni-NTA coated coverslips. On average 25% were
observed to rotate (27). Gold nanorods were made as previously
described (15) except for the 91 x 45 nm rods, which were
purchased from Nanopartz Inc. Single gold nanorods were
initially identified to undergo F;-ATPase-dependent rotation
by observing oscillations in light intensity through a polarizing
filter via a Zeiss HSC color CCD camera at 55 fps. Each molecule
was aligned confocal to a Perkin-Elmer SPCM-AQR-15 single
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FiGure 1: Noncompetitive inhibition of F;-ATPase activity by
PEG-400. (A) Effect of PEG-400 on the bulk ATPase activity of F,
without nanorods. The linear initial rate of F;-ATPase activity was
determined in triplicate with phenol red as indicated in Experimental
Procedures using 10 ug of F, in the presence of (®) 0% PEG-400,
() 15% PEG-400, (#) 30% PEG-400, and (O) 45% PEG-400 (v/v).
(B) Double reciprocal plot of the data from (A). (C) Plot of the slopes
(0O) and y-intercepts (O) of each trend line from (B) versus PEG-400
concentration. The absolute values of the x-intercepts determined by
linear regression are defined as the inhibition constants Kjs (slopes)
and Kj; (intercepts).

photon detector to quantitate changes in scattered light inten-
sity from the nanorods as a function of time. A total of 100 s of
data was collected in successive 5 s data sets at each acquisition
speed from 10 to 200 kHz in 10 kHz increments for each
molecule. Temperatures of the slide on the microscope while
making the measurements were observed to vary between 27 and
29 °C. The viscosity of the buffer used in these single molecule
measurements was varied by increasing the concentration of
poly(ethylene glycol) 400 (PEG-400) in the rotation assay
buffer (16).

The average dwell time was calculated by determining the
number of hydrolysis events that occurred in a given time frame.
This was measured by counting the number of times that the
scattered light intensity spanned the 5th and 95th percentile of the
dynamic range of the intensity of that data set. The average dwell
time was calculated by dividing the total time by the number of
5th—95th percentile events.

The direction of rotation was determined by splitting the signal
from a single gold nanorod and passing it through two polarizing
filters that were offset from one another. The signals follow the
relations /; = A cos(Bx; + C)and I, = A cos(Bx;). This provides
enough information to determine the direction that the gold
nanorod has traveled between consecutive data points. The
direction and magnitude of the movement were used to generate
Figure 1A,B.
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FIGURE 2: Electron micrographs of gold nanorod preparations used
as probes to measure rotation. Triangles and spheres that appear in
the preparations do not scatter both red and green light and are
therefore excluded from rotation measurements. The average size of
nanorods in each preparation was (A) 75 x 35 nm, (B) 87 x 36 nm,
(C) 90 x 46 nm, and (D) 91 x 45 nm.

RESULTS

In an effort to understand the effects of viscous load on the
enzyme, the velocity of the 120° power stroke was measured as a
function of load. The load was varied by changing the size of the
nanorod attached to the y subunit and the viscosity of the
medium. Increasing concentrations of poly(ethylene glycol) 400
(PEG-400) were used to vary the viscosity. This fluid is New-
tonian and increases the viscosity to 20 cP at 60% (v/v) (16). Since
crystal structures of F; do not differ significantly when derived
from crystals grown in PEG (30), this reagent is unlikely to alter
tertiary structure of the enzyme significantly. However, as shown
in Figure 1, PEG-400 was observed to inhibit F;-ATPase activity
in bulk measurements. The lines of the double reciprocal plot
converge on the x-axis (Figure 1B), indicating that PEG-400
inhibition causes equivalent changes in k, and key/Ky, char-
acteristic of pure noncompetitive inhibition. Figure 1C shows a
plot of the slopes and y-intercepts from each trend line from
Figure 1B versus PEG-400 concentration. The x-intercepts
determined from linear regression show that the inhibition
constants Kj (slopes) and Kj; (intercepts) are equivalent, indicat-
ing that PEG-400 is a pure noncompetitive inhibitor. Thus, the
PEG-400-dependent decreases in ATPase activity are not due toa
decrease in the rate of either substrate binding or product release
and must therefore be due to the influence of PEG-400 on the rate
of ATP hydrolysis.

Since PEG-400 inhibits F|-ATPase activity, the load on the
enzyme was varied in a manner independent of PEG-400 con-
centration. This was accomplished by using gold nanorods of
75 x 35,87 x 36,90 x 46, and 91 x 45 nm sizes (Figure 2). It is
noteworthy that the 91 x 45 nm nanorods had a rectangular
profile compared to the 90 x 46 nm nanorods that had rounded
ends, and thus while these two preps had similar size, their
respective shapes were substantially different.

Rotation was observed as a change in the intensity of red light
scattered from the nanorod (75), where the scattered light
intensity is maximal and minimal when the long axis is parallel
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FiGURE 3: Single molecule rotation profile. (A) Time course of
rotational position of a single F molecule determined from the offset
between two polarizers with data acquired at 10 kHz. All single
molecule measurements were performed with 1 mM MgCl, and
2 mM ATP. (Inset) Detail of the rotational stepping of the boxed
region. Horizontal lines show the 120° dwell positions. (B) Indivi-
dual power stroke collected at 100 kHz using 91 x 45 nm nanorods
in the presence of 0% PEG-400. Arrows indicate the beginning
and end of the transition used to determine the rate of the power
stroke.

and perpendicular to the plane of polarization, respectively (37).
Consequently, the intensity of light scattered from a nanorod
changes in a sinusoidal manner as a function of the rotary
position of the gold nanorod (/5). To determine if the changes
in scattered light intensity were the result of F-driven unidirec-
tional rotation, the light scattered from a single nanorod was split
into two parts, each of which was directed through a separate
polarizer to a photon counter. The difference in the planes of
polarization caused a constant phase shift in the maxima between
the photon counters that defines the direction of rotation (32).

The rotational position of a single gold nanorod attached to
F; in the presence of saturating ATP is shown in Figure 3A.
Under these conditions, the Fi-ATPase was observed to rotate
almost exclusively counterclockwise in 120° steps (Figure 3A
inset). Since this assay allows rotation data to be acquired for
relatively long periods of time, it was possible to observe that the
CCW rotation catalyzed by the enzyme was sustained. Figure 3B
shows a typical individual power stroke in the absence of PEG-
400. The intensity of scattered light follows a sinusoidal pattern in
response to rotation of the nanorod. Thus, the greatest sensitivity
with which to quantitate the power stroke velocity occurs during
that 90° of rotation in which the intensity changes between
minimum and maximum values. Consequently, velocities were
calculated based on the time required for the nanorod to travel
90° that we designate as the transition time.

The transition times of several thousand power strokes were
measured and averaged for each F;-ATPase molecule for each
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FiGure 4: Distributions of transition times from single molecules
collected at 1 mM MgCl, and 2 mM ATP at 100 kHz using (A) 75 x
35nm, (B) 87 x 36 nm, (C) 90 x 46 nm, and (D) 91 x 45 nm nanorods.
(Insets) The average time of each distribution for each nanorod
preparation, respectively, as a function of data acquisition rate.

size of nanorod (Figure 4). A data set to characterize a single
condition was considered complete when it contained at least
20000 power strokes from at least 15 different molecules. The rate
of data acquisition was varied to ensure that the transition times
measured were independent of the method used to collect data.
Measurements of the transition times for single F; molecules
were acquired at rates ranging from 100 to 200 kHz in increments
of 10 kHz. The average transition time from each acquisition rate
did not change significantly (Figure 4 insets). Thus, the average of
the distributions formed from measurements at all acquisition
rates was used to describe the transition times for any given
molecule.

The mean power stroke duration for each nanorod size
as a function of PEG-400 concentration is shown in Figure SA.
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FIGURE S: Transition times as a function of PEG-400 concentration
and nanorod size at | mM MgCl, and 2 mM ATP. (A) Average
transition times as a function of PEG-400 concentration measured
using 75 x 35 nm (A), 87 x 36 nm (O), 90 x 46 nm (O), and 91 x
45nm (<) nanorods. (Inset) Expansion of data between 0% and 20%
PEG-400 shows that the transition times for the three smallest
nanorods converge to a single value of ~250 us. (B) Transition times
plotted as a function of increasing nanorod size at fixed PEG-400
concentrations. Lines are the linear best fit for 30% (blue), 45%
(black), and 60% (red) PEG-400.

The duration of the transition for the three smallest nanorods
converged to ~250 us at low viscosities (Figure SA inset),
indicating that the velocity of the power stroke was limited by
intrinsic properties of the enzyme. The transition times of the
91 x 45 nm nanorods never reached ~250 us, indicating that the
power stroke velocity was always limited by the viscous load on
the motor. The difference in performance between these nano-
rods and the 90 x 46 nm nanorods is likely due to the fact that the
ends of the former nanorods are more rounded (Figure 2). This
difference in shape results in a difference in a significantly larger
drag for the 91 x 45 nm nanorods (33).

The transition time for each nanorod size at various fixed
PEG-400 concentrations was plotted as a function of the load
(Figure 5B). Load was estimated using the relation I'= T/w, where
T is the torque, 61 pN nm (16), and w is the velocity determined
from the transition time (the measured transition time, ¢, is
reciprocal to @, and hence ¢ is proportional to I'/T). Linear best
fit trend lines (* > 0.999) for the transition times at 30%, 45%,
and 60% PEG-400 showed no significant differences in the slopes
or intercepts. This indicates that increases in transition time
resulted solely from an increase in the viscous load and not from
decreases in ATPase activity resulting from PEG-400 inhibition.
The transition times for 0%, 5%, and 15% PEG-400 were not
included since they were limited by intrinsic properties of the
enzyme and thus did not change. The linear plot in Figure 5B
implies that the torque produced during the power strokes is
independent of the addition of PEG-400 and of using nanorods of
different sizes and is consistent with previous results that show the
torque is constant at different PEG-400 concentrations (16).

Figure 6A,C shows representative dwells at each PEG-400
concentration examined where the duration of each dwell is
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FIGURE 6: Dwell times in the absence (A, B) and presence (C, D) of
60% PEG-400 at 1 mM MgCl, and 2mM ATP. (A, C) Changesin the
intensity of scattered light from a single 75 x 35 nm nanorod attached
to an F;-ATPase molecule during rotation for 45 ms acquired at 100
kHz for 0% and 60% PEG-400, respectively. Each data pointis 10 us,
and dwells are indicated by dotted lines. (B, D) Histograms of average
F, dwell times acquired at 100—200 kHz using the same nanorods
and PEG-400 concentrations as in (A) and (C), respectively.

indicated by a red dotted line. Histograms of the average dwell
time for each molecule for the 75 x 35 nm nanorods (Figure 6B,
D) showed an increase in the duration of the dwell with increasing
PEG-400 concentration. The median of the dwell time population
was used to compare dwell times between different conditions to
avoid the error in the mean caused by long dwells that resulted
from entrapped Mg>"-ADP. The results in the absence of PEG-
400 are consistent with previous studies where the dwell time from
single molecule experiments was compared to the inverse of ke,
for the ATP hydrolysis rate measured in bulk solution (74, 15, 34).

The dwell duration as a function of PEG-400 concentration for
all sizes of nanorods is shown in Figure 7A. The solid circles show
the inverse of the k., from bulk ATPase experiments in the
absence of nanorods and are comparable to the dwell times
observed with the smallest nanorods; i.e., the decrease in activity
observed in the bulk experiments is equivalent to the decrease
observed in the dwell time. Thus the inhibition of ATPase activity
by PEG-400 dominates any contribution to the dwell duration
from the load of the smallest nanorods. The three largest
nanorods have dwell times that are significantly longer than
the inverse of the k., of the ATP hydrolysis rate. This indicates
that the load significantly contributes to the dwell duration
under these conditions. The heterogeneity of the nanorods was
significantly smaller than the stochastic variation in the transition
and dwell times and thus did not significantly contribute to
deviations in the measurements, as can be seen by the comparison
of the bulk ATPase rates and the dwell times with the smallest
rods (Figure 7A). A linear trend was observed between transition
time and the dwell over the large range of viscous loads examined.
A scatter plot of the dwell times versus the transition times
revealed a strong linear correlation (correlation coefficient =
0.935) between these two variables (Figure 7B) with about a
20-fold increase in the dwell time in response to increases in the
transition time.

DISCUSSION

At saturating ATP concentrations in the absence of PEG-400,
rotation occurred in CCW 120° steps (Figure 3) as has been
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FiGure 7: (A) Average dwell times of F; as a function of percent
PEG-400 using 75 x 35nm (A), 87 x 36 nm (O), 90 x 46 nm (O), and
91 x 45 nm (<) nanorods at | mM MgCl, and 2 mM ATP. The
inverse of the k¢, from bulk ATPase measurements (®) from Figure 1.
(B) Linear correlation between the transition time and dwell time
(correlation coefficient = 0.935) for 75 x 35nm (A), 87 x 36 nm (O),
90 x 46 nm (), and 91 x 45 nm (<) nanorods.

observed elsewhere (15, 17, 23). Under these conditions, the
enzyme follows the conventional reaction pathway that in-
volves a catalytic dwell at the —40° (equivalent to 80°) position
followed by a 120° power stroke initiated by product release
(Figure 8A) (13, 15, 2I). In this three-site model (35), ATP
hydrolysis and ATP binding occur prior to product release, which
may be ADP (22, 23) or P; (36), though only ADP is shown for
simplicity in Figure 8. Thus the presence of product at site 2 is
thought to prohibit rotation past the 80° position. At limiting
ATP concentrations (Figure 8B), ATP binding occurs after
product release, resulting in a second dwell at the 0° position
(ATP-waiting dwell) (14, 24). This dwell can also be induced by
the application of an external load sufficient to slow the power
stroke that in turn reduces the rate constant of ATP binding (9).
Based on these observations, substrate binding at site 3 is thought
to be required to initiate rotation past the 0° position (/4).

The results presented here show that application of an external
load on the motor causes the dwell to lengthen (Figure 7A),
consistent with a decrease in the rate constant of ATP binding as
is observed in PS3-F; (9). The dwell duration also increases as a
result of inhibition of ATP hydrolysis by PEG-400 (Figure 7A,
solid dots). Similar increases in dwell duration have been
observed with the SD190E mutant of the catalytic base in the
thermophilic bacterium PS3 enzyme that slow the rate of hydro-
lysis (25, 26). The SD190E mutant follows an alternate reaction
pathway where product release occurs before substrate binding
that causes the y subunit to dwell in the 0° position after
which it rotates by 120°, skipping the dwell at the 80° position
(Figure 8C) (28). In this proposed alternate reaction pathway the
order of events is hydrolysis at site 1, followed by product release
at site 2, and then substrate binding at site 3. This leads to
a nucleotide occupancy state where two ADP are bound at one
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binding are limited, compatible with the data presented here.

time (dotted box, Figure 8C), similar to that observed in three
F crystal structures (30, 37, 38).

We propose two additional reaction pathways that could
occur when the rate of hydrolysis has been decreased and/or
the load on the y subunit decreases the rate constant for
ATP binding. The first occurs when ATP binds to site 3 prior
to hydrolysis in site 1 but after product release in site 2
(Figure 8D). Under these conditions, the dwell duration is
determined by the rate of hydrolysis at site 2 and is not addi-
tionally extended by increases in the time required to bind ATP
to site 3 (Figure 7, solid dots and open triangles) caused by
external load on the motor that slows the power stroke
(Figure S, open triangles). This model requires that rotation
be inhibited when two ATP are bound and that hydrolysis at
site 1 initiates the power stroke at the 0° position. This leads to a
nucleotide occupancy state where two ATP are bound at one
time while the third site is empty (dotted box, Figure 8D). It is
noteworthy that two ATP or ATP analogues are bound to the
enzyme simultaneously in six F; crystal structures with one site
empty (11, 39, 40).

In the second possible reaction pathway, ATP hydrolysis in
site 1 occurs before ATP binding in site 3 but after product release
inssite 2 (Figure 8E). Under these conditions, the external load on
the motor increases the time required for ATP to bind (9) to a
greater extent than the time required for hydrolysis to occur when
inhibited by PEG-400. This is consistent with the results pre-
sented here, where the three largest sizes of nanorods significantly
increase the duration of the power stroke (Figure 5, open circles,
squares, and diamonds) and have longer dwell durations than
when the enzyme is limited by hydrolysis (Figure 7, solid circles,
open circles, squares, and diamonds).

The reaction pathways of Figure 8C—E differ from the
conventional pathway (Figure 8A,B) with regard to the order
of hydrolysis, product release, and substrate binding events. This
change in order may account for the absence of the dwell at the
80° position in the alternate reaction pathways. The presence of
product at site 2 prohibits rotation past the 80° dwell position
(24, 25). Thus, when product has been released from site 2 before
rotation has been triggered by either substrate binding at site 3
(Figure 8C,E) or hydrolysis at site 1 (Figure 8D), the 80° dwell
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position does not occur. Instead, rotation continues past this point
and ends after 120°. Consequently, when rotation is triggered
at the 0° position and there is no product in site 2, rotation occurs
in a single 120° event. The results presented here suggest two new
forms of the alternate reaction pathway (Figure 8D,E) but do not
eliminate the reaction pathway of Figure 8C. Since crystal
structures provide evidence that both situations occur, it appears
that hydrolysis, product release, and substrate binding may occur
in different orders, depending upon the conditions.
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