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Abstract

Increases in the power stroke and dwell durations of single molecules of E. coli F1-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.
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Mechanical work at the sub-cellular 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 (1-8).

Application of a load to several motors perturbs the mechanical transitions in the catalytic
cycle, causing a force-dependent shift in both the dwell time distribution and mechanical
transitions (1). Several groups have observed changes in these distributions resulting from
intra-molecular strain due to an applied external load that altered the conformations of the
active site, and affected nucleotide binding, ATP hydrolysis, and product release (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 application of an external force that caused this
motor to stop its transport function, and become a structural linker. Spudich (1) has suggested
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that the use of mechanical strain to alter protein function may serve as a widespread means of
enzyme activity regulation.

The F1F, ATP synthase is composed of the transmembrane F, complex and extrinsic membrane
F1 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 F1 y subunit is
composed of two domains, a coiled-coil domain that protrudes through the center cavity of the
(aB)3 ring, and an open a-helix/B-sheet domain known as the foot that binds to the & subunit
and the c-subunit ring of F, (11,12). The F1-ATPase-driven and F,-proton gradient-driven
rotation of the ye subunits occur in opposite directions (11,12).

The rotary cycle of the F1-ATPase molecular motor at saturating ATP concentrations involves
three 120° power strokes each separated by a catalytic dwell (13). Catalytic dwell durations of
8 ms and 2 ms measured in F1 from E. coli and the thermophilic bacterium PS3, respectively,
are consistent with the turnover time of ATP hydrolysis (14,15). Early measurements with low
temporal resolution were unable to resolve the velocity of the power stroke, but estimated

torque to be about 40 pN nm (14). However, more recent measurements using acquisition rates
of 100 kHz have shown that the velocity of the power stroke is 0.45 degrees ps™, which results
in a torque of 63 pN nm (15,16). Torque values of 56 pN nm to 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 (21), where the rate limiting step is product release (22,23). At rate-limiting
concentrations of ATP, the 120° rotational steps occur in 80° and 40° substeps (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 BD190E where the rate
limiting step is hydrolysis (25), the enzyme follows an alternative reaction pathway. In this
pathway a 120° power stroke occurs after a dwell 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 F1-ATPase in 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 F1-ATPase was purified from E. coli XL-10 strain. F1 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 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 KCI, 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 cm3 of resin) washed initially
with water and equilibrated with Buffer C (50 mM TRIS/pH 8.0, 100 mM KCI, 30 mM
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imidazole, 5 mM MgCly, 15 % glycerol) to bind the F1-ATPase to the column, and the column
was washed with 20 ml of Buffer C. To elute F1-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 pl 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 F1, 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-Cl/pH 8.0, 10 mM KCI), 60 uM phenol red pH indicator, and the desired amount of
MgCl, and ATP. A 1:2 mole ratio of Mg2*-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
at557 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
(16). The F1-ATPase activity was measured as described by (29) in 5 mM TRIS pH 8 and 55
mM KCI with the indicated amount of Mg?*-ATP in a Cary 100 spectrophotometer at 28° C.

The power stroke of the enzyme was characterized by measuring 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 F1-ATPase was bound to the surface of non-functionalized glass cover slips since there
was no measurable difference in dwell or transitions times from enzyme bound to Ni-NTA
coated cover slips. 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 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-Elmer 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 (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 5t and 95t 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 5-95t 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 1; = A cos(Bx1 + 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 was used to generated Figure 1 A and B.

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 polyethylene glycol-400 (PEG-400) were used to vary the viscosity. This fluid is Newtonian
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and increases the viscosity to 20 cP at 60% (vol/vol) (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 kgor and Keqi/ K, characteristic of pure non-competitive 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 K (slopes) and K;; (intercepts) are equivalent, indicating that PEG-400
is a pure noncompetitive inhibitor. Thus, the PEG-400 dependent decreases in ATPase activity
are not due to a 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 concentration. This was accomplished by using gold nanorods of 75
x 35, 87 x 36, 90 x 46, and 91 x 45 nm sizes (Figure 2A-D). 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
(15), where the scattered light intensity is maximal and minimal when the long axis is parallel
and perpendicular to the plane of polarization, respectively (31). 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 (15). To determine if the changes in scattered light intensity were
the result of F1-driven unidirectional rotation, the light scattered from a single nanorod was
splitinto 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 F1 in the presence of saturating
ATP is shown in Figure 3A. Under these conditions, the F{-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
F1-ATPase molecule for each size of nanorod (Figure 4A-D). A data set to characterize a single
condition was considered complete when it contained at least 20,000 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 kHz to 200
kHz in increments of 10 kHz. The average transition time from each acquisition rate did not
change significantly (Figure 4A-D, 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.
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The mean power stroke duration for each nanorod size as a function of PEG-400 concentration
is shown in Figure 5A. The duration of the transition for the three smallest nanorods converged
to ~250 ps at low viscosities (Figure 5A 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 s indicating that the power stroke velocity was always limited
by the viscous load on the motor. The difference in performance between these nanorods 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 " = T/w, where T
is the torque, 61 pN nm (16), and o is the velocity determined from the transition time (the
measured transition time, t, is reciprocal to m and hence t is proportional to I'/T). Linear best
fit trend lines (r2 > 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 Fig. 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 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 kg, for the ATP hydrolysis rate measured in bulk
solution (14, 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.g; 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
kcat 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.
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Discussion

At saturating ATP concentrations in the absence of PEG-400, rotation occurred in CCW 120°
steps (Figure 3) as has been observed elsewhere (15,17,23). Under these conditions, the enzyme
follows the conventional reaction pathway that involves a catalytic dwell at the -40° (equivalent
to 80°) position followed by a 120° power stroke initiated by product release (Figure 8A)
(13,15,21). Inthisthree site model (35), ATP hydrolysis and ATP binding occur prior to product
release, which may be ADP (41, 42) or Pi (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 (14).

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 (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 BD190E mutant of the catalytic base in the thermophilic bacterium PS3 that
slow the rate of hydrolysis (25, 26). The BD190E 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 time (dotted box Figure 8C)
similar to that observed in three F4 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 additionally 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 5 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 Fq crystal structures with one
site empty (11, 46, 47).

In the second possible reaction pathway, ATP hydrolysis in Site 1 occurs before ATP binding
in Site 3, but after product release in Site 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 presented 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, D, and E differ from the conventional pathway (Figure 8
A and 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
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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 and E) or hydrolysis at Site 1 (Figure
8D), the 80° dwell 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 and 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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Noncompetitive inhibition of F1-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 Methods using 10 pg of Fq in the
presence of (e) 0% PEG-400, (A) 15% PEG-400, (4) 30% PEG-400, (o) 45% PEG-400 (v/
v). (B) Double reciprocal plot of the data from (A). (C) Plot of the the slopes (o) and y-intercepts
(o) of each trend line from Figure 1B versus PEG-400 concentration. The absolute value of
the x-intercepts determined by linear regression are defined as the inhibition constants Kjs

(slopes) and K (intercepts).
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Fig. 2.

Electron micrographs of gold nanorods 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.
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Fig. 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 ImM MgCl, and 2mM ATP. (Inset) Detail of
the rotational stepping of the boxed region. Horizontal lines show the 120° dwell positions.
(B) Individual 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.
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Distributions of transition times from single molecules collected at 1mM MgCl, and 2mM
ATP at100 kHz using (A) 75 x 35 nm, (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.
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Transition times as a function of PEG-400 concentration and nanorod size at 1mM MgCl, and
2mM ATP. (A) Average transition times as a function of PEG-400 concentration measured
using 75 x 35 nm (4), 87 x 36 nm (o), 90 x 46 nm (o) and 91 x 45 nm (0) 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 ps. (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.
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Fig. 6.

Dwell times in the absence (A,B) and presence (C,D) of 60 % PEG-400 at 1mM MgCl, and
2mM ATP. (A,C) Changes in the intensity of scattered light from a single 75 x 35 nm nanorod
attached to an F1-ATPase molecule during rotation for 45 ms acquired at 100 kHz for 0% and
60% PEG-400, respectively. Each data point is 10us, and dwells are indicated by dotted lines.
(B,D) Histograms of average F1 dwell times acquired at 100-200 kHz using the same nanorods
and PEG-400 concentrations as in (A,C), respectively.
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(A) Average dwell times of F; as a function of percent PEG-400 using 75 x 35 nm (&), 87 x
36 nm (o), 90 x 46 nm (o) and 91 x 45 nm (©) nanorods at 1ImM MgCl, and 2mM ATP. The
inverse of the kgyt from bulk ATPase measurements (o) from Figure 1. (B) Linear correlation
between the transition time and dwell time (correlation coefficient = 0.935) for 75 x 35 nm
(a), 87 x 36 nm (o), 90 x 46 nm (o) and 91 x 45 nm (¢) nanorods.
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(A) The conventional reaction pathway at saturating ATP concentrations. (B) The conventional
reaction pathway at limiting ATP concentrations. (C) The alternate reaction pathway from
Shimabukuro et al. (26). Dotted box shows when the enzyme has two ADP bound. (D)
Modifications to the alternate reaction pathway compatible with the data presented here when
only hydrolysis is limiting. Dotted box shows when the enzyme has two ATP bound. (E)
Additional modifications to the alternate reaction pathway when both hydrolysis and ATP
binding are limited compatible with the data presented here.
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