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ABSTRACT: While numerous DNA-based molecular machines have
been developed in recent years, high operational yield and speed
remain a major challenge. To understand the reasons for the limited
performance, and to find rational solutions, we applied single-molecule
fluorescence techniques and conducted a detailed study of the reactions
involved in the operation of a model system comprised of a bipedal
DNA walker that strides on a DNA origami track powered by
interactions with fuel and antifuel strands. Analysis of the kinetic
profiles of the leg-lifting reactions indicates a pseudo-first-order antifuel
binding mechanism leading to a rapid and complete leg-lifting,
indicating that the fuel-removal reaction is not responsible for the 1% operational yield observed after six steps. Analysis of
the leg-placing reactions showed that although increased concentrations of fuel increase the reaction rate, they decrease the yield
by consecutively binding the motor and leading to an undesirable trapped state. Recognizing this, we designed asymmetrical
hairpin-fuels that by regulating the reaction hierarchy avoid consecutive binding. Motors operating with the improved fuels show
74% yield after 12 consecutive reactions, a dramatic increase over the 1% observed for motors operating with nonhairpin fuels.
This work demonstrates that studying the mechanisms of the reactions involved in the operation of DNA-based molecular
machines using single-molecule fluorescence can facilitate rationally designed improvements that increase yield and speed and
promote the applicability of DNA-based machines.

■ INTRODUCTION

Natural molecular machines comprised of proteins and RNA
display impressive yields and speeds. For example, a bipedal
Kinisin motor can walk hundreds of steps at a rate of several
steps per second without dissociating from the microtubule
track.1 For fast and efficient artif icial molecular machines, DNA
molecules have several uniquely advantageous properties.2−6

Structurally, carefully designed DNA strands can be assembled
into two-7−9 and three-dimensional10−12 DNA-origami struc-
tures that adapt unique and predictable conformations13−17

while providing the structural stability required for the rational
design18 and development of well-functioning machines. Device
conformations can be controllably altered by hybridizing
specific strands called fuels.19 These can be connected to a
device by a straightforward hybridization reaction. Conversely,
they can be disconnected and removed by hybridizing
complementary strands, i.e., antifuels,19 in a reaction called
toehold-mediated strand displacement.20−22 The rates of
elementary strand hybridization and toehold-mediated strand
displacement (measured not in the context of complex devices)
are on the order of from 105 to 106 M−1 s−1 and the reaction
yields approach 100%.22−25 To illustrate, with these properties,
reactions initiated at 1 μM concentration should reach 99%
yield within from 1000 to 100 s, respectively.
Numerous and diverse dynamic devices19,26−33 and mo-

tors34−37 operating on the basis of these reactions have been

demonstrated. The operational yields (defined as the fraction of
devices that operate as intended) and speeds of these devices,
however, are generally lower than those of elementary
hybridization and strand-displacement reactions and of natural
molecular machines, hindering the progress of DNA-based
nanotechnology.
We now report a detailed single-molecule florescence

investigation of an origami-based nonautonomous motor.
Using this technique, we identified underlying phenomena
responsible for limited rates and yields, and this understanding
led directly to a rational solution. The motor is made of a
bipedal walker that strides on a robust origami-based track by
interaction with sequentially introduced fuel and antifuel
strands. We monitored the walker progress as it was striding
on the track and found that when the motor was fed with
nonhairpin fuels, the yield was low. To understand the reason
for the low operational yield, we investigated the mechanisms
of the fuel-removal and fuel-addition reactions at a single-
molecule level. The kinetic profiles indicated that consecutive
binding of two fuels to a single motor was the reason for the
low operational yield. In response, we introduced fuels with
hairpin structure that, by regulating the reaction hierarchy,
prevented consecutive binding. Motors fed with the improved
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hairpin-fuels operated with dramatically higher yields and with
rates approaching those of elementary DNA-strand reactions.

■ RESULTS AND DISCUSSION
Motor Design. Our motor consists of an origami-based

track, a bipedal walker, fuel strands that connect the walker to
the track, and antifuel strands that remove the fuels (Figure
1A,C), and it is based on a motor introduced before.35 In the

original motor, the track was made of four footholds that
branched out of a one-dimensional helix bundle. Our motor
consists of seven footholds (T0−6; see Supporting Information
for sequences, S1) that branch out of a two-dimensional
rectangle origami,7 providing stability and enabling longer
tracks. The walker is made of two partially hybridized strands,
called legs (L1−2). Fuels that contain hairpins are called
hairpin-fuels (HF0−4) and classical fuel strands that lack
secondary structures are called fuels (F0−4). Each of the five
fuels or hairpin-fuels is designed to join one of the two legs to
one (or two) of the seven footholds (the T1 sequence was
identical to that of T5 and T2 to that of T6). Fuels or hairpin-
fuels can be removed from the motor by a strand-displacement
reaction, initiated by the introduction of the corresponding
antifuel or anti-hairpin-fuel strand (AF0−6 or AHF0−6,
respectively). Introduction of the proper sequence of fuels
and antifuels, therefore, causes the walker to stride on the track.
Single-Molecule Measurement. The motor structure,

kinetics, and integrity were measured using single-molecule
Förster resonance energy transfer and alternating laser
excitation techniques (sm-FRET/ALEX;38−42 see Supporting
Information, S2). The motor was labeled at positions that
enabled determining the state and the integrity of the motor.
L1 was labeled with a donor fluorophore, and T1, T3, and T5

were each labeled with an acceptor fluorophore at a decreased
distance from the origami. With this arrangement, the FRET
efficiency (E) values indicated to which of the labeled foothold
L1 was connected or whether it was lifted (Figure 1B). The
fluorophores stoichiometry ratio (S) values indicated the
presence/absence of the walker and the track. This enables
determining the fraction of motors that remained intact and, by
rejecting events (molecular species transient through the
confocal spot, see Materials and Methods) not containing a
walker and a track, generating E-histograms belonging to intact
motors only. For sm-FRET/ALEX measurements that indicates
the formation of the motor, see S3 in the Supporting
Information.

Low Operational Yield. Freely diffusing motors at single-
molecule concentration (3 pM) were sequentially fed with
nonhairpin fuels and the corresponding antifuels (200 nM),
and the sample was continuously monitored with the sm-
FRET/ALEX technique. After each addition of fuels the sample
was incubated for 45 min, and after each addition of antifuel the
sample was incubated for 30 min to allow the reaction to
complete. Two-dimensional E/S-histograms measured for the
last 15 min of each step are presented in Figure 2A−D. The

measured E values were predominantly as expected. The minor
discrepancies are explained in the Supporting Information
(Figure S3) and in the Material and Methods. The increase in
the population at S ∼ 0.1 indicates departure of the walker from
the origami track. After six steps (six fuel-addition and six fuel-
removal reactions) only about 1% of the motors remained
intact (Figure 2D).

The Fuel-Removal Reaction. To measure the kinetics and
yield of the fuel-removal reaction, we introduced different
concentrations of antifuel AF1 into a solution of 10 pM freely

Figure 1. Principles of the motor operation and the sm-FRET/ALEX
technique. (A1) Fuel F2 connects leg L2 to foothold T2. L1, labeled
with a donor fluorophore is lifted and the donor−acceptor(s) distance
is large (purple E-histogram at (B)). (A2) F3 is added to the solution,
joins L1 with T3, and the donor−acceptor distance is shortened
(green E-histogram). (A3) Antifuel AF2 is added to the solution, binds
the toehold of F2, and removes F2 from the motor. The E value
decreases and a duplex waste is formed. (B) Two dimensional E/S-
histogram and E- and S-histograms of the motor presented at A2 and
an E-histogram of the motor presented at A1. Intact motors that
consist of one donor and three acceptors yield S values centered
around 0.25 (inside the dark green rectangle). Origami tracks that have
lost the walker consist only of three acceptors yield S values centered
around 0.1 (inside the red rectangle). The E-histograms are
constructed only from the population with the correct fluorophores
stoichiometry (green rectangle). (C) Top view of the origami track.

Figure 2. Low operational yield. (A−D) Four out of 13 motor states
measured with sm-FRET/ALEX. The E-histograms report on the
motor progress and the S-histograms on motor integrity. With each
additional step a portion of the walkers detach from the origami track,
resulting in an increase of the acceptor-only population (the peaks at S
∼ 0.1). After the introduction of six fuels and six antifuels, only 1% of
the motors remain intact (D).
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diffusing motors and continuously monitored the motors using
the sm-FRET/ALEX technique (Figure 3). In the initial state

(called leg-placed, SLP) the two walker legs are joined by two
fuels to two footholds and the E values are high (E = 0.7−1.0).
Upon introduction, the antifuel AF1 binds the fuel toehold,
forming state SLP* . This is followed by a toehold-mediated
strand displacement, which removes the fuel from the motor,
resulting in lifting of L1 and formation of state SLL and a
decrease in E value. The kinetic profiles of the fuel-removal
reactions, defined as the fraction of motors with high E, are
presented in Figure 3D.
Complete solution of the fuel-removal rate equations are

given in the Supporting Information (eqs S1−S12). That the
AF1 concentrations are considerably higher than that of the
motors justifies a pseudo-first-order assumption for the binding
of AF1 to the toehold of F1. The time it takes for a strand to
displace another strand in a context of a toehold-mediated
strand displacement reaction is around 1 s−1.22 This is
significantly faster than our fuel-removal reactions. On the
basis of that, we assumed that the rate-limiting step is the
binding of AF1 to F1 and not the F1 displacement, justifying a
steady-state approximation for SLP* . Therefore, the fraction of
high-E population should behave according to eq 1:
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Fitting eq 1 to the data (Figure 3D) shows that kobs is linearly
dependent on the AF1 concentration (Figure 3E), validating
the rate-limiting-step assumption and the steady-state approx-
imation. From the slope of the graph in Figure 3E (Supporting
Information, eqs S11, S12) we calculated the concentration-
independent AF1 binding rate constant and found it to be kAF =
(3.14 ± 0.02) × 105 M−1 s−1. This value is in very good
agreement with the published rate for hybridization of two
strands in a second-order reaction [(1−5) × 105 M−1 s−1],23−25

further supporting the rate-limiting-step assumption and
indicating that the majority of antifuel binding events lead to
fuel removal. As indicated by the result (Figure 3D, e.g., the 100
nM AF1 concentration) and explained by the analysis, given
enough time and proper antifuel concentrations, the fuel-
removal reaction does reach completion. Therefore, the fuel-
removal reaction is not the reason for the low operational yield
observed.

The Fuel-Addition Reaction. We continued by studying
the kinetics and yield of the fuel-addition reaction. The
measurements were conducted using the same procedures as
for the fuel-removal reaction, except that L1 was already lifted
in the initial state (leg-lifted SLL, Figure 4A) and fuels, rather

than antifuels, were introduced. The kinetic profiles of the fuel-
addition reactions are presented in Figure 4B1. The most
signif icant observation is that increased f uel concentration
decreases, rather than increases, the reaction ef f iciency.
To explain these important results, we proposed the

mechanism presented in Figure 4A. In the intended fuel-
addition reaction, a single fuel should binds the foothold (to

Figure 3. Fuel-removal reaction. (A) Mechanism of the fuel-removal
reaction. (B) Two-dimensional E/S-histogram of the motor measured
continually from before the introduction of antifuel to 2700 s after.
Only populations with the correct stoichiometry were considered for
the generation of the kinetic profiles (inside the dark green rectangle).
(C) E-histograms measured at a different time since the introduction
of AF1. (D) Plots of the fractions of high-E populations measured at
several AF1 concentrations. Each curve is fitted with eq 1, from which
kobs is calculated. (E) kobs are plotted as a function of AF1
concentration.

Figure 4. Fuel-addition reaction. (A) A proposed mechanism of the
fuel-addition reaction using nonhairpin fuel. Instead of one fuel
binding the leg or the foothold followed by binding of the other and
completion of the reactions, two fuels may bind the motor
consecutively, resulting in a trapped state, STRAP. Higher concen-
trations of fuel increased the probability of forming the trapped state.
(B1) Kinetic profiles of the fuel-addition reactions (fraction of high-E
population) measured at different F1 concentrations and fitted with eq
2. Clearly, an increased concentration of F1 decreases the reaction
yield. (B2) Calculated pseudo-first-order rate constants k′F at different
F1 concentrations.
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form state SLL). This is followed by an intramolecular reaction
in which the same fuel completes the reaction by binding the
free leg to form the intended state SLP (alternatively, the fuel
may first bind to the foothold and then the leg, state SLL**). It is
possible, however, that an additional fuel binds to the free leg or
foothold in an intermolecular reaction before the first fuel
completes the intramolecular reaction, resulting in the
formation of a trapped state (STRAP). Because the rate for
dissociation of the fuel from the leg and the foothold is very
slow (the fuel-foothold and the fuel-leg form duplexes of 17
and 18 base pairs), the motor remains bound to two fuels, and
the leg remains lifted. Higher concentrations of fuels increase
the rate of formation of intermediates (SLL* and SLL**) and
increase the rate of formation of the trapped state from the
intermediates; however, it does not increase the rate of
formation of the desired SLP state from the intermediates. Thus,
according to our models, higher fuel concentrations should reduce
the yield of the fuel-addition reaction.
Complete solution of the fuel-addition rate equations are

given in the Supporting Information (eqs S13−S24). We
assume a pseudo-first-order reaction for binding a fuel to a leg
or to a foothold with a pseudo-first-order fuel-binding rate
constant, k′F. For reasons of simplicity, we assume that this rate
is equal for fuel binding legs and footholds. We do not expect
the origami to cause a significant reduction in the binding rate
to the nearby footholds in comparison to the leg43 under the
counterion concentration used (100 mM NaCl).
On the basis of these assumptions, the kinetic profile for the

formation of the leg-placed state SLP is given by eq 2.
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Fitting eq 2 to the data (Figure 4B1) shows that k′F is
linearly dependent on the fuel concentration (Figure 4B2), as
expected from our model and supporting it. From the slope in
this graph (Supporting Information, eq S24) we calculated the
concentration-independent fuel-binding rate constant: kAF =
(3.14 ± 0.02) × 105 M−1 s−1. These rates are 10−30 times
slower than expected for binding of two complementary strands
to form a duplex, and currently we do not have an explanation
for the slow rate. The leg-placing rate, kLP, reflects the times it
takes to join the leg and the foothold after one of the two is
bound to fuel. The values of kLP varied from (1.67 ± 0.06) ×
10−2 s−1 (∼60 s) when 2000 nM fuel was used to (2.11 ± 0.05)
× 10−3 s−1 (∼470 s) when 10 nM fuel was used. According to
the model, kLP should not vary with the fuel concentration.
Lack of resolution, however, prevented us from determining
conclusively whether kLP varies or whether these variations are a
result of the influence of a small population of nonreacting
motors on the fit.
The reaction yield at infinite time is given in eq 3 (see also

Supporting Information, eq S23). The equation shows that
higher fuel concentration decreases the yield.
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Rational Design of Hairpin-Fuel. To reduce limitations
on speed and yield caused by the formation of the trapped
state, we developed a hairpin-based fuel. Nonhairpin fuels bind
the legs and the footholds at roughly the same rate. Our
asymmetric hairpin-fuel is designed to bind the foothold first
and bind the leg only after binding the foothold (Figure 5A).

This is achieved by placing the segment that is designed to bind
the leg (Figure 5A, colored pink and red) inside the hairpin
loop and stem, slowing the binding of the fuel to the leg.44−46

Part of the segment that is designed to bind the foothold is
exposed (the blue part) and can bind the foothold at high rate
(typical of hybridization of two strands). Upon hybridization of
the hairpin-fuel and the foothold, the stem (gray) is opened,
exposing the toehold and making it available for binding to the
leg to complete the fuel-addition reaction. The kinetic profiles
of nonhairpin fuel and hairpin-fuel addition reactions measured
at 1000 nM fuel and hairpin-fuel concentrations are compared
in Figure 5B. The nonhairpin fuel reaches a maximum of about
65% yield after 150 s (the time resolution of the measurement),
whereas the hairpin-fuel reaches 90% after 150 s and 98% after
3000 s. The fraction of motors that did not react properly
reduces by 17-fold (from 35% to 2% per reaction). This
signif icant improvement in the reaction yield demonstrates that the
inef f iciency observed for the nonhairpin fuel is a result of
consecutive binding of fuels, as we proposed, and that our
rationally designed hairpin-fuel functions as intended.

Successful High-Yield Operation. After demonstrating
that the fuel-addition reaction using hairpin-fuel was signifi-
cantly more efficient than that with fuel, we measured the

Figure 5. Hairpin-fuel. (A) A proposed mechanism of the fuel-
addition reaction using hairpin-fuel. (B) A compression of the kinetic
profile of the fuel-addition reaction using fuel (green) and hairpin-fuel
(blue). (C) A compression of the operational yield of motors
operating using fuels and hairpin-fuels measured after each step. (D) A
compression of the sm-FRET/ALEX results for motors operating with
fuels and hairpin-fuels measured at the sixth step.
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motor operational yield using hairpin-fuels. Six hairpin-fuels
and six corresponding anti-hairpin-fuels (AHF0−5) were
introduced consecutively. Comparisons of the yields measured
for motors operated with fuels and with hairpin-fuels and of the
sm-FRET/ALEX histograms measured at the sixth step are
presented in Figure 5C,D. The results are clear: after six
introductions of fuels and six antifuels only 1% of the motors
remained intact, whereas after six introductions of hairpin-fuels
and six anti-hairpin-fuels as much as 74% of the motors
remained intact and operational. The 2 order-of-magnitude
improvement in the overall operational yield, observed af ter only six
consecutive steps, emphasizes the importance of achieving high
yields for each individual reaction.
Slow and Nonreacting Motors. The kinetic profiles of the

fuel and the hairpin-fuel addition reactions indicate that a small
fraction of nonreacting or slowly reacting motors may exists
(the nonhairpin fuel and the hairpin-fuel did not reach 100%
yield even when introduced in low enough concentrations; data
not shown). A possible explanation for this observation is that
around 2−8% of the motors populate states in which, because
of geometrical considerations, the fuels or hairpin-fuels cannot
bridge between the foothold and the leg, and only with time,
some of these motors find a way out of these states and
complete the reaction (Supporting Information, Figure S3C).
Missing footholds may also explain part of the reduced yield
(Supporting Information, Figure S3A). These are probably the
reason why the operational yield after six steps, using the
hairpin-fuel, was only 74%. More single-molecule study is
required to explain the reasons for the observed imperfectness
and to offer a rational solution.
Implications for Fast and Reliable Molecular Ma-

chines. Our results suggest that it should be feasible to create
fast and efficient DNA-based motors and machines. The data
indicate that, given enough time and proper antifuel
concentrations, the fuel-removal reaction does reach comple-
tion. This indicates that the toehold-mediated strand displace-
ment reaction enables a complete removal of the fuel and that
the fuel-removal reaction is not a major cause for the low
operational yields observed. In addition, because increased
antifuel concentration linearly increased the fuel-removal
reaction rate (Figure 3E), it is reasonable to assume that
increasing the antifuel concentration beyond the 100 nM tested
here will accelerate the fuel-removal reaction further. The
strand displacement reaction is expected to slow the fuel-
removal reaction only when the antifuel binding rate reaches
that of the strand displacement rate, which is around 1 s−1.22 To
illustrate, it may be possible to reach 99% fuel removal within 7
s when a 1 μM antifuel concentration is used.
Furthermore, the results of the fuel-addition reaction show

that more than 50% of the motors operated with the fuel and
90% of the motors operated with the hairpin-fuel complete the
fuel-addition reaction in less than 150 s (Figure 5B), indicating
that intramolecular leg-placing is fast. For the leg-placing
reaction to take place, the leg and the foothold must be
oriented such that the fuel can bridge between them.18 This is
where the motor actually steps forward, and it is very
encouraging that most of the motors overcome this geometrical
constraint and execute the striding function, at such promising
rates.18

Because a high concentration of nonhairpin fuel promotes
side reactions (the trapped state in our case), the yield and the
rate are compromised. At high fuel concentrations, the reaction
is fast but the yield is low, and at low fuel concentrations, the

yield is high but the reaction is slow (Figure 4B1), placing
limitations on speed, yield, and overall functionality. It is likely
that similar unwanted interaction explains the presence of
dimers and other complexes observed in previous non-
autonomous devices19,26,27 and by us38 for an autonomous
bipedal motor.47 As we demonstrate here, however, this problem
can be overcome using asymmetric fuels (or other connecting
strands) that regulate the reaction hierarchy.

■ CONCLUSIONS

This study is part of a broader effort to demonstrate truly
reliable, stable, and fast DNA-based machines capable of
conducting many sequential operations. To this aim, we utilized
single-molecule FRET and ALEX techniques and elucidated the
mechanisms of the reactions involved in the operation of a
DNA-based bipedal motor. The implications for fast and
efficient DNA-based molecular machines are mostly positive.
Strands can be removed from devices with yields and rates that
are high as those of the toehold-mediated strand displacement
reaction. Furthermore, trapped states formed when operating
machines at high concentration of fuels can be avoided using
asymmetrical hairpin-fuels, significantly increasing operational
yield. With such rationally designed fuels, machines should be
able to operate with better yields, and because higher
concentration of fuels can be used, with faster rates. Taken
together, these findings bring us closer to molecular machines
that operate with yields and speeds approaching that of
elementary DNA strands’ reactions.
More generally, this study demonstrates how careful and

systematic analysis of individual reactions at the single-molecule
level can lead to rational optimization of a DNA-based machine
and demonstrates that single-molecule fluorescence, based on
its ability to provide detailed in situ structural and dynamical
information, inaccessible using traditional methods, constitutes
an excellent tool for the development of DNA-based nano-
technology.

■ MATERIALS AND METHODS
ssDNA Labeling. HPLC-purified ssDNAs were purchased (IDT

Inc., Coralville, LA) with a C6 dT internal amino modifier
(iAmMC6T) in specified positions. ATTO-550 and ATTO-647N
(donor and acceptor, respectively, ATTO-TECH GmbH, Siegen,
Germany) were labeled and HPLC purified (reverse-phase C18,
Amersham Bioscience, Uppsala, Sweden). Typical labeling yields were
∼70% and purities after HPLC were >99% as verified by
reintroduction into the HPLC.

Motor Preparation. DNA origami was prepared following
Rothemund’s rectangle.7 M13mp18 ssDNA was used as scaffold
(New England BioLabs), and the staples were ordered unpurified
(IDT). The annealing solution was comprised of 2 nM scaffold; 5-fold
excess of staples; 20-fold excesses of footholds, fuels, and legs in 40
mM TAE Tris, 1 mM EDTA, and 40 mM acetic acid; and 12.5 mM
MgCl2 in a 50 μL volume. To prevent sticking of the origami to each
other, edge staples were not introduced. The annealing procedure was
as follows: 95 °C for 5 min, cool to 60 °C at 1 °C/2 min, and cool to
20 °C at 1 °C/5 min. After annealing the origami was washed using a
100-KD filter (Amicon Ultra, Millipore) by centrifuging (5174R,
Eppendorf) four times at ∼14 000g for 5 min in 50× TAE and 12.5
mM MgCl2. We found that washing with 50× TAE reduces origami
and staple dissociation, resulting in higher recovery of origami from
the Amicon and increased presence of footholds as verified by ALEX.
Samples were then spun again for 10 min at ∼14 000g in 1× TAE
buffer (to remove Mg2+ and the 50× TAE) and subjected to a final
spin reversed at 1000g for 5 min. For the yield measurements (Figures
2 and 5C,D) all seven footholds were introduced in the annealing
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process, and for the kinetic measurements (Figures 3−5) only
footholds T0, T1, and T2 were introduced. The footholds are designed
to branch out of the origami in the locations of staples r-7t10f, r-7t10e,
r-5t10f, r-5t10e, r-3t10f, and r-3t10 (see ref 7). To avoid competition,
these staples were not introduced. For the yield measurements F0 and
F1 or HF0 and HF1 were introduced in the annealing process such
that the walker parked at the beginning of the track. For the fuel-
removal measurements (Figure 3), F1 and F2 were introduced such
that the walker parked on T1 and T2. For the fuel-addition
measurement (Figure 4), AF1 was introduced before the final spin/
wash to lift L1 from T1.
Measurement of the Motor Operational Yield.Motor progress

(Figures 2 and 5C,D) was monitored in one continuous measurement.
A sample (50 μL of 3 pM motor) was placed on a coverslip and sealed
with silicone. The low concentration reduces the probability of
observing more than one device at a time. An upper coverslip was
gently placed on the silicon and removed briefly for introduction of
fuels or antifuels. The bottom coverslip was KOH-treated by
sonication (15 min) in 1 M KOH solution, thoroughly washed with
distilled water, and dried with air. This treatment makes the coverslip
negatively charged, preventing sticking of the negatively charged
origami as confirmed by TIRF measurements. The measurement
buffer was comprised of 10 mM Tris (pH 8), 1 mM EDTA, 10 μg/mL
BSA (Sigma-Aldrich) to reduce sample sticking, 500 mM NaCl, and 1
mM Trolox (Sigma-Aldrich) to reduce fluorophore photobleaching
and photoblinking. Fuels and antifuels were introduced sequentially
(200 nM final concentration). Data were collected during the entire
operation period, but data from only the last 15 min, after most of the
motors reacted, are presented. Binding of donor labeled L1 to acceptor
labeled T1, T3, and T5 yielded E values of approximately 0.85, 0.6, and
0.5, respectively, and the E value of a lifted L1 was 0.3. This is in a
good agreement with E values estimate from measurement of dsDNA
(data not shown). Although there were some overlaps between the E-
histograms of the different states, there was no overlap with the leg-
lifted histograms, enabling complete separation of the initial and the
final states in all measurements. On the basis of the definition of S (eq
5), acceptor only events (S < 0.13) were considered as origami tracks
that have lost the walker, and events having three acceptors and one
donor (0.37 > S > 0.13) were considered intact motors. These exact
values were chosen to achieve best separation between the somewhat
overlapped populations.
Measurement of the Kinetic Profiles. Motors were placed on a

coverslip and sealed with silicone and an upper coverslip. To increase
the statistics, and therefore the time resolution, 10 pM motor was used
for the kinetic measurements. The measurement buffer consisted of 10
mM Tris (pH 8), 1 mM EDTA, 10 μg/mL BSA, 1 mM Trolox, and
100 mM NaCl. The reaction profiles in Figure 4B1 were measured in
1000 mM NaCl. Fuel and antifuel were added after 450 s (considered
as time equal zero) from a 10× stock solution (relative to the final
concentration), achieving final volume of 50 μL. Data were collected
for around 120 min. The data was divided into chunks of 300 s, and
the ratio of high-E divided by the sum of high-E and low-E (high-E
defined as E = 0.7−1 and low-E defined as E = 0.05−0.35) was
calculated.
Data Analysis and Presentation. Data analysis was performed

with the in-house-written Labview (National Instruments v 7.1)
software as described previously.38,42 The beginnings and ends of
bursts were determined by the all-photons-burst-search (APBS,
parameters: L = 2000, M = 100, and T = 2500 μs). For each burst,
E and S were calculated according to eqs 4 and 5, respectively, binned
(0.01 E bin size), and plotted on one-dimensional E and S histograms
and on a two-dimensional E/S histogram.
Calculation of E and S. In ALEX experiments,38−42 two lasers

alternatively excite the donor and the acceptor dyes; therefore, the
calculation of E is somewhat different from that in a conventional
single laser experiment and is based on eq 4

=
+

E
A

D A
D

D D

EX

EX EX (4)

where DDEX
is the number of photons recorded in the donor channel

and ADEX
is the number of photons recorded in the acceptor channel

during times in which the donor laser is on (donor laser “on time”), as
commonly defined in ALEX experiments.38 Stoichiometry, S, is
calculated by dividing the sum of the photons recorded in the donor
and the acceptor channels during donor laser on time by the sum of
the photons recorded in both channels during donor laser and
acceptor laser on times (eq 5)

=
+

S
D

D A
EX

EX EX (5)

where DEX and AEX are the sums of photons recorded in the donor and
the acceptor channels during donor laser and acceptor laser on times,
respectively.

Optical Setup. The sm-FRET/ALEX experiments were carried out
on an in-house-built optical setup. A detailed description can be found
in the Supporting Information and in previous publications.38,41,42
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