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A
chieving a high degree of control
over the physical world is one of the
major endeavors of modern science

and technology. A promising path toward
realization of this goal at themolecular level
rests on DNA-based technology, as is evi-
dent from the numerous recently demon-
strated structures,1 motors,2,3 robots,4 com-
puters,5 molecular assembly line,6 and carriers
to deliver drugs,7 made from DNA. As is the
case for all technological design processes;
whether for macro- or microdevices;
development relies on high-quality, reliable
feedback on the properties of the both
building blocks and the final products; for
molecular devices, these properties include
structure, dynamics, and interactions. How-
ever, acquiring such feedback at the molec-
ular level remains a challenging task. Even
though most of the effort in the develop-
ment of a molecular device is often devoted
to molecular analysis, the information ac-
quired may be limited in both quality and
scope, thereby hindering progress.
In the DNA nanotechnology field, build-

ing blocks and final products are typically
studied using gel, bulk fluorescence, atomic
force microscopy (AFM), and transmission
electronmicroscopy (TEM) techniques, each
with its particular advantages and disadvan-
tages. Since gel, TEM, and ambient AFM are
not in situ techniques, in that samples have
to be transferred from a favorable aqueous
environment to a possibly harmful environ-
ment, they have two major inherent disad-
vantages. First, it is difficult or even im-
possible to measure time-dependent con-
formational changes, which are of particular
interest in the development of dynamic
devices. Second, there is a risk of damage
to the samples such that the acquired data
may not accurately reflect the subject or the
state of interest. In answer to these pro-
blems, some progress has recently been
made with the use of solution AFM to

monitor in situ the progress of motors along
a DNA-origami track,8,9 but the method still
has inherent drawbacks in that temporal
and spatial resolution are limited, data ac-
quisition is a tedious process, and the tech-
nique is not suitable for a system lacking a
solid platform, such as origami, as studied
here. Fluorescence methods, whether bulk
or single-molecule, are undoubtedly the
methods of choice for studying structural
dynamics. Indeed, bulk fluorescence was
extensively used;5,9�11 however, when applied
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ABSTRACT

We present a test case example of a detailed single-molecule fluorescence study of one of the

most sophisticated and complex DNA devices introduced to date, a recently published

autonomous bipedal DNA motor. We used the diffusion-based single-molecule Förster

resonance energy transfer technique, coupled to alternating laser excitation (sm-FRET�ALEX),

to monitor the motor assembly and operation. The study included verification of the formation

of the correct structures, and of the correct motor operation, determination of the formation

and stepping reaction yields, and identification of side products. Finally, the mechanisms of

the motor assembly and operation were elucidated by measuring the reaction kinetics profile

of track-walker binding and of lifting of the walker's leg upon fuel addition. The profiles

revealed a fast phase, in which about half of the reaction was completed, followed by a slow

phase which adds somewhat to the yield, reflecting the incomplete motor assembly and

operation identified in the equilibrium experiments. Although further study is needed to fully

understand the reasons for the incomplete assembly and operation, this work demonstrates

that single-molecule fluorescence, based on its ability to provide detailed in situ structural

dynamics information, inaccessible for traditional methods, constitutes an excellent tool for

chaperoning the development of DNA-based technology.

KEYWORDS: single-molecule fluorescence . FRET . ALEX . DNA motor . DNA
nanotechnology . DNA dynamics
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to a complex system, it often failed to capture the real
complexity of the sample, since different populations
within the sample may contribute to the detected
signal, possibly resulting in erroneous interpretation
of the data. Moreover, while in single-molecule experi-
ments kinetic measurements can be performed in
equilibrium conditions, for example when the sample
is immobilized, in bulk, kinetic measurements require
nonequilibrium conditions, which are not always easy
to achieve.
The single-molecule fluorescence approach has be-

come a major tool for unraveling structural dynamics
and interactions of DNA,12 RNA,13 proteins,14 and
DNA�protein complexes,15,16 but in the DNA nano-
technology field, the method is still not widely
applied.17�20 The approach, which comprises a num-
ber of different methods,21 offers a unique combina-
tion of features that enablesmolecular analysis beyond
what is possible with methods regularly used, thereby
expanding the tool-kit available for developing a DNA-
based nanotechnology. The method described here,
single-molecule Förster resonance energy transfer,
coupled to alternating laser excitation (sm-FRET�
ALEX),22�25 embodies many of the advantageous fea-
tures of the approach. The noninvasive nature of the
fluorescence method allows in situ measurements to
be performed while the system is maintained in an
aqueous environment. With the FRET technique, struc-
tural dynamics can be studied with high spatial and
temporal resolution, and with the implementation
of multiple excitation lasers (ALEX) species stoi-
chiometry can be determined enabling the sorting of
subpopulations.
To address the problem of coordinated motion

between motor legs, Omabegho et al.26 recently con-
structed one of the most sophisticated and complex
DNA motors introduced to date, an autonomous DNA
bipedal walker that coordinates the action of the two
legs by cyclically catalyzing the hybridization of meta-
stable DNA fuel strands, a process that results in a
chemically ratcheted walk along a directionally polar
DNA track. To monitor the motor assembly and pro-
gress, they used nondenaturing and superdenaturing
polyacrylamide gel electrophoresis (PAGE), radioac-
tively labeled DNA strands, and psoralen-labeled
DNA strands, which under exposure to ultraviolet
radiation, covalently cross-link to neighboring DNA
strands via a T base (i.e., stem loop to walker's leg).
The nondenaturing gel was used for verifying the
formation of the building blocks and of the com-
plete motor. The superdenaturing gel was used to
monitor the motor's progress by determining the
presence/absence of covalently bound legs and
stem loops, which are indicative of the walker's
position on the track. It is impotent to remember,
however, that with the gel technique, preparation
and measurements takes a long time;of the order

of hours;which may make it inadequate for dy-
namic measurements.
Here we show how the diffusion-based sm-FRET-

ALEX technique is used to monitor the assembly and
operation of dynamical DNA devices. As our model
system, we used the autonomous bipedal DNA motor
of Omabegho et al.26 We began by verifying the
formation of the correct structures and determining
the formation yields. Then, to demonstrate the opera-
tion of the motor, we measured three motor resting
states as the motor progressed upon addition of the
DNA fuel strands, determined the yields of the step-
ping reactions, and identified side products. Finally,
continuing beyond the proof of principle of the study
of Omabegho et al.,26 we elucidated the mechanisms
involved in the assembly and operation phases of the
motor by measuring the reaction kinetics profile of
track-walker binding and of lifting of the walker's legs
upon the addition of the fuel strands.

RESULTS

Principle of the sm-FRET�ALEX Technique. For compre-
hensive introduction to the technique, see the Sup-
porting Information, Figure S1, the Methods section,
and previous publications.22,24 In short, the FRET effi-
ciency (E) of each photon burst (molecular species
diffuses thought the confocal spot) is calculated (eq 1
in the Methods) and incorporated into an E-histogram
that reflects the donor�acceptor distance. Similarly,
the donor�acceptor brightness ration (S) is calculated
(eq 2 in the Methods section) and incorporated into a
S-histogram that reflects the fluorophore's stoichiometry.
Together, the E and the S generate a two-dimensional
spectroscopy that reports on the species' structure and
presence or absence of labeled components.

Motor Assembly and Operation Principle. A brief descrip-
tion of the assembly and operational principle of
Omabegho et al.26 and of our motors is given in Figure 1.
Eighteen DNA strands form a 49-nm double-crossover
track which held four metastable stem loop hairpins,
and a walker, which unlike Omabegho et al.,26 who
used phosphoramidites to covalently bind the walker's
two legs, is made of two hybridized ssDNAs. For other
differences between our motors and the setup of
Omabegho et al.,26 see the Supporting Information.

Monitoring the Assembly of the Motor's Building-Block. For
reasons of clarity, we start by presenting the sm-
FRET�ALEX results for the assembly of simple building
blocks and then proceed to those for building blocks
with increased complexity. In reality, it is not always
necessary to strictly adhere to a bottom-up approach
or to examine the formation of all building blocks. In
this study, we generally followed the design, prepara-
tion, and operation procedures of Omabegho et al.26

First, we examined the binding reactions of the L-O and
L-E walker's legs to the stem loops T1�4 (Figure 2
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A1�5). The reactantsweremixed at room temperature,
at a concentration of 500 nM, and incubated for 1 h.
Aliquots of 1-μL of the mixtures were diluted
(separately) to a concentration of 3 pM, and measured
using the sm-FRET�ALEX setup. The single-molecule
measurement provided the distribution of the E and S

values. The donor-only and the acceptor-only reac-
tants appeared at S = ∼0 and S = ∼0.9, respectively,
and the doubly labeled product appeared at S = ∼0.5.

To verify that the products had adopted the correct
structure, the averaged E value (of the S-based selected
population, inside the pink dashed rectangle), which
reflects the donor�acceptor distance, was compared
with the designed distance [mentioned in Figure 2 in
the number of base pairs (bp) and with a known scale
of dsDNAs of various lengths (data not shown)]. In-
deed, all constructs yield the right E values. The reac-
tion yield was evaluated by comparing the size of the
product populationwith the sizes of the reactant popula-
tions (81%, 80%, 87%, and 93%, for reactions A2, A3, A4,
and A5, respectively). The fact that most of the reactants
had interacted to form a walker/stem loop complex
confirmed that the walker's legs were indeed capable
of opening the stem loop hairpins, even at room tem-
perature, as is later required for a functioning motor. The

presence of sizable donor-only or acceptor-only popula-
tions indicated that reactions were incomplete (Figure 2,
A2�5) as will be later discussed.

Using the annealing procedure, conducted with
concentrations of 500 nM for 1.5 h, we examined the
formation of the walker from its L-O and L-E legs, the
binding of the walker to T1, and the assembly of the
track's front and back halves (Figure 2,B1�5). To form
the complete track, preannealed front and back halves
were cold mixed (250 nM, 1.5 h, Figure 2,B5). Here, too,
the E and S indicate the formation of the designed
structures, and the yields were 92%, 83%, 92%, 77%,
and 79% for the reactions in Figure 2,B1�5, respec-
tively. For constructs containing of two ssDNAs, the
peaks in S were well centered on the expected value
(Figure 2,A2�5 and B1). For structures containing a
higher number of ssDNAs, the histograms were wider,
possibly indicating the presence of minor populations
not having a single donor and a single acceptor
(Figure 2,B3�5) or a single donor and two acceptors
(Figure 2,B2), as it should (see discussion about side
product, later). For discussion about the expected
histograms' width see the Supporting Information.

Monitoring the Assembly of the Complete Motor and Identi-
fying Side Products. To complete the motor assembly,

Figure 1. Schematic presentation of themotor's assembly and principle of operation, as designed byOmabegho et al.,26with
our minor modifications. Assembly principle: (A1) The preannealed front half of the track and the preannealed walker are
mixed at room temperature (designated cold mixing; see Methods). The walker's legs, designated Leg-Odd (L-O) and Leg-
Even (L-E), bind stem loop-1 and stem loop-2 (designated T1 and T2) to form the front half/walker complex. The preannealed
back half is added (cold mixing), and, via complementary strands, connects to the front half to form the complete motor at
Resting State-1 (RS1). OperationPrinciple: RS-1 is coldmixedwith hairpin fuel-1 and fuel-2 (F1 and F2). First, F1 binds to T2 (via
the free stem of T2) and opens through branch migration (B2). After opening, the free single strand of F1 migrates to T1,
attaches itself to a free complementary toehold sequence located on the lower part of T1 (B3), and through branchmigration,
releases L-O. The free L-O stochastically diffuses forward toward T3 (B4), attaches itself to a short toehold located on T3 (B5),
and through branch migration, opens T3, freeing its left stem to complete RS-2 (B6). Now (but not before) F2 is recruited by
binding to the newly freed stem (B7), and in a process similar to that present in B2 to B6, free L-E to immigrate forward toward
T4 and bind it to complete RS-3 (B8).
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according to the procedure of Omabegho et al.26 (as
explained in Figure 1A), we separately annealed the
front half, the back half, and the walker. First, the front
half (labeledwith one acceptor on each stem loop) and
the walker (labeled with one donor on each leg) were
cold mixed and then examined with the single-mole-
cule technique (Figure 3A). The major detected popu-
lation is the desired front half/walker complex (circled
with black dashed line, Figure 3A), however, minor
populations were also identified (circled with green
and pink dashed lines, Figure 3A). For more about side
products see the Discussion section and Figures S2 and
S3 in the Supporting Information. The formation yield
for the front half/walker complex was 57% (the popu-
lation inside the black circle). Following the procedure
of Omabegho et al.,26 we cold mixed the front half/
walker complexwith the preannealed back half to form
the completemotor at Resting State-1 (RS-1, Figure 4B).

The similarity of the results for the front half/walker to
those for the RS-1 (the E/S histograms and the E and S

histograms) indicated that the walker did not begin
striding forward upon addition of the back half, as
required for normal operation of the motor before the
addition of fuel strands (confirmation that the back half
binds the front half was given in Figure 2 B5).

Monitoring the Motor Operation. After the assembly of
RS-1 had been demonstrated, we studied the motor
operation. We measured three resting states, RS-1, RS-
2, and RS-3, and evaluated the yields of the stepping
reactions (Figure 4A�C, respectively). Experiments
demonstrating leg lifting of just the front half/walker
complex upon introduction of fuel are shown in Figure
S4 in the Supporting Information. We cold mixed a
5-fold excess of fuel-1 with RS-1, incubated themixture
for 1 h and examined using the sm-FRET�ALEX tech-
nique. The result clearly shows the appearance of a

Figure 2. Monitoring the building-blocks assembly by means of sm-FRET�ALEX. For each of the examined mixtures, a two-
dimensional E/S histogram, a one-dimensional S histogram and a one-dimensional E histogram, and the schematics of the
designed product are presented. The donor and acceptor positions (green and red stars, respectively) and the distance
between them in number of base-pairs (bp) are given. Except for B2, the E histogramswere constructed fromeventswith 0.42
< S < 0.62 (appears inside the pink dashed rectangles). This range of S values indicates the presence of a single donor and a
single acceptor. For B2 the E histogramswere constructed from eventswith 0.20 < S < 0.42, indicating the presence of a single
donor and two acceptors. The populations with the expected S and E values are circled with black dashed lines. Donor-only
events appear in the upper-left corners of each E/S histogram, and acceptor-only events in the bottom-right corners (as
indicated in A3 and A2, respectively). (A) Binding of the walker's legs to the stem loops upon cold-mixing. (A1) Schematics of
the walker's legs and stem loops in the context of a complete motor. (A2) The walker's Leg-Odd (L-O) labeled with donor and
the stem loop-1 (T1) labeled with acceptor form a double helix, which yielded bursts with an average E = 0.95, reflecting the
short donor�acceptor distance (7 bp). (A3) Similarly, donor-labeled Leg-Even (L-E) and acceptor-labeled stem loop-2 (T2)
yielded bursts with E = 0.9, as expected from the donor�acceptor distance (9 bp). (A4) Donor-labeled L-O and acceptor-
labeled T3 yielded E = 0.25, as expected (23 bp). (A5) Donor-labeled L-E and acceptor-labeled T4 yielded E = 0.51 (17 bp).
(B1�5) Monitoring the interaction between building blocks with increased complexity. (B1) Annealed donor-labeled L-O and
acceptor labeled L-E yielded S = 0.5 and E = 0.15, reflecting the long donor�acceptor distance (∼7 nm). (B2) Annealed donor-
labeled L-O, acceptor-labeled L-E, and acceptor-labeled T1 yielded S = 0.33, reflecting the presence of one donor and two
acceptors, and E = 0.9, reflecting the short distance between the donor and the nearby acceptor (9 bp). (B3) Annealed front
half with donor-labeled T1 and acceptor-labeled T2 yielded S = 0.5 and E = 0.15, as expected (donor�acceptor distance,
∼7 nm). (B4) Similarly, annealed back half with donor-labeled T3 and acceptor-labeled T4 yielded S = 0.5 and E = 0.15, as
expected (donor�acceptor distance, ∼7 nm). (B5) Cold mixing of preannealed front (donor-labeled T1) and back halves
(acceptor-labeled T3), forming the complete-track with S = 0.5 and E = 0.15, as expected (donor�acceptor distance≈14 nm).
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population with E = 0.55 (Figure 4B, circled with black
dashed line), as expected for a scenario in which one
donor is in close proximity to an acceptor (9 bp) and
the other donor is not. The yield of the stepping

reaction (63%, calculated as the percentage of RS-1
population that transformed to RS-2) was similar to the
yield observed byOmabegho et al.26 (75%), and almost
no RS-3 was observed (E = 0.15) at this stage, as

Figure 3. Monitoring the final step of the assembly of the motor and identification of the side products. (A) The preannealed
front half and the preannealed walker were coldmixed to form the front half/walker complex. The 2D histogram revealed the
expecteddominant population (circledwith a black dashed line), with S=∼0.5, reflecting the presence of twodonors and two
acceptors, and E = 0.9, reflecting the close proximity of each of the two donors to an acceptor (7 and 9 bp) and side products
(C1 and C2). (B) The front half/walker complex was then cold mixed with the preannealed back half to form the complete
motor (RS-1). Twominor side products, one assigned as a single front half bound to twowalkers and the other assigned as two
front halves bound to twowalkers connected via T1 and T2 were observed (C1 and C2, and circled with green and red dashed
line, respectively). The assignment of the minor populations was based on 0.55 < S < 0.71 (reflecting the presence of four
donors and two acceptors) and E = 0.55 (reflecting the close proximity between two donors and two acceptors, while two
donors lacked nearby acceptors) and 0.38 < S < 0.55 (four donors and four acceptors) and E = 0.5�0.8 (reflecting the close
proximity between three donors and three acceptors while one donor lacked nearby acceptors).

Figure 4. Monitoring the motor activity and the three motor states and estimating the yields of the stepping reactions. (A)
The dominant RS-1 (S = 0.5 and E = 0.9, circled with black dashed line) and theminor side product (circled with green dashed
line). (B) Fuel-1 was added to the solution; it bound to T2 (at its free single strand) and removed the L-O from T1, thereby
increasing the distance between one of the donors and an acceptor, which was reflected in a decrease in FRET from E = 0.9 in
RS-1 to E = 0.55 in RS-2. The L-O leg then immigrated forward, opened the T3 stem and bound to it to form RS-2 (the L-O T3
binding is not reflected in the results). (C) Fuel-2 was added to the solution; it bound to T3 and removed the L-E leg from T2,
thereby increasing the distance between the second donor and an acceptor, which was reflected in an even further decrease
in FRET to E = 0.15 in RS-3. The increase in acceptor- and donor-only populations reflects the disassembly of the walker from
the track.
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required in normal motor operation. To enable the
striding process to continue, a 5-fold excess of fuel-2
was added to the mixture, which was then incubated
for 1 h and examined using the sm-FRET�ALEX tech-
nique. The result clearly shows the appearance of a
population with E = 0.15 (Figure 4C, circled with black
dashed line), as expected for a scenario in which the
two donors were not in close proximity to an acceptor.
Here too, the yield of the stepping reaction (85%, RS-2
that transformed to RS-3) was similar to that observed
by Omabegho et al.26 (75%).

Monitoring the Assembly Kinetics. To elucidate the me-
chanisms of the reactions, we measured the kinetic
profiles of the walker and front half assembly reactions
(Figure 5) and of the leg-lifting reaction upon addition
of the fuel strand (Figure 6). In the former, equimolar
concentrations of front half and walker (250 nM,
Figure 5B1�4 and C1) were cold mixed; mixtures were
incubated for various times, diluted to 3 pM to stop the
reaction, and examined using the sm-FRET�ALEX
technique. The kinetic profile that monitors the pre-
sence of the front half comprised a fast phase, followed
by a slow phase. In the fast phase, which is faster than
(or on the order of) the measurement time resolution

(<20 s, the time it takes to mix and dilute the sample),
about 50% of the reaction was completed (Figure 5C1).
Although the slow phase did increase the reaction
yield, the overall yield was not very high. The time
resolution of this measurement does not allow a reli-
able fitting of the fast phase. In principle, it is possible
to slow the reaction rate by initiating the reaction with
a lower reactants concentration. Unfortunately, lower
initial concentration results in lower yields, as can be
seen in Figure 5C2, which prevent the acquisition of a
detailed kinetic profile. The slow phase was not fitted
since its exact origin and corresponding model are
unknown (see the Discussion section), and we were
careful not to over interpret. An intermediate popula-
tion, which appears after mixing and disappears with
time, was observed (Figure 5 population c). This label-
ing scheme is not sufficient to conclusively determine
the origin of this population. By using a different
labeling scheme, we suggest that the c population
could be an undesired complex of two tracks and one
walker (Supporting Information, Figure S5). Since the
walker can bind the nonhairpin T1 faster than the
hairpin T2, an intermediate b population, in which
the L-O leg is bound to the walker and the L-E leg

Figure 5. Kinetics of the front half and walker binding reaction. (A) Cold mixing of front half and walker can result inseveral
products, for example a, b. (B1�4) The front half (FH) and the walker (250 nM) were cold mixed, incubated for various time
periods, and a small fraction of the mixture (1 μL) was diluted to single-molecule concentration (3 pM) to stop the reaction,
and measured using the technique. The front half population almost entirely disappeared, and populations a, b, and c
appeared (in this labeling scheme, the a and b structures are not distinguishable). The method is capable of capturing the c
state, an intermediate thatwas detected 30 s aftermixing (B2) and that later almost disappeared (B4). (C) The reaction kinetics
profile was constructed by plotting the fraction of the front half population (FH/FHþ aþ b, the c population is ignored) as a
function of the incubation time periods. (C1) Initial reactants concentration of 250 nM and sampling every several dozens of
seconds, and (C1) initial reactants concentration of 5, 15, 45, 125, 250 nM and sampling every hundreds of seconds.
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not, is expected. Figure S5 clearly show the appearance
followed by the disappearance of the b intermediate.

Monitoring the Operation Kinetics. A similar picture to
that of the assembly reaction kinetic with the fast and
slow phases was observed for the leg-lifting reaction.
The reaction was initiated by the addition of 100 times
excess of fuel-1 to the front half/walker complex
(25000 nM and 250 nM, respectively, Figure 6). In the
fast phase (<300 s) about 45% of the reaction was
completed, and the slow phase contributed about
∼20% to the overall yield. Also here, lowering the
initial concentration lowers the yield (data not shown),
limiting the ability to slow the reaction. Preliminary
results from total internal reflection fluorescence (TIRF)
immobilization experiments with time resolution of
seconds indicate that the fast phase is in the order of
several seconds or faster (Supporting Information,
Figure S6).

DISCUSSION

A Successful Demonstration of the Correct Motor Assembly
and Operation. From themeasurements presented here,
we may conclude that the motor was indeed as-
sembled and operates as designed. The E and S values

of the major population are as expected for a correctly
assembled and correctly operate motor. We have thus
successfully proved the assembly and operation prin-
ciples of themotor but by a different method than that
of Omabegho et al.26 However, the equilibrium single-
molecule measurements indicate the presence of side
products and incomplete reaction, an observation
which is supported by the reaction profiles acquired
in the nonequilibrium measurements. We will now
discuss these issues.

Reaction Yields. Our measurements show that even
simple two ssDNA hybridization reactions do not have
very high yields (77�93%, Figure 2), an observation
that has previously been reported for other DNA
sequences,23,24 and that we do not understand. Per-
forming these reactions (Figure 2A2�5) by means of
annealing did not improve yields (data not shown). The
known27,28 and measured (Figure 5 and 6) binding
rates of two ssDNAs and themeasured unbinding rates
(dsDNA is stable for days at a 1 pM concentration, data
not shown) suggest that a careful annealing process
should result in reactions with >99% yields. A possible
explanation for the lower observed yield could be
incomplete labeling or inactive fluorophores. However,

Figure 6. Kinetics of leg lifting upon fuel addition. (A) Fuel-1 is cold mixed with front half/walker (a), binds T2, and forces the
lifting of the walker's leg L-O (b). (B1�3) After various incubation periods the mixture is sampled, diluted to single-molecule
concentration to stop the reaction, andmeasured. The populationwith the lifted leg,which had amounted to just∼5%before
the addition of fuel (B1), grew to∼45%s after 300 s (B2). The reaction kinetics profile was constructed by plotting the fraction
of the a population as a function of the incubation time (a/(aþ b)) (C). The initial concentration was 250 nM front half/walker
complex and 25 000 nM fuel-1.
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the annealing of the walker's legs L-O and L-E, each
time one of them in 25% excess, resulted in almost
complete disappearance (<2% remaining) of the non-
hybridized population of the minor strand (data not
shown), indicating that a lack of active fluorophore is
not the only reason for the observed incomplete
reaction, although it probably somewhat contribute.
For discussion on other possible reasons for the pre-
sence of donor- and acceptor-only populations, see the
Supporting Information. Further research examining
different ssDNA lengths and sequences and different
initial concentrations and preparation methods is re-
quired to understand the reason for the incomplete
hybridization of two complementary ssDNAs. If we
wish to achieve highly reliable DNA-based technology,
such study is essential. The ability of the ALEX method
to separate singly labeled populations from doubly
labeled populations makes it the tool of choice to
conduct such a study.

Our measurements also showed that formation
yields for structures with a higher level of complexity
are not very high and that the values are similar to
those observed by Omabegho et al.26 (57�95% in this
study). This finding is not surprising given the fact that
simple hybridization reactions are not complete, as
explained, and that the motor design and method of
preparation intrinsically lead to the formation of side
products (Figure 3C1�2, and Supporting Information,
Figures S2, S3 and S5) as explainedbelow. In addition, it
is important to remember that the S values, from
which the reaction yields are calculated, indicate the
presence/absence of labeled components and do not
provide information on the detailed shape of the
complex. Like the gel technique, which indicates
mainly size and not structure, it is possible that the
formed complex, although having the right size, and in
our case, the right stochiometry, is of wrong architec-
ture. E, which provides ameasure of the donor�acceptor
distance, had approximately the expected values in all
cases, thus supporting the conclusion that, generally,
the designed structureswere indeed formed. However,
for the more complex structures the presence of addi-
tional populations in the E or S (either distinguished
population or histograms' tails, as in Figures 3, 4 and 5)
suggest that products with wrong architecture were
formed, for example, as demonstrated in the formation
of side products (Supporting Information, Figures S2,
S3, and S5).

Side Reaction and Products. Several measurements in-
dicate the presence of side products, especially multi-
ple binding of front or back halves and walkers as was
seen by Omabegho et al.26 For example, two walkers
binding a single front halve is observed in Figure 3 and
4 (circled with green dashed line) (for more measure-
ments indicating these types of side reactions, see
Figures S2 and S3 in the Supporting Information). The
currentmotor design allows the binding of twowalkers

to a single front half and vice versa. To remove side
products, Omabegho et al.26 used streptavidin-coated
magnetic beads and biotinylated ssDNA with a se-
quence complementary to that of T1 and T2 to im-
mobilize and filter out incorrect structures. Relying on
the ability of our method to separate populations
based on their stoichiometry, and since it is beyond
the purpose of this work to improve the motor, we
omitted this step. The measurements presented in
Figure 3C1�2, for example, do indeed provide a
demonstration of the ability of our method to identify
side products and side reactions, an important feature
when dealing with complex and often heterogeneous
DNA devices. Based on S values, the ALEX method
enabled the separation of the desired population from
one of the side products (C1, circled with green dashed
line, but not from the other, C2, circledwith red dashed
line). The ALEX method thus enabled structure deter-
mination (based on E values) of the correct population,
sorted from the incorrect side product, a feature not
provided by bulk-fluorescence techniques.

Reaction Kinetics. After demonstrating correct motor
assembly and proper operation, we examined the
mechanisms of the assembly and operation reactions
by measuring their kinetic profiles. The two reactions
examined revealed similar profiles, that is, a fast phase
followed by a slow phase. The presence of the fast
phase and the initial fast reaction rate is not surprising.
The typical rate constant for binding two ssDNAs
lacking secondary structures (referring to the binding
of the front half to the walker via two ssDNAs, Figure 5)
is of the order of 106�105 M�1 s�1, corresponding to
4�40 s for half completion of the reaction when the
initial concentration is 250 nM,27,29,28 (aswe used here).
Thus, the front half T1 and the walker L-O, which lack a
secondary structure, are expected to bind roughly as
observed in the fast phase. However, the presence of
the slow phase and the fact that the fast phase did not
bring the reaction to high yields still require explana-
tion. Three possible explanations can be given, none of
which seems satisfactory: First, it is possible that the
system reaches thermodynamic equilibrium in which
the most stable structure (in terms of enthalpy, pre-
sumably the front half/walker complex) is dynamically
assembled and disassembled. However, this explana-
tion cannot be correct, since in an equilibrium scenario,
the ratio of the binding rate to that of the unbinding
rate is reflected in the equilibrium constant. Here, the
binding rate is very fast, as indicated by the kinetic
measurements themselves, but the unbinding rate is
very slow, as reflected by the fact that the motors are
stable for at least a day even at a concentration of 1 pM
(data not shown), yet the yields are as low as 20�80%
(corresponding to initial concentrations of 5�250 nM,
Figure 5C2). Another possible explanation is that a
fraction of the reactants is deformed such that they
cannot react properly. However, in such a case,
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changing the initial concentration would not influence
the reaction yield, in contradiction to our observations
(Figure 5C2). Finally, competing reactions, in which a
side reaction converts a fraction of the front half or of
the walker reactant into a product that is unable to
react properly is a reasonable possible explanation, but
no such products were identified.

A similar picture, that is, a fast phase followed by a
slow phase, was observed for the leg-lifting upon fuel
addition (Figure 6 and Supporting Information, Figure
S6). Here, too, the presence of the fast phase and the
initial high reaction rate are not surprising. The initial
step for this reaction is the binding of free ssDNA (of
the opened stem loop-2) to a complementary se-
quence inside the hairpin loop (Figure 1B2), followed
by two consecutive branch migration processes, the
first to open the hairpin and the second for the opened
hairpin to remove L-O from T1 (Figure 1B3�4). The
rate-limiting step for opening the hairpin by hybridiza-
tion to free ssDNA with a binding site inside the hair-
pin's loop is the binding reaction, with a rate constant
of 105�104 M�1 s�1, corresponding to 0.4�4 s for half
completion of the reaction when the initial concentra-
tion is 25 000 nM,29 (we mixed 25 000 nM fuel-1 and
250 nM front half/walker complex). Here, too, we found
that decreasing the fuel concentration decreased the
reaction yield (data not shown). The noncompletion of
the reactions measured under nonequilibrium condi-
tions was consistent with the limited yields observed in
the equilibrium assembly and operation experiments.
Thus, the overall picture that arises is that the assembly
and operation reactions take place fairly fast, but with
low yields, and that longer incubation times contrib-
uted somewhat to the overall yield but do not bring the
desired reaction to completion. A careful study, which
will examine simpler systems, is required to explain
the noncompletion of the reaction and the reaction
profiles.

Problems with the Current Strategy of Device Preparation.
Several of the DNA devices introduced to date were
prepared along lines similar to the motor presented
here, that is, building blocks were annealed or cold
mixed (or both) for long times (order of many minutes)
at high (>100 nM) equimolar concentrations,.10,11 The
rationale underlying this approach is that the designed
product is the most stable in means of enthalpy and
that the enthalpy will overcome entropy such that
eventually under equilibrium conditions, the designed
product will dominate. For that reason, the formation
reactions were conducted in high concentrations
(favoring enthalpy over entropy), and the reactions
were allowed to proceed for a long time to promote
the formation of the most stable structures. However,
this approach is somewhat problematic, as is evident
from this study and previous works.11,18 For example,
in cases in which building-block X is designed to bind
building-block Y via two contact sites, like the front half

and walker assembled here or the interaction between
tweezers and fuel,11 the assembly strategy might
intrinsically lead to formation of enthalpy-stable side
products the following way: instead of X binding Y via

two contacts, X might bind two Ys which in turn bind
an additional X(s) (or vice versa), possibly forming
opened or closed chains of various lengths. Since the
hybridization sites (the number of the base pairs to
interact, thus the strength) are the same as those for
the desired product, the side products are not neces-
sarily less stable. Reducing the reactant concentrations,
which decreases the binding rate, however, can, in
principle, prevent this undesired reaction: X binds Y via
a single binding site, and before another X or Y binds
the complex, X and Y complete the reaction by binding
via the second binding site, thereby avoiding binding
to additional Xs or Ys. In a different system studied by
us, which is based on the bipedal nonautonomous
motor of Shin et al.10 reducing the reactant concentra-
tion increased the yield (data not shown), but, unfortu-
nately, this was not the case in the motor studied here
as evident in Figure 5C2.

Suitability and Benefits of the Method. Using a single
analytical method, the single-molecule diffusion-
based FRET�ALEX technique, we were able to demon-
strate the formation and operation of Omabegho's
autonomous DNA bipedal motor. The method has
several advantages thatmakes it an excellent analytical
tool for developing and studying DNA devices with
complexity similar or higher than of the system exam-
ined here. In contrast to Omabegho's radioactive gel
method, which requires radioactive and psoralen la-
beling and psoralen-aided state freezing, our method
requires only fluorophore labeling. Current labeling
procedures have excellent yields and purities (∼70%
and >99%, respectively; see Figure S12 in the Support-
ing Information) and common fluorophores are very
photostable, thus, it does not significantly increase the
complexity of the data analysis. Furthermore, our
method carries the advantages of an in situ approach,
in which experiments are conducted at device-favor-
able and native conditions; the only environmental
change that the analyte experiences is a harmless
dilution. Unlike the gel technique, where the proce-
dure takes about a day, our measurements are fairly
simple. The motor is prepared according to the meth-
od of Omabegho et al.26 (excluding the psoralen and
radioactivity related steps, and the purification), di-
luted to 3 pM, and measured for 5�15 min (kinetic
experiments are run for longer times when required);
the data analysis takes another minute, and the inter-
pretation is usually straightforward. The immediate
feedback provides several experimental and syntheti-
cal benefits. For example, information on the sample
stoichiometry enables rapid fine-tuning of the relative
concentrations of reactants to achieve equimolar mix-
tures, giving increased reaction yield, as we did here.
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Similarly, other preparation parameters such as ionic
strength, annealing temperature profile, and cold mix-
ing incubation time can be rapidly studied and opti-
mized. Furthermore, the fluorescence and in situ

nature of our method enabled us to carry out none-
quilibrium time-dependent experiments from which
reaction profiles were acquired. The kinetic profiles
contribute to the understanding of the mechanisms
that govern the assembly and operation reaction,
which can eventually result in improved designs. Fi-
nally, short-lived intermediates can be detected, (for
example, population b in Supporting Information,
Figure S5 and population c in Figure 5) and studied.

CONCLUSIONS

With the aim to harness the advantages of the
single-molecule fluorescence approach as an analytical
tool to achieve a more rational and intelligent design
process for DNA-based devices, we tested whether the
method is suitable for monitoring the assembly and
operation of one of the most sophisticated and com-
plex DNA devices introduced to date, an autonomous
bipedal motor. Although significantly different from
the radioactive gelmethodused originally, ourmethod
produced similar conclusions. Themotor was generally
assembled and operated as designed; the yields of the
operation reaction were around 63�85%, and similar
side products to those found in the original work were
identified. Thus, we have successfully demonstrated
the applicability of our method as a useful analytical
tool in the field of DNA nanotechnology, in the specific
context of the bipedal autonomous motor assembly
and operational principles.
Going beyond proof of principle, we applied an

extension of themethod tomeasure the time-resolved
evolution of the assembly and operation reactions. The
fast phases observed in the kinetic measurements
were consistent with our expectations, and the incom-
plete reactions were consistent with our correspond-
ing equilibrium measurements and the findings of
Omabegho et al.26 Kinetic measurements of this type
are either very difficult or impossible to conduct with the
gel technique. Because bulk-fluorescencemeasurements
provide information on the entire ensemble and not
specifically on the population of interest, they will fail to
estimate the relevant reaction yields. Thus, for reliable

and detailed structural dynamic information of complex
DNA systems to be acquired, single-molecule fluores-
cence has to be used. Moreover, the quality and resolu-
tion of our results suggest that there is room for systems
with increased complexity to be analyzed, and the kinetic
measurementsdemonstrate that the approach is capable
of providing in situ information with high temporal and
spatial resolution on the structural dynamics of complex
DNA-based devices and hence of potentially improving
preparation and operation strategies.
Our equilibrium and the nonequilibrium data and its

analysis suggests that although, in general, the motor
assembled and operates as planned, the current pre-
paration and operation strategies are somewhat in-
sufficient if we wish to achieve highly reliable, well
constructed, and well operated DNA made nanode-
vices. Incomplete and undesired assembly reactions
(which were not filtered in this work as it was done by
Omabegho et al.26), incomplete operation reactions,
and probably harmful interactions between individual
motors reduce the overall motor's yield. Alternative
designs and assembly and operation strategies have to
be developed.
The demonstration of the diffusion-based single-

molecule FRET�ALEX technique in this work indicates
that other variations of the single-molecule fluores-
cence approach can be harnessed for different pur-
poses; for example, individual devices can be
immobilized and monitored for long times by a total
internal reflection fluorescence (TIRF) technique
(Supporting Information, Figure S6), enabling mea-
surement of structural dynamics under equilibrium
conditions and providing information about the se-
quence of events. Another possibility is the use of
three-color ALEX,30 which can significantly increase
the stoichiometrical and structural information. Data
can be analyzed more rigorously to provide informa-
tion on accurate donor�acceptor distances and dis-
tance distributions and hence to facilitate a detailed
study of reactionmechanisms; for example, each of the
steps taking place from the fuel binding to the leg
lifting could be studied separately and in detail.
All in all, this work demonstrates the benefits of

utilizing single-molecule fluorescence spectroscopy as
a major instrument for the promotion of the DNA
nanotechnology field.

METHODS

ssDNA Preparation. HPLC-purified ssDNAs were purchased
(IDT Inc., Coralville, LA) and used as is. The dry DNA strands
were dissolved in TE buffer (10mMTris-Cl and 1mMEDTA, pH 8)
to a final concentration of 1 mM and stored at �20 �C. To
prevent degeneration of the adenine base, a basic environment
(pH > 8) was ensured.

Fluorophores. ATTO 550 and the ATTO 647N are ideal fluor-
ophores for single-molecule diffusion-based experiments. The

fluorophores are photostable in a DNA environment (low
bleaching and blinking levels), bright (high extinction coeffi-
cients and quantum yields), and exhibit absorption maxima fit
to common lasers (532 and 640 nm excitation lasers), minimum
direct excitation (the donor laser does not excite the acceptor
dye), andminimum donor-leakage (donor emission leaks to the
acceptor channel). The typical resultant bursts are consistent
with 200�2000 photons.

ssDNA Labeling. HPLC-purified ssDNAs were purchasedwith a
C6 dT internal amino modifier (iAmMC6T) in the designed
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position. ATTO 550 or ATTO 647N (donor and acceptor, respec-
tively, ATTO-TECH GmbH, Siegen, Germany) were labeled and
HPLC purified (reverse-phase C18, Amersham Bioscience, Up-
psala, Sweden) by using improved procedures (see Supporting
Information). The typical labeling yield was ∼70% and purity
was >99%, as checked by reintroduction to the HPLC.

Buffers. The buffer solution for maintaining in stock the
samples for annealing and for cold mixing was 10.5 mM Mg-
TAE (40mM Tris-base, 2mM EDTA.Na2 3 2H2O and 20mM acetic-
acid, pH 8), as in Omabegho et al.26 All ssDNAs were kept at
a concentration of 10 μM, as verified by the absorption in
260 nm by using a UV�vis spectrophotometer (Helios Omega
UV�visible).

Annealing. The annealing procedure was conducted at an
ssDNAs concentration of 500 nM with a PCR machine [90 �C
(5 min), 65 �C (20 min), 45 �C (20 min), 37 �C (20 min), room
temperature (20 min), altogether 1.5 h], as in Omabegho et al.26

(who used a heating block). The sample volume was 10�30 μL,
such that 5�15 picomole of each strand were required.

Cold Mixing. Typically 1�10 picomoles of each strand were
mixed for 1 h at room temperature and at 100�500 nM ssDNA
concentrations (as detailed in the text), in a volumeof 10�20 μL.

Assembly of the Front Half, Back Half, and Walker. The front half
contains S1�S7 (20�42 bases long) and T1-T2 (67 and 83 bases
long) strands. Ten picomole of each strand was mixed together
to make a 20 μL solution (500 nM of each strand), and annealed.
The back half contained S8�S14 (20�42 bases long), and T3-T4
(83 bases), and the walker contained L-O and L-E (54 bases) that
were similarly and separately prepared.

Assembly of the Complete Track. A solution of 5 μL of the front
half (500 nM) was cold mixed for 1 h with 5 μL of the back half
(500 nM), resulting in a 10 μL of 250 nM complete track.

Assembly of the Front Half/Walker Complex. A solution of 5 μL of
walker (500 nM) was cold mixed for 1 h with 5 μL of front half
(500 nM), giving 10 μL of 250 nM front half/walker complex.

Assembly of the Complete Motor. To assemble the complete
motor, 5 μL of front half/walker (250 nM)were coldmixed for 1 h
with 2.5 μL of back half (500 nM), giving 7.5 μL of 167 nM
complete motor and RS-1.

Operation of the Complete Motor. Before adding the fuel strands
to the solution of the motor, each fuel strand was heated
separately (90 �C for 5 min and then cooled immediately to
room temperature) to ensure correct folding (properly closed
hairpin). Transition from RS-1 to RS-2 was achieved by cold
mixing of the complete track at RS-1 with a 5-fold excess of fuel-
1 (to give 6.5 μL of 148 nM RS-1 and 740 nM fuel-1) for 1 h.
Similarly, the transition from RS-2 to RS-3 was achieved by cold
mixing the RS-2 with a 5-fold excess of fuel-2 (to give 9 μL of
99 nM RS-1 and 495 nM fuel-2) for 1 h.

Measurements. All measurements were carried out on diluted
samples (20 μL of 3 pM) that were placed on a coverslip and
sealedwith Teflon and an upper coverslip. The bottom coverslip
was KOH-treated to prevent the samples, especially the larger
complexes, from sticking to the surface (as happens in the
presence of Mg2þ), sonicated for 15 min, washed with distilled
water and dried in air. The measurement buffer comprised
10 mM Tris-Base pH 8, 1 mM EDTA, 10 μg/mL bovine serum
albumin (BSA, Sigma-Aldrich, Co) to reduce sample sticking,
10.5 mM Mg acetate, and 1 mM Trolox to reduce photobleach-
ing and photoblinking,31 (Sigma-Aldrich, Co). With the excep-
tion of the kinetic experiments, data were collected over
5�15 min.

Calculating Reaction Yields. Reaction yields for the motor as-
sembly in Figure 2, were calculated by dividing the number of
bursts (events) of the donor�acceptor population (0.15 < S <
0.85 to exclude donor and acceptor only population) into the
overall number of bursts. The yield of the front half/walker
complex formation reaction in Figure 3 was calculated by
dividing the number of bursts inside the black dashed line into
the overall number of bursts. The Reaction yields for the motor
operation in Figure 4were calculated by dividing the number of
bursts of the final state (RS-2 and RS-3, circled with black dashed
line) into that of the initial plus the final states (RS-1 þ RS-2
and RS-2 þ RS-3, circled with red and black dashed lines,
respectively).

Front Half/Walker Binding Kinetics. Preannealedwalker (500 nM)
and preannealed front half (500 nM) were cold mixed in various
equimolar concentrations (250, 125, 45, 15, and 5 nM). After
various time periods, 1 μL of the solution was sampled, diluted
to 3 pM to stop the reaction, and measured.

Front Half/Walker Leg-Lifting Kinetics. The front half/walker
complex (250 nM) was cold mixed with a 100-fold excess of
fuel-1 to give 10 μL. After various time periods, 1-μL aliquots of
the solution were sampled, diluted to 3 pM, and measured.

Theory. Since in ALEX experiments two lasers alternatively
excite the donor and the acceptor dyes, the calculation of E is
somewhat different from that in a conventional single laser
experiment:

E ¼ ADEX

DDEX þADEX

(1)

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 is commonly defined in ALEX
experiments,25 stoichiometry or brightness ratio, 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:

S ¼ DEX

DEX þAEX
(2)

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.

Data Analysis and Presentation. The data analysis was per-
formed with the in-house written Labview (National Instru-
ments 7.1) software as described above.24 The beginnings
and ends of bursts were determined by using the all-photons-
burst-search (APBS)24 (parameters: L = 200, M = 10, and T =
200 μs). According to the algorithm, a photon belongs to a burst
if each of at least L successive photons has at leastM neighbor-
ing photons within a time window of length T centered on the
photon's own arrival time. For each burst, E and S were
calculated according to eq 1 and eq 2, respectively, binned
(0.01 bin size), and plotted on one-dimensional E and S and
histograms on a two-dimensional E/S histogram.

Optical Setup. The sm-FRET�ALEX experiments were carried
out on an in-house built optical setup as described in a previous
work,24 (for more details, see Supporting Information). The
setup was stable over the entire period, and except for minor
tunings of the excitation power, no adjustments were required.
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