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ABSTRACT

We present a detailed coarse-grained computer sim-
ulation and single molecule fluorescence study of the
walking dynamics and mechanism of a DNA bipedal
motor striding on a DNA origami. In particular, we
study the dependency of the walking efficiency and
stepping kinetics on step size. The simulations accu-
rately capture and explain three different experimen-
tal observations. These include a description of the
maximum possible step size, a decrease in the walk-
ing efficiency over short distances and a dependency
of the efficiency on the walking direction with respect
to the origami track. The former two observations
were not expected and are non-trivial. Based on this
study, we suggest three design modifications to im-
prove future DNA walkers. Our study demonstrates
the ability of the oxDNA model to resolve the dynam-
ics of complex DNA machines, and its usefulness as
an engineering tool for the design of DNA machines
that operate in the three spatial dimensions.

INTRODUCTION

Biological macromolecular machines, which play major
roles in many biological processes, often operate with re-
markably high chemical yield and speed. For example, the
bipedal kinesin motor can perform hundreds of steps per
second before dissociating from the microtubule track (1,2).
Recent advances in structural DNA nanotechnology (3),
including DNA origami technology (4–8), and our under-
standing of DNA dynamics (9) offers a unique path toward

the realization of synthetic molecular machines (10–12).
Impressive tweezers (13), molecular assembly lines (14,15),
gears (16), crank sliders (17), pullers (18), rotors (19), walk-
ers (20–37) and robots (38) made from DNA have been
demonstrated. However, the number of operations (e.g. the
number of steps for a walker) demonstrated thus far is
significantly lower than that of biological machines. To
advance the field of synthetic DNA molecular machines,
therefore, major efforts need to be focused on achieving ma-
chines with significantly improved performance. A prereq-
uisite for the rational design of such devices is both a good
understanding of the machine operation mechanisms and
dynamics, and also the reasons for machine failure.

To meet this challenge, we have previously developed
(based on an earlier design (22)) a DNA-based bipedal
walker model system that strides on an origami track (34–
36). The walker legs are connected to the track footholds
via DNA strands called ‘fuels’. Using a microfluidics device,
which allows the introduction and removal of fuel and ‘an-
tifuel’ strands from the motor solution, we demonstrated 32
steps with 44% total operational yield (35). However, this is
still noticeably less than the hundreds of steps achieved by
kinesin (1,2). We studied the dependency of the motor per-
formance on fuel concentrations and found that the main
factor that limits the yield was a failure to sometimes com-
plete the fuel-mediated attachment of the walker leg to the
foothold, a reaction we call ‘leg placing’ (34,35). One of the
potential ways to optimize the yield of this reaction, and
hence walker performance, is through the size of the walker
step. However, to the best of our knowledge, the experimen-
tal dependency of a DNA walker’s performance on step size
has not yet been reported for any DNA walker.
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The well established structural, thermodynamic and dy-
namical properties of single- and double-stranded DNA
(39), and structural properties of DNA origami (40–42) al-
though very useful, may not provide sufficient information
to enable the design of complex DNA machines with ex-
cellent performance. Instead, computer modeling provides
a potential way to bridge this gap. As the performance of
such complex DNA machines will depend on the intricate
dynamics of the operation mechanisms that occurs in three
spatial dimensions, a model of DNA that naturally captures
the subtle interplay between DNA structure, mechanics and
thermodynamics has the potential to both explain motor
behavior and to facilitate rational design and optimization.

The oxDNA model, which is a coarse-grained model of
DNA at the nucleotide level (43–45), is particularly well-
suited to meet this challenge. OxDNA has proven to be
a powerful simulation tool that is capable of describing
the physical properties of DNA that are relevant to DNA
motors (46,47). In particular, oxDNA’s ability to describe
the thermodynamics and dynamics of DNA hybridization
(43,44,48,49) and displacement (9), the crucial role of ge-
ometry and stress in hybridization and melting reactions
(50) (arXiv:https://arxiv.org/abs/1506.09008), the mechan-
ics of single-stranded DNA (44), the structural and dynamic
properties of DNA origami (45,51), as well as other large
DNA nanostructures (52,53), lead us to believe that the
model provides an ideal means to study the operation of
the current motor system.

Here, we study the dynamics of the leg-placing reaction,
which we have previously shown to be the yield-limiting step
for our bipedal motor (34,35). We are primarily interested
in the dynamics of the attachment of the walker’s leg to a
foothold via a fuel strand, as well as on the dependency of
the dynamics both on the step size and on its direction with
respect to the origami track. The operation of the walker
components has been carefully investigated by both experi-
ments and molecular simulations. In the experiments the re-
action yield was measured by single molecule fluorescence
(54), while in the simulations the yield is obtained by com-
puting the activation barriers for the reactions that deter-
mine motor efficiency. The simulations also allowed us to
characterize the equilibrium structure of the origami in de-
tail.

Three key experimental results, some unexpected and
non-trivial, were largely reproduced by the oxDNA simula-
tions. First, by sampling the ensemble of transition state ge-
ometries for the leg-placing reaction, the simulations accu-
rately capture the overall dependence of the stepping proba-
bility on the foothold separation and predict the maximum
possible motor step size (∼40 nm). Second, unexpected dif-
ferences between experimental leg-placing yields for motors
walking along the long and the short axes of the rectangu-
lar origami were explained by the preferential bending of
the origami along the short axis. Third, the simulations sug-
gest that the somewhat lower leg-placing yields for small
steps (∼5 nm) compared to longer steps (∼12 nm) is due
to secondary structure in the single-stranded sections of the
walker.

MATERIALS AND METHODS

Motor design

Our motor consists of a bipedal walker and a Rothemund-
type DNA rectangular origami track (34,35). The bipedal
walker is made up of two DNA strands called legs (L1
and L2), and the track consists of two DNA strands called
footholds (T1 and T2) that branch out from the origami on
the same side. The relevant states of the walker are shown
schematically in Figure 1A. The walker and track are con-
nected to each other by one or two DNA strands called fuels
(F1 and F2 in the figure). Figure 1B shows typical oxDNA
configurations for the walker in some of these states when
attached to the origami track. The different designed posi-
tions for the T1 and T2 footholds on the origami that we
considered are illustrated in Figure 1C; these allow differ-
ent step sizes to be probed and the motor to walk along
both the long and the short axes of the origami. Each exper-
iment started with the walker standing on foothold-2 with
leg-1 lifted. Only one foothold-2 was present in each exper-
iment (see Figure 1C for alternative positions). The DNA
sequences of the legs, footholds and fuels, as well as details
regarding the origami track, are provided in the Supplemen-
tary Data and Table S1. For a detailed description of the
entire walking cycle, which also includes the leg-lifting re-
action (not studied here), see references (34,35).

Mechanism of the leg-placing reaction

The leg-placing reaction is described in Figure 1A. Initially,
the motor is in the leg-lifted state (denoted SLL), where one
leg (L2) and a foothold (T2) are connected via a fuel strand
(F2). The method for preparing the motor in this state is
described in the Supplementary Data. The leg-placing re-
action is initiated by introducing the F1 strand into the so-
lution. This fuel may bind to the foothold (T1) or to the
lifted leg (L1), forming two possible intermediate structures
(both are denoted S∗

LL). This may be followed by binding of
the fuel to the leg or to the foothold (L1 or T1, respectively)
forming the leg-placed state (SLP) with a stepping rate ks
(see Figure 1A) (34,35). The stepping process (S∗

LL → SLP)
is the reaction that is the focus of this work. Importantly, we
have previously shown that another reaction that directly
competes with the stepping reaction can also take place
(34,35). In this reaction, the intermediate (S∗

LL) binds an ad-
ditional fuel (F1) with a fuel-binding rate kFB[F1], forming a
state called the ‘trapped state’ (STrap). Because the fuels are,
on the timescale of the experiments, irreversibly attached to
the legs and footholds (by 16 and 18 bp, respectively), the
trapped state is stable, blocks the formation of the SLP state
and hence hinders correct motor operation (34,35).

Experimental leg-placing reaction yield

In our experiments, the fuel concentrations were much
higher than that of the motors (see Supplementary Data).
Therefore, for a pseudo first-order inter-molecular reac-
tion, the rate of fuel binding depends linearly on the fuel
concentration, i.e. kFB[F1] (34,35). By contrast, the rate of
the intramolecular stepping reaction (ks) is independent of
F1 concentration, but depends on the free-energy barrier

https://arxiv.org/abs/1506.09008
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Figure 1. Schematics of the motor and the leg-placing reaction. (A) The motor consists of two footholds (T1 and T2) that are attached to a DNA origami,
a walker that is made of two legs (L1 and L2) and two fuels (F1 and F2) that connect the walker to the footholds. The leg-placing reaction starts with L1
lifted (SLL). Introduction of F1 results in one of two intermediate states: (S∗

LL) followed by the formation of the leg-placed state (SLP) or the trapped state
(denoted STrap), which occur with rates ks and kFB[F1], respectively. (B) Typical oxDNA configurations for the S∗

LL, SLP and STrap states. (C) Schematic
showing the alternative positions of the T1 and T2 footholds (green and red dots, respectively) on the rectangular origami. Adjacent footholds are designed
to be roughly 5 nm apart, based on a simple origami model, where the rise per base pair is 0.34 nm and the width of the origami is 60 nm (from AFM
measurements).

for connecting an already attached fuel to the free leg or
foothold. For simplicity, we assume that kFB and ks do not
depend on whether the fuel strand F1 first binds to T1
or L1 (34,35). By incubating the motor and the fuel for
long enough time before the measurement (for details, see
the Supplementary Data) we ensure that the motor reaches
either the SLP state or the STrap state. Therefore, the leg-
placing reaction yield, which is defined as the fraction of
motors that reach the SLP state, is the outcome of the kinetic
competition between these two reactions, and is defined as:

Yexp = [SLP]

[SLP] + [
STrap

] = ks

ks + kFB [F1]
(1)

where, [F1] is the fuel concentration.

Measurement of the leg-placing reaction yields

To measure the relative fractions of motors in the SLP
and STrap states, we utilized diffusion-based single-molecule
Förster resonance energy transfer (FRET) (34,54). L1 and
T1 were labeled with donor and acceptor fluorophores (Fig-
ure 1A) such that the system yields clearly distinguishable
low- and high-FRET values for the two states, respectively
(for a detailed description of the measurement technique
and data analysis procedures, see the Supplementary Data
and Figure S1). The experimental yields are depicted in Fig-
ure 2A as a function of the step size and fuel concentration,
and will be discussed in detail below together with the sim-
ulation results.

Coarse-grained simulations of the leg-placing yields

In order to compare experimental results with oxDNA sim-
ulations, we simulated the walker and the origami at the

same environmental conditions as in the experiments. De-
tails of the oxDNA model and the simulation algorithms
used can be found in the Supplementary Data. To mea-
sure the yield in the simulations, we first computed free-
energy profiles for both the reactions illustrated in Fig-
ure 1B, namely the leg-placing reaction (initiated in a state
with the fuel attached to the foothold), and the binding of
a fuel molecule to L1. Note that for computational sim-
plicity, we only considered one of the possible intermediate
states, as we expect to a good approximation ks/kFB to be
the same for both. Note also that because of the large size of
the walker and origami system, when we computed the rele-
vant free-energy profiles, we did not use the oxDNA model
to represent the origami, but instead modeled the origami as
a repulsion plane and used harmonic traps to hold the two
foothold strands at the relevant separations on the plane
(see the Supplementary Data for more details).

An example free-energy profile for leg placing is shown in
Figure 3A. There is a large free-energy barrier to initiating
the first base pair between the fuel and the walker due to the
loss of conformational entropy that this involves, followed
by a steep, downhill slope as the remaining base pairs zip up.
From such free-energy profiles both the net change in free
energy and the activation free energy for the processes can
be found, the latter allowing us to estimate the kinetic yield
measured experimentally. Although we do not measure the
rates ks and kFB directly, it is reasonable to assume that the
relative rates are dominated by the effects of the activation
free energies, thus giving

YoxDNA ≈ e−�G‡
s/kBT

e−�G‡
s/kBT + e−�G‡

FB([F1])/kBT
(2)



1556 Nucleic Acids Research, 2018, Vol. 46, No. 3

Figure 2. (A)(i) Measured experimental yield and (ii) the yield as determined from oxDNA simulations as a function of step size for different fuel concen-
trations. The step sizes in (i) correspond to the mean values measured in simulations of the free origami (Supplementary Table S2). (B) Example oxDNA
transition state configurations (with 1 bp between fuel F1 and leg L1) illustrating the increasingly stretched nature of the walker at larger step sizes. The
red arrow in (B)(ii) indicates the position of a leg-placing base pair.

where, kB is the Boltzmann constant and T is the tempera-
ture. For additional details regarding the calculation of the
yield as well as the simulation details, see the Supplemen-
tary Data.

RESULTS AND DISCUSSION

Dependency of the leg-placing yields on step size

Figure 2A shows the experimental and simulated leg-
placing reaction yields for walking along the long axis of
the origami for 1 nM to 10 �M fuel concentrations. The two
plots look very similar showing that the simulations can well
describe the observed behavior and, hence, provide impor-
tant microscopic insights into its origins. The most dramatic
feature of the data is a rapid decrease in the yield at near to
30 nm as the system crosses over between a regime where
leg placing dominates at short steps to one where the yield
is essentially zero at large step sizes.

From Figure 3B it can be seen that the sharp crossover
reflects the rapid increase in the free-energy barrier for
leg placing with the center of the transition in the simu-
lated data occurring when �G‡

s ≈ �G‡
F B. The oxDNA leg-

placing transition state configurations illustrated in Fig-
ure 2B provide a simple explanation of this rise. For step
sizes in the range 5–20 nm the walker, which possesses a sub-
stantial amount of flexibility, does not have to stretch that
much to put its foot down (see also Supplementary Figure

S2 for configurations of the fully-bound walker). At these
step sizes, encounters between the walker and foothold are
relatively common. However, as the step size increases, the
walker must increasingly stretch farther to reach the fuel,
making it more difficult to form the initial leg-placing base
pairs. At the 40 nm step size, the walker is still capable of
putting its foot down by nearly completely stretching out
and lying almost parallel with the origami surface. How-
ever, because the activation barrier to initiate leg-placing
base pairs is so large, the trapped state is effectively the only
relevant state.

As the fuel concentration increases, trapping by binding
of multiple fuels of course becomes more likely, and has two
main effects on the yield curves. First, the point at which the
large decrease in yield occurs moves to lower step size, but
only relatively slowly because of the sharp rise in �G‡

s in the
relevant step size range (Figure 3B). Second, at smaller step
sizes the yield starts to decrease from the close to 100% yield
seen for the lowest concentrations. As the activation barrier
only depends relatively weakly on step size in the range 5–
20 nm (it varies by about 1–2 kBT) the effect of concentra-
tion is more uniform, with the small differences in response
reflecting the variations in �G‡

s . We do see, however, some-
what more pronounced yield decreases in experiment than
simulations, but we note that these can be explained by rel-
atively small errors in the activation-free energies (∼2 kBT
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Figure 3. (A) Example free-energy profile for leg placement for a foothold
separation of 15 nm, where �G‡

s is the activation free energy, and �Gs is
the free energy change for the reaction. (Additional free-energy profiles for
different step sizes and for the fuel-binding reaction are shown in Supple-
mentary Figure S5). (B) Dependence of �G‡

s on step size. The horizontal
dashed line shows the value of �G‡

F B at [F1] = 10 nM. (C) The experimen-
tally determined stepping rates (red squares) are plotted as a function of
step size. The oxDNA predicted relative rates (black circles) are positioned
to match with the experimentally determined value at 12 nm.

or less). Given some of the simplifications of our modeling
of the motor operation, the overall agreement is very good.

One intriguing feature of the behavior for short steps is
that the yield in experiment and simulations drops slightly
for the 5 nm step compared to 10 nm for very high fuel
concentrations. Although the effect is small, the origin of
this effect in the simulations is clear, as it disappears when
the single stranded sections are not allowed to form any
secondary structure. In particular, one of the predominant

hairpins that forms in the F1 fuel when bound to T1 signif-
icantly reduces the likelihood that the end of the fuel will
be close to the T1 attachment point (Supplementary Fig-
ure S9), as can be seen from the illustrative configurations
in Supplementary Figure S10. The hairpin thus makes it
harder to form the first base pair at the shortest step sizes,
and reduces the yield. Note that we did not intentionally
design this hairpin (the leg and foothold sequences follow
the designs of the original motors) (22,34–36). Supplemen-
tary Figure S4 shows that the differences between motors
with and without secondary structure in the ssDNA seg-
ments of the motor do not significantly change the yields
at other step sizes. In the original motor designs, the leg
and foothold sequences were originally optimized to min-
imize secondary structures (using NUPACK (55) or mfold
(56)); however, transient hairpin structure was revealed by
oxDNA. As we learn here, a better motor should not in-
clude such secondary structures.

Finally, we calculated the stepping rates for different step
sizes, which are shown in Figure 3C. Since the stepping
yield depends on the competition between stepping and
fuel-binding reaction rates (Equation 1), the experimentally
measured yields can be combined with a previously deter-
mined fuel-binding rate (35) (kFB = 2.3 × 105 M−1 s−1) to
obtain the stepping rates. With oxDNA, we estimated the
stepping rate at different step sizes relative to the 10 nm size,
by noting that the relative rates are primarily determined by
the difference in the activation energies, ks(d)/ks(10 nm) =
exp(−(�G‡

s (d) − �G‡
s (10 nm))/kBT) (see the Supplemen-

tary Data). Figure 3C shows for step sizes 5–25 nm that the
stepping rates are ∼1–10 s−1. Clearly, further increasing the
step size reduces the stepping rate significantly. For exam-
ple, at 35 nm the stepping rate is reduced to 3.5 × 10−5 s−1,
which is about five orders of magnitude slower than ks for
the short step sizes. Overall, the oxDNA predicted relative
rates are in good agreement with the experimentally ob-
tained rates, with some differences apparent for larger step
sizes that we again attribute to small errors in the activation
barrier calculations.

Comparison of walking along the long and short origami axes

Figure 4A(i) shows a comparison of the experimental leg-
placing yields for walking along the long and the short axes
of the origami, both plotted as a function of the designed
step size. Although similar, there are two clear differences.
First, the sharp decrease in yield occurs at smaller step size
for the short axis then for the long axis. Second, unlike for
the long axis, the yield does not continue to decrease to
near zero at the longest distances but seems to plateau to
a value of about 10%. These difference in yield between the
two axes are clearly telling us something about the nature
of the origami surface.

To understand these discrepancies, we simulated the com-
plete origami with oxDNA and characterized its equilib-
rium structure. For comparison, we also characterized the
origami when placed onto a surface that renders it mostly
flat (see the Supplementary Data). Figure 4B shows repre-
sentative configurations of the origami with the walker po-
sitioned along the long axis. We also measured the separa-
tion of the attachment points for foothold-1 and foothold-
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Figure 4. (A) The experimentally measured yields are shown as a function of (i) the designed step size in Figure 1C, and (ii) the measured step size based
on the results from simulations of the origami. The concentration of F1 in the experiments was 1 nM. (B)(i-iii) Typical configurations of the curled up
origami with the walker (denoted by the green arrow) positioned on the long axis. (C) Schematic figures showing (i) the walker (blue-orange) with one foot
up and the other down on a flat surface for a step size ∼32 nm, and (ii) an axial view of an origami configuration curled up into a tubular structure, with
short axis foothold positions denoted by circles. The step size between the larger red and green circles in (C)(ii) is the same as in (C)(i). The gray circles in
both (i) and (ii) represent the regions of space well-sampled (95% of configurations have their terminal base within the sphere) by the unbound section of
walker (blue) and the foothold-bound fuel (purple) when secondary structure was forbidden in the simulations. Arrows represent the radii of the spheres
and yellow color indicates the overlap between the spheres.

2 (Figure 1C) for both axes. The results are shown in Fig-
ure 5A and B for the long and short axes, respectively. Com-
parable results for the flat origami are shown in Supplemen-
tary Figure S8.

Figure 5A clearly shows that the distributions for the dif-
ferent foothold positions along the long axis are narrow and
nearly evenly separated by roughly 5.9 nm, and have aver-
age values comparable to that of the flat origami (see Sup-
plementary Table S2). Thus, the track along the long axis of
the origami is stiff and relatively straight. The short axis dis-
tributions for the smallest step sizes (5 and 10 nm), shown in
Figure 5B, are narrow, and comparable to those quantities
for the flat origami. However, the distributions are signifi-
cantly broader for larger foothold separation and have val-
ues that are significantly shorter than those measured for
the flat origami (Supplementary Table S2). This difference
is due to the origami being much more flexible along the
short axis and having significant curvature.

This curvature is apparent in the configurations shown in
Figure 4B and C; the origami has a preferred bending direc-
tion and rolls up into a somewhat twisted tubular structure.
In particular, the origami is always seen bending away from
the side on which the nicks are, thus the walker remains on
the convex side. Note that the curled up structure means
that for the longer step sizes along the short axis, the re-
sults in Figure 5B represent straight-line distances that pass
through the curved structure rather than along its surface.

The twisted nature of the current origami is unsurpris-
ing since the effective designed pitch in the origami (10.67

Figure 5. The distributions for step size d on the (A) long axis and (B) the
short axis. In both figures the step size is the measured distance between a
foothold position (red dots in Figure 1C) and a reference position (green
dot in Figure 1C). Vertical lines denote the designed foothold separations.



Nucleic Acids Research, 2018, Vol. 46, No. 3 1559

bp per turn) is greater than that for real DNA (about 10.5
bp per turn) (57,58). For a 2D sheet, this twist naturally is
coupled to bend, and, since the two faces of the origami are
different, the two possible modes of bending are distinct.
The bending direction predicted by oxDNA is also consis-
tent with the direction predicted by CanDo (see also Sup-
plementary Figure S11) (59).

To check that some of the differences in yield are not
simply due to the initial simplified method of measuring
the step size, Figure 4A(ii) shows the same data for the ex-
perimental yields as in Figure 4A(i), but plotted using the
step sizes for both axes measured in the simulations of the
origami. Since the long axis remained mostly flat in the sim-
ulations, each step size was taken to be equal to oxDNA’s
average value for the separation of the footholds (Supple-
mentary Table S2). However, for the short axis we estimated
the step size by adding up the contributions from measur-
ing the average separation between neighboring footholds,
which comes to be about ∼5.9 nm per foothold pair (see
Supplementary Table S3). Although these adjustments shift
the step sizes to slightly larger values, this occurs for both
axes and only slightly reduces the differences in yield be-
tween the two axes.

Instead these differences stem from the preferred bend-
ing direction of the origami. In particular, the early drop in
yield along the short axis can be understood by consider-
ing the configurations in Figure 4C, which show the walker
system at ∼32 nm step size on a flat surface (Figure 4C(i)),
and a schematic of the short axis foothold locations on the
curled up origami (Figure 4C(ii)). The overlap between the
accessible extensions of the walker and the toehold with F1
fuel bound is clearly less for the convex surface, thus increas-
ing the activation barrier for the formation of the first base
pair and causing the yield to decrease. The opposite effect
would be expected if the walker was on the concave side of
the origami.

Finally, for the step sizes larger than ∼30 nm, because of
the bending of the origami, the L1 section of a walker may
instead reach to T1 from the opposite direction. This is why
we see a small fraction of yield persist even for the ∼45 nm
step size, which is absent for the stiff long axis for which
there are no alternative paths.

CONCLUSION

To conclude, we have thoroughly characterized the key
step for the operation of a DNA walker, namely the leg-
placing reaction, using single-molecule fluorescence tech-
niques with a particular emphasis on the dependence of
the yield on step length. Furthermore, we have shown that
coarse-grained modeling accurately captures the interplay
of structure, mechanics and thermodynamics in a way that
explains a number of non-trivial features of the observed be-
havior, highlighting the potential utility of such modeling to
guide the design of improved motors, both through an en-
hanced understanding of the physical principles underlying
the motor operation and by pre-screening the behavior of
putative designs.

For the specific walker design, we have considered here,
we found that the motor can efficiently operate over a wide
range of step sizes due to the flexibility of the walker, but

with a strong decrease in yields for steps beyond about
30–40 nm (depending on fuel concentration) associated
with the rapid increase in the free-energy barrier due to the
walker having to extend itself to a very entropically unlikely
state to initiate leg placing. We have also found that the
motor operation is sensitive to the structural details of the
origami substrate due to its anisotropic mechanical proper-
ties and the preferred curvature of the current design ––the
latter effect could be reduced by tuning the effective pitch
length of DNA in the origami.

How do the legs and footholds lengths change the de-
pendency of stepping yields on step sizes? One can specu-
late that the maximum possible step size will increase as the
lengths of footholds and legs are made longer. However, for
intermediate and short step sizes, increasing these lengths
will also increase the available search-space volume accessi-
ble to the walker, which will increase the activation barrier
to leg-placing and decrease the leg-placing rates, and there-
fore also the stepping yields. The foothold and walker legs in
the current design also all have lengths well below the per-
sistence length for dsDNA. As a result, these sections are
quite stiff, however, longer footholds and legs will inevitably
increase the overall degree of flexibility present in the motor
system, further complicating the dependency of the walking
efficiency on step size. In future studies, we aim to answer
this non-trivial question using coarse-grained simulations
and experiments.

Finally, what lessons can be learned for the optimiza-
tion of DNA walkers? First, in the current motor design,
which has four different footholds that are separated 12 nm
from each other (34–36), a small fraction of the motors may
walk in the wrong direction (instead of one step forward,
it takes three steps backward). To ensure that the walk-
ers only move in the intended direction, we suggest using
a linear track with six different footholds that are separated
12 nm from each other. We are currently testing a motor
with two sets of six footholds organized linearly (a total
track length of ∼140 nm). Second, to avoid walkers step-
ping over to the opposite side we suggest adapting methods
that reduce origami bending. For example, origami bend-
ing can be reduced by tuning the effective pitch length of
the origami DNA (4,60,61). Alternatively, origami made of
two or more layers, which are known to be stiffer than a sin-
gle layer (5,38,40,62), can also be used to prevent bending.
In addition, immobilizing the origami onto a stiff surface,
such as a cover slide, could also be used to prevent bend-
ing. At last, our study shows that it is essential to overcome
the formation of a trapped state, which is the key bottleneck
in the current design limiting motor performance. For that
purpose, we are developing an alternative walking strategy
in which we are able to avoid the formation of the trapped
state entirely by switching the order in which fuel and anti-
fuel strands are provided to the system, and by redesigning
the strands. We have obtained preliminary results suggest-
ing that these improvements yield significantly better per-
forming motors.
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18. Nickels,P.C., Wünsch,B., Holzmeister,P., Bae,W., Kneer,L.M.,
Grohmann,D., Tinnefeld,P. and Liedl,T. (2016) Molecular force
spectroscopy with a DNA origami–based nanoscopic force clamp.
Science, 354, 305–307.

19. Ketterer,P., Willner,E.M. and Dietz,H. (2016) Nanoscale rotary
apparatus formed from tight-fitting 3D DNA components. Sci. Adv.,
2, e1501209.

20. Pan,J., Li,F., Cha,T.-G., Chen,H. and Choi,J.H. (2015) Recent
progress on DNA based walkers. Curr. Opin. Biotechnol., 34, 56–64.

21. Sherman,W.B. and Seeman,N.C. (2004) A precisely controlled DNA
biped walking device. Nano Lett., 4, 1203–1207.

22. Shin,J.-S. and Pierce,N.A. (2004) A synthetic DNA walker for
molecular transport. J. Am. Chem. Soc., 126, 10834–10835.

23. Yin,P., Yan,H., Daniell,X.G., Turberfield,A.J. and Reif,J.H. (2004) A
unidirectional DNA walker that moves autonomously along a track.
Angew. Chem. Int. Ed., 43, 4906–4911.

24. Lund,K., Manzo,A.J., Dabby,N., Michelotti,N., Johnson-Buck,A.,
Nangreave,J., Taylor,S., Pei,R., Stojanovic,M.N., Walter,N.G. et al.
(2010) Molecular robots guided by prescriptive landscapes. Nature,
465, 206–210.

25. Omabegho,T., Sha,R. and Seeman,N.C. (2009) A bipedal DNA
Brownian motor with coordinated legs. Science, 324, 67–71.

26. Muscat,R.A., Bath,J. and Turberfield,A.J. (2011) A programmable
molecular robot. Nano Lett., 11, 982–987.

27. Wickham,S.F., Endo,M., Katsuda,Y., Hidaka,K., Bath,J.,
Sugiyama,H. and Turberfield,A.J. (2011) Direct observation of
stepwise movement of a synthetic molecular transporter. Nat.
Nanotechnol., 6, 166–169.

28. Bath,J., Green,S.J., Allen,K.E. and Turberfield,A.J. (2009)
Mechanism for a directional, processive, and reversible DNA motor.
Small, 5, 1513–1516.

29. Urban,M.J., Zhou,C., Duan,X. and Liu,N. (2015) Optically resolving
the dynamic walking of a plasmonic walker couple. Nano Lett., 15,
8392–8396.

30. Zhou,C., Duan,X. and Liu,N. (2015) A plasmonic nanorod that
walks on DNA origami. Nat. Commun., 6, 8102-1–8102-6.

31. Jung,C., Allen,P. and Ellington,A. (2016) A stochastic DNA walker
that traverses a microparticle surface. Nat. Nanotechnol., 11, 157–163.

32. Liu,M., Cheng,J., Tee,S.R., Sreelatha,S., Loh,I.Y. and Wang,Z.
(2016) Biomimetic autonomous enzymatic nanowalker of high fuel
efficiency. ACS Nano, 10, 5882–5890.
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