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Tunable DNA Origami Motors Translocate Ballistically Over pm

Distances at nm/s Speeds

Alisina Bazrafshan, Travis A. Meyer, Hanquan Su, Joshua M. Brockman, Aaron T. Blanchard,
Selma Piranej, Yuxin Duan, Yonggang Ke,* and Khalid Salaita*

Abstract: Inspired by biological motor proteins, that efficiently
convert chemical fuel to unidirectional motion, there has been
considerable interest in developing synthetic analogues.
Among the synthetic motors created thus far, DNA motors
that undertake discrete steps on RNA tracks have shown the
greatest promise. Nonetheless, DNA nanomotors lack intrinsic
directionality, are low speed and take a limited number of steps
prior to stalling or dissociation. Herein, we report the first
example of a highly tunable DNA origami motor that moves
linearly over micron distances at an average speed of 40 nm/
min. Importantly, nanomotors move unidirectionally without
intervention through an external force field or a patterned
track. Because DNA origami enables precise testing of nano-
scale structure-function relationships, we were able to exper-
imentally study the role of motor shape, chassis flexibility, leg
distribution, and total number of legs in tuning performance.
An anisotropic rigid chassis coupled with a high density of legs
maximizes nanomotor speed and endurance.

Introduction

Biological motor proteins that convert chemical energy
into controlled nanomechanical motion are essential and
shared among all branches of life."! For example, the kinesin,
myosin and dynein superfamily of molecular motors are
critical for neuronal function and survival.’! Motor proteins
such as kinesin harness the chemical energy stored in
adenosine triphosphate to autonomously take unidirectional
mechanical steps at speeds of 20-200 nm/s.”! Over the past
two decades, there has been considerable interest in devel-
oping synthetic nanomotors!*! that recapitulate the properties
of their biological counterparts. Such motors hold promise in
biosensing,”! molecular computing, creating synthetic
cells,” and drug delivery.®

Nanoscale machines constructed using DNA have shown
great promise because of the well understood kinetics,
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thermodynamics, and structural predictability of Watson—
Crick base pairing.”’ Autonomous"”! and non-autonomous""!
DNA motors, as well as diffusional DNA walking devices!'?!
have been reported to perform a variety of tasks, including
cargo sorting™ and transport,’¥ RNA sensing®™!* and
mechanical bond rupture." DNA nanomotors break the
symmetry required for directed motion at low Reynolds
number™ using a mechanism known as a burnt-bridge
Brownian ratchet (BBR).'! This mechanism involves binding
to a “foothold” site, followed by a transformation step
(hydrolysis, displacement, etc.) that diminishes affinity to
the occupied foothold, hence breaking symmetry and biasing
motion to an adjacent unoccupied foothold site.

Despite engineering advances, DNA-based BBR motors
suffer from limited processivity, low velocity, and lack of
directionality. Polyvalent DNA motors (that incorporate
more than two DNA legs) demonstrate improved processivity
but diminished speed due to uncoordinated motion of
individual DNA legs.">'") Most unipedal and bipedal walkers
can only take a limited number of steps total.'’?>!®! Speed can
be sacrificed in exchange for enhanced processivity as was
demonstrated by Ellington and colleagues by using a “cleat”
to enhance the processivity of a unipedal walker from 36['%! to
471 steps. Alternatively, Nir et al. sacrificed autonomy of
bipedal DNA walkers to gain processivity, increasing the
number of steps from 7 to 32 (44% percent of the
walkers).[!l Increasing the number of DNA legs to create
polyvalent DNA motors can also boost processivity at the cost
of diminished speed. Lund etal.’s molecular spider!!™
comprised of 3 legs, can take upto 50 steps to traverse
100 nm over the course of hours. Similarly, quantum dots with
10-30 DNA legs can move along carbon nanotube tracks,
translocating 2 um over 12 h.?? The low speeds are ultimately
due to the lack of coordination of legs which result in
unproductive track interactions. These experiments are
supported by theory showing a trade-off between motor
processivity (endurance) and speed.” Meaning, increasing
polyvalency, increases motor speed at a cost of decreasing
velocity. Herein, we address this fundamental trade-off by
harnessing the DNA origami technique to identify the critical
parameters enabling a polyvalent nanoscale BBR DNA
motor that rolls to exhibit rapid (nm/s), processive (um
distances) and unidirectional motion.

DNA origami is a powerful method to construct three-
dimensional structures with nanometer precision.” DNA
origami has been instrumental in the field of dynamic DNA
nanotechnology. In fact, the vast majority of DNA motors use
DNA origami as their track.!'’*%21-3] Patterning the location
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of fuel footholds on an origami scaffold is also a common
strategy to guide motor trajectory.!?>17420221.261 Herein, we
aimed to test the hypothesis that DNA origami structures can
be engineered as the body for a polyvalent DNA motor. The
premise is that DNA origami enables exploring parameters
such as leg density, distribution, and the role of body rigidity
to identify the guidelines for optimal motor design. To our
knowledge, our work represents the first example of a DNA
origami nanomotor that processively converts chemical fuel
into sustained mechanical motion (Table S1). Note that prior
work in dynamic DNA origami employed multistate
switches,””! and are not motors processively converting
chemical energy into mechanical work.[**]

Results and Discussion

Inspired by our previous finding that structurally aniso-
tropic microscale motors exhibit unidirectional motion,1! we
created a DNA origami motor consisting of a bundle of 16
DNA double helices (16HB) linked together to produce
a rectangular prism with dimensions ca. 10 nm x 10 nm x
130 nm (Figure 1). The 16HB structure was assembled by
annealing a mixture of short synthetic “staple strands” with
a long “scaffold” strand and its structure confirmed using
TEM (Figure 1, S1-S2, Table S2-S4). We engineered 36 DNA
legs on each face of the rectangular prism (total = 144) with

DNA Iegs
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Figure 1. Design of 16 helix bundle (16HB) nanoscale motor: a) Sche-
matic drawing showing 16HB motor motion. b) Side view of the motor
highlighting the enzymatically driven mechanism of motion. RNase H
exclusively cleaves RNA hybridized to the DNA legs but not single
stranded RNA. c) Top view of T6HB showing location of DNA legs
(green dot with white border). Note that this leg placement is repeated
on each of the four long faces of the 16HB. d) TEM image of 16HB.

e) Histogram of 16HB lengths measured from TEM. n=137 origami
structures that were synthesized from two different synthesis batches.
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sequences complementary to a single-stranded RNA
(ssRNA) monolayer which provided foothold sites (Fig-
ure la,b,c, S3,S4). RNA footholds were tagged with Cy3,
enabling visualization of RNA hydrolysis during BBR
translocation. Additionally, we loaded 8 cargo-binding DNA
strands at each end of the 16HB (total =16 cargo-binding
strands) with AF647-tagged oligos, enabling tracking of 16HB
motor motion using fluorescence microscopy.

Introduction of DNA origami motors (10 pM) to the
RNA monolayer led to motor binding within minutes
(Supplementary movie 1 and Figure S5). Motors remained
immobile due to DNA-RNA hybridization. Upon addition of
RNase H (an enzyme that selectively cleaves RNA that is
duplexed, but not ssRNA), single-particle fluorescence track-
ing revealed motor translocation across the surface (Fig-
ure 2a,b, Supplementary movies 2 and 3). The motion of the
nanomotors coincided with loss of the Cy3-tagged RNA
footholds (56 % loss, Figure S6), which exclusively occurred
upon addition of RNase H (Figure 2a). Quantitative analysis
of a subset of nanomotor x—y trajectories showed that motion
was linear (Figure 2b shows the trajectory of a single motor).
This linearity was validated by plotting the mean square
displacement (MSD) of nanomotors over time, revealing
a power law relation with an exponent of 1.92 (Figure 2c¢).
Note that MSD is proportional to time“, where « is a scaling
factor that is 1 for random (Brownian) diffusion, < 1 for sub-
diffusive motion, and > 1 for super-diffusive motion.””) In this
case, a=1.92, indicating highly ballistic (linear) motion.
Figure 2d shows n =33 trajectories overlaid with the origin as
the start position. Trajectory lengths were negligible when
RNase H was withheld, thus validating the track analysis
routine and the role of RNase H in driving motion (Figure 2 ¢
and Figure S7). Using the Picasso single molecule localization
software®” along with smoothing®! and drift correction
algorithms and custom MATLAB scripts, we analyzed the
trajectories of hundreds of motors in an automated manner
(Figure S8 and S9). Analyses of 173 motors showed that
motor speed increased with increasing concentrations of
enzyme, showing that fuel consumption rate tunes the
translocation rate (Figure 2 f and Figure S10). 97 % of trajec-
tories are super-diffusive (a > 1.0) and a significant fraction of
trajectories were linear as the ensemble showed o =1.7+0.3
(Figure 2 g). Although nanomotor speed is tuned by enzyme
concentration, motors always moved linearly, as reflected by
their a coefficient. Enzyme concentrations greater than
43.2 nm did not show any further enhancement in speed and
instead reduced processivity due to motor dissociation from
the surface as demonstrated by quantifying the percent of
motors bound to the surface as a function of time (Figure 2h).
At 43.2 nm RNase H, 80% of motors remain bound on the
track at t=60 min (Figure 2h), and in this population, the
average net displacement and the average total displacement
were 560 220 nm and 1320 4460 nm, respectively.

We further investigated the role of formamide, and found
that increasing the concentration of this denaturant increases
net displacement (motor speed, Figure 2i). This result is
consistent with our observation that formamide increases the
RNase H hydrolysis rate (Figure S11). Moreover, denaturants
will also dampen unproductive interactions between DNA
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Figure 2. 16 HB DNA origami functions as a motor: a) Time-lapse fluorescence images of A647-16HB, Cy3-fuel, and overlay of a single motor.
Colored line shows motor trajectory (60 min), color bar is the same as (d). b) AF647-16HB localizations (black dots) and smoothed trajectory
(colored line). c) Plot of MSD as a function of time for motor in (a), providing the alpha value. d) Ensemble of motor trajectories (n=33) with
43.2 nm RNaseH and e) without RNaseH. f) Plot of motor net displacement and g) alpha value as a function of enzyme concentration. Each dot
represents a single motor, box represents 95% Cl with median, and the bars represent the min and max of (n=98, 27, 59 and 173 for 0, 14.4,
28.8 and 43.2 nm respectively generated from two (14.4 nm) or three (negative control, 28.8 and 43.2 nm) independent experiments). ***%*
indicates that p <0.0001. h) Plot of percentage of motors bound to surface as a function of time for different enzyme concentrations (left) and
percent of motor bound at the end of a one-hour acquisition (right). Error bars represent the standard deviation from two (14.4 nm) or three
(negative control, 28.8 and 43.2 nm) independent experiments. The 86.6 nm group was tested on one surface for 60 minutes. i) Plot of motor net
displacement at t=60 min as a function of formamide concentration and j) Mg®" concentration. Each dot represents a single motor, box
represents 95% Cl with median, and the bars represent the min and max of (n=98, 111, 173 and 154 for -RNase H, 0%, 5% and 10%
formamide, respectively generated from three independent experiments and n=70, 47, 154 and 51 for 1.5, 2.25, 3 and 4.5 mm Mg”" respectively
generated from one(1.5, 2.25, 4.5 mm) and three (3 mm) experiments. **** indicates that p <0.0001 and ** indicates p=0.0015. k) Histogram of
instantaneous velocities of n=99 origami motors. |) Plot comparing the role of amine modified anchor in processivity of 16HB motors. Error bars
represent the standard deviation in % motors bound at t=60 min for three independent experiments. *** indicates p =0.0006.
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legs and depleted track which will also increase motor
speed.”?) However, we observed RNA fuel degradation at
the 10 % formamide concentration, which is likely due to the
disassembly of the DNA origami structure and release of
DNA legs. Indeed, we confirmed that 16HB is stable in 5%
formamide and 3 mm Mg®" (Figure S12). 3 mm Mg** pro-
duced optimal motor speed (Figure2j), which is likely
a compromise between maximizing the k., of RNaseH and
stabilization of 16HB interactions to the surface.

A histogram of instantaneous velocity (At =30s) of n =99
16HB motors shows that the mean velocity was 40 nm/min
(10% formamide, 3 mm Mg*") which is the fastest DNA
nanomotor reported to date. Furthermore, a small subset of
the motors reached speeds above 100 nm/min. Velocity
histograms of individual motors showed that this range of
behaviours was not unique to a specific subset of motors and
rather all motors showed a wide range of instantaneous
velocities (Figure S9). By happenstance, we found that
incorporation of a 5’ terminal primary amine in the DNA
anchor (Table S2) produced enhanced processivity (Fig-
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ure 21). While control experiments demonstrate that 16HB
motors are exclusively bound to the surface only when the
RNA fuel is complementary to the DNA legs (Figure S5).
This result suggests an important role for the amine in
screening repulsive interactions and optimizing motor-surface
binding.

To confirm the importance of having an anisotropic
chassis in mediating linear motion, we synthesized spherical
DNA motors with a diameter of 50 nm (Figure S13 and
Supplementary Movie 4). As expected, these spherical mo-
tors moved in an RNase H-dependent manner with a =1.45 £+
0.22, which is super-diffusive and consistent with self-avoiding
motion. This result confirms that the anisotropic shape of the
16HB is critical for achieving unidirectionality.

Because there is no precedent for a DNA nanomotor that
intrinsically moves in a unidirectional manner, we validated
the result using two additional lines of evidence. The first was
based on super-resolution imaging of the Cy3 depeletion
track widths (Figure 3a,b and S14). Structured illumination
microscopy (SIM)®! showed that the width of track depletion
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Figure 3. Depletion track analysis indicates linear motion orthogonal to 16HB long axis: a) A representative SIM image of Cy3-fuel depleted
tracks. A line scan with width of 10 pixels was drawn perpendicular to the track (arrowed box, the direction of arrows shows direction of x axis of
linescan) to measure the width of the depleted track. b) Representative linescan profile of the linescan shown in (a). ¢) Histogram of full width at
half maximum (FWHM) of 56 tracks. FWHM are calculated by fitting the normalized inverted fluorescence values to a Gaussian function. The
mean of the FWHM of 56 tracks was 133 =43 nm as determined using a Gaussian fit to the data. d) Fluorescence images of A647-16HB, Cy3-
fuel, and overlay at time =90 min. Insets show zoom-in of single particle track as well as an example of how net displacement and distance
travelled were measured. e) Histogram of Kuhn segment length obtained from analysis of n=158 depletion tracks obtained from three different
experiments. A Gaussian fit to the histogram of Kuhn segment lengths shows a mean=1.04+0.4 um.
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was 133 =43 nm (Figure 3¢, Figure S14), which matched the
length of the nanomotor (127 + 9 nm) based on TEM analysis
(Figure 1d). This shows that nanomotors move in an orienta-
tion orthoganol to their long axis. The second line of evidence
comes from quantifying the linearity of nanomotor-generated
depletion tracks, which displayed a Kuhn segment length of
1.0+ 0.4 um (Figure 3d,e and S15).This indicates that nano-
motors moved = 100 body lengths before changing direction,
which may be due to surface imperfections, nanomotor
defects, and partial track dissociation. Taken together,
16HB DNA origami motors move processively and linearly
likely via a rolling mechanism where the motor pivots from
one face to an adjacent face of the structure.

To confirm that the mechanism of translocation is indeed
face-over-face rolling and not walking/sliding along a single
face, we created a library of origami structures with aniso-
tropic display of DNA legs across the four faces of the
rectangular prism. We describe these structures as “geometric
mutations” of the 16HB parent motor. Specifically, we
created geometric mutations presenting legs on one (1-36),
tWO (2ians-36; 245-36), three (3-36), and four faces (4-36) of
the rod (Figure 4a and S16). If motion primarily occurs
through rolling, then we would expect diminished transloca-
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tion for nanomotors with missing legs on specific faces due to
hindrance in rolling. The 1-36 and 2,-36 showed diminished
net displacements ( ~46 % reduction in displacement) along
with a=1.19+£0.36 (1-36) and 1.15+0.41 (24-36), demon-
strating loss of linear motion. Random motion is consistent
with the behavior of DNA bi-pedal diffusive motors when
placed on a 2D track surface."!! The 3-36 geometric mutation
showed intermediate net displacements (470 + 189 nm) and
a coefficients (1.39+0.32) suggesting motion that was in-
between that of the diffusive walkers and the rolling motors.
Finally, the 2,,-36 motors translocate with displacements
and o values that were not distinguishable from that of the 4-
36 motors (Figure 4b,d,e). This data set shows that nano-
motor rolling is enhanced when either all four faces or when
two opposing faces present DNA legs. This may suggest that
symmetry aids in rolling. Conversely, the three-face motors
are somehow hindered from rolling due to possible back-face
interactions with the depleted track as only 56 % of the RNA
is cleaved (Figure S6).

To resolve the difference between diffusive 2D walking/
sliding and rolling we withheld formamide from the solution
to further enhance the non-productive interactions between
DNA legs and depleted track. Removing formamide also
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Figure 4. Geometric mutations show that 16HB origami motors move by rolling: a) Schematic showing the library of geometric mutants tested.
b) Ensemble trajectories of different motors with and c) without the addition of 5% (v/v) formamide. d) Plots of net displacement and e) alpha
values for motors shown in (e). Each dot represents a single motor, box represents 95% Cl with median, and the bars represent the min and max
(n=98, 173, 46, 26, 49, and 61 for negative control, 4-36, 1-36, 2c-36, 2t-36 and 3-36 generated from two (2c-36 and 2t-36) or three (negative
control, 4-36, 1-36 and 3-36) independent experiments). a, b, m, x indicate not statistically significant and p <0.1, p<0.01 and p <0.0001
respectively, in comparison to the positive control. f,g) plots similar to the ones in (d) and (e) but withholding formamide (n=77, 152, 112, 94,
92 and 167 for negative control, 4-36, 1-36, 2¢-36, 2t-36 and 3-36 respectively generated from three independent experiments. **#** indicates
p<0.0001 compared to the negative control. Note that plot of alpha value has a lower n as the R* <0.9 of the log-log fit for a some of the stalled

trajectories).
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slowed RNase H hydrolysis three-fold (Figure 2i and Fig-
ure S11), further increasing the barrier to motor transloca-
tion. Under these stringent conditions, only the 4-36 nano-
motors moved; deleting DNA legs from any of the motor
faces led to complete stalling (Figure 4c¢,f,g). Thus, motors
primarily translocate by rolling when all four faces display
DNA legs. Walking-based motion is allowed, but this mode of
transport is less efficient, more diffusive, and weakly proc-
essive; and hence stalls when presented with barriers. Chemo-
mechanical modeling of motor transport along a 1D track
shows that motors can toggle between walking and rolling as
a function of enzymatic hydrolysis rate and dissociation rate
from footholds (Figures S17-S19). Importantly, the models
predict that withholding formamide leads to a transition from
rolling/walking to obligatory rolling in agreement with our
experimental results.

We next hypothesized that the efficient motion depends
on a rigid chassis. We created more flexible motors by
intentionally creating single stranded regions within the
middle of the motor chassis. Specifically, we removed 8 nt
(A8) and 32 nt (A32) segments of a subset of the staples in the
16HB (Figure 5a, S20 and S21). TEM was used to quantify
the flexibility of parent 16HBs as well as the A8 and A32
mutants (Figure 5b,c and S21). As expected, the A32 showed
the greatest flexibility which was followed by the A8 and the
parent 16HB. Using single particle localization analysis
(Figure 5d), we found that the increasing chassis flexibility
leads to a significant reduction in the net displacement (50 %
and 55% for A8 and A32 respectively) accompanied with

(2]

Research Articles

8nt or 32nt 200 e
0
$ 1501 iien ﬁ e
8 1007 I8
> 504 ¢
0 : 3
e A32nt  A8nt  Control
T 15{ g %
2 10/ - H
© 05| ° i
g 00l . .
30 A32nt  A8nt  Control
£
= t=60min__
P % 20 S1000 =1
b = g ns 3
I J S 1 T
:'t.r 10 %500 .fé &
= ¥ : %
O (]
-800-400 0 400 8o0M (Q =
X position (nm) _ time (min) A32nt  A8nt  Control

Figure 5. A rigid chassis is necessary for linear motion: a) Schematic
showing how motor rigidity was tuned. b) TEM images of A8 and 4
32 motors that were used to determine the angle © as a measure of
rigidity. c) Plots showing a for control, A8 and A32 motors.
(n=100,100 and 89 for control, A8 and A32 respectively). d)
Trajectories of A8 and A32 motors. e) Plots of alpha values and f) net
displacements for A8 and A32 and control motors. Each dot repre-
sents a single motor, box represents 95% Cl with median, and the
bars represent the min and max of (n=110, 85, and 173 for A8, A32
and control, respectively generated from three independent experi-
ments). **, *%% and **** and ns indicate p=0.0059, p =0.0006,
p<0.0001 and not statistically different, respectively.

Angew. Chem. Int. Ed. 2020, 59, 2—10

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

International Edition

a decrease in the linearity of the motion (Figure Se.f). Indeed,
the A8 and A32 motors displayed an a=1.40+0.28 and
1.23 £0.41, respectively. Therefore, achieving linear motion
requires a rigid motor chassis, which allows for mechanical
communication or coordination between the legs of the
motor.

Another important parameter that likely controls the
speed and directionality of motors is the number and
distribution of DNA legs. To test this, we created a series of
DNA origami structures with different leg numbers and
distribution (Figure 6, S22 and S23). First, we reduced the
density of DNA legs to 12 and 24 strands on each face
(Figure 6a). We initially anticipated that reducing the density
of DNA legs would lead to an enhancement in motor speed,
because each step would require fewer cleavage events. To
our surprise, we found that reducing leg density led to
a significant decrease in motor speed (~25% and ~43%
decrease in speed for the 24 and 12 DNA legs/face structures,
respectively, Figure 6b,c). These motors likely still moved by
rolling, as there was no significant change in o values
(Figure 6 g). Furthermore, quantification of RNA hydrolysis
in depleted tracks demonstrated that 12 and 24 leg/face
samples consumed the same fraction of RNA (Figure S24).
The conclusion was maintained when we withheld forma-
mide, and motors with 12 legs/face were stalled (Figure S25).
Therefore, increasing DNA leg density accelerates motor
speed. As further evidence supporting this trend, we found
that nanoparticles displaying greater densities of DNA (1
DNA/5 nm?) reach instantaneous velocities up to 2.5 um/min
in optimized conditions (Figure S13). Motors with half the
total number of DNA legs (18 on each face) but presented at
the same density moved just as rapidly as the 36 DNA legs/
face control group (Figure 6d,e,f). These trends were also
reproduced upon withholding formamide (Figure S26). An
exception to this general rule appears when DNA density is
maintained but leg distribution is not uniform. For example,
separating legs into two groups of 9 and 9 that are 60 nm
apart, resulted in a 35 % decrease in net displacement coupled
with a decrease in a (Figure 6g). Given that the 9 + 9 motors
moved a total distance that was on par with the 4-36 motor
(Figure S27), this suggested that the structure is more prone
to direction changes compared to the 18 DNA legs/face
motors. Accordingly, we speculate that placing DNA legs at
separate domains increases diffusive behaviour, reducing
o due to a number of factors that include surface and motor
heterogeneity.

Conclusion

This new class of origami motors demonstrate autono-
mous unidirectional motion over distances of multiple
microns without the guidance of an external magnetic,
chemical or electrochemical gradient. Motors carry many
copies of DNA cargo with instantaneous velocities of up to
100 nm/min which, to our knowledge, represents the fastest
and most processive nanoscale DNA motor reported to date.
We show a polyvalent BBR-based DNA motor that rolls and
undertakes processive linear steps, and thus resembles the
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Figure 6. Leg density and not the absolute number of legs enhances motor speed: a) Schematic of motors with different leg densities: 12, 24 and
36 legs/face. b) Trajectories of motors with different leg densities. c) Plot of net displacement for motors with 12, 24, and 36 legs/face. d)
Schematic design of 16HB 18 and 9+ 9. The density of the DNA legs is similar to T6HB-36. e) Trajectories from a representative experiment are
plotted below each structure. f) Plots of net displacements for motors 18, 949 and 36. g) Plot of alpha values for motors 12, 24, 36, 18 and
9+9. Each dot represents a single motor, box represents 95% Cl with median, and the bars represent the min and max of (n=93, 55, 173, 116
and 214 for 12, 24, 36, 18 and 9+9 respectively generated from three independent experiments). *, **** and ns indicate p=0.0181, p < 0.0001
and not statistically different. a, b, x indicate not statistically significant, p=0.0034 and p < 0.0001, respectively, in comparison to the positive

control.

behaviour of biological motor proteins despite operating with
a completely different mechanism. Rapid ballistic and
processive movement requires high leg density with a sym-
metrical leg distribution that is coupled to a rigid and rod-
shaped chassis. This work highlights the power of the DNA
origami technique to systematically test structure-function
relationships at the nanoscale thus uncovering the design
principles for programming autonomous motion with specific
diffusive properties.

We recognize that the 16HB likely displays a global twist,
however the spacers engineered in the RNA fuel as well as the
DNA anchor and the DNA legs all help to minimize the
impact of this twist. Our work represents the tip of the iceberg
in terms of fully exploring the structural parameters that tune
and optimize motor performance. In addition to the param-
eters explored here, one can envision important roles for
chassis shape, aspect ratio, leg flexibility and span, and the
free energy of hybridization between the legs and the fuel.
Indeed, theoretical modelling by Forde and colleagues
predicts massive enhancement in motor performance as
a function of optimizing polyvalency and leg span.* More-
over, sequence optimization will also further tune the kinetics
of hybridization as was recently shown in the speed-optimized
DNA PAINT.PY We anticipate future theoretical and exper-
imental work using DNA origami motors to explore these

(] ]]]
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parameters and further advance the field of synthetic motors.
We acknowledge that these synthetic DNA motors have
significant room for improvement to recapitulate the proper-
ties of biological motors in terms of energy conversion
efficiency, speed, and processivity. Nonetheless, this work
takes an important step toward realizing these future
objectives.
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Nanomotors: The first example of a DNA
origami nanomotor that processively
converts chemical fuel into sustained
mechanical motion is presented. Tunable
DNA origami motors travel linearly for
micron distances at nm/s speeds.
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