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ABSTRACT: As bottom up DNA nanofabrication creates
increasingly complex and dynamic mechanisms, the imple-
mentation of actuators within the DNA nanotechnology
toolkit has grown increasingly important. One such actuator,
the I-motif, is fairly simple in that it consists solely of standard
DNA sequences and does not require any modification
chemistry or special purification beyond that typical for
DNA oligomer synthesis. This study presents a new
implementation of parallel I-motif actuators, emphasizing
their future potential as drivers of complex internal motion
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between substructures. Here we characterize internal motion between DNA origami substructures via AFM and image analysis.
Such parallel I-motif design and quantification of actuation provide a useful step toward more complex and effective molecular

machines.

he field of molecular robotics seeks to produce artificial

nanoscale mechanical systems (armatures, actuators,
motors, etc.) capable of performing meaningful work. At this
length scale, the viscous forces and low Reynolds number make
inertia insignificant compared to random thermal motion."”
The relative importance of viscosity and thermal motion
compared to friction and gravity (which govern macroscale
mechanics) results in a significantly different work environ-
ment. While engineering in the nanoscale aqueous milieu is
relatively new for artificial mechanisms, biological systems
consistently and ubiquitously function under these conditions
and can act as inspiration for synthetic efforts.

DNA is an ideal nanofabrication material for molecular
robotics as its structural properties and assembly code are well
understood,” it is readily and inexpensively synthesized," and it
is commercially available with a wide variety of useful chemical
functionalizations. As such, DNA nanotechnology reliably
produces structures of arbitrary shape and controllable stiffness
that are capable of transferring mechanical force with a
relatively straightforward design process.””” Considerable effort
has been expended implementing DNA nanotechnology in
pursuit of functional molecular robotics with schemes includin
B—Z helix transitions;'® strand displacement cascades," !
walkers, tweezers,"> and assembly lines;'* multiple DNA
origami mechanisms;*”"* ion stabilized hairpins;'® and pH
switched systems.'’ ™ The use of pH switched I-motifs is of
particular interest as pH is a convenient actuation signal and
because the I-motifs are a predictable family of DNA sequences
requiring no additional functionalization.”"”” T-motifs have
been used to operate fluorescence quenching cycles;”’ to
perform mechanical work, via molecular crowding, on an AFM
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cantilever;*° to lock origami systems;19 and to drive assembly of
dendrimers” and gels.”> This ubiquity makes further
implementation of I-motifs useful for operating state switching
DNA origami mechanisms, or DOMs. Such DOM, particularly
those consisting of independently functional substructures, are
in turn a viable path to molecular robotics.

I-motif sequences consist of C rich ssDNA which folds at low
pH into a four-stranded, self-intercalating secondary structure
with height proportional to the length of the original ssDNA
sequence.”’ This ssDNA, as any polymer chain, will act as a
weak entropic spring whose mean end-to-end distance scales
with the length of the polymer, while the I-motif quadruplex is
compact and rigid. Since the chain ends can enter and exit from
the same side of the quadruplex, the actuation distance can be
tuned via the I-motif sequence length. Previous work on I-motif
actuators have utilized FRET for monitoring whether the
system is in the open or closed state.'”>****" Here, we are
more interested in measurement of large scale motions between
substructures for future use in DOMs, rather than on
measurement of the individual actuators. Operation of such
large DOMs with multiple independent, functional substruc-
tures will likely require more than a single I-motif actuator.
Parallel I-motifs have been used to lock DNA origami and
nanoparticles in place,”® so the use of I-motifs in parallel
between bound substructures (as demonstrated here) is a
logical next step. One concern with the use of parallel I-motif
actuators bound between substructures is that the transition of
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any one sequence from ssDNA (at neutral pH) into the
quadruplex (at low pH) could be inhibited by the other
entropic springs. Additionally, change in length is generally
more difficult to observe than a binding or locking function. As
such, it is of value to create a test system in which to address
these concerns.

This study presents a DNA actuator consisting of two
origami substructures bound by parallel I-motif sequences as a
test system for actuation in DOMs. To reduce design overhead
and materials expense, the origami actuator was constructed
using the recently described mini-M13 scaffold (2.4 kb) instead
of the full, wild-type M13 (7.2 kb).”” This had the added
benefit of minimizing redesign costs for future design cycles. In
performing actuation of these structures on mica surfaces and
characterizing their actuation distance via AFM, this study
presents an additional step toward the components and
techniques required to make true molecular robots capable of
performing meaningful work at the nanoscale.

B RESULTS AND DISCUSSION

The I-motif origami design presented here follows the general
staple design pattern and scaffold routing of the Rothemund
rectangular origami;5 it differed in the use of the mini-M13
scaffold, seam staples modified with I-motif sequences, and
excess single-strand scaffold at the seam to accommodate
actuation. Seam staples consisted of a 16 base scaffold binding
section, a S base poly A spacer, and a 21 base I-motif sequence
followed by identical spacer and binding sections; the spacer/I-
motif sequence was AAA AACC CTA ACC CTA ACC CTA
ACC CAA AAA. The mean end-to-end distance per base of
ssDNA is approximately 0.66 nm, while the width of an I-motif
is ~0.8 nm and the length of dsDNA is 0.34 nm/bp.l7‘30 Using
these, we estimated a total origami width of approximately 47.2
nm for the open state (at neutral pH) and approximately 41.9
nm for the closed state (at low pH) as shown in Figure 1. Both
width estimates assume the edge staples (red in Figure 1A) are
left out of the anneal to prevent blunt-end helix stacking
between neighboring origami during imaging.
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Figure 2. AFM and averaged traces for origami samples annealed at
pH 74 and pH S5.5: (A) AFM 1 um scans (left), SO0 nm scans
(middle); (B) averaged traces and widths for I-motif origami.

motif sequences are ssDNA at neutral pH and in the
quadruplex secondary structure at low pH.

The difference in origami widths when annealed in different
buffer conditions indicates that when thermally annealed at a
low pH, below the I-motif transition, the origami form and
maintain I-motif secondary structure along the seam. It is also
worth noting that for the (low) pH 5.5 origami, few origami
appear to have an open or skewed (partially open) seam, and
those that do also appear to have other damage or annealing
defects. The lack of skewed origami indicates that it is rare for a
single I-motif sequence, when arranged in parallel with others,
to actuate independently of its neighboring strands.

After confirming that origami can be annealed into either
open or closed states, in situ actuation of the origami on the
mica surface was then tested. The origami, annealed in TAE
Mg2+ buffer at pH 7.2, were imaged, then actuated on the mica
surface into pH S5.5 sodium cacodylate buffer. The sample was
imaged again, the surface washing was repeated for pH 7.4
sodium cacodylate, and then the sample was imaged again. The
averaged height traces and measured widths for these origami
are shown in Figure 3A; actuation between the open and closed
states is observed, both in the transition to pH 5.5 and back
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averaged traces, shown in Figure 2B, show a clear difference
between the I-motif origami annealed at different pH, with a ~2
nm difference in width. This reasonably matches the anticipated
actuation, especially given that the anticipated actuation relies
on estimated values of ssDNA persistence length to predict the
width near neutral pH."” This difference indicates that the I-
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Figure 3. Representative traces for surface wash actuation: (A)
annealed in pH 74 TAE Mg*, surface washed to pH 5.5 Na
cacodylate, then back to pH 7.4 Na cacodylate; (B) annealed in pH 7.4
TAE Mg buffer with a dsDNA seam, then surface washed to pH S.5
Na cacodylate.
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motif sequences to associate with one another and polymerize.
As the I-motif quadruplex can vary its height with its sequence
length, it is possible for quadruplexes to form from multiple I-
motif sequence strands rather than from the folding of a single
strand. Such polymerization would be more likely to occur
during the 16 h annealing process in the presence of 10X seam
staples than during surface washing. In addition, the narrowness
of the seam compared to the radius of curvature of the AFM tip
discourages one from drawing too many conclusions based
purely on the measured seam width/height.

As the weak entropic spring of ssDNA may not be an optimal
open state, the previous experiment was repeated in which the
open state was dsDNA rather than ssDNA. For this test, the
origami were annealed with an additional ssDNA strand
complementary to the I-motif sequence. This sequence
contained multiple mismatches to lower the melting temper-
ature of the dsDNA and to prevent G-quadruplex formation on
the complementary strand. Figure 3B shows that the initial,
neutral pH trace (black) still has a visible trough along the
seam, which we anticipated would be reduced due to dsDNA
along the seam. That the initial, neutral pH, width of the
dsDNA seamed origami is slightly longer than its low pH
counterpart indicates that the mean end-to-end distance used in
our initial estimates is not perfectly applicable to this system.
This is unsurprising as the value used for this mean end-to-end
distance as a function of ssDNA length was obtained from
experimental studies in which the ssDNA was unbound and
free on both sides.”” These observations indicate that the
actuation of parallel I-motifs is relatively robust and may be
implemented to drive internal motion in more complex
systems.

B CONCLUSIONS

This work expands on previous work describing switching of
the same structure by an applied electric field on highly
oriented pyrolytic graphene (HOPG).*" The present paper also
provides a more detailed description of the origami design,
quantification of actuation distance, and pH driven actuation.
We expect that integration of large numbers of parallel I-motifs,
or other actuators, in combination with topologically complex
origami could create DOMs capable of driving work at the
nanoscale.

In conclusion, we have demonstrated that multiple I-motif
domains, working in parallel, can perform actuation and
reversibly control internal motions of DNA nanostructures.
We have also shown that this, and other similar actuations, can
be monitored via AFM imaging, which could be potentially
useful for DOMs consisting of multiple substructures where the
use of FRET pairs may prove insufficient. Future work on such
analysis would include automation of trace alignment and
calculation of statistical confidence for actuation width.

B METHODS

The origami samples were annealed in 30 pL aliquots at 25 nM
mini-M13 scaffold and 250 nM staple concentration in buffer
containing 12.5 mM MgCl,. Buffers consisted of either TAE
(40 mM Tris acetate, 1 mM EDTA at pH 7.2) or sodium
cacodylate (50 mM cacodylate, 1 mM EDTA at pH 7.4 or S.5).
The 25 nM scaffold concentration was chosen as the mini-M13
scaffold is one-third the size of standard M13; an anneal
containing 25 nM mini-M13 will have a similar total nucleobase
concentration to a 7.5 nM MI13 scaffold anneal. Sodium
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cacodylate buffer was used during the annealing of some
samples as it holds pH constant across wider temperature
ranges than tris buffer. Given that TAE is less toxic and more
commonly used for origami annealing protocols, it was used as
the initial buffer for samples actuated via surface wash. Anneals
were performed in a thermocycler with a linear ramp from 90
to 25 °C over 16 h. All buffers used in annealing and imaging
were autoclaved prior to use.

Imaging was performed with an Asylum Cypher AFM in
liquid tapping mode using Biolever-Mini probes (Olympus BL-
AC40TS). Origami were imaged on mica pucks which were
freshly cleaved before addition of sample/buffer. The samples
were diluted to ~0.45 nM scaffold/origami concentration
before pipetting onto the mica surface.

As the anticipated actuation distance, ~5 nm, is less than the
~8 nm tip radius of the AFM probes, determination of average
origami width required multistep analysis of AFM images. This
process is outlined in Figure 4. For each of at least 30 origami
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Figure 4. (A) AFM trace for single origami averaging height over a 25
nm width perpendicular to the trace line and 30 AFM traces aligned
about origami seam. (B) Averaged trace with STDV error bars. (C)
Height thresholding of the origami crown to determine width.

in each sample, height traces were measured across the origami
width as shown in Figure 4A. If the trace is taken only as the
measured height along pixels under the black line in Figure 4A,
the height measurements have a great deal of variability due to
the intersection of the black trace line with the crosshatched
dsDNA helices of the origami. This is a barrier to measuring
consistent widths for each origami. As such, each point in the
height trace was set as the average of the points above and
below it perpendicular to the trace line. In Figure 4A this is
shown as a red box with a 25 nm width, centered on the trace
line. As shown in the lower half of Figure 1C, this results in
consistent height traces for individual origami. For each sample
at least 30 such height traces were aligned by sight along the
seam. These traces were then averaged, as shown in Figure 1D.

After obtaining the average height trace for each sample of
origami, their width was determined. One complication in this
regard was that the neutral and low pH samples consistently
gave different height measurements. As AFM images are
convolutions of the tip and sample, this height difference would
result in an artificially higher width for the taller samples if the
full width at half-maximum was used. Instead, the width of the
origami “crown” was defined and calculated. The height of the
origami crown was calculated from the average of the highest
10 points in the height trace. All points on the trace with a
height within 0.15 nm of the crown height were plotted, shown
in Figure 4C. This height range is discussed in detail in the
Supporting Information section SI1. This 0.15 nm height was
chosen as it is approximately the height between the “top” of
the crown and the curvature occurring before the origami edge.
The width was then defined as the distance between the
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furthest of these points. This larger distance was used because
the substructure actuation, rather than that of just the actuators,
is likely to be the figure of merit in more complex systems with
numerous motions and substructures. The results reported here
were robust and fairly insensitive to small changes in the
definition of the crown.

Samples for surface washing were annealed in the standard
TAE Mg*" buffer at pH 7.2. After the samples were imaged,
surface washing was performed by unmounting the AFM probe
and pipetting/replacing the buffer droplet with 45 uL of the
destination buffer at the desired pH, supplemented with 100
mM NaCl, a minimum of 3 times. NaCl was used as
monovalent cations have been shown to allow diffusion of
origami across mica surfaces.”” The sample was then incubated
for S min and the buffer was washed another 3 times into
destination buffer containing only Mg** and not Na®. This
rebound the origami to the mica surface. The AFM tip was then
rinsed with DI water, dried, wetted with 30 uL of destination
buffer, and the sample was then reimaged.

One set of samples was annealed with a dsDNA seam by
adding an additional oligonucleotide of sequence TTA TTG
TGA TTG TGA TTG TGA TTG TGT TTT TT to hybridize
with the I-motif sequence. This strand contained S mismatches
with the I-motif subsequence, so it had a melting temperature
of approximately 40 °C. This mismatch was necessary due to
the high stability of GC base pairs and the possibility of forming
G-quadruplexes rather than dsDNA. It was anticipated that this
would result in a higher seam height at neutral pH and in a
shorter actuation distance for an origami with a dsDNA seam
than for an ssDNA seam.

B ASSOCIATED CONTENT
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