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ABSTRACT: The ability to design and control DNA
nanodevices with programmed conformational changes has
established a foundation for molecular-scale robotics with
applications in nanomanufacturing, drug delivery, and
controlling enzymatic reactions. The most commonly used
approach for actuating these devices, DNA binding and
strand displacement, allows devices to respond to molecules
in solution, but this approach is limited to response times of
minutes or greater. Recent advances have enabled electrical
and magnetic control of DNA structures with sub-second
response times, but these methods utilize external
components with additional fabrication requirements.
Here, we present a simple and broadly applicable actuation
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method based on the avidity of many weak base-pairing interactions that respond to changes in local ionic conditions to
drive large-scale conformational transitions in devices on sub-second time scales. To demonstrate such ion-mediated
actuation, we modified a DNA origami hinge with short, weakly complementary single-stranded DNA overhangs, whose
hybridization is sensitive to cation concentrations in solution. We triggered conformational changes with several different
types of ions including mono-, di-, and trivalent ions and also illustrated the ability to engineer the actuation response
with design parameters such as number and length of DNA overhangs and hinge torsional stiffness. We developed a
statistical mechanical model that agrees with experimental data, enabling effective interpretation and future design of ion-
induced actuation. Single-molecule Forster resonance energy-transfer measurements revealed that closing and opening
transitions occur on the millisecond time scale, and these transitions can be repeated with time resolution on the scale of
one second. Our results advance capabilities for rapid control of DNA nanodevices, expand the range of triggering
mechanisms, and demonstrate DNA nanomachines with tunable analog responses to the local environment.
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ontrolling the motion of nanoscale structures is an
essential step toward developing functional nano-
devices and nanorobots that can have broad
applications in fields ranging from nanomanufacturing to
medicine. Recent advancements in DNA nanotechnology have
led to complex nanoscale machinery and controllable dynamic
devices including DNA walkers," ™% reconfigurable struc-
tures,”” mechanical joints with well-defined rotational or
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While dynamic devices have rapidly evolved in structural
and dynamic complexity over the past decade, methods for
controlling such devices in a rapid and reproducible manner
are lagging behind. The most commonly used method to
control DNA devices, DNA strand displacement,” involves
mixing devices with single-stranded DNA (ssDNA) that
reconfigures a device by selectively displacing strands. This
displacement releases double-stranded DNA (dsDNA) con-
nections between components on a device (e.g, a container
and a lid). Often, the addition of another ssDNA strand that
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Figure 1. Ion-activated reconfigurable DNA nanostructures. (A) Short ssDNA overhangs (blue and green) protrude from the hinge arms.
Overhang sequences are complementary to each other, but their free energy of hybridization is weak at low cation concentrations. Overhang
hybridization is stabilized with increased cation concentration, and the overhangs collectively bind to close the hinge. (B) Overhang
locations on the hinge arms for the three designs containing different numbers (10, 20, and 30 pairs) of connections. (C) All overhangs
include a TTT linker for separation from the hinge. The square represents the 5’ end of the overhang, while the triangle represents the 3’
end. A total of three different overhang lengths (four, five, and six bases) were explored in this study.

hybridizes to the displacement site can re-establish the dsSDNA
connection enabling reversible and repeatable actuation.”**
The main advantages of strand displacement include sequence
specificity, the relative ease of integrating DNA sites for
actuation on a wide range of devices, and the potential to
interface with molecular computation that relies on similar
displacement reactions.'”*">**” However, this approach is
limited by the relatively slow time scales of actuation, typically
minutes or longer. To address these challenges and to broaden
the range of triggering mechanisms, recent efforts have
demonstrated actuation using various biomolecules,'**”~**
often using DNA aptamers for target specificity.'®*”%**
Applying forces through optical traps, atomic force micros-
copy, and centrifuge force microscopy have also been explored
as possible mechanisms for manipulating DNA structures.” ™
In addition, electrical®® and magnetic40 actuation methods
have been implemented to enable control at sub-second time
scales and in the case of the electrical actuation control at
speeds up to tens of Hz. These approaches require external
inputs and some advanced system or assay fabrication.

Many applications (for instance, in biomedicine) may
require less-invasive approaches for actuation or devices that
can respond to a variety of cues in the local environment.
Indeed, emerging studies have begun to actuate DNA
nanostructures using light and environmental changes such
as temperature, pH, and ion concentrations through the
incorporation of azobenzene moieties,""** DNA base-stacking
interactions,”> G quadruplexes,'® and DNA triplex-forming
motifs*’ into the DNA nanostructures. In particular, Kuzyk et
al.” developed a pH-triggered mechanism demonstrating the
ability to engineer range of sensitivity, and Gerling et al."
developed ion-based actuation of dynamic devices that
mediated base-stacking interactions within the devices. Both
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studies used bulk fluorescence methods to demonstrate
response on ~10 s time scales.

Here, we introduce a simple and tunable strategy for rapid
actuation of DNA nanostructures featuring sub-second
transitions and second-scale temporal resolution of repeated
actuation, as revealed by single-molecule measurements of
triggered conformational changes. Our method combines an
engineered response to environmental changes with sequence-
specificity of DNA hybridization for reconfiguring structures.
We achieve this by modifying DNA structures with short
ssDNA sticky ends that rapidly hybridize or dehybridize in
response to changes in concentration of specific cations,
enabling the large-scale reconfiguration of structures within
short time scales. We demonstrate the utility of this approach
by actuating DNA hinge nanodevices using several different
cations, achieving reversible and repeatable opening and
closing of hinge arms within sub-second time scales. We
further show the ability to tune the actuation response and to
quantitatively model its behavior as a function of cation
concentration and a number of design parameters, thereby
providing a rational means to engineer the sensitivity and range
of the actuation response. Given the straightforward and
inexpensive incorporation of ssDNA overhangs, this approach
is readily extendable to a variety of devices. In addition to
actively actuating nanodevices, this approach may also be used
in a passive form, for instance, as calibrated sensors to measure
ion concentrations. The method presented here should
therefore provide a valuable tool for researchers aiming to
introduce dynamical mechanisms into otherwise static DNA
nanostructures.

The over-arching principle of our actuation method, similar
to that of many existing approaches, is a switchable affinity
between structural components that can be turned on or off via
addition or removal of an external trigger, enabling structures
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to be actuated between conformations with well-separated
(“open” state) and latched together components (“closed”
states). In our approach, the affinity is generated by
introducing a number of short, mutually complementary
ssDNA strands (overhangs) across the surfaces of the
components to be actuated. The overhang sequence can be
added to the end of an existing staple at the appropriate spatial
position and helical twist orientation to ensure that the
overhangs protrude from the surface in an appropriate location
and direction to bind to its complementary strand on the
opposing surface. In contrast to prior approaches that leverage
base-pairing interactions, we use short overhang sequences that
individually are too weak to stably hybridize at room
temperature. However, the collective binding energy of many
distributed overhang binding sites (i.e, avidity) allows these
short sequences to form connections between components that
become thermodynamically stable at cation concentrations
that are high enough to sufficiently screen electrostatic
repulsions between the phosphate backbones of the interacting
overhangs.”* Thus, by raising or lowering the cation
concentration, the structure can be actuated to close or
open, respectively.

There are two key aspects of this approach that enable rapid
actuation response. First, the actuating strands remain localized
on the device, so they effectively remain at very high local
concentrations. Second, the low affinity of individual strands
means that they should quickly dissociate upon lowering cation
concentrations without any need for strand displacement,
which is a relatively slow process. This enables significantly
faster actuation rates compared with methods in which
actuating strands are introduced into the solution, typically
at submicromolar concentrations, and have to undergo a
diffusive search process before hybridizing with their target.
The only diffusive mechanism at play in our approach is that of
the cations, which occurs at a faster time scale than strand
diffusion due to their small size and much higher
concentrations (millimolar instead of nanomolar). Further-
more, the overhangs are likely to exhibit collective hybrid-
ization because they are aligned across the actuated
components.

To demonstrate and characterize our ion-based actuation
method, we applied it to a set of previously reported DNA
origami hinges.”” The hinges are composed of two stiff arms,
each a rectangular bundle of 18 dsDNA helices organized in a
3 X 6 square lattice cross-section.”” The arms are connected by
several flexible ssDNA scaffold connections arranged in a line
to form the hinge rotation axis. We previously showed”® that
the hinge arms rotate flexibly over a range of angles, exhibiting
largely open conformations. To enable ion-triggered actuation
between such open conformations and a closed conformation,
we modified these hinges to include short ssDNA staple
overhangs distributed along the inner face of each arm at
complementary locations (Figures 1A and S1). In this study,
we used a range of cationic triggers, and explored the use of 10
to 30 overhangs on each arm with sequence lengths ranging
from 4 to 6 bases for both hinge designs (Figure 1B,C). We
also explored two versions of the hinges termed “Hingel” and
“Hinge2” that we previously showed” to differ in torsional
stiffness of the hinge joint, with Hingel exhibiting a higher
resistance to closing than Hinge2.
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RESULTS AND DISCUSSION

Cation-Activated Actuation of DNA Origami Hinges.
Before studying cation-mediated actuation of the overhang-
modified DNA hinges, we first examined the effects of cation
concentration on the original hinges (without overhangs). The
reason is that in addition to altering the affinity of the
overhangs for hybridization, changing ion concentrations could
also influence the internal structure and conformational
dynamics of the hinge itself. To rule out such possible direct
effects of ion concentrations on hinge mechanics, we measured
the angular distributions from transmission electron micros-
copy (TEM) images of the original hinges for a range of ion
concentrations. Free-energy landscapes were obtained from the
measured distributions assuming a Boltzmann factor weighting
as we have previously done.'””*** For the span of MgCl,
concentrations (5—40 mM) in which we examined the
actuation response, we observe almost no effect on the
inferred free energy profiles (Figures 2 and S2). This
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Figure 2. Conformational dynamics of freely fluctuating hinges
without overhangs are not directly affected by changes in Mg>*
conditions. Scale bar: 100 nm.

concentration range was selected to ensure stability of DNA
origami and avoid excessive aggregation of the structures. In
contrast, we observe a slight effect on the free energy landscape
while varying NaCl concentrations in the range of 0.2—1.4 M
(Figure S3). Spd (50—120 pM) also shows little effect on
energy landscape (Figure S4). Our results illustrate that
changes in ion concentrations minimally influence the energy
landscape of the hinges; hence, any actuation of the hinge
angle should be a result of the influence of ions on the
interactions between the overhangs.

Next, we studied the actuation behavior of the overhang-
modified hinges as a function of varying ion concentrations.
We focused on four design variables that modulate the
actuation response of our devices: the number of overhang
connections, the strength of these connections (number of
complementary base pairs across overhangs), the torsional
stiffness of the hinge (Hingel versus Hinge2), and the cation
used. Magnesium was chosen to demonstrate the effects of the
first three parameters because it is the most commonly used
ion for stabilizing DNA origami*®*” and because it does not
influence the energy landscape of the hinges as shown by our
analysis above. Importantly, when constructing hinges with
varying numbers and lengths of overhangs, we used the same
base hinge design with the only changes being the selection of
staple strands with and without overhang extensions at
appropriate locations. We quantified the equilibrium actuation
response of each of these hinges through TEM analysis by
measuring the fraction of hinges that close as a function of
varying ion concentrations in solution. Because completely
closed hinges are rarely achieved without overhangs (Figures
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Figure 3. Experimental actuation responses measured as percentage of closed hinges vs ion concentration for a range of hinge designs and
ions. The actuation responses are sensitive to (A) the number of overhang connections, (B) the length of overhangs, (C) the hinge stiffness,
and (D) the valence charge of the cation. The first number in the data legends corresponds to the hinge design number, with Hingel being
rotationally stiffer than Hinge2, the second number corresponds to the length of the overhangs (e.g., 4b = 4 bases), and the last number
denotes the number of connections (e.g., 10c implies 10 overhangs on the top arm and 10 complementary overhangs on the bottom arm). All
hinges in panel D are Hinge2 with a total of 10 4-base connections. Data in panels A—C was measured via TEM. Data in panel D were
obtained via ensemble FRET, while select samples were also counted from TEM. The TEM data were used to calculate a linear relationship
between FRET efficiency and closed hinge fraction. Details of the transformation are shown in Figure S6. Scale bars: 50 nm.

$2—S5), hinges that were actuated into a completely closed
conformation were easy to distinguish from un-actuated hinges
in TEM images.

Figure 3A shows the impact of changing the number of
connections distributed across the hinge arms. These hinges all
have 4-base overhangs and explore the full spectrum of
conformational compositions ranging from 0% to 100% closed
structures with 10 to 30 connections and S to 80 mM MgCl,
concentrations. For each hinge, the fraction of closed
structures rises sharply with increasing ion concentration at
low concentrations before slowing down and saturating at
higher concentrations to a plateau value indicative of the
maximum yield of closed hinges attainable with that particular
number and arrangement of weak connections. The actuation
responses become sharper (i.e., more sensitive to ion
concentration) and yield higher fractions of closed structures
(at all ion concentrations including saturation values) with
increasing number of connections. Another design parameter
that alters the sensitivity to ion concentrations is the length of
the overhangs. Figure 3B shows this effect for various 10-
connection hinges, where adjusting the overhang length from 4
to 6 bases leads to a sharper actuation response and higher
yield of closed structures, effects similar to those obtained with
increasing number of connections. Interestingly, the hinge with
10 S-base connections yields a similar saturation yield of closed
hinges as the hinge with 20 4-base connections, but the 20 4-
base connections exhibit a different sensitivity to ion
concentration at low salt conditions. These results reveal an
ability to engineer both the sensitivity and range of the
actuation response.

Changing the number or length of connections are simple
design parameters that are easily adjusted by substituting
several staples in the hinge design during the self-assembly
reaction. We also studied the effect of the torsional stiffness of
the hinge, which determines its resistance to closing. Torsional
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stiffness was varied by altering the ssDNA joint connections
using a different hinge design.20 Figure 3C illustrates the effect
of hinge stiffness on actuation using structures having four-base
overhangs on each arm. Our results show that Hinge2, which
has a lower stiffness than Hingel, yields a steeper actuation
response that is also shifted to lower ion concentrations,
suggesting that hinge stiffness is an additional design parameter
that controls the range and sensitivity of the actuation
response. In addition, these results illustrate that mechanical
properties are a key consideration in determining device
functional response.

We further characterized the ability to actuate the hinges
using a variety of other mono-, di-, and trivalent cations
including K*, Na*, Ca’*, and Spd*. To enable rapid
measurement over a broad range of ion concentrations, we
folded one version of Hinge2 (10 connections, each 4 bases
long) with a donor and acceptor fluorophore on opposite arms
to enable a Forster resonance energy transfer (FRET) readout
of the closed hinges. We analyzed multiple samples by both
ensemble FRET and by TEM imaging to calibrate the FRET
efficiency in terms of fraction of closed hinges. Our analysis
revealed a linear relationship between the two quantities for
each cation, which was then used to transform FRET efficiency
to closed fraction of hinges for all samples (Figure S6). Our
results shown in Figure 3D indicate that the sensitivity of the
hinges to actuation rises drastically with the valence charge on
the ions, consistent with their increasing electrostatic screening
effect (i.e, decreasing Debye lengths). In other words, rapidly
diminishing concentrations of mono-, di-, and trivalent ions
(~200—-1000 mM, ~5—40 mM, and ~0.06—0.14 mM,
respectively) are required to achieve similar levels of actuation
(~20 to 80% of closed hinges). That different cations of the
same charge (eg, Mg’*/Ca®" and Na'/K") produce similar
actuation responses confirms an electrostatics-based effect of
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ions on DNA hybridization. Additional TEM images of these
hinges are available in Figure S7.

Theoretical Model of Actuation Response. To explain
the observed actuation behavior and its dependence on the
hinge design parameters studied above, we developed a
quantitative model that relates the probability Pg,.q of
observing a closed hinge to the ionic concentration c. The
model classifies the ensemble of hinge conformations in terms
of two states: a “closed” state describing conformations with
sufficiently small hinge angles that permit overhang hybrid-
ization and an “open” state describing all remaining
conformations. According to equilibrium statistical mechanics,
Pclosed = chosed/ (Zopen + chosed)) where chosed and Zopen are the
partition functions associated with the two states. Assuming
that the n overhangs on each hinge arm are indistinguishable
and that each overhang interacts only with its complementary
counterpart on the opposite arm, Zo.q and Z,,., can each be
partitioned into two terms. The first is a bare-hinge partition
function related to conformations of the hinge without
overhangs in the two respective states. The second is a
product of # identical overhang partition functions related to
conformations of each pair of overhangs, ie., partly to fully
hybridized conformations in the closed state and unassociated
conformations in the open state. Relating the bare-hinge and
overhang partition functions to free-energy changes associated
with bare-hinge rotation and strand hybridization then yields
the following relationship:

I

[1 + exp( - ,,
)] + exp(202)

AGyy(0) + AGg,
1+ exp(—iRT
where AGy,(c) is the free energy of hybridization of each
overhang pair in solution, AGg, is a correction to this free
energy that accounts for entropy loss due to the confinement
from the hinge arms, AGy, is the free energy change of a bare
hinge undergoing transition from an open to a closed state, R is
the universal gas constant, and T is the temperature. A detailed
derivation of this relationship is provided in the Supporting
Information.

Based on known logarithmic dependence of AGyy, on ion
concentration,**’ the above model predicts that the fraction
of closed hinges rises from a value of Pyeeq = [1 + exp(AGy,/
RT)]™" at ¢ = 0 to the asymptotic value of 1 at ¢ — oo. This
prediction agrees well with the shape of the experimentally
observed actuation responses. The functional form of the
model further predicts that strongly negative AGy,+AGg,
(long overhangs), large n (many overhangs), and small AGy,
(small energy barrier for bare hinge closing) all contribute to
increasing ion sensitivity of the hinges, also consistent with the
experimentally observed trends. Finally, the model suggests
that to shift the range of the actuation response to higher ion
concentrations, the energy barrier between the closed and
open state of the bare hinge should be sufficiently large. The
functional form of our model is thus already capable of
qualitatively explaining the observed actuation behavior and
demonstrating the crucial roles of both the hinge joint and the
overhangs in sharpness and range of the actuation responses.

We next investigated the ability of this model to
quantitatively fit the experimental actuation responses shown
in Figure 3A—C for the eight distinct hinge designs differing in
terms of the number of overhangs, overhang lengths, and hinge

AGhYb(c) + AGy,
RT

Pyosealc) = [

9488

stiffness. This data obtained using MgCl, represents our
broadest data set and also shows minimal changes to the
intrinsic free energy landscape across a wide range of
concentrations (Figure S2). Furthermore, the solution-state
free energies of hybridization AG,y, are readily available for
Mg2+ as a function of its concentration. In this study, we
obtained these free energies from the DINAMelt server, part of
the DNA/RNA secondary structure prediction software
UNAFold.*** We then minimized the weighted sum of
squared errors between the model and experimental data,
varying the two remaining unknown parameters AG,, and
AGy,. AGy;, was kept unchanged across hinges with the same
joint stiffness, and AGg, was kept unchanged across hinges
carrying the same number and length of overhangs. Figure 4
presents our results from simultaneous fitting of all actuation
profiles. A coefficient of determination (R*) value of 0.96 and a
p value of 0.993 for the chi-square test indicates excellent
agreement between model and experiment, especially consid-
ering that the two fit parameters were fixed across groups of
hinges with similar stiffness or overhang lengths. The model
also accurately predicts the NaCl actuation response (Figure
S8).

The fitted values of AG,, and AGg, obtained for the
different hinge designs make physical sense. We obtained AGyy,
= 2.80 and 1.39 kcal/mol for Hingel and Hinge2, respectively.
The positive values of AGy, are consistent with the open state
being more prevalent than the closed state in bare hinges (see
Figures S2 and S3), and the larger value for Hingel is
consistent with stiffer hinges displaying a larger energetic
penalty for closing. Furthermore, the free energy difference
obtained for Hingel is close to the value of 3.59 kcal/mol
estimated from our experimental angular distributions using
the ratio between numbers of bare hinge configurations
presenting open and closed states with a threshold of 10°, i.e.,
AGy, ® —RT In(Nypen/Naosea) (see Figure S9). We obtained
AGg, = 6.07, 6.12, and 5.99 kcal/mol for hinges with 10, 20,
and 30 overhang pairs with 4 complementary bases,
respectively, and 7.35 and 8.24 kcal/mol for hinges with 10
overhang pairs with 5 and 6 complementary bases, respectively.
The positive values of AGy, are reasonable considering that the
hybridization of overhangs is impaired due to confinement
effects; that is, the steric constraints imposed by the hinge arms
significantly reduce the configurational and rotational entropy
of the overhangs in the hinge closed state. We also note that
AGy, is largely independent of the number of overhangs on
each hinge arm, suggesting that the overhang length and
surface density are sufficiently small that they do not interact
with each other, consistent with one of the assumptions of our
model. That AGyg, increases in magnitude with the degree of
complementarity (length of overhangs) suggests that the
entropic penalty imposed by the arms on the overhangs is
stronger for longer strands.

Characterization of Actuation Dynamics. A key
advantage of actuating DNA devices using ion-mediated
control of localized overhangs is the potential for fast response.
To investigate the opening and closing kinetics of our ion-
activated hinges, we used a single-molecule FRET (smFRET)
assay on a total internal reflection fluorescence (TIRF)
microscope (Figure SA). In this approach, the hinges were
folded with a pair of donor and acceptor fluorophores attached
to the inner surfaces of the hinge arms, so the FRET signal is
an indication of hinge configuration. In addition, hinges
incorporated biotinylated overhangs extending from the outer
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Figure 4. Model fits to experimental actuation response curves.
Experimental data for different hinge designs are shown in
symbols, and the model fits are shown as solid lines of same
color as the fitted data. The data legends format is identical to that
in Figure 2, where the three numbers correspond to the hinge
design, the length of the overhangs, and the number of
connections. The fitting procedure yielded AGy, = 2.80 and 1.39
kcal/mol for hinges with joint designs 1 and 2 and AGg, = 6.07,
6.12, and 5.99 kcal/mol for hinges with 10, 20, and 30 overhang
pairs, each with 4 complementary bases, and AGg, = 7.35 and 8.24
kcal/mol for hinges with 10 overhang pairs with 5 and 6
complementary bases, respectively.

surface of one of the arms to provide a way to immobilize the
DNA hinges onto a glass coverslip while allowing them to open
and close freely based on solution conditions. A flow channel
system was used to change solutions in real time while
monitoring the opening and closing of the hinges based on the
FRET efliciency readouts. In short, two syringe pumps
connected to the channel inlet were used to change solutions
in the flow channel. The pumps were controlled manually.
Extended details of this assay are explained in the Materials
and Methods section. Using this approach, we examined the
opening-closing dynamics of Hinge2 with 20 4-base overhang
connections. Hinges were initially observed at low MgCl,
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concentrations of S mM, in which they were expected to be
largely open. At these concentrations, the smFRET signals
were observed to be consistently low. To test the actuation, we
observed the hinges in the open state for ~5—10 s and then
manually triggered the syringe pump to flow in high MgCl,
concentration buffer (40 mM). We observed abrupt increases
in the FRET efficiency a few seconds after triggering the
syringe pump, signifying the closed transition (Figure SB). The
few seconds delay (~1—3 s) reflected the time required for the
buffer exchange and varied slightly depending on the position
in the flow channel. Similarly, Figure SC shows a closed hinge
in a high MgCl, solution (high FRET efficiency) opening as a
low MgCl, solution is flowed into the channel using a similar
approach. Additional sample traces of closing and opening
transitions are provided in Figure S10. As important controls,
we verified that these transitions do not occur when buffer with
the same ion concentration is flowed into the channel or when
ion concentrations were changed, but hinges did not contain
overhangs (Figure S11). These results demonstrate reversible
actuation of hinges between open and closed states and also
illustrate that actual structural transitions from open to closed
or closed to open occur on millisecond time scales (< 200 ms),
and the control time is limited the time required for the initial
buffer exchange.

To demonstrate the reversibility and repeatability of hinge
actuation, we implemented alternating low and high MgCl,
solutions in the channel. Hinges were again observed in the
open state followed by manually activating the syringe pumps
to change the buffer conditions between S mM and 40 mM
MgCl, every few seconds. As demonstrated in the traces
presented in Figure SD,E (and in the additional traces at
different frequencies provided in Figure S10), we obtained
repeatable opening and closing of the hinges prior to
photobleaching. Note that in these experiments, the cycle
time is again limited to seconds due to the time required to
exchange buffers with different ion concentrations and not by
the actuation response time of the hinges. While manually
alternating between high and low MgCl, solutions every few
seconds, we see smFRET transitions at the same time scale,
while the actual transitions themselves occur faster than our
time resolution (200 ms). Overall, these results demonstrate
direct visualization of reversible and repeatable millisecond
time scale changes in the conformation of DNA devices in
response to local changes in ion concentrations.

CONCLUSIONS

The work presented here demonstrates a simple and robust
method for rapid actuation of DNA-origami devices based on
ion-mediated hybridization of multiple short ssDNA strands
introduced into the device. This method leverages multivalent
interactions between components wherein the individual
interactions are driven by weak DNA base pairing that is
sensitive to local ion concentrations. In this manner, devices
can be reconfigured based on changes in ion concentration
without the need for binding DNA components from solution
or displacing DNA strands from the structure. These features
enable the rapid, triggerable reconfiguration of structures on
millisecond time scales, as revealed by monitoring the
actuation of individual devices in real-time using smFRET
assays. The response time is faster than those achieved by the
most commonly used approach for actuation, DNA strand
displacement, which is typically on the time scale of minutes or
greater.'””’ We further demonstrated the ability to trigger
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Figure S. Dynamics of hinge actuation captured via smFRET. The schematic in panel A shows hinge attachment to a biotin—PEG
functionalized coverslip through biotin—streptavidin binding. Representative traces are shown for hinge (B) closing, (C) opening, and (D,
E) alternate opening-closing at different speeds. Green data correspond to the donor signal, red data correspond to the acceptor signal, and

blue lines show the calculated relative FRET efliciency.

successive reconfigurations with temporal resolution on the
second-scale. However, because the transitions are relatively
fast, the time resolution for actuation could likely be further
shortened to at least the ~100 ms time scale with more
advanced microfluidics®® or ionically active materials®® for
modulating local ion conditions.

The actuation method is highly tunable, and we demon-
strated that the number and strength of connections along with
the torsional stiffness of the hinges could be used to tune the
response to desired ion concentrations. Importantly, engineer-
ing the actuation response only requires minor design
modifications that are easily implemented on a baseline design
by substituting a few staple strands. The actuation response
and its dependence on the strength of overhangs connections
and hinge stiffness can be well-described by a simple statistical-
mechanical model based on the interplay between the free
energies associated with overhang hybridization and hinge
rotation. This ability to model and predict actuation responses
based on design parameters should enable a rational design
approach to tuning and optimizing the actuation method. In
addition, the model explains how mechanical properties of the
structures can be used to engineer the actuation response.
While we demonstrated this actuation method by opening and
closing hinges, the approach is readily extendible to other kinds
of devices or structural transitions, provided there are
components that can be reconfigured through the hybrid-
ization/dissociation of overhangs. The method is straightfor-
ward to implement thereafter as the overhang placement can
be accomplished without major modifications to the original
DNA origami design.
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This work joins a series of recent advances using dynamic
DNA devices to exhibit actuation triggered by a variety of
inputs at time scales significantly faster than prev10us
approaches. In particular, external electrical® and magnetic*’
fields enable precise control over rotational devices on
subsecond time scales, but these approaches require external
components for control. Solution-based triggers utilizing pH-
responsive DNA complexes™ and base stacking interactions
sensitive to cation concentration'’ have been demonstrated as
approaches to allow actuation in response to environmental
changes at the time scale of ten seconds. The ion-actuation
method we have presented here enables rapid transitions at
sub-second time scales, as directly revealed by single-molecule
methods, with a tunable ion-based actuation response. Because
our approach requires minimal modifications to DNA origami
devices, it can be easily adopted to a range of devices with our
theoretical model as a guide. Moving forward, it is likely that
future generations of complex DNA nanorobots and systems
will require integration of multiple actuation methods
encompassing reconfiguration of structures that are externally
driven and responsive to environmental conditions with a
variety of triggering mechanisms.

MATERIALS AND METHODS

Design, Fabrication, and Basic Characterization. DNA-
origami  structures were designed using cadnano,”> and unique
overhang sequences were designed using MATLAB. Potential
hairpins, homodimers, and complementarity to other single-stranded
DNA exposed on the structures were avoided when designing
overhang sequences. Structures were formed following procedures
from Castro et al.> Briefly, 7560-nt (Hingel) or 8064-nt (Hinge2)
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scaffolds were produced in lab and mixed at 20 nM with staple oligos
(Burofins MWG Operon USA and Integrated DNA Technologies,
Inc.) at 200 nM in a 1 mM EDTA, 5 mM Tris, S mM NaCl, and 18
mM MgCl, solution. The solution was subjected to rapid heating to
65 °C then slowly cooled in a thermal annealing ramp over ~2 days to
25 °C.

Actuation Response. Structures were purified using polyethylene
glycol (PEG) precipitation with buffer exchange®* and then adjusted
to the desired ion concentration plus a residual 1 mM MgCl,. All
experiments were performed at room temperature. Samples were
prepared for TEM following protocols in Castro et al.>* and imaged
on a FEI Tecnai G2 Spirit TEM. Aggregation was seen in TEM for
calcium samples and for other ions at high concentrations. Vortexing
and repeated pipetting helped to break up aggregates for TEM sample
preparation. TEM images were measured using Image]. Hinges
deposited on their wide surface were not included in this analysis
because their conformation is unattainable. Bulk fluorescence
intensity was measured using a FluoroMax-4 spectrofluorometer
(Horiba Scientific), and ensemble FRET efficiency was calculated
using the following equation to account for direct acceptor excitation
from the donor wavelength light: E = (IypAaa — Ina4ap)/Iaalpps
where I is the measured intensity, A is the measured absorbance, and
the subscripts correspond to the recorded emission wavelength
followed by wavelength of excitation [acceptor (A) or donor (D)].

Model Development. The probability Pg,.q of the hinge
exhibiting a closed state may be obtained from the partition functions
Zjosed a0d Z,,, of the closed and open states:>>

chosed

chosed +Z

‘open

Pc[osed =

(1)

where the two partition functions, by definition, are given by:

chosed = Z eXp[—E(l'h, rs)/kBT]
rp, 1 Eclosed (2)
Zopen = Z eXP[_E(r},; l‘s)/kBT]

()

Here, kg is the Boltzmann constant, T is the temperature, and E(ry, r,)
is the total energy of the hinge, which is a function of the set of
coordinates r;, describing the conformation of the bare hinge (without
ssDNA overhangs) and the coordinates r, describing the con-
formation of all ssDNA overhangs. The summations in eqs 2 and 3 are
carried out over the ensemble of hinge conformations belonging to
the closed and open states.

‘We next make the assumption that the total energy of the hinge can
be effectively decoupled into an energy term, Ej, that is the function
of the bare hinge conformation alone and another energy term, E
that is a function of the ssDNA overhang conformations only:

rprs€open

's)

E(r, r) ~ E, (1) + E/(r) (4)

This assumption, implemented in many statistical mechanical models,
allows the overall partition functions in eqs 2 and 3 to be written as
the product of the partition function of the two subsystems (the bare
hinges and the overhangs):

©)
(6)

where Zy, joseq and Z goeq are the partition functions of the closed
state of the bare hinge and the overhang strands, and Z;, .., and Z e,
are the partition functions of the open state for the two subsystems:

Zh,closed = Z eXP[_E(rh)/kBT]

rEclosed

Zs,closed = Z eXP[_E(rs)/kBT]

r,Eclosed

chosed = Zh,closed X Zs,c[osed

Z

‘open

= Zh,open X Zs,open

(7)
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Zh,open = Z exp[_E(rh)/kBT]
rpEopen
Z, open= Z exp[—E(x,) /kyT]
ry€open (8)

By recognizing that the ratio Zy gosed/Zhopen 18 intrinsically related
to the free energy change of the bare hinge undergoing transition
from the open to the closed state via

Ath = _kBT ln(Zh,closed/Zh,open) (9)

the expression for the closed-state probability in eq 1 can now be
simplified based on eqgs S, 6, and 9 to:

(Zs,closed/zs,open)
(Zs,closed/zs,open) + eXP(Ath/kBT)

Pclosed =

(10)

where the free-energy change AGy, is assumed to be largely
independent of Mg™" concentration based on our experimental
observations.

To estimate the ratio of the overhang partition functions in eq 10,
we assume that each overhang, out of a total of n overhangs per hinge
arm, can interact and hybridize only with its corresponding overhang
on the other hinge arm and that the 7 pairs of overhangs are identical
but distinguishable from each other. In this “ideal” scenario, the
partition functions Z yoeq and Z; o, for a system of n pairs of
overhangs can be written down in terms of the partition functions

Zs(,lzlosed and Zﬁ}gpm for a single pair of overhangs:
(1)
Zs,closed _ Zs,closed
7 - Z(l)
s,open s,open (1 1)
where Zg'lo)Pen sums over all possible conformations of the two

overhangs in the dissociated state, while Zg'lc%osed sums over all possible
conformations of the two overhangs in both hybridized and
dissociated states. If one denotes the above sums over dissociated
and hybridized states by Zy; and Z,,,, then:

_ (Zhyb + Zy;s ]n
Zdis

Zs,closed

(12)

where the ratio Zy,/Z; is related to the free energy of hybridization
AGy,y, f of a single pair of overhangs from the dissociated state while
remaining fixed to the hinge arms:

[ AGhyb,f(C)]
=expl————

kT

's,open

(13)

To obtain AGyy,p one can take advantage of available DNA/RNA
secondary-structure prediction algorithms that provide the free energy
of hybridization of the overhangs in solution as a function of Mg®*
concentration, which we denote by AGhYb(c). To account for the
entropy loss due to the confinement from the hinge arms, we add a
concentration-independent correction term AGg, to this free energy,
whereby:

AGyy (c) = AGyy(c) + AGg, (14)

Substituting eqs 12—14 into eq 10 then yields our final expression
for the closed-state probability given by:

A c)+A
[1 + exp(— Ghyp(c) + AGgy
P =
closed n AGy,
1+ exp| — + exp( =T ) (15)

RT
with two unknown parameters AGg, and AGy,. Note that we have
replaced kg with gas constant R so all free energies are in molar units.
Analysis of the Range and Sharpness of Actuation. We
further analyzed the analytical expression for Pg,.q and its

A Ghyb(c) + AGg,
RT
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dependence on the design parameters related to the ssDNA overhangs
and bare hinges. For this purpose, we divided the solution-state
hybridization free energy AGyy,(c) into concentration-dependent and
concentration-independent terms:

AGy,(c) = —ag Inc — b, (16)

where a, and b, are positive parameters provided by the UNAFold
package®®*” related to the strength of hybridization between the two
ssDNA overhangs. By defining a = —ao/RT, b = exp[—(AGg, — by)/
RT], and g = exp(AGy,/RT), the expression for the closed-state
probability in eq 15 reduces to:

(1 + b
(T+b") +g

closed =

(17)
and its first derivative with respect to concentration is given by:

dpclosed _ Pclosecl(1 - Pclosed)nab

de AT+ be

(18)

To obtain sharp actuation of the hinges, i.e., large change in P o4
over a small change in Mg** concentration, the derivative dPq.q/dc
should be large. Based on the observed actuation behavior, it is
reasonable to assume that the dP,..4/dc should be large at
intermediate values of Py..4 (e.g, 0.5). The expression in eq 18
then suggests that the derivative dP.q/dc is large when either n is
large, ie, the hinge arms are attached with a large number of
overhangs, or when a or b are large, i.e.,, the hybridization between the
overhangs is strong due to larger number of complementary bases on
opposing strands. In addition, to obtain “late” actuation, ie., sharp
change in P4 at large Mg”* concentrations, eg, at values higher
than the S mM typically used for assembling the DNA origami hinges.
The expression in eq 17 indicates that the critical Mg®* concentration
associated with this sharp increase in P4 is controlled by the
parameter g Specifically, to achieve actuation at high Mg**
concentrations, a large value of g is required, ie., hinges with stiff
joints exhibiting a large free energy difference (energy barrier) AGy,
between the open and closed state of their bare counterparts is
required. Thus, the designs of both the hinge joint and the overhangs
are critical to achieving sharp and late actuation.

Single-Molecule Characterization. Fluorescent imaging was
performed on a Nikon TiE inverted TIRF microscope with a Dual-
View (Optical Insights) light-splitting cube. Kinetics experiments used
two syringe pumps to control flow of 5 and 40 mM MgCl, solutions.
The syringe outputs were connected with a T-joint as so ensure rapid
solution changes in the flow cell when the pumps were turned on and
off simultaneously. The channel was made from machined acrylic, cut
double-sided tape, and a coverslip. A glass coverslip was function-
alized with polyethylene glycol and biotin, streptavidin was then
added to bind to the biotin, and, finally, casein was added to block
nonspecific binding. Hinges folded with FRET pairs and biotinylated
overhangs on the bottom were added to bind to the streptavidin.
Once the bottom hinge arm is attached, the top arm should be able to
open and close freely based on the solution in the channel. The
sample was illuminated with a 561 nm laser to excite the Cy3 donor
fluorophore. If the hinge is open, this fluorophore fluoresces light in
the green—yellow spectrum. If the hinge is closed, the close proximity
of the donor and acceptor fluorophores allows for a transfer of energy
to the CyS acceptor fluorophore, which then emits red light. Splitting
and filtering the light allowed for detection of both the donor and the
acceptor fluorescence intensity simultaneously. Anti-correlated
changes in intensity, corresponding to changes in relative FRET
efficiency, are indicative of structure conformational changes. The
acceptor was also directly excited with a 640 nm laser in alternating
frames to verify its presence. Alternating laser excitation (ALEX) was
used at 100 ms per laser illumination (200 ms frame rate) to capture
near real-time hinge dynamics. Direct donor emission, direct acceptor
emission, and FRET (donor excitation — acceptor emission) were
recorded. Photobleaching occurred after extended exposure to the
lasers and also helped verify the presence of single hinge devices.
Fluorescence data from each channel was recorded and analyzed using
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Nikon Elements and MATLAB. Image analysis included drift
correction, background subtraction, and colocalized fluorophore
detection. Relative FRET efficiency was calculated using normalized
intensities of the donor and FRET signal: E, = Irgpr/(Ip + Ipgrer)-
Direct acceptor intensity was also recorded to realize acceptor
photobleaching. All figures were made using MATLAB, Matplotlib,
Autodesk Molecule Viewer, Chimera, and SolidWorks.
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