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mechanically compliant DNA nanostructures—DNA hinges that use single-stranded DNA “springs” to tune the equilibrium
conformation of a layered double-stranded DNA “joint” connecting two stiff “arms” constructed from DNA helix bundles.
The simulations reproduce the experimentally measured equilibrium angles between hinge arms for a range of hinge
designs. The hinges are found to be structurally stable, except for some fraying of the open ends of the DNA helices
comprising the hinge arms and some loss of base-pairing interactions in the joint regions coinciding with the crossover
junctions, especially in hinges designed to exhibit a small bending angle that exhibit large local stresses resulting in strong
kinks in their joints. Principal component analysis reveals that while the hinge dynamics are dominated by bending motion,
some twisting and sliding of hinge arms relative to each other also exists. Forced deformation of the hinges reveals distinct
bending mechanisms for hinges with short, inextensible springs versus those with longer, more extensible springs. Lastly, we
introduce an approach for rapidly predicting equilibrium hinge angles from individual force-deformation behaviors of its
single- and double-stranded DNA components. Taken together, these results demonstrate that coarse-grained modeling is a
promising approach for designing, predicting, and studying the dynamics of compliant DNA nanostructures, where
conformational fluctuations become important, multiple deformation mechanisms exist, and continuum approaches may

not yield accurate properties.
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he concept of scaffolded DNA origami' has accelerated

the progress in DNA nanotechnology by enabling

faster and more efficient design of structures with
complex geometries. An exquisite array of 2D and 3D
nanostructures have been created by DNA origami that include
templated nanotubes,” nanoribbons,* nanopores,” nanopar-
ticles,”” nanoscale molds® and drug delivery vehicles,”'* just to
name a few. With the advent of computer-aided design tools
like caDNAno,"" Tiamat,'* CanDo,"*'* and DAEDALUS,"* the
design and fabrication of such DNA nanostructures is now a
relatively fast and well-developed process. Though a majority of
structures built via DNA origami are mechanically rigid,
researchers have begun to create “dynamic structures” that
exhibit large-scale thermal fluctuations about a stable conforma-
tional state or transitions across multiple stable states, features
synonymous with biological molecular motors and enzymes.
For instance, by exploiting differences in the mechanical
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properties of single-stranded DNA (ssDNA), double-stranded
DNA (dsDNA), and bundles of interconnected dsDNA helices,
researchers have created a new class of nanostructures such as
hinges and pistons whose equilibrium conformational distribu-
tions and mechanical compliance is determined by the
competition between tension in the ssDNA components and
compressive or bending resistance of the dsDNA compo-
nents.'°™*® These structures can be designed to exhibit specific
conformational changes with tunable energy landscape and
mechanical stiffness.’”~"”

Much like compliant mechanisms have expanded the
functional scope of macroscopic machines, these dynamic
structures can be used as the building blocks of next-generation
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Figure 1. Coarse-grained (CG) modeling of DNA origami hinges. (a) Schematic of the hinge illustrating its three main components: a
compliant “joint” (blue) composed of 6 X 1 layer of interconnected 84-base long dsDNA helices; a pair of stiff “arms” (gray), each composed
of a stacked 6 X 3 bundle of interconnected dsDNA helices arranged in a honeycomb lattice; and six flexible ssDNA “springs” (red). Altering
the length of the ssDNA springs from 0 to 74 bases leads to an increase in the hinge angle @ (defined as the angle subtended by two arms)
from ~55° to ~130°. (b) CG model of a representative hinge (with 32-base long springs) used for simulating its conformational dynamics;
also shown are closeup views of the joint and the springs. The model was rendered using the UCSF Chimera program.*’

nanodevices and nanomachines with programmed response to
physical interactions with the local environment. Critical to this
vision is the availability of modeling tools that would allow
researchers to predict the molecular-scale conformation,
dynamics, structural stability, and mechanical behavior of
structural designs. In the past, the nearest-neighbor model of
DNA base-pairing” has been used to predict the native
secondary structure, and the associated free energy, of DNA
nanostructures or their motifs.””>> To predict 3D tertiary
conformations, methods have been developed that impose
geometrical restraints on DNA nucleotides which are
minimized using relaxation algorithms to yield conformations
with minimal mechanical, planar, and torsional strains.>
Continuum mechanics formulations treating DNA base-pairs
as finite elements of an elastic rod, connections between
dsDNA helices as rigid crossovers, and ssDNA components as
nonlinear springs have also been developed to predict
conformations of DNA origami structures designed with typical
honeycomb or square lattice cross sections.'”'* Recent
extensions to this approach®*** account for lattice-free
structures with multiway junctions, topologically closed
structures, and Brownian dynamics of the structures. While
these continuum-mechanics-based approaches enable rapid
predictions of the global conformations of rigid to semiflexible
structures, they do not possess the resolution required to
capture molecular-scale effects, such as inelastic deformation
and partial unzipping of dsDNA components, and conforma-
tional flexibility, steric interactions, and secondary-structure
formation of ssDNA components. Such effects likely become
important in dynamic structures like the DNA hinges discussed
earlier that contain long, flexible ssDNA connections and
strongly deformed dsDNA components. These approaches are
also unable to model structures with complex energy
landscapes that exhibit multiple stable conformational states.
Lastly, the approaches cannot capture structural “dynamics”,
that is, the real-time molecular-scale motions accompanying
conformational fluctuations and transitions across states. While
these motions are mostly restricted to near-harmonic
oscillations in the case of rigid structures, they may become
large and lead to more complex, coupled motions in compliant
structures.

All-atom models provide an ideal resolution for capturing the
conformation and mechanics of the single- and double-stranded
components of DNA nanostructures, and molecular dynamics
(MD) simulations provide a powerful approach for simulating

their conformational dynamics. Indeed, all-atom MD simu-
lations has increasingly being used to study DNA nanostruc-
tures.”> " However, many of these structures contain
thousands of nucleotides, which equates to simulation systems
containing millions of atoms in explicit solvent. Despite rapid
advances in computing power, simulating such structures with
all-atom models remains highly computationally demanding.
To overcome this challenge, a number of coarse-grained (CG)
models have been developed that provide simpler representa-
tions of DNA while still retaining enough details to reproduce
its key properties.”> OxDNA™’ is one such CG model that was
recently developed specifically for DNA nanotechnology and
reproduces various thermodynamic and conformational proper-
ties of ssSDNA and dsDNA. This model represents each
nucleotide as a rigid body with three interaction sites and
accounts for Watson—Crick base pairing, base stacking,
excluded volume, and backbone connectivity. OxDNA has
already been successfully used to study a variety of DNA
nanostructures,”*~*! including those built via DNA origa-
mi.*™* However, it remains to be seen if oxDNA could
predict the dynamical behavior of mechanically compliant DNA
nanostructures and if this model could be used to elucidate
their conformations, dynamics, and mechanical behavior.

In this study, we investigated the ability of the oxDNA model
and MD simulations to predict the conformational dynamics of
mechanically compliant DNA devices. For our analysis, we
chose the set of compliant DNA origami hinges designed,
fabricated and studied experimentally by Castro and co-
workers.'® The hinges exhibit an angular bending degree-of-
freedom ubiquitous in macroscopic machines, especially in
compliant mechanisms, and therefore they are an excellent
prototype for dynamic, functionally relevant nanodevices. In
particular, the hinges are composed of stiff “arms”, comprised of
a bundle of interconnected dsDNA helices, connected by a
compliant dsDNA “joint” and flexible ssDNA “springs”, and the
angle between the arms could easily be tuned by changing the
length of the springs (see Figure 1 and caption). The hinges
were extensively characterized, providing a wealth of exper-
imental data for comparison. Our results demonstrate excellent
agreement between the predicted hinge angles and those
measured experimentally, suggesting that CG modeling and
simulations could be an effective predictive tool for designing
dynamic DNA nanostructures. We also used the model to
elucidate the conformational fluctuations, global dynamics,
base-pairing stability, and large-deformation behavior of the
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DNA hinges, revealing useful nanoscopic insights into the
properties of mechanically compliant DNA devices. Lastly, we
demonstrate how macroscopic machine design principles could
be coupled with microscopic behavior of individual DNA
components obtained from CG models to make rapid
predictions about the equilibrium behavior of dynamic
nanodevices, a key advantage to speeding up the design
process. More broadly speaking, this work establishes a
methodology for the quantitative analysis of nanomechanical
DNA devices and the rational design of next-generation
dynamic DNA nanomachines with programmed mechanical
behavior.

RESULTS

Equilibrium Conformations. We first tested whether our
MD simulations of the five DNA-origami hinge designs (with
different spring lengths) based on the oxDNA model (Figure
1b) could predict the equilibrium angle distributions obtained
from transmission electron microscopy (TEM) images of the
experimental hinges.'® Representative snapshots of the hinges
captured from the simulations are shown in Figure 2a. The
“hinge angle” ® was calculated as the angle subtended between
linear fits through the two hinge arms in accordance with the
experimental definition.® Using this definition we computed
the distribution of bending angles exhibited by each hinge
design (Figure 2b). The angle distributions exhibit roughly
Gaussian shapes with a standard deviation that seems to
increase as the length of the spring increases from 0 to 74 bases,
consistent with experiments. Furthermore, a clear shift toward
larger @ with increasing spring length is observed, also
consistent with experiments. A qualitative comparison of
these distributions against those gathered from experiments
reveals good agreement (Figure S1).

To more quantitatively compare the simulated and
experimental hinge angle distributions, we determined Gaussian
fits of each distribution and obtained: the location of their
peaks @, denoting hinge “equilibrium” angles, and their full-
width-at-half-maximum (FWHM), characterizing the size of
bending fluctuations exhibited by each hinge. The equilibrium
angles obtained from simulations show excellent agreement
with the corresponding angles obtained from experiments
(Figure 2c), except for the Ob hinges, where simulations
overpredict the experimentally observed angle by roughly 10°.
The FWHM values obtained from simulations also show good
overall agreement with the experimentally obtained values,
though the simulations seem to always underpredict experi-
ments by 1° to 8° (Figure 2c inset). We also investigated
whether the CanDo software'>'* could predict the equilibrium
hinge angles based on an underlying finite elements description
of rigid components and a worm-like-chain description of
flexible components. While the computed angles reproduce the
experimental trend of increasing ®, with spring length, the
angle predictions are much smaller than the experimental
angles (Figure S2). Thus, for dynamic DNA nanostructures
such as the DNA hinges examined here, CG modeling and
simulations seems to be a viable approach for predicting both
equilibrium conformations and their fluctuations.

The slight discrepancy in the predicted and experimentally
measured bending angle of Ob hinges (Figure 2c) is likely
related to the especially strong deformation exhibited by these
hinges. Specifically, in these hinges, the three lowermost springs
connecting the two hinge arms are effectively dsDNA helices
harboring a single nick in the middle (see Figure S3 or the
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Figure 2. Hinge angles ® predicted from MD simulations. (a)
Representative snapshots of CG DNA hinges captured from
simulations of the five hinge designs (with springs of lengths 0,
11, 32, 53, and 74 bases). (b) Normalized distribution of hinge
angles obtained from simulations. Red lines represent Gaussian fits
to the distributions. (c) Comparison of the equilibrium hinge angle
@, and the size of angle fluctuations for the five designs obtained
from simulations versus those measured experimentally. Statistical
uncertainties in ®, and FWHM are smaller than the symbol size.

origami designs provided in Supporting Information). To yield
the small bending angles, these nicked dsDNA connections
have to undergo a large deformation over a short ~10bp
stretch. We speculate that the experimental hinges accom-
modate this large deformation by forming a sharp kink at the
nick, which is likely facilitated by the rearrangement of internal
bond and torsional angles of the nucleotides and/or by the
formation of noncanonical base pairing and stacking
interactions. These finer-scale effects are not properly captured
in the oxDNA model due to its low resolution and the rigid
nature of its nucleotides. We therefore propose that some of
the strong bending in these connections is achieved by other
deformations, most likely by their bending at the exit points of
the hinge arms, where the connections are not directly
connected to other dsDNA helices of the hinge arms (see
Figure S3). Such bending increases the effective length of the
connections, leading to a slight increase in the hinge angle of
the oxXDNA model as compared to experiments. The reason for
the smaller angular fluctuations exhibited by simulations as
compared to experiments (Figure 2c inset) is even less clear.
We speculate that such difference may arise from minor defects

DOI: 10.1021/acsnano.7b00242
ACS Nano XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00242/suppl_file/nn7b00242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00242/suppl_file/nn7b00242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00242/suppl_file/nn7b00242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00242/suppl_file/nn7b00242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00242/suppl_file/nn7b00242_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b00242

ACS Nano

g‘%"&&z

{

=
o

o©
©

o
o

©
i

o©
N}

o
o

c ‘ B
2' Ob [ 1'00
I
| i
N 0.98
N 6L I}
NETT ' 0.96
ar H 0.94 >,
5 oLl =
o : 09238
g 2t 32b 2
(@)
z,| 0.90 3
> = o
e 0 6l 0.88 €
© T ‘ Q
o 2l 53b Q
3 0.86 T
O 4l
(@]
0.84
s
@ 2 74b 0.82
T
4l
0.80
6

10 20 30 40 50 60 70 80
Base Index

Figure 3. Stability of DNA base-pairing interactions within the origami hinges. (a—b) DNA-backbone representation of the hinges with (a) 0b-
long springs and (b) 74b-long springs, colored according to the fraction of time their nucleotide bases remain bonded to their complementary
bases (H-bond occupancy). Cyan-, red-, and white-colored regions indicate unpaired, weakly paired, and strongly paired bases. (c) Two-
dimensional map showing H-bond occupancy of base pairs of the dsDNA helices comprising the hinge joints of all five hinge designs.

in the experimentally assembled hinges or from effects arising
from their surface deposition for imaging that might affect the
hinge angle distributions.

Structural Stability. We evaluated the structural integrity
of each hinge design by computing its internal structural
fluctuations from the MD simulations, specifically, the root-
mean-square fluctuation (RMSF) of the entire hinge as well as
of its stiff components (hinge arms) alone. The results, shown
for the Ob hinge in Figure S4, demonstrate that the stiff
components of the hinges exhibit small structural deviations
from the “mean” structure (RMSF = 5 A) and even the entire
hinge exhibit relatively small fluctuations (RMSF =~ 10 A)
primarily arising from fluctuations in their dsDNA joints and
ssDNA springs. These results suggest that the two hinge arms
can be essentially treated as rigid bodies, and therefore the
hinge angle ® could indeed be robustly defined based on the
angle subtended between the two arms.

To investigate the local stability of the hinges, we computed
the fraction of time each nucleotide base remained paired to
another base within the hinge across all simulations; bases were
considered as “paired” when their mutual interaction energy
was negative and had a magnitude greater than the thermal
energy kyT, where kg is the Boltzmann constant and T is the
temperature. This fraction termed “H-bond occupancy”
provides a local measure of the stability of double-stranded
portions of the hinge (arms and joint), and it also provides a
measure of potentially disruptive nonspecific interactions
between single-stranded portions of the hinge (springs). The
H-bond occupancies of the Ob and 74b hinges are shown
mapped onto their corresponding structures in Figure 3a and
3b, and the occupancies of the remaining three designs are
provided in Figure SS. Apart from some fraying observed at the
open ends of the hinge arms, as indicated by red and cyan spots
in the figure, the dsDNA helices of the arms in all five hinge
designs remain base-paired most (>95%) of the time, as noted
from the uniformly white color of the arms in the figures. We

also observe that the hinge joints remain fully base-paired in
most hinges except the Ob-hinge, where some unpairing of
bases is observed at locations where the joint undergoes sharp
bending. The ssDNA springs, whose sequences were designed
to exhibit minimal interactions among each other, remain
largely unpaired as expected, except for some base-pairing at
intermittent locations along the springs, likely due to self-
folding of ssDNA strands. Also as expected, the 4- and 18-bases
long ssDNA loops lining the inner ends of the two hinge arms
(as required by DNA origami) remain unpaired. Figure 3c
provides a more detailed base-wise map of H-bond occupancy
in each of the six dsDNA helices making up the joints in the
five hinge designs. The maps confirm the stronger unpairing of
bases in the Ob hinge joint, and to some extent the 11b hinge
joints. The maps further reveal streaks of base unpairing, albeit
small, at 7-base intervals in all five hinge designs whose
locations correspond to the crossover junctions. These
locations naturally lead to weak stacking interactions between
adjacent bases on the DNA backbone (Figure S6). Taken
together, all hinge designs are structurally stable and do not
seem to contain any obvious unstable regions that could trigger
more global instabilities.

To further investigate differences in the conformation of the
joints across the different hinge designs, we evaluated the local
bending of the dsDNA helices comprising the joints. As
depicted in Figure 4a, the local bending was characterized in
terms of the angle O, (at each base i) subtended by the
displacement vectors (r; — r,_;) and (r,, — r;) connecting
positions r,_;, r, and r,; of the center of masses of three
adjacent base pairs along a DNA helix. The resulting bending
angle profiles for each of the six dsDNA helices comprising a
joint are plotted in Figure 4b. The profiles reveal a uniform
bending angle of ~12° interspersed with near-periodic, sharp
peaks suggesting strong bending (kinking) of dsDNA helices at
specific locations along the joint helices. Examination of the
topology of the layer of 6 helices in the joint (Figure 4c) reveals
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Figure 4. Local bending of the hinge joints. (a) Schematic
illustrating the calculation of basewise bending angle of the
dsDNA helices comprising the joints. (b) Bending-angle profiles of
the six dsDNA helices comprising hinge joints, plotted for the five
hinge designs. (c) Schematic of the 6-helix joint design showing
helix numbering and the position of crossovers between dsDNA
helices as marked by red lines.

that these kinks occur at the locations of the crossover
junctions, where the staple ssDNA strands cross over from one
dsDNA helix to another. These interhelix connections
effectively result in nicks in the joint, making those locations
easier to bend; These junctions are also responsible for the
near-periodic streaks of base unpairing observed in Figure 3c.
We also note that the bending angle peaks are especially large
for the Ob and 11b hinges close to the middle of the joint,
obviously occurring due to the more constricted hinge angle ®
exhibited by these two hinges with short springs (Figure 2c). As
discussed in other studies,* dsDNA subjected to strong
bending forces can more effectively relax (minimize its free
energy) by forming sharp kinks rather than bending uniformly
across its entire length. Similar kmks  were also observed
experimentally in the case of Ob hinges.'® Interestingly, as the
joints become increasingly bent (due to springs becoming

shorter), the “baseline” bending angle of ~12° remains largely
constant, suggesting that all the bending deformation is
essentially accommodated at such kinks, especially those in
the middle of the joints.

Global Motions. To reveal the most important, large-scale
(collective) motions exhibited by the DNA hinges, we carried
out principal component analysis (PCA) of the hinge
trajectories obtained from MD simulations. This approach
decomposes the complex motion of a large molecule such as
the hinge into principal components, or modes, each of which
is specified by an eigenvector describing the direction of
translational motion of that mode and a corresponding
eigenvalue describing the amount of structural variance of the
molecule captured by that mode. By projecting the simulated
conformational dynamics of the hinge onto the eigenvector
defined by the few largest principal components, one can obtain
a lower-dimensional description of the conformational
dynamics of each hinge design.

The PCA analysis reveals that over 70% of the internal
variance of the hinges can be described by four principal
components (Figure Se). We confirmed that these dominant
modes are relatively uncoupled from each other by computing
correlations across them; Representative correlation plots for
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Figure S. Principal component analysis (PCA) of the five hinges.
Visualization of the four essential motions exhibited by the hinges
revealed by PCA: (a) bending mode, (b,c) two twisting modes, and
(d) sliding mode. The hinges are represented by lines joining the
center of masses of the DNA bases with the largest and the smallest
projections along the principal components depicted in white and
red lines. The left and right columns show the front and side views
of the four modes. (e) Bar chart showing the relative contribution
of each mode toward the dynamics exhibited by each of the five
hinges.
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Figure 6. Local bending of Ob hinge joint from projections of hinge conformations along the bending-mode principal component (PC). (a)
Maps of the basewise bending angle as a function of the hinge bending angle for the six joint helices numbered 1 through 6. (b) Hinge cross
section showing the numbering scheme of the six joint helices (gray), and their connections among themselves and with the remaining helices
comprising the hinge arms (black). (c) Minimum (white) and maximum hinge angle (red) projections along the bending mode PC illustrating
the formation of a sharp kink in the joint. Only the dsDNA axes are shown for clarity.

the 74b-hinge are provided in Figure S7. The most dominant
principal component is the bending mode (Figure Sa),
contributing about 38% of the hinge variance, followed by
two twisting modes (Figure Sb,c) and a sliding mode (Figure
5d), each of which contribute about 5—12% of the variance.
Visualization of the four modes, via projection of hinge
dynamics along the eigenvectors corresponding to each mode,
reveals that the bending mode represents in-plane, flexion-
extension of one arm relative to the other while maintaining the
end-to-end extension of the springs or the joint almost fixed,
and it thus represents the mode most responsible for altering
the hinge angle ®. The two twisting modes are visualized as off-
centered clockwise orbiting of a hinge arm relative to the other
about different centers, motions that lead to only minor
changes in @ and in the joint and spring extensions. Finally, the
sliding mode is visualized as a diagonal shift in the position of
one arm relative to the other, with some change in the length of
the springs and the joint but minor changes in @. These mode
projections further reveal that the stiff arms preserve their
internal structure across all four modes, consistent with our
earlier RMSF analysis (Figure S4). The projections also reveal
that, on average, the springs belonging to the 74b-hinge extrude
out much more significantly as compared to those of the Ob-
hinge, evidently due to strong electrostatic and entropic
repulsive interactions between the longer springs (Figure S8).
We also note that the net proportion of variance accounted by
these four modes is smaller for the long-spring hinges
compared to the hinges with short springs, which is also
consistent with the fact that hinges with longer springs have
higher flexibility in general (Figure Se).

Given that the bending mode is most responsible for the
variations in hinge angle ®, the PCA projections of hinge
dynamics along this mode provide an excellent opportunity to
more extensively study the bending of the joints; Such
projections also have the potential to reveal trends that are
often difficult to glean from the raw MD trajectories where
large thermal fluctuations mask subtle variations in global
conformations and motions. We therefore carried out bending-
angle calculations on these bending mode projections similar to
that carried out earlier on the hinge conformations obtained

from MD simulations. The results for Ob hinges are plotted in
Figure 6a and show that the locations of the kinks coincide with
those of the crossover junctions (Figure 4c) and relate well to
the results obtained from MD trajectories (Figure 4b).
Accordingly, the middle-four joint helices, which carry more
crossover junctions than the two end helices (Figure 4c),
exhibit a larger number of kinks. Since the bending deformation
is now distributed over a larger number of kinks, the kinks in
the middle helices are expectedly weaker than those in the end
helices. Among the two end helices numbered 1 and 6, helix 1
exhibits a smaller increase in the bending angle of its kinks as
compared with helix 6. The reason is that the former is
connected to two neighboring helices, while the latter is
connected only to a single neighboring helix, making the
conformation of helix 1 somewhat more restricted compared to
helix 6 (Figure 6b). Interestingly, this analysis could also reveal
that the kinks in the joint helices become sharper with
decreasing hinge angle ®, as noted from the increase in the
bending angles of several of the kinks in going from large to
small angles. This effect is easily visualized in Figure 6¢, which
displays two extreme projections of the Ob-hinge, where one of
the kinks is found to become extremely sharp at small hinge
angles. Finally, we note subtle differences in local bending
deformations across the six helices composing the hinge joints,
also observed in local bending angle profiles Figure 4b, which
likely arise from the additional twisting and sliding degrees of
freedom exhibited by the hinges.

Large Deformation Behavior. Our MD simulations
indicate that all hinge designs undergo relatively small
fluctuations in the hinge angle at equilibrium, with FWHM
values, in the range ~10—20°. However, it is conceivable that
future applications of such structures may require them to be
subjected to strong external forces that considerably deform
them beyond their equilibrium conformations. To investigate
the behavior of the hinges under larger deformations that result
in more strongly bent or flexed arms (beyond equilibrium
fluctuations), we performed “restrained” MD simulations. In
these simulations, the deformations were enforced by applying
a stiff harmonic potential to the two hinge arms that strongly
constrained their center-of-mass separation distance. By
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Figure 8. Force-deformation behavior of the joint and spring components of the hinge. (a) Schematic showing partitioning of the hinge into
its two load-bearing components—the joint (hinge without springs) and the springs—whose force-deformations are treated separately. (b)
Force-deformation profiles of the springless hinge for different combinations of force loads F; , and F,; applied to the upper and lower layer of
dsDNA helices, which substitute the effects of the springs. (c) Force—extension behavior of the lower and upper ssDNA springs

corresponding to the 11b, 32b, 53b, and 74b hinges.

performing multiple such simulations, each constraining the
hinge arms to different distances, we were able to obtain hinge
conformations at different extents of deformation, spanning
both smaller and larger hinge angles @ than the equilibrium
angle. We then monitored how the ensuing equilibrated end-to-
end distances of the joint and the springs varied with respect to
the enforced hinge angle (Figure 7a).

Figure 7b presents these variations in the joint and spring
end-to-end distances as a function of hinge angle for the five
hinge designs. We observe three kinds of behaviors: In the case
of the Ob hinge, an increase in hinge angle results in a visible
decrease in the joint end-to-end distance and a marginal

decrease in the spring end-to-end distance. For the 11b hinges,
the spring end-to-end distance increases with increase in hinge
angle, but the joint end-to-end distance shows a biphasic
response, where the distance shows a rising trend with
increasing angle for small angles (® < 80°) but a decreasing
trend for larger angles. For the remaining hinges (with longer
32b, 53b, and 74b springs), both the joint and spring end-to-
end distances increase with an increase in the hinge angle.
The above differences in hinge-bending behavior are
intrinsically related to the length of ssDNA springs and the
hinge angle. When the springs are sufficiently long, as in the
case of the 32b, 53b, and 74b hinges, the hinge arms behave like
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two rigid bodies rotating about the center of the joint, as shown
schematically in Figure 7e, which leads to the simultaneous
extension (or compression) of the springs and joints observed
in Figure 7b. The joint helices are weakly bent in these hinges
and hence the joint is expected to bend uniformly like a Euler
elastic beam, as suggested earlier."® Moreover, the springs
undergo appreciable stretching with increasing angle, which
suggests that the springs in these hinges exhibit a somewhat
loose conformation at the equilibrium bending angle, as
confirmed by the representative structures shown in Figure 2a.

The situation is fundamentally different in Ob hinges, where
the springs are entirely double-stranded and thereby effectively
incapable of stretching or shrinking. Consequently, all changes
in hinge angle occur though rotation of the hinge arms about
these dsDNA springs, and hence an increase in @ leads to
shrinkage in the joint end-to-end distance, as depicted
schematically in Figure 7c. Such end-to-end compression of
the joint, combined with the additional constraint on the
tangential emergence of joint helices from the hinge arms, leads
to strong kinking of the joint helices that are already
significantly bent as a result of the short springs. Such strong
kinking of the joint helices cannot be treated using continuum
mechanical Euler elastic beam model.

Lastly, the 11b hinges behave intermediate to the above two
sets of hinges in that they exhibit a switch from one bending
behavior to the other (Figure 7b). At small hinge angles, the
springs are relatively loose and are capable of some stretching
and the increase in bending angle occurs through rotation of
hinge arms through the joint center, leading to simultaneous
increase in both joint and spring distances. However, at large
angle, the springs become taut and incapable of stretching
further, leading to the rotation of hinge arms through the
springs rather than the joint center and a subsequent decrease
in the joint distance, as depicted in Figure 7d. This also leads to
introduction of a kink in the joint, albeit of smaller magnitude
than that observed in Ob hinges.

Hinge Angle Predictions from Force-Balance. In
classical mechanics, a multicomponent system is considered
to be at mechanical equilibrium when the net force and torque
acting on all components is zero. The equilibrium con-
formation of the system can then be determined from “force-
balance” and “torque-balance” conditions, that is, the force and
torque one component exerts on another component through
their connection point(s) is equal and opposite to the force and
torque the second component exerts on the first component.
We examined if such a force- and torque-balance formalism
could be used to predict the equilibrium conformations of our
nanoscopic DNA hinges, that is, the equilibrium bending angles
@, plotted in Figure 2c. To this end, we divided the hinge into
two components: (i) the six ssDNA springs that connect the
lower portions of the two hinge arms, and (ii) the rest of the
hinge without springs consisting of the joint and the rigid hinge
arms (Figure 8a). The first component, the springs, experience
outward-pointing forces (tension) at their ends due to the bent
joint attempting to straighten out the hinge arms. Though
electrostatic repulsion between the arms may also contribute to
this force, our calculations suggest that the repulsion is minimal
(Figure S9), likely due to the high salt concentration used in
simulations and experiments that essentially screens most
electrostatic interactions. The second component, the spring-
less hinge, experiences inward-pointing forces (compression)
on the hinge arms at locations of spring attachment due to
stretching of the springs. Interestingly, the torque-balance

condition is automatically satisfied as the two components exert
zero torque on each other due to symmetry: the springs exert
equal and opposite forces on the two hinge arms at exactly
apposite points and the springless hinge also exerts equal and
opposite forces to the ends of the springs. Hence, only the
force-balance condition is required, and the equilibrium angle
@, of the hinges may be determined from the individual force-
deformation behavior of the two hinge components, regardless
of the origin of the forces, as the angle at which the
corresponding deformations of the two components yield
exactly the same force.

The force-deformation behavior of the springless hinges were
determined by substituting each spring with a pair of forces
applied to the DNA bases on the two hinge arms connected to
the springs in the original design (Figure 8a top). However, all
springs are not alike, as the three springs connected to the
upper set of hinge arm helices are 24 bases longer than the
three connected to the lower set of helices (except for the 74b
hinges where the two sets of springs are of lengths 74 and 84
bases). Thus, the forces replacing the two sets of springs should
be treated separately, which we denote by F; and F, , for the
lower and upper set of springs (depicted by blue and red arrows
in Figure 8a). The force-deformation behavior was obtained by
performing a series of MD simulations mapping through
various possible combinations of applied forces F,; and Fj, , and
the resulting deformation was characterized in terms of the
hinge angle @, as defined earlier. Figure 8b presents these
force-deformation curves ®(F,,F,,) as a function F,, for
different fixed values of Fy; showing the expected trend of
decreasing hinge angle with increase in either force.

The force-deformation behavior of the lower and upper set
of springs corresponding to each hinge design can also be
determined from MD simulations by applying a stretching force
to the individual springs and measuring their end-to-end
distance (Figure 8a bottom). To distinguish between the
behaviors of the two kinds of springs, we denote their end-to-
end distances by d; and d;, and the applied forces by F,; and
F,,. Figure 8c shows the computed force—extension behaviors
d(F,;) and d,,(F,,) for the two sets of springs corresponding
to the 11b, 32b, 53b, and 74b hinges (the hinge labeling
corresponds to the length of the shorter spring). Note that this
approach cannot be applied to Ob hinges, which do not contain
any ssDNA springs. The profiles show behavior characteristic of
polymer stretching that is typically modeled using the worm-
like-chain model. As expected, the shorter, lower springs exhibit
sharper force—extension behavior compared to the longer,
upper springs.

The simulations of the springless hinge also reveal a strong
relationship between distances d,; and d;, across the two sets of
spring attachment points on the hinge arms and the hinge angle
® (Figure 9a). These two geometrical relationships denoted by
dy(®) and d,,(P) are slightly nonlinear, suggesting some
deformation of the spring attachment points upon application
of force. We also note that hinges cannot contract beyond ® ~
60°, whereupon the distance between the spring connections
points becomes smaller than the length of a single base pair,
corresponding to the case of the Ob hinge.

Lastly, the force-balance condition stipulates that at
mechanical equilibrium, the magnitude of the spring and
hinge forces are identical, i.e.,

Fh,u = P;,u (1)
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Figure 9. Additional relationships required for transforming or
simplifying the force-deformation behavior of the springs and the
joint. (a) Geometrical relationship between the end-to-end
distances of the upper and lower spring-connection points and
the hinge angle. (b) Force-coupling relationship Fy, .« = F,; + AR,
with A = 1.124 allows collapse of the joint force-deformation curves
in Figure 8b onto a single master curve. Symbols, with the same
color scheme as in Figure 8, represent data measured from
simulations of the springless hinge conducted at different F,, , and
F,;, whereas lines represent polynomial fits to data.

F=E )
The force-deformation profiles ®(F,,F,), d,(F,;), and
d,(F,,) along with the geometrical relationships d,;(®) and
d, (@) and the force-balance constraints (eqs 1 and 2) results
in a system of 7 relationships (equations) with 7 unknown
variables. Solving these equations then yields the equilibrium
hinge angle @, we seek. An underlying assumption here is that
the springs do not interact with each other, and hence the
force—extension behavior of the sets of three springs belonging
to one layer can be obtained from the behavior of a single
spring using the springs-in-parallel formulation. However, in
cases where the springs interact with each other, it may be more
correct to simulate groups of springs and compute their
collective force—extension behavior.

Due to the dependence of the hinge angle on two variables
(F, and F,,) and the need to satisfy two force-balance
conditions (eqs 1 and 2), solving for the equilibrium angle @,
becomes convoluted and requires an iterative numerical
approach. To simplify the solution process, we investigated
whether the two sets of forces could be combined into a single
effective force. The rationale is that even though the effects of
the lower and upper layer of springs are treated separately using
two different forces, the equilibrium hinge angle results from
their combined effect on the hinge arms. Specifically, F; and
F,,, exert separate moments on the joint ends via the hinge
arms, with the former exerting a larger moment due to the
larger moment arm associated with that force. Hence, we
proposed that the two forces could be coupled together
through a factor 4, resulting in an effective force

Fyy e = Fyy + AFy; (3)

which, when applied to the upper layer of helices, should
produce the same hinge deformation as the two separate forces

applied to both layers of helices. Geometrically, the coupling
factor should be 1.181 according to the ratio of the moment
arms of the two force loads with respect to the joint-arm
connection point. However, other factors could affect the
coupling of forces, such as the deformation of the hinge arms
near the springs, as mentioned earlier, and differences in the
orientation of the terminal bases of the springs, both of which
affect the length of the moment arm. The coupling factor is
therefore obtained as a fitting parameter that best collapses all
the distinct force-deformation profiles presented in Figure 8b
onto a single “master” curve. The fitted value A = 1.124 is quite
close to the geometric prediction, implying that the
aforementioned factors affecting the moment arms of the two
force loads are not significant. Figure 9b shows the collapsed
force-deformation F, ,s—® plot demonstrating that the effect of
the two applied forces (two sets of springs) can indeed be
treated in terms of a single effective force.

This ability to couple the two spring forces applied to the
hinge arms into a single effective force load greatly simplifies
the solution of ®,. First, the original 2D force-deformation
landscape ®(F,,,F,,) of the springless hinge is now replaced by
a 1D force-deformation master curve ®(F,.), where the
effective force is obtained via eq 3. Second, the original two
force-balance conditions (eqs 1 and 2) are now replaced by a
single effective force-balance condition

Fyoott = F ot 4)

where F; ¢ represents the effective force exerted by the two sets
of springs based on the coupling factor determined earlier as
given by

S,

Eg=E,+ 1K) (%)

In this revised setup, one needs to solve a different set of 7
single-variable equations with 7 unknowns, namely, the force-
deformation curves ®(F, ), d(F,), and d,,(F,,); the
geometrical relationships d,(®) and d,,(®); the effective
force-balance condition given by eq 4, and the coupling
relationship given by eq 5. Once the force-deformation curves
of the springless hinge F, (®) and of the two sets of springs
and F,)(d,}) and F,,(d,,) have been obtained, the protocol for
obtaining @, becomes fairly straightforward: The Fj,(d,;) and
F,,(d,,) curves are first converted to F,,(®) and F;(P) curves
via the geometrical relationships d,;(®) and d,,(®). The two
curves are then combined into a single F, (®) curve via the
coupling factor (eq S). The intersection between the resulting
Fyoi(®) and F, () curves, signifying the use of the force-
balance constraint (eq 4), then yields the equilibrium hinge
angle @,

Figure 10a presents the force-deformation master curve
Fp,.4(®) of the springless hinge along with the transformed
force-deformation curves F, .(®) of the springs corresponding
to the 11b, 32b, 53b, and 74b hinges. The intersections of the
two curves allows us to estimate the equilibrium hinge angle for
the hinges with the certain ssDNA spring length. The predicted
results shown in Figure 10b are in excellent agreement with
both the experimentally measured hinge angles and those
computed earlier from simulations of entire hinges. The
promising nature of these results suggests that it may indeed
be possible to predict the equilibrium conformation of a
multicomponent DNA nanostructure from the force-deforma-
tion behavior of its individual components. In this study, we
obtained such behavior from MD simulations of the
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components in isolation though, in principle, the components-
level behavior could also be obtained experimentally.

DISCUSSION

This study provides a detailed picture of the nanoscopic
structural dynamics exhibited by a set of mechanically
compliant nanostructures fabricated via DNA origami—hinges
with tunable bending angle designed by combining rigid DNA
bundles with semirigid and flexible DNA elements. Our
approach involved performing MD simulations of the DNA
hinges treated using the oxDNA CG force field developed by
the Ouldridge, Doye, and Louis laboratories. One of the goals
of this study was to determine whether such a modeling
approach could even capture the overall conformations of the
hinges determined experimentally from electron microscopy.
Our results show that the 0oxDNA model does reasonably well
in reproducing the experimentally measured distributions of
hinge bending angles for a range of hinge designs, especially the
equilibrium angles denoted by the peaks in the angle
distributions. This result is significant because the hinges are
flexible and exhibit thermal fluctuations, and are thus not
amenable to modeling via continuum-mechanics approaches
that have found success in modeling other more rigid DNA
nanostructures. At the same time, the hinges are too large and
undergo slow bending dynamics, making all-atom MD
simulations computationally prohibitive for probing such
dynamics. Hence, coarse-grained models that ignore fine-scale
features and degrees of freedom while still accounting for
important geometrical features, molecular interactions, and
thermal fluctuations offer the only practically viable solution for
probing the dynamics of such structures. Indeed, the oxDNA
simulations required 14 h CPU time on NVIDIA GPUs to
simulate 100 ps-long dynamics of the hinges, almost S orders of
magnitude faster than all-atom MD simulations of the hinges in
explicit solvent. The promising predictions made by the
0oxDNA model here suggests that such a CG modeling and

simulation approach could be a useful tool for elucidating and
predicting the dynamics of devices created via DNA nano-
technology and that such a tool could become an important
component of computer aided design of such DNA devices.
Needless to say, the approach would first have to be thoroughly
tested and validated against other DNA nanostructures
undergoing more complex dynamics or other kinds of
conformational changes. Also, the approach would need to
become more readily accessible to researchers in DNA
nanotechnology who might not be experts in MD simulations.

Nevertheless, having established the predictive capability of
oxDNA for the DNA hinges, we next used it to probe their
intricate structure and dynamics. We found that in all hinge
designs, the hinge arms composed of DNA helix bundles
remained structurally intact during the simulations while
exhibiting +5—8° fluctuations about their equilibrium bending
angle. By computing the fraction of time DNA nucleotide bases
remain paired, we determined regions of local instability within
the double-stranded portions of the hinge. Apart from obvious
fraying of bases at the open ends of the hinge-arm helices, the
dsDNA helices in both the hinge arms and the joints remained
fairly stable throughout the simulations. Interestingly, the hinge
joints display localized, near-periodic streaks of slightly less
stable base-pairing interactions that coincide with the crossover
points of the DNA staples. Analysis of the local bending of the
joint helices revealed that the helices bend more-or-less
uniformly across their length, except at crossover junctions
where they exhibit a relatively larger bending angle. These
“kinks” in the joints become very sharp near the midpoint of
the joint, especially for the Ob hinges designed to exhibit a small
bending angle. Such strong kinking of the dsDNA helices in
strongly bent joints is reminiscent of the kinks observed in the
dsDNA wrapped around the histone octamer within
nucleosomes, where the strong histone/DNA interactions
lead to very strong superhelical bending of DNA."’

Principal component analyses of the simulation trajectories
of the hinges allowed us to extract their most dominant global
motions. Our results show that while the dynamics of the
hinges are dominated by the planar bending of arms relative to
each other, other dynamic modes such as relative twisting and
sliding of arms are also important. While such secondary modes
could be considered as a disadvantage in applications where
precise motion along a single degree of freedom is required, the
modes may also be considered as a unique advantage of these
soft DNA-based devices, and this type of analyses could enable
specific design of thermal fluctuations along multiple degrees of
freedom. Indeed most naturally occurring nanomachines such
as protein enzymes and molecular motors exhibit some degree
of flexibility or softness along multiple degrees of motion that is
often a critical part of the mechanical function. In the
macroscopic world, the observed flexibility of hinges is
remarkably similar to the knee joint in humans, which has
primarily evolved to exhibit the bending degree of freedom,
though other smaller rotations and sliding motions also occur
that are in fact critical for the functionality and strength of the
knee joint.

Examining the behavior of hinges subjected to strong
deformation revealed that the hinges with sufficiently long
ssDNA springs (>11 bases) exhibit bending behavior typical of
joints, that is, extending the hinge angle leads to an increase in
the end-to-end extension of both the joint and the springs,
typical of the hinge arms rotating about the joint center to
extend or flex. However, the Ob hinges, and to some extent the
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11b hinges, exhibit fundamentally different behavior with the
end-to-end extension of the joint decreasing, rather than
increasing, with increasing hinge angle. This effect arises due to
the near-inextensible nature of short ssDNA springs that forces
the hinge arms to flex or extend about the ssDNA connection
points rather than the joint center. Due to the constraint on the
orientation of the two ends of the joints as a result of their
connection to the hinge arms, their opening up causes
counterintuitive stronger-than-usual bending of the joints,
leading to sharp kinking of the joint helices. Interestingly,
such “auxetic” behavior with expansion in one dimension
leading to expansion in the other dimension (as opposed to
contraction, typical of most materials) could serve as a basis for
the design of materials that exhibit in-plane or 3D negative
Poisson’s ratio.

We finally investigated if the equilibrium bending angles of
the hinges could be predicted by combined analysis of its
individual components using the force-balance principle
commonly applied in continuum mechanics. To this end, we
divided the hinge into two simpler mechanical components, the
ssDNA springs and the remaining hinge minus the springs, and
computed their individual force-deformation behaviors. By
invoking the force balance conditions along with the geometric
relationship between spring and hinge deformation, we were
able to make excellent predictions of the hinge angle. Apart
from demonstrating the applicability of a key principle of
classical mechanics to a strongly fluctuating nanoscale device,
the ability to predict the mechanical behavior of DNA devices
from the behavior of their individual components would benefit
the design of complex devices. In addition to simplifying the
design process, it would save significant computational effort,
for instance, when examining the behavior of device designs
obtained from combinations of components with different
properties. In the context of hinge design, predicting the
behavior of all hinges assembled from m possible joint designs
and n possible spring designs would nominally require m X n
MD simulations of the full hinges, whereas the components-
level design would require only m + n simulations of the
components, that is, fewer simulations of smaller systems. This
framework is also amenable to a modular design framework
where interchangeable components can be screened through a
mechanical system to produce the desired overall mechanical
behavior. Note that springs and joint design parameters are not
just restricted to their lengths, as examined in this work, but
also changes in the material itself. For instance, the ssDNA
springs could be replaced by ssDNA-dsDNA segments,
azobenzene-tethered DNA segments,*® or other polymers.*’

CONCLUSIONS

We have used CG MD simulations to study the conformational
dynamics of DNA origami hinges at the molecular scale. Our
results show good agreement between the predicted and
experimentally measured hinge-angle distributions for a range
of hinge designs. The simulations also revealed various
nanoscopic properties of the hinges that may be difficult to
obtain experimentally, such as their local mechanical stability,
detailed conformations, collective motions, and design-depend-
ent bending mechanism. Lastly, we proposed an approach for
predicting equilibrium hinge angles based on microscopic force-
deformation behaviors of the single- and double-stranded
components and macroscopic conditions of mechanical
equilibrium, providing a potentially rapid yet reliable means
of predicting the equilibrium conformation of multicomponent

DNA nanostructures. This work thus lays the foundation for
understanding and predicting the mechanical behavior of other
dynamic DNA nanostructures where continuum mechanics and
all-atom models become inapplicable or computationally
expensive. This work also sets ground for future work on
designing mechanisms to actuate such structures for nanoscale
sensing and mechanical engineering applications. For instance,
the DNA hinges studied here could be engineered to trigger
bending angle changes via design of displacement ssDNA
strands that hybridize with the ssDNA springs to either flex or
extend the hinges or via other responsive entities such as
azobenzene-tethered DNA that respond to light to trigger a
conformational change in the springs or the joints. The CG
modeling approach tested here should aid in the design and
optimization of such actuation mechanisms, and the
components-level modeling strategy introduced here should

further help speed up the process of design.

METHODS

Hinge Designs. The five DNA origami hinge designs, referred to
as Ob, 11b, 32b, 53b, and 74b hinges, were built on a honeycomb
lattice in the caDNAno package;'' The designs are provided in the
Supporting Information (Figure $10—S14). The joint DNA helices in
each of the five hinge designs are 84 bp long. The two layers of springs
are of lengths 0 and 24 bases in the Ob hinge; 11 and 35 bases in the
11b hinge; 32 and 56 bases in the 32b hinge; 53 and 77 bases in the
53b hinge; and 74 and 84 bases in the 74b hinge. Since the 18-helix
DNA bundles composing the hinge arms essentially behave like rigid
components and also exhibit negligible electrostatic repulsion between
them (Figure S8), the length of the two hinge arms were reduced from
~220 bases in the experimental design to ~96 bases in our
simulations; This allowed us simulate the hinges and predict their
properties at significantly reduced computational costs.

OxDNA Model. The DNA hinges were modeled using 0xDNA2,*°
an updated version of the oxDNA model.*® In this model, each DNA
strand is treated as a chain of rigid bodies representing nucleotides,
and the surrounding solvent and ions are treated implicitly. Each
nucleotide is represented by three interaction sites—one site for each
pair of phosphate and sugar groups and two sites for each base. The
noncollinearity of the three interaction sites enables the model to
capture the asymmetric shape of the dsDNA helix with distinct major
and minor grooves. Each nucleotide is also represented by a vector
perpendicular to the notional plane of each base whose direction
enables the model to capture the orientational dependence of base-
stacking and Watson—Crick base-pairing interactions. The total
potential energy of a multistrand system is given by the sum of
eight pairwise interaction terms:

[]tot = Z

nearest neighbors

+ Z (UHB + L]cs + Uév + U(’toax + UDH)
other pairs (6)

(Upp + Ugae + U'ey)

where the first sum accounts for interactions between adjacent
nucleotides on the same strand, and contains Uy, Ug,q, and UL, terms
that describe the connectivity between adjacent backbone sites,
stacking interactions across neighboring base sites, and excluded
volume interactions between neighboring nucleotide sites, respectively.
The second sum accounts for interactions between all other pairs of
nucleotides in which Uyy describes hydrogen-bonding interactions
between complementary bases, U, describes cross-stacking inter-
actions between bases on opposite DNA strands, U,, describes
excluded volume interactions, U,,,, describes coaxial stacking of non-
neighboring bases on the same strand, and Upy describes salt-screened
electrostatic interactions between non-neighboring backbone sites. All
interaction potentials, except the excluded volume, backbone, and
electrostatic terms, depend on the relative orientations of the
nucleotides, in addition to depending on distances between interaction
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sites. The interaction-potential parameters, such as the location and
depth of energy minima, force constants, and charges, were fitted to
reproduce experimentally measured properties of DNA: the stacking
transition of ssDNA; length- and salt-dependent melting transition
curves and melting temperature of short dsSDNA duplexes; persistence
lengths of ssDNA and dsDNA; and elastic torsional and stretching
moduli of dsDNA. Further details on model development, para-
metrization, and application are provided elsewhere.***>*°

Generation of Initial Hinge 3D Conformations. The caDNAno
hinge designs were used to generate initial 3D structures of the hinges
in which their arms were completely flexed to 180°. However, such
initial configurations resulted in abnormal stretching of the centermost
phosphate bond in each spring of the hinge. To relax these stretched
bonds, the bonds were cut and substituted with harmonic potential
restraints of strength 0.4 kcal/mol/ A2 on the distance between the two
bonded nucleotides during structural relaxation; In this process, the
equilibrium distance of the restraints was shortened in 6 A steps every
600 000 MD simulation time steps until the equilibrium bond length
was reached through gradual bending of the hinge arms, whereupon
the broken bonds were reinstated.

MD Simulations. The MD simulations were performed using the
oxDNA package at a temperature of 298 K and a monovalent salt
concentration of 500 mM Na'. The high salt regime were chosen to
reproduce the strong electrostatic screening from 14—20 mM Mg**
concentrations used to assemble and stabilize the hinges. While
0xDNA2 can capture electrostatic screening effects of Mg** through
the use of the Debye—Hiickel formalism at high Na* concentrations,
the model is unable to capture finer-scale effects of Mg** ions such as
their ability to form coordination complexes. However, such effects do
not seem to be critical for DNA hinges, as the hinge angle distributions
obtained from simulations conducted at lower Na® concentrations
(150 mM) were quite similar to those presented here (Figure S15).
Furthermore, recent unpublished experiments by Castro and co-
workers on a different set of hinges yield quite similar distributions in
hinge angle for structures prepared using 600 mM Na" and using 25
mM Mg*".

The simulation time step was set to 15.15 fs and an Andersen-like
thermostat was used every 103 Newtonian time steps to approximately
yield Brownian motion of the DNA structures in water. For all hinge
designs, we performed three ~300 ns long MD production runs, each
starting from a different initial configuration. These simulation times
do not represent physical times due to implicit treatment of the
solvent and smoothening of the energy landscape associated with
coarse graining, which are expected to cause a speedup in dynamics.
The physical time may be obtained by rescaling the simulation time by
a factor ar quantifying this speedup, typically approximated as the ratio
of the self-diffusivity obtained from simulations to that measured
experimentally.”’ OxDNA simulations of a 21-bp dsDNA fragment,
with an experimentally measured diffusivity of 5.3 X 1077 cm?*/s in
solution,™” yielded a diffusivity of 1.79 X 107* cm?/s, that is, @ ~ 330.
Thus, each of our simulation runs were in fact ~100 us long and each
time step represented 5 ps. Also, the simulations were sufficiently long
to adequately sample the bending angle fluctuations of the hinges, as
noted from time-autocorrelation functions ((®(t) — ®,)(®(0) —
®,)) in the hinge angle computed for the five designs (see Figure
S16). In particular, the characteristic relaxation time of the angle
fluctuations estimated from exponential fits to the correlation
functions (~2—20 us) were all found to be much shorter than the
simulation run times.

Since we are more interested in elucidating the effects of structural
design rather than sequence design on the hinges’ conformational
dynamics, we used the average-base parametrization option in oxDNA,
whereby average parameters for base-pairing and base-stacking
interaction strengths are used. Furthermore, the self-folding of the
ssDNA springs was eliminated in each hinge design.

Principal Component Analysis. This analysis was performed
using the software package bio3D.** Specifically, we inputted ~500
configurations (snapshots) of the hinge for each design, collected at
equal time intervals from the entire 900 ns-long simulation trajectory.
Each configuration of the hinge was described using the centers of

masses of its DNA nucleotides; Note that each nucleotide is
represented by two interaction sites in the oxDNA model.

Large Deformation Behavior. A harmonic restraint U = 1/2 k(d
— dy)* of spring constant k = 0.4 kcal mol™" A7 was applied to the
distance d between the centers of mass of the two arms to restrain the
hinge fluctuations around a target distance d,. By performing 150 ns-
long MD simulations at different values of dj, we were able to generate
differently bent configurations of the hinges, well beyond the bending
angles exhibited by the hinge at equilibrium. Each simulation also
yielded average hinge bending angle ® and the average spring and
joint end-to-end distances djy and dyy, associated with that angle.

Force-Deformation Curves. The force-deformation behavior of
the ssDNA springs were investigated by applying an equal and
opposite force to their two ends (terminal beads representing the two
end phosphate groups in the 0xXDNA model) along their end-to-end
vector (see Figure 8a, bottom). The force—extension curve was
obtained by averaging the end-to-end distance measured over a 100
ns-long MD simulation at different applied forces. Similarly, the force-
deformation behavior of the springless hinge was investigated by
applying inward-pointing forces to the ends of the dsDNA helices at
locations where they were connected to springs in the original hinge.
The hinge bending angle was averaged over 100 ns-long MD
simulations at each combination of forces applied to the three lower
and upper layers of dsDNA helices (see Figure 8a, top).

Simulation Codes and Data. Files related to oxDNA simulations
of the DNA hinges are provided at https://github.com/gauravarya77/
DNA-hinge-simulations. These include: caDNAno design files of the
hinges; Python scripts for converting caDNAno designs into initial
oxDNA models and for substituting stretched bonds with harmonic
restraints to generate relaxed configurations of the hinges; input option
files for carrying out the relaxation procedure and the MD simulations;
input topology and configuration files for the five hinges; and movie
showing 100-ys-long dynamics of a Ob hinge captured from an MD
simulation.
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