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ABSTRACT

Achieving rapid, noninvasive actuation of DNA struc-
tures is critical to expanding the functionality of DNA
nanotechnology. A promising actuation approach in-
volves introducing multiple, short pairs of single-
stranded DNA overhangs to components of the struc-
ture and triggering hybridization or dissociation of
the overhangs via changes in solution ionic condi-
tions to drive structural transitions. Here, we reveal
the underlying basis of this new approach by comput-
ing via molecular simulations the free energy land-
scape of DNA origami hinges actuated between open
and closed states. Our results reveal how the over-
hangs collectively introduce a sharp free-energy min-
imum at the closed state and a broad energy barrier
between open and closed states and how changes
in ionic conditions modulate these features of the
landscape to drive actuation towards the open or
closed state. We demonstrate the critical role played
by hinge confinement in stabilizing the hybridized
state of the overhangs and magnifying the energy
barrier to dissociation. By analyzing how the distri-
bution of overhangs and their length and sequence
modulate the energy landscape, we obtain design
rules for tuning the actuation behavior. The molecu-
lar insights obtained here should be applicable to a
broad range of systems involving DNA hybridization
within confined systems.

INTRODUCTION

In DNA nanotechnology, achieving controllable motion is
a key step to creating the next generation of dynamic DNA
nanodevices (1-7). One strategy for actuating DNA struc-
tures involves binding of external biomolecules to recon-
figure DNA devices (8-10). A popular method is toehold-
mediated strand displacement, where one of the strands in
an existing DNA duplex is displaced by an externally pro-
vided strand that can form a more stable duplex (11). In this

manner, hybridized connections between device compo-
nents may be released, or reestablished to enable reversible
actuation. This method offers the benefits of sequence speci-
ficity of displacement strands and ease of introducing dis-
placement sites within devices. However, due to the need for
external strands, release of waste strands, and slow kinetics
of the displacement reaction, the method can be invasive
and slow. Another actuation strategy involves integrating
stimuli-responsive molecular entities into the devices, which
makes the actuation less invasive and more responsive to
environmental stimuli. These entities include base-stacking
motifs, DNA triplexes, azobenzene moieties and [-motifs
that respond to environmental cues like light, temperature,
pH and ions to establish or disrupt interactions between de-
vice components (12-16). A third strategy involves using ex-
ternal forces to reconfigure devices. These forces may be ap-
plied via electrical or magnetic fields (17,18), via depletants
(19), or via optical traps and atomic force microscope tips
(20,21). Since the forces are applied directly to the structures
and can be modulated fairly rapidly with existing capabil-
ities, these methods can achieve rapid actuation response
times, albeit with advanced fabrication and instrumentation
requirements.

Recently, we proposed a promising actuation method that
combines the noninvasiveness of environmental triggers
with the specificity of DNA hybridization to enable rapid re-
configuration of devices with response times comparable to
force-based methods (22). The method involves introducing
multiple, weakly complementary pairs of single-stranded
DNA overhangs to the device components to be actuated,
and using changes in solution cation concentration to trig-
ger rapid hybridization or dehybridization of the overhangs
to drive conformational transitions in the device. Because
this process involves collective hybridization of many short
strands, and also does not involve any diffusion of strands
or displacement of one hybridized strand with another,
this method exhibits much faster response times compared
to the strand-displacement method. As demonstration, the
method was applied to a DNA origami hinge that nomi-
nally exhibits open conformations with its arms subtend-
ing large angles about the vertex (Figure 1). By introducing
short, complementary overhangs to the inner surfaces of the
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Figure 1. Ton-actuated DNA origami hinge. (A) Pairs of complementary
single-stranded DNA overhangs introduced into the hinge arms enable
them to be reversibly actuated between open (top) and closed (bottom)
states via the hybridization or de-hybridization of the overhangs as trig-
gered by changes in cation concentration. (B) Schematic showing all avail-
able overhang attachment sites (circles) on a hinge arm spread over 10 dis-
tances from the vertex, labelled C1 to C10. One possible arrangement of
overhangs (red circles) in a 10-connection hinge design is shown.

two hinge arms, the modified hinges could be efficiently ac-
tuated between conformations with open and closed arms
using a variety of cations, including mono-, di- and trivalent
ions. The actuation responses—fraction of hinges exhibit-
ing closed arms versus cation concentration—were charac-
terized as a function of the number and length of overhangs
and the bending stiffness of the hinge joint. The results re-
vealed strong, intriguing variations with respect to these de-
sign variables, suggesting high tunability of the actuation
responses.

Based on our current understanding, the actuation mech-
anism may be explained as a competition between (i) the
intrinsic predisposition of the ‘bare’ device (minus over-
hangs) to exhibit open conformations and (ii) the hybridiza-
tion of overhangs that favors closed conformations. The for-
mer effect stems from the underlying structural design of
the bare device which dictates intra- and intermolecular in-
teractions between components, and hence their preferred
conformations. In DNA hinges, the open conformation ap-
pears to arise from the mechanics of the DNA joint con-
necting the hinge arms, and not from electrostatic repul-
sion between them, given that the bare hinges exhibited sim-
ilar hinge-angle distributions across a wide range of cation
concentrations. The latter effect provides the driving force
necessary for the device to overcome its natural propensity
for open conformations and transition to a closed confor-
mation. Importantly, the strength of this driving force de-
pends on cation concentration. At low ion concentrations,
the overhangs prefer to remain unhybridized, and the de-
vice retains the open conformation it exhibits without over-
hangs. Asion concentration is raised, the hybridized state of
the overhangs becomes increasingly stabilized, causing an
increasingly larger fraction of structures to exhibit closed
conformations.
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In the original study (22), we expressed both these ef-
fects in thermodynamic terms, the former in terms of a
free energy difference A Gpae between the open and closed
states, and the latter in terms of a hybridization free en-
ergy AGpyp(c) that depends on ion concentration c. As-
suming that all overhang pairs are indistinguishable, we
formulated a simple, two-state thermodynamic model for
the probability of observing closed hinges as a function
of ion concentration and the two free energies. Since the
hybridization free energy of the tethered, confined over-
hangs must be distinct from that of free strands in solu-
tion, we cast AGpyp(c) as an additive correction AGeor to
the solution-state hybridization free energy obtained from
secondary-structure prediction algorithms. Using the un-
knowns AGpae and AGg,, as fitting parameters, we were
able to obtain good agreement with the experimentally mea-
sured actuation responses. While this description was use-
ful for establishing the importance of bare-device mechan-
ics and overhang hybridization in actuation and for fitting
experimental data, our knowledge of the actuation mecha-
nism remains very qualitative. For instance, the free ener-
gies contributed by the device and the overhangs, and how
they vary with the ‘reaction coordinate’ and ion concen-
tration to ‘tilt’ the overall free energy towards the open or
closed conformations remain unknown. How these free en-
ergies change with the various design parameters and the
associated molecular mechanisms also are not known. Elu-
cidating these energetic and molecular mechanisms would
be crucial to facilitate future design and optimization of ac-
tuation devices and responses.

Here, we provide such a quantitative, mechanistic basis
of this actuation method through calculation of free energy
landscapes via molecular simulations, using the DNA hinge
as our model system. Ideally, all-atom simulations should
provide the most accurate description of the hinges. How-
ever, due to the large system size and slow timescales of
hybridization and dissociation, such simulations would re-
quire prohibitive computational costs. Hence, we use the
coarse-grained model, oxDNA (23,24), to represent our
hinges. oxXDNA has been applied to a variety of DNA
nanostructures, (23,25-32) and shown to yield accurate de-
scriptions of their mechanics, conformational dynamics,
and ion-dependent hybridization thermodynamics, suggest-
ing that this model should provide reasonable predictions
for the ion-actuated DNA hinges studied here. To further
alleviate computational costs, we devised a strategy that in-
volves splitting the system into the bare hinge (large struc-
ture with short relaxation time) and the different pairs of
overhangs (small systems with long relaxation times), and
computing their free energies separately using efficient sim-
ulation approaches. Consequently, we were able to obtain
not only the overall free energies of the overhang-modified
DNA hinges as a function of its conformation (hinge angle),
but also the free energy contributions arising from the hinge
joint and each of the overhang pairs. By computing such
energy landscapes for a range of ionic conditions and over-
hang design parameters, analyzing the conformations of the
overhangs, and relating features of the landscape to actua-
tion responses and rates, we were able to provide a more
complete, molecular-level understanding of the actuation
mechanism that could be used for designing and optimiz-
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ing actuation responses. The results obtained here would be
important not only for hinge actuation, but many other sys-
tems involving DNA hybridization in confined media, in-
cluding DNA-tethered nanoparticles (33), DNA microar-
rays (34) and assembly of DNA origami tiles (35).

MATERIALS AND METHODS

We studied here the same DNA origami hinge used earlier
to experimentally demonstrate the ion-mediated actuation
approach (22). Briefly, the hinge is composed of two stiff
arms, each assembled from a 3 x 6 bundle of interconnected
double-stranded DNA helices organized in a square lattice.
The arms are connected by a linear array of 2 bases- and 16
bases-long single-stranded scaffold connections that form
the hinge rotation axis (Figure 1A). Without overhangs, the
hinge exhibited mostly open conformations with its arms
subtending a broad distribution of angles about a mean an-
gle of ~80°. To actuate the hinge between such open con-
formations and a closed conformation, the hinge arms were
modified to include short, complementary single-stranded
DNA overhangs distributed evenly across the inner face of
each arm at reciprocal locations (Figure 1B). Because of
the helical structure of DNA and the square-lattice arrange-
ment of DNA helices in the hinge arms, the overhangs could
only be introduced at specific locations on the helices lin-
ing the inner surface of the arms, which restricted the sep-
aration distance between adjacent overhangs on a helix to
multiples of 10.6 nm, i.e. the length of 32 bp, or 3 turns of
DNA. The experiments explored actuation using 10, 20 and
30 such overhangs per arm (Figure 1B). The overhang pairs
were each 7 bases long of sequence II-TTTCGAC-5 and
3'-GTCGTTT-Il, where ‘I’ denotes hinge arms. Thus, only
the terminal four bases contributed to hybridization across
the arms, and the inner three bases played the role of flex-
ible linkers. The caDNAno and geometrical designs of the
hinges along with a close-up of the hinge joint showing con-
nections between the two arms are provided in Supplemen-
tary Figures S1 and S2.

Here, we seek to compute the free energy Ghinge(f) of
these overhang-modified hinges as a function of the angle
6 subtended by the two arms about the hinge joint (ver-
tex) representing the coordinate most descriptive of the con-
formational transition between the open and closed state.
While all-atom molecular dynamics (MD) simulations are
the ideal resolution for computing such free energy land-
scapes, such calculations would entail prohibitive compu-
tational costs given the large dimensions of the hinges
(~50 nm), slow timescales of the rotation of hinge arms via
Brownian motion (tens of microseconds based on simula-
tions (31) and theory (36,37)), and even longer timescales
for the hybridization-dissociation of the overhangs (mil-
liseconds (38)). To this end, we used a coarse-grained model
to treat the hinges, namely, the oxDNA model (23,24) in
which each nucleotide is modeled as a rigid body with three
interaction sites that capture Watson-Crick base-pairing,
base stacking, excluded volume, and backbone connectivity.
We have shown (31) that this model can accurately capture
the conformational dynamics of bare hinges, and others
have shown that the model accurately describes the molec-
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Figure 2. Overall strategy for efficiently computing the free energy land-
scape of hinge actuation as a function of hinge angle. (A) Overhang-
modified hinge is split into two parts: the bare hinge and the overhangs.
The total free energy Ghinge(f) can be written as the sum of the free energy
Gph(0) of the bare hinge and the free energies Gon(0) of the i =1, -, n
pairs of overhangs. (B) Gy, is computed from MD simulations of the bare
hinge. (C) Gop,; are computed from VMMC simulations of the overhang
pairs using repulsion planes to mimic the confinement of the hinge arms.
Phosphate backbones of the two overhangs are shown in red and blue, and
all nucleosides are shown in cyan.

ular mechanism and thermodynamics of DNA hybridiza-
tion (23,27,30).

In spite of the coarser representation, the computation
of Ghinge(#) is still highly challenging, as it would require
simulations of the entire hinge over timescales longer than
their slowest relaxation time, associated with hybridization
of overhangs. To tackle this problem, we considered split-
ting the overall free energy into two contributions, as given
by Ghinge(0) = Gon(0) + Gon(9) (Figure 2A). The first term
is the contribution arising from the bare hinge (without
overhangs) that accounts for joint mechanics and inter-
molecular interactions between the arms. Gy,(6) was cal-
culated via the umbrella sampling approach that involved
performing a set of harmonically-restrained MD simula-
tions of the bare hinge (Figure 2B) and analyzing the re-
sulting hinge angle distributions using the weighted his-
togram analysis method (WHAM). The second term is the
contribution from all overhangs, including their interac-
tions amongst themselves and with the hinge arms. Based
on several assumptions, we were able to divide G,y into
independent contributions G, ; from each of the n pairs
of overhangs attached at different locations on the arms
(Figure 2A), i.e. Gon(0) = Y7 Gon:(0), and also replace
the molecularly-detailed hinge arms with simple ‘repulsion’
planes representing the inner surface of the arms that pre-
vent the phosphate and nucleoside groups of the overhangs
from crossing the planes (Figure 2C). This allowed us to use
highly efficient virtual-move Monte Carlo (VMMC) sim-
ulations for carrying our umbrella sampling of overhang
conformations, which together with a modified WHAM ap-
proach provided us Gon (0) as well as free energy contri-
bution Gop (0, &) from the different hybridization states &
of each overhang pair. See Supplementary Material and as-
sociated Supplementary Figures S3—-S6 for methodological
details of these calculations, a more detailed discussion of
the underlying assumptions, and the checks performed to
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Figure 3. Free energy landscape and conformations of an overhang pair. (A) Free energy G, i(9) for overhangs with four complementary bases and 3-base
linkers attached at location C1 and computed at [Na*] = 0.2 M and 300 K. The steric-repulsion (Sz), hybridization (Hz), dissociation (Dz) and non-
interaction (NV/z) zones are marked by distinct color backgrounds. Inset shows contributions Gy, i(0) (blue) and Ggis, /(6) (red) to Gop (6) (circles) from
partly- to fully-hybridized states and dissociated states, respectively. (B) Free energy contributions Gop ;(6, &) from the different hybridization states & of the
overhangs. Empty region in the plot indicates states whose free energies could not be reliably computed due to the extremely low probabilities of occurrence
of those states. (C) Representative conformations of the overhangs corresponding to angles marked by arrow heads on the energy landscape. Nucleotides
are colored as per their base-pairing probability, where cyan means fully dissociated and magenta mostly hybridized states.

ensure adequate sampling of the hinge arms and the over-
hangs.

The end result of these simplifications is that the pro-
hibitive calculation of Ghinge(f) is now reduced to less de-
manding calculations of Gyu(0) and Gop, /(0): the calcula-
tion of Gpy(#) is no longer limited by the long simulation
timescales required for sampling the hybridization states
of the overhangs, while the Gop(0) calculations are effi-
ciently able to sample all their hybridization states because
of the much smaller system size. Using such an approach,
we computed the free energy landscape of the experimental
overhang-modified hinges, focusing on contributions from
the bare hinge and from each of the overhangs. Unless oth-
erwise stated, we used the overhang sequences specified ear-
lier attached at the 10 different locations on the hinge arms
depicted in Figure 1B. To investigate how these overhangs
‘close’ the hinge arms with increasing ionic strength, we per-
formed simulations at different ion concentrations to elu-
cidate how the energy landscapes are modulated by ionic
conditions. Since the oxDNA model has only been param-
eterized for Na* ions, the simulations were performed with
0.2,0.4 and 1.2 M Na™* concentrations at 300 K. Lastly, we
also investigated the effects of the lengths of the linker and
binding portions of the overhangs, two design parameters
expected to affect the hybridization energy of overhangs un-
der confinement.

RESULTS
Free energy landscape of the overhangs

In general, the free energy landscape Goni(0) of the over-
hang pairs computed at various cation concentrations and
tethered at different locations on the hinge arms exhibit a
plateau at large hinge angles, a sharp minimum at small an-

gles, and an energy barrier separating the two. Figure 3A
presents one such landscape computed at [Na*] = 0.2 M for
overhangs tethered at the closest connection point from the
hinge vertex (labeled C1 in Figure 1B) that exhibits a free
energy gain of ~—4kgT at the minimum and a large barrier
of ~12kgT, relative to the plateau.

To investigate the molecular basis for this characteristic
shape of the landscape, we analyzed the free energy con-
tributions Gop (6, &) arising from all possible hybridiza-
tion states &€ = 0, 1, ---, 4 of the overhangs, spanning fully
dissociated (¢ = 0) to fully associated overhangs (§ = 4)
(Figure 3B). The five states represent mutually exclusive
‘subensembles’ of the overall ensemble of overhang confor-
mations, and hence their free energies combine exponen-
tially to yield the overall free energy, that is, e~ Coni@)/ksT —
> e~ Goni@8)/ksT The magnitudes of Gop (6, £) allow us
to assess the relative and absolute importance of each hy-
bridization state at various points (hinge angles) along the
energy landscape. Also provided are representative confor-
mations of the overhangs captured from simulations at key
points along the landscape (Figure 3C).

The following molecular picture of the overhangs
emerges from these analyses: At large angles, the overhangs
are too far from each other to interact, and the free energy
remains flat. The Gop (0, £) map confirms that the over-
hangs exhibit only the dissociated state (6 = 0) at these large
angles (Figure 3B). At 6 ~ 40°, the strands begin to interact
(configuration 4 in Figure 3C). As the angle decreases fur-
ther, the strands begin to form unstable base pairs, as noted
from the relatively large free energies of the hybridized states
(¢ = 1-4), which arises from the stretching of the over-
hangs to form base pairs (configuration 3). Concurrently,
the free energy of the dissociated state (§ = 0) begins to rise,
evidently from the increasing confinement imposed by the
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hinge arms, which leads to increasing entropy loss and elec-
trostatic repulsion between the overhangs. It is this increase
in the dissociated-state free energy that is apparently re-
sponsible for the observed increase in the overall free energy
with decreasing angle. At the peak of the energy barrier, the
hybridized and dissociated overhangs exhibit similar free
energies and are therefore more or less equally prevalent.
At smaller angles, the hybridized states start to become in-
creasingly dominant, with the fully-hybridized state (§ = 4)
becoming highly favored at the free energy minimum (con-
figuration 2). Thereafter, the angle becomes severely con-
stricted, and the free energy of all overhang states, both hy-
bridized and dissociated, shoot up due to strong compres-
sion of the overhangs by the two arms (configuration 1).

The Gon (0, &) map in Figure 3B shows a visible shift
in the population of overhang conformations from dis-
sociated to hybridized states with decreasing angle. This
transition can be better captured and related to the shape
of the energy landscape by examining the combined free
energy of all partly- to fully-hybridized states Gy, i(f) =
> ¢ ) Goni(6. &) along with that of the fully dissoci-
ated state Ggisi(0) = Goni(0, £ = 0), where ¢~ Coni/kel —
e~ Omwoi/lT 4 o=Gusi/keT The Gy, (0) and G, /(0) profiles
plotted in Figure 3A inset exhibit opposite trends with re-
spect to 0, namely, Ghy,;(f) becomes more favorable with
decreasing angle due to increased stabilization of base-
pairing interactions while Ggis;(0) becomes less favorable
due to entropy loss, and both profiles rise sharply at small
angles due to strand compression. Apart from echoing these
results gleaned from the Gop (6, §) map, the Gy, (6) and
Giis /(0) profiles importantly also illustrate the sharp nature
of the transition from dissociated to hybridized states as the
hinge angle is decreased and its role in producing the energy
barrier in the landscape. In particular, the two profiles in-
tersect at an angle (say 6,,) that coincides with the location
of the peak of the barrier, with hybridized states dominat-
ing the landscape at smaller angles and dissociated states
dominating at larger angles. This is noted from Gy, ;(¢) and
Guis (6) profiles virtually tracing out the Gop(9) landscape
in the # <6, and 6 > 6, regions. The narrowness of the an-
gle space about the barrier peak where both the hybridized
and dissociated states contribute substantially to the over-
hang free energy landscape illustrates the sharp nature of
this transition with respect to the hinge angle typical of a
first-order transition.

Based on these results, the free energy landscape may be
divided into the four ‘zones’ as depicted in Figure 3A: (i)
Steric repulsion zone, where the overhangs are severely com-
pressed between the hinge arms, resulting in large steric and
electrostatic repulsion that prevents duplex formation but
allows intermittent base-pairing interactions. (ii) Hybridiza-
tion zone, where the separation distance between the over-
hang attachment points and the free volume between the
hinge arms is in the range for the overhangs to form a sta-
ble duplex. (iii) Dissociation zone, where the separation dis-
tance goes beyond this ideal range for strand hybridization,
causing the overhangs to prefer the dissociated state even
though they continue to collide within the confined space
and feel some steric and electrostatic repulsion from each
other. (iv) Non-interaction zone, where the separation dis-

tance is so large that the strands do not interact with each
other and exhibit dynamics independent of each other.

Effects of overhang position and cation concentration

The free energy landscape Goni(f) of overhang pairs cor-
responding to 10 distinct connection points (C1-C10) at 3
ion concentrations ([Na*] = 0.2, 0.4 and 1.2 M) are col-
lectively shown in Figures 4A—C; the free energy contribu-
tions Gon (0, &) from the various overhang hybridization
states for each of these free energy landscapes are provided
in Supplementary Figure S7. Most of the landscapes ex-
hibit the characteristic features of a plateau, a barrier and
a sharp minimum at large, intermediate, and small hinge
angles discussed earlier. However, some of the landscapes,
namely those computed at low [Na*] for overhangs attached
far from the hinge vertex (C6—C10 at 0.2 M, and C9 and
C10 at 0.4 M), do not display the minimum or the complete
barrier. For these systems, the minimum is either missing or
appears at very small angles where overhang conformations
were challenging to sample in simulations.

More importantly, the landscapes display considerable
differences between overhangs attached at the different con-
nection points. In particular, the heights of the energy barri-
ers at all three ionic conditions were found to decrease with
increasing separation distance between the overhangs and
the hinge vertex, that is, going from CI to C10. Further-
more, the onset of the energy barrier and its width in an-
gular terms both decrease with increasing distance of the
overhangs from the vertex. This effect is largely geometric in
nature, as overhangs distant from the vertex require smaller
angles to come into close proximity to interact compared
to those attached near the vertex. Hence, a more informa-
tive coordinate for revealing differences in interactions be-
tween overhang pairs connected at different distances from
the vertex is the Euclidean distance d between the pair of
connection points on the arms, which we term ‘end-to-end
distance’ and calculate as d = 2/ sin(6/2), where / is the
distance of the connection points from the vertex. Indeed,
when the landscapes of C1 through C10 are plotted in terms
of their end-to-end distances (Figures 4D-F), the barrier
onset and width become more similar across all overhangs.
However, these ‘normalized’ landscapes now exhibit the op-
posite trend whereby the barrier onset and width increases
with increasing distance of the overhang attachment point
from the vertex, suggesting the intriguing proposition that
overhang pairs attached far from the vertex exhibit longer-
ranged interactions compared to those close to the vertex.
The free energy landscapes also exhibit different sensitivities
to changes in ion concentration depending on the attach-
ment position of the overhangs, which are better visualized
in Figure 4D-F. While the energy landscapes for overhangs
attached close to the hinge vertex C1 to C3 are negligibly af-
fected by changes in ion concentration, those for the more
distant overhangs C4 through C10 show an increase in free
energy gain from strand hybridization at small hinge angle
with increasing ion concentration.

To investigate the origin of these attachment position-
dependent differences in the free energy landscapes of the
overhangs, we picked for further analysis two extreme loca-
tions of the overhangs, namely positions C1 and C10 clos-
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clarity.

est and farthest from the vertex. The C1 overhang exhibits
the narrowest and largest energy barrier and low sensitiv-
ity to ionic conditions, whereas the C10 overhang exhibits
the broadest and lowest barrier and highest ion sensitiv-
ity. Using the procedure described earlier, we decomposed
the overall free energy of the two overhangs obtained at
two ionic concentrations (0.2 and 1.2 M) into contribu-
tions Gy arising from the subensemble of partly- to fully-
hybridized states and Gg;s; arising from dissociated over-
hangs (Figure SA and B). We also carried out simulations
of a single overhang attached to a repulsion plane (without
the opposite overhang and repulsion plane), and analyzed
the resulting conformational ensemble of the overhang. The
results are plotted as a probability density map of the posi-
tions of the overhang bases projected onto a plane normal
to the repulsion plane (bottom panel of Figure 5D).

The significantly larger energy barrier to hybridization
displayed by the C1 overhang pairs compared to the C10
overhangs obviously stems from the much sharper rise in
Gisi(d) of C1 overhangs with decreasing distance d be-
tween repulsion planes as compared to C10 overhangs (cf-
red dotted curves in Figure SA and B). As discussed ear-
lier, this rise in Ggis; is related to the entropic penalty of
squeezing the overhangs in their fully dissociated state. This
implies that the C1 overhang pair that interact within the
confinement imposed by tilted repulsion planes incur much
larger entropic penalty than the C10 overhangs, which in-
teract within near-parallel planes. To explain this difference
in entropy, we turn to the conformational behavior of a
surface-tethered overhang strand provided in the bottom
panel of Figure SD. We observe that the overhang bases re-
side mostly within a narrow and short conical region about
the attachment point, and the base probability density de-
cays sharply to zero outside this region. Consider now the

overlap between two such conical distributions representing
interactions between a pair of surface-tethered overhangs
over an ‘intermediate’ distance (e.g. d ~ 3 nm) where strands
interact with each other but cannot form stable base pairs.
When the repulsion planes are tilted relative to each other,
corresponding to the C1 overhangs, their conical distribu-
tions are both pushed towards one side, implying that the
two overhangs are highly likely to ‘bump’ into each other,
explaining the large loss in their conformational entropy
(Figure 5A, left cartoon). In contrast, parallel planes cor-
responding to the C10 overhangs give the strands the best
chance to ‘avoid’ each other, and hence this configuration
leads to small entropic losses (Figure 5B, left cartoon).
The earlier onset of the barrier of the C10 overhangs
(4.5-6 nm for the three ionic conditions) compared to CI
overhangs (3.5-4 nm), which also leads to differences in
their barrier widths, may also be explained using their con-
formational behavior. As discussed above, the two conical
density distributions point head-on towards each other in
the parallel-plane geometry exhibited by the C10 overhangs
(Figure 5B, right cartoon), whereas the distributions ap-
proach each other at an angle in the tilted-plane geometry
of the C1 overhangs (Figure 5A, right cartoon). At the large
separation distances relevant here (e.g. d ~ 5 nm), both sets
of conical distributions appear to exhibit similar overlaps.
However, the C10 distributions overlap with their higher
probability-density regions, which results in some entropy
loss, whereas the C1 distributions overlap with their low
probability-density regions, which sacrifices negligible en-
tropy. Thus, the Gis(d) profiles for the C10 overhangs be-
gin to rise at large distance as compared to C1 overhangs.
The free energy contributions shown in Figures 5SA, B
also reveal that the primary source of the difference in the
sensitivity of the C1 and C10 overhangs to ionic condi-
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Figure 5. Effects of ion concentration and hinge confinement on the free energy landscape of the overhangs. (A) Comparison of free energy contributions
from hybridized (dashed lines) and dissociated states (dotted lines) at [Na*] = 0.2 M (blue) and 1.2 M (red) for C1 overhangs. (B) Same comparison carried
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intensity in cartoons indicate increasing probability.

tions is the free energy of partly- to fully-hybridized states.
Specifically, the Gpyp,; curve for the C10 overhangs shifts
downwards by ~10kg T when [Na™] is increased from 0.2 to
1.2 M, consistent with the increased stabilization of the
hybridized states of the overhangs due to increased elec-
trostatic screening of their charged phosphate backbones.
However, the corresponding Gy, curve for the C1 over-
hangs exhibits a much smaller shift, indicating that the tilted
orientation of the repulsion planes somehow makes strand
hybridization less sensitive to salt concentration. While the
origin of this effect is not fully understood, it is likely re-
lated to the stronger confinement imposed by the tilted

planes that limits the conformational space available to the
overhangs, as explained above. In this regime dominated
by steric interactions, the effects of salt concentration be-
come less important, leading to smaller variations in Gyyb;
with changing [Na*]. As expected, the dissociated-state free
energy curves Ggis; of both C1 and C10 overhangs remain
largely unaffected by changes in ionic concentration, given
that dissociated overhangs by definition remain physically
separated from each other and therefore exhibit weak elec-
trostatic interactions.

Lastly, we examined how the free energy landscapes of
the confined overhangs shown in Figure 4 compare against



those of free overhangs in solution (without repulsion
planes). Figure 5C presents such a comparison for a pair of
free overhangs at 1.2 M Na* against the confined C1 over-
hangs at the same salt concentration. Since a hinge angle
cannot be defined for free strands, all landscapes are plotted
with respect to the end-to-end distance. Interestingly, the
free overhangs exhibit a larger energy barrier than the con-
fined overhangs, even the most confined ones (C1), and also
do not exhibit a globally stable hybridized state unlike the
confined strands. This is evidently due to the larger entropy
loss incurred by the free strands when they hybridize com-
pared to confined strands whose conformational freedom is
already quite constrained as a result of the repulsion planes.
Thus, for the free strands, the free energy gained by strand
hybridization is insufficient to overcome the large entropy
loss, resulting in a metastable hybridized state at 0.5 nm end-
to-end distance. In addition, the free strands exhibit a broad
energy barrier comparable to that of the C10 overhangs, but
wider than that of the C1 overhangs. This observation may
be explained using the same effect used earlier to explain
the broader barrier displayed by the C10 strands versus the
Cl1 strands. In other words, the spherically symmetric den-
sity distribution of the opposing free strands (Figure 5D,
top panel) point head-on towards each other similar to the
conical distributions of the C10 strands (Figure 5C, left car-
toon), which implies that the two free strands ‘feel’ each
other earlier than the C1 overhangs which approach each
other at an angle (Figure 5C, right cartoon).

Effects of overhang length and sequence

Apart from overhang attachment position (relative to hinge
vertex) and salt concentration, the sequence design of the
overhangs is also expected to affect their free energy land-
scape. We have so far examined 7-base long overhangs with
4-base ‘sticky’ ends (GTCG and complement CGAC) and
3-base linkers (TTT); we denote this design by ‘4b3T’. To
explore the effects of overhang sequence and gain deeper
understanding of strand hybridization under confinement,
we examined three additional designs, namely, overhangs
with (i) longer, 6-base sticky ends of complementary se-
quences GTCGGC and GCCGAC, but unchanged linkers,
which we denote by ‘6b3T’; (ii) longer, 5-base linkers (of
sequence TTTTT) but unchanged sticky ends denoted by
‘4bST’; and (i) longer sticky ends and linkers of the above
sequences denoted by ‘6b5T’.

Figures 6A—C compares the free energy landscapes of the
four overhang designs for three different attachment posi-
tions (C2, C5 and C10). Our results show that changing the
lengths of the linkers and the sticky ends both have strong
effects on the landscape. Increasing the linker length from 3
to 5 bases, while keeping the sticky end unchanged, leads to
higher and broader energy barriers and a shallower energy
minimum. Both effects are nicely captured in Figure 6D,
which shows a zoomed view of the landscapes of the 4b3T
and 4b5T overhangs (attached at position C2) along with
free energy contributions Gy, ; and Gg;s; arising from their
hybridized and dissociated states. The broader and higher
barrier exhibited by the 4b5T overhangs is directly related
to their longer overall length as compared to the 4b3T over-
hangs. Thus, the 4b5T overhangs begin to interact with each
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other at larger hinge angles, explaining the earlier onset of
their barrier, and they also incur larger entropic penalty
than the 4b3T overhangs at similar levels of confinement
(hinge angles), explaining the higher barrier and lower sta-
bility of the hybridized state.

Increasing the length of the sticky end from 4 to 6
bases, keeping linker length unchanged, leads to signifi-
cantly deeper energy minima, and generally slightly higher
and wider barriers (see Figure 6E comparing the landscapes
of 4b3T and 6b3T overhangs at position C2). The deeper
minimum displayed by the 6b3T overhangs obviously arises
from their longer sticky ends which exhibit stronger hy-
bridization; their higher and wider barrier is again related
to their longer overall length compared to 4bT3 overhangs,
as discussed above.

Lastly, increasing the lengths of both the linker and the
sticky end, i.e. in going from 4bT3 to 6bTS3, leads to a com-
bination of the two sets of effects discussed above, which
we again demonstrate using the example of the C2-attached
overhangs (Figure 6F). First, we observe that the depth of
the energy minimum for the 6bT5 overhangs is intermedi-
ate to that of the 4bT3 and 6bT3 overhangs discussed ear-
lier. While the sticky ends in the 6bT5 and 6bT3 overhangs
are identical, the former are overall longer, which leads to
stronger entropic repulsion and thereby less favorable hy-
bridization. Second, based on their longer overall length,
the 6bTS overhangs exhibit higher and wider energy barri-
ers than both 4bT5 and 6bT3 overhangs. The longer length
also implies that the location of the energy minimum for
the 6bTS overhangs is the most shifted to wider hinge an-
gles. Interestingly, the free energy landscapes for the 4bT5
and 6bT3 overhangs with different linkers and stick ends
but identical overall lengths exhibit similar locations of their
minima.

The above results thus demonstrate that the lengths of
the linker and sticky portions of the overhangs both affect
the stability of the hybridized state of the overhangs and
the height and width of the energy barrier. In general, long
sticky ends with short linkers will prefer the fully hybridized
state (e.g. 6b3T overhangs) and short sticky ends with long
linkers will prefer to stay dissociated (e.g. 4b5ST overhangs).

Bare hinge and overall free energy landscapes

Having thoroughly studied the free energies Gy ;(#) of indi-
vidual overhangs, we next investigated the free energy land-
scape Gpp(0) of the bare hinge and the free energy landscape
Ghinge(0) of the full hinge complete with al// the overhangs.
The computed free energy landscape of the bare hinge
is shown in Figure 7A. The landscape exhibits a largely
parabolic shape with a minimum at 80°, which matches
very well with the equilibrium hinge angle measured exper-
imentally (22). However, the energy landscape rises much
more steeply compared to that inferred from the experimen-
tal hinge-angle distribution (Figure 7A and Supplementary
Figure S8). This difference could arise due to various fac-
tors not accounted in our model, including hinge deforma-
tions, structural defects, and ionic and solvation effects, that
might relieve the stresses associated with closing the hinge
arms. Hence, we chose to use the bare-hinge landscape de-
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rived from experiments to keep all subsequent analyses as
realistic as possible.

The experiments studied hinges with 10, 20 and 30 over-
hang connections corresponding to one, two, and three
pairs of overhangs located at each of the positions Cl
through C10 on the hinge arms (see Figure 1A). Consis-
tent with these experiments, we attempted to compute the
cumulative free energy Gon(0) = Y ;Gon :(0) contributed by
10, 20 and 30 pairs of overhangs. However, we found that
the overhang pair attached at C1 closest to the vertex con-
tributed excessively large steric repulsion for angles smaller
than 10° (Figure 7B, dashed lines), essentially preventing
the hinge from closing its arms even at the highest salt con-
centration considered here. This is not consistent with ex-
periments which clearly show hinges in the closed state ex-
hibiting near-zero bending angles. We therefore speculate
that the experimental hinges did not properly incorporate
these overhangs close to the vertex or that the hinge joint
expanded slightly to mitigate the steric repulsion arising
from the strongly squeezed C1 overhangs, an effect that is
not accounted for by our planar and impenetrable repul-
sion planes. In addition, the interhelix spacing tends to open
up in between crossover junctions, which can provide some
room for the overhangs to occupy and reduce steric repul-
sion. Thus, for all remaining analyses, we considered only
the overhangs attached at locations C2 through C10, that is,
examining hinges with 9, 18 and 27 overhang connections.

Figure 7C and D presents the overall free energy land-
scape of the hinges with 9, 18, and 27 connections at low and
high salt concentrations (0.2 and 1.2 M), obtained by sum-
ming up contributions from the bare hinge and each over-
hang pair. Our results reveal that all three hinges strongly
prefer to remain open at [Na*] = 0.2 M, and their closed
conformation appears only as a metastable state. In addi-
tion, the relative stability of the open state (with respect to
the closed state) increases from ~15 to 36 kg7 as the num-
ber of connections increases from 9 to 27. In contrast, the
hinges strongly prefer the closed state at high salt concen-
tration of 1.2 M. The relative stability of the closed state in-
creases from roughly 13 to 45 kg T with increasing number
of connections. Interestingly, the open and closed states are
separated by a fairly broad energy barrier (spanning >20°)
whose height also rises with increasing number of connec-
tions (from ~18 to 47 kgT). The generally broad and flat
shape of this barrier largely arises from the superposition
of barriers contributed by individual overhangs, which are
much narrower and offset from each other. These results
thus demonstrate how changes in salt concentration could
be used to drive the hinges from the open to the closed con-
formation, and vice versa, how changing the number of the
connections can be used to sharpen the relative stabilities of
the open and closed states and modulate the height of the
barrier separating the two states.

The hinges explored above considered a fixed distribution
of overhang positions, namely, equal number of overhangs
at each of the attachment sites C1-C10. However, this dis-
tribution could also be used as a variable to tune the actua-
tion response of the hinges, given the sensitivity of overhang
free energy landscapes to attachment positions (Figure 4).
For instance, overhangs attached very close to the hinge ver-
tex (e.g. at position C1) facilitate early closing of the hinge,
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i.e. at large angles, but due to strong steric repulsion, such
overhangs cannot fully close the hinge arms. Furthermore,
these overhangs introduce a large barrier to hinge closing,
and a free energy of hybridization that is favorable at both
weak and strong ionic conditions. This suggests that hinges
containing only these overhangs will stay partially open, ir-
respective of ionic conditions, and will thus be unable to
undergo salt-mediated actuation. In contrast, overhangs at-
tached at intermediate distances (e.g. at positions C2 to C5)
should allow the hinge arms to close fully. With increasing
distance from the vertex, these overhangs present increas-
ingly smaller barriers and smaller angles for initiating the
hinge-closing transition. While these overhangs also display
a propensity to stably hybridize under weak and strong ionic
conditions, they do so with lower stability at low ionic con-
centrations. This implies that with a sufficiently large bar-
rier to hinge closing contributed by the bare-hinge land-
scape, these overhangs should be able to support reversible
actuation of hinges via changes in salt conditions. Lastly,
overhangs attached far from the vertex (e.g. at positions C6
to C10) not only present small energy barriers but also the
hybridization thermodynamics necessary for reversible salt-
mediated actuation, that is, stable hybridized state at high
ion concentration and stable dissociated state at low con-
centration. However, these overhangs on their own would
introduce a narrow energy barrier that does not provide
sufficient angular distinction between the open and closed
states; in other words, the open hinge state would still allow
very small angles to be sampled. Thus, a wide distribution
of overhangs spanning distances both proximal and distal
from the vertex (but not too proximal like the C1 overhangs)
would help produce a broad energy barrier for stronger sep-
aration of the open and closed hinge states. Such distribu-
tion of overhangs will importantly also prevent accumula-
tion of large energy barriers that might result from colocal-
ization of individual energy barriers contributed by over-
hangs attached at similar distances from the vertex. Inter-
estingly, our experiments inadvertently used such a distri-
bution strategy to achieve rapid actuation of hinges with
millisecond time scales (22).

DISCUSSION

We used molecular simulations to investigate the free energy
landscape of reconfigurable DNA origami hinges, specif-
ically to elucidate how collective hybridization and dehy-
bridization of short, single-stranded DNA connections be-
tween hinge arms triggered by changes in salt concentra-
tion could be used to actuate the hinges between open and
closed conformations. To tackle this computationally chal-
lenging problem, we devised a strategy where the overall
free energy of the hinge was decomposed into contributions
arising from the bare hinge and from the individual DNA
overhangs attached at different locations on the arms. The
two contributions were then separately computed using ef-
ficient methods tailored for sampling global hinge motions
and local base-pairing interactions, enabling the free en-
ergy landscape of the hinges to be determined within rea-
sonable computational costs. Such breakdown of free en-
ergies also helped us gain crucial insights into the roles of
individual hinge components in dictating the overall actua-



558 Nucleic Acids Research, 2020, Vol. 48, No. 2

tion response of the hinges. From a broader perspective, this
strategy could enable challenging free-energy calculations
on other large DNA structures and biomolecular complexes
such as proteins involving large, rigid components with fast
relaxation times and small, associating elements with slow
relaxation times.

Our calculations revealed the free energy landscape of in-
dividual overhang pairs attached on the hinge arms, pro-
viding one of the first detailed picture of DNA hybridiza-
tion under angular confinement. The landscapes were found
to exhibit a sharp minimum at small angles and a broad
barrier at intermediate angles that are respectively flanked
by a steep repulsive wall at smaller angles and a plateau at
larger angles. We analyzed the molecular origins of these
features, revealing that: the energy barrier arises from the
combined effect of the unhybridized configurations of the
overhangs incurring confinement-induced entropy loss and
electrostatic repulsion, and the partly and fully-hybridized
configurations undergoing distortion to form base pairs;
the energy minimum arises from the increased stabilization
of the hybridized state brought about by confinement that
more than compensates the accompanying entropy loss and
electrostatic repulsion; and the repulsive wall arises from
steric compression of the overhangs. Interestingly, the tilted
confinement imposed by the hinge arms was found to stabi-
lize the hybridized state of the overhangs, which preferred to
stay dissociated in the absence of confinement. We showed
how free strands incur much larger entropic penalties to hy-
bridization as compared to confined ones whose conforma-
tional freedom is already quite restricted due to the hinge
arms at large hinge angles. Our results thus reveal a funda-
mental distinction between DNA hybridization under an-
gular confinement versus that in solution. These findings
on confined hybridization of end-tethered DNA strands ex-
tends beyond the case of salt-mediated actuation; for in-
stance, such a scenario appears during DNA-mediated as-
sembly of faceted nanoparticles into crystals where the sur-
faces of particles are brought into close proximity at paral-
lel or tilted angles through hybridization of surface-tethered
DNA strands (33).

We also studied in detail how the overhang landscapes
were impacted by their length and attachment position, and
salt concentration. As expected, longer sticky domains in
the overhangs led to deeper minima, or stronger hybridiza-
tion. Overall longer overhangs, irrespective of whether the
length is added to the sticky or linker portions, led to higher
energy barriers, which was explained in terms of the in-
creased confinement entropy loss incurred by the longer
strands. Placing the overhangs farther from the vertex re-
sulted in lower energy barriers, which are also wider when
the free energy was plotted as a function of the distance
between the complementary overhang attachment sites but
narrower when plotted in terms of hinge angle. The first two
effects are not so obvious. These were rationalized based on
how surface-tethered overhangs exhibit a cone-shaped con-
formational distribution and how differently two such dis-
tributions interact with each other for overhangs attached
at different distances from the hinge vertex. The last effect is
obviously geometric given that a distant overhang requires
smaller changes in hinge angle to traverse the same distance
as an overhang attached proximally to the vertex. Lastly,

salt concentration seemed to only predominantly affect the
landscapes of distal overhangs, causing increased stabiliza-
tion of the hybridized states with increasing concentration
as would be expected from electrostatic screening effects.
The landscapes of proximal overhangs were negligibly af-
fected, which we attributed to the dominance of steric ef-
fects in such overhangs. Our results thus suggest that: the
hybridization strength of the overhangs is best tuned by the
length of their sticky ends; the barrier to hybridization is
best tuned by the attachment position or length of the linker
regions of overhangs, and salt-mediated actuation is best
carried out by overhangs distal from the vertex.

Finally, we analyzed the overall free energy landscape
of the full hinge obtained by combining the landscapes
computed for all overhangs and the bare hinge. Such a
landscape holds crucial information about the actuation
behavior of the hinges: First, the salt dependence of the
free energy difference AG.([Na*]) between the closed
(c) and open (o) states dictates the actuation response
P.([Na*]) of the hinges via P. >~ exp(—AGe.,/kgT)/[1
+ exp (= AGe,/kpT)], where P.([Na*]) is the equilibrium
probability of observing the closed state. Second, the shape
of the energy landscape governs the kinetics of actuation;
for instance, based on Kramers theory (39,40), the rate con-
stant k of the hinge-closing transition would be given by &
~ koexp (—AGy.o([Na*])/kgT), where AGy., is the height
of the energy barrier (b) relative to the open state and kg
is related to the solvent friction coefficient and the curva-
tures of the free energy minimum and barrier. We started by
examining the landscapes of three experimentally-studied
hinge designs containing different numbers of overhang
connections distributed evenly across the hinge arms. The
computed landscapes exhibited an energy minimum at the
closed state and a broad energy barrier separating the closed
and open states. The landscapes nicely captured the increas-
ing propensity of the experimental hinges to remain open (at
low salt) or closed (at high salt) with increasing number of
connections. The landscapes further revealed proportional
increase in the height of the barrier with the number of con-
nections, suggesting that while simple scale-up of the num-
ber of connections helps sharpen the actuation response of
the hinge, it could also lead to slower actuation kinetics.
Next, we demonstrated how the actuation response and ki-
netics, related to features of the landscape, could be tuned by
manipulating the positional distribution of the overhangs,
enabling combinations of sharp or dull actuation responses
with fast or slow kinetics to be achieved. This feature along
with the ability to tune and predict individual energy land-
scapes contributed by each overhang pair should enable de-
sign of hinges with the desired responses and kinetics.

While our computations provided many useful in-
sights and predictions on confined hybridization and salt-
mediated actuation, several approximations in the approach
may limit its accuracy and applicability. First, the oxDNA
model used for modeling the hinge in our approach uses a
Debye-Hiickel approximation to treat electrostatic screen-
ing by ions. Hence, our approach is limited to studying ac-
tuation by monovalent ions such as Na*, and not multi-
valent ions such as Mg”* and Spd3* that have more com-
plex effects. Second, our previous work showed that DNA
hinge joints allow for some secondary motions like slid-



ing and twisting, in addition to its primary bending mo-
tion. These additional modes, which could provide oppor-
tunities for the hinge arms to relieve strong steric repulsion
from the overhangs at small hinge angles, are currently ig-
nored in our free energy calculations, which assume a sin-
gle reaction coordinate, the hinge angle. Third, the repul-
sion planes we used for enabling the otherwise computa-
tionally challenging overhang free energy calculations treat
the hinge arms as rigid planes. In reality, the hinge arms
display a corrugated surface, with gaps between DNA he-
lices that become wider between crossover junctions, and
the arms can also potentially undergo deformation during
severe compression of the overhangs. As discussed earlier,
both these effects could also help mitigate steric interac-
tions between overhangs at small hinge angles. Fourth, the
overall free energy landscapes presented in Figure 7C and D
for hinges with 18 and 27 overhang pairs assumed that all
copies of overhang pairs at positions C2—C10 exhibit iden-
tical free energies. However, this may not be true as part
of these copies of overhangs may be attached at the outer-
most helices, where they will experience lesser confinement
effects. Further work is required to address each of these
effects and to improve upon these approximations to pro-
vide finer, more accurate descriptions of salt-mediated ac-
tuation.

CONCLUSION

We recently proposed a new approach for actuating DNA
nanodevices that involves integrating short, complemen-
tary ssDNA overhangs to their structural elements, which
can then be latched together or unlatched via collective hy-
bridization or dehybridization of the overhangs triggered by
changes in solution ionic conditions. In this study, we used
molecular simulations and free energy calculations to estab-
lish the molecular-thermodynamic basis of this actuation
approach, using DNA origami hinges as our model system.
To enable calculation of free energies at reasonable costs, we
decomposed the overall free energy of the hinge into contri-
butions from the bare hinge and from each pair of overhang
attached to the hinge arms, allowing each contribution to
be computed separately in a tractable manner. The result-
ing free energy landscapes revealed the stable, metastable
and transition states exhibited by the hinges, and also pro-
vided predictions on the relative stability of the open ver-
sus closed states of the hinges and of the height of energy
barrier separating the two states. Our free energy decom-
position strategy allowed us to dissect these features of the
landscape in terms of contributions from the bare hinge and
from each hybridizing pair of overhangs. By elucidating the
dependence of the overhang free energy contributions on
salt concentration, we were able to uncover the molecular
origins of our salt-based actuation method. Furthermore,
by elucidating the effects of the length, sequence, and at-
tachment position of the overhangs, we were able to provide
simple guidelines for designing and tuning the actuation be-
havior of the hinges. Lastly, we discovered a stabilizing role
of confinement on the hybridization between tethered DNA
strands, an effect that has applications beyond this actua-
tion method. Together, these results provide a significantly
deeper fundamental understanding of the mechanism be-
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hind a new, promising approach for reconfiguring nanode-
vices.
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