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Abstract

As detailed structural characterizations of large
complex DNA nanostructures are hard to ob-
tain experimentally, particularly if they have
substantial flexibility, coarse-grained modeling
can potentially provide an important comple-
mentary role. Such modeling can provide a de-
tailed view of both the average structure and
the structural fluctuations, as well as provid-
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ing insight into how the nanostructure’s design
determines its structural properties. Here, we
present a case study of jointed DNA nanostruc-
tures using the oxDNA model. In particular,
we consider archetypal hinge and sliding joints,
as well as more complex structures involving
a number of such coupled joints. Our results
highlight how the nature of the motion in these
structures can sensitively depend on the pre-
cise details of the joints. Furthermore, the gen-
erally good agreement with experiments illus-
trates the power of this approach, and suggests
the use of such modeling to pre-screen the prop-
erties of putative designs.

DNA nanotechnology, in which DNA is used
as a self-assembling engineering material to cre-
ate structures and devices on the nanoscale,
has seen spectacular progress over the last
15 years.1 The most widely-used approach
has probably been DNA origami,2 in which
a long “scaffold” strand is folded up into al-
most any arbitrary structure made of arrays
of double helices by the addition of many
short “staple” strands. The first origamis, in-
troduced by Rothemund in 2006,3 were two-
dimensional, but approaches to generate 3-
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dimensional4 and twisted and bent5,6 struc-
tures soon followed. Origami’s rise was fur-
ther aided by the development of user-friendly
computer-aided design tools.7 This structural
control, coupled with origami’s inherent ad-
dressability, has led to a diverse range of po-
tential applications for DNA origami includ-
ing drug delivery,8–12 nanoplasmonics,13,14 na-
noelectronics,15 inorganic nanoparticle synthe-
sis,16 measurement of intermolecular interac-
tions,17,18 and as nanopores,19–22 rigid handles
for tweezing,23 nanosensors,24 biosensors,25,26

and supports for protein cryoEM.27

Here, our focus is on flexible DNA origami
nanostructures. Typically, the arrays of DNA
helices in an origami that are bound together by
the crossing of strands at 4-way junctions lead
to origamis having very stiff structures, par-
ticularly so for 3D origami. For example, the
persistence length of an origami 6-helix bundle
has been measured to be of the order of 1.9
µm.28 To engineer flexible structures, distinct
pseudo-rigid blocks are usually loosely coupled
by single-stranded sections. Tensegrity struc-
tures, where the separate rigid origami blocks
are held in place by long single strands un-
der tension to give a well-defined overall struc-
ture, provide an extreme example of such a
coupling.29 Often, the introduced flexibility is
to allow angular motion,30 perhaps only after
the induced unbinding of critical staple strands,
as in the case of containers that open due to
strand displacement31,32 or aptamer binding.9

Similarly, the fixing of a flexible origami into
a single configuration by molecular binding has
been used as the basis for potential measure-
ment devices.18,24

The Castro group have systematically ex-
plored the development of archetypal joints
for DNA origami, e.g. a “hinge” that allows
1D angular motion, and a “slider” that al-
lows 1D linear motion, including the tuning of
their flexibility and range of motion by vary-
ing the properties of the single-stranded link-
ing strands.33–36 These basic motifs can further
be used as building blocks to render more com-
plex mechanical behavior, such as crank-sliders,
Bennett linkages,34 and bi-stable switches.37 It
is some of these jointed nanostructures that will

be the focus of the current paper, because they
provide representative examples of a wide class
of flexible nanostructures.

Such nanostructures can naturally form the
basis for devices that apply or measure me-
chanical forces. For example, the tension in
DNA bridging the ends of a hinge origami has
been utilized to study the unwrapping of nucle-
osomes.38,39 Similarly, the change in the equi-
librium structure of a hinge origami has also
been used to measure the interactions between
nucleosomes.17 There have also been proposals
for force-applying devices based on sliders.40

However, one of the difficulties in designing
flexible origami structures is that it is hard
to predict the flexibility and range of motion
a priori, it being sensitive to the length and
sequence of the usually single-stranded cou-
pling strands, the excluded-volume constraints
from the pseudo-rigid origami blocks and elec-
trostatic repulsions. A major difficulty is the
single-stranded sections. Firstly, once beyond
a certain length there is the likely formation
of secondary structure, such as hairpins. In
principle, this could be avoided by choosing a
sequence that would not form any secondary
structure, however, sequence is not usually an
available variable for origami design, as it is
fixed by the viral scaffold. Secondly, even
without secondary structure, simple polymer
models such as the freely-jointed chain or the
worm-like chain cannot fully capture the be-
havior of ssDNA, because of the combined ef-
fects of excluded volume and the stacking inter-
actions between bases. For example, as fully-
stacked single-stranded DNA (ssDNA) is effec-
tively shorter than unstacked ssDNA, and the
degree of stacking varies substantially as a func-
tion of the tension in the strand,41 its contour
length is not a well-defined property indepen-
dent of the degree of stacking.

One of the most common ways to measure the
flexibility of origamis experimentally is to char-
acterize many, say TEM, images of the struc-
tures on a surface, thus allowing one to obtain
probability distributions for the structural vari-
able of interest (e.g. angle for a hinge origami).
Aside from possible limitations due to resolu-
tion and the possible effects of the surface or
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staining on the origami geometry, there is a
more fundamental issue of heterogeneity. As
the measurements are on ensembles of struc-
tures, rather than following the motions of a
single device, some of the variation in a prop-
erty might be due to heterogeneity in the pop-
ulation of devices due to structural imperfec-
tions (e.g. missing or incorrectly-bound staples)
rather than the intrinsic range of motion for the
ideal defect-free origami. Although the quality
of origami structures has been studied for some
examples,42 how close experimentally-realized
origamis are to their ideal designs is still very
much an open question.

Small-angle x-ray scattering provides an in-
teresting alternative structure determination
method and has the potential to provide in-
formation about origami structures in solu-
tion.43,44 However, the resulting curves usually
have to be compared to the predictions from a
structural model, and will also reflect any struc-
tural heterogeneity.

Therefore, modeling has potentially a par-
ticularly significant role in helping to under-
stand flexible origamis both by visualizing their
structures and range of motion, and by pro-
viding a greater microscopic understanding of
how the behavior can be modified by changes
to the design. All-atom simulations would be
desirable, as they can potentially provide the
greatest level of detail. However, although such
simulations have been performed for a num-
ber of examples,21,45,46 they are computation-
ally extremely demanding and this cost means
that they cannot be routinely performed. Fur-
thermore, so far all-atom simulations have only
been applied to relatively stiff origami. Simu-
lating over long enough time scales to capture
the motion of a flexible origami would be an
extreme challenge.

Towards the opposite end of level of detail
and computational cost, “CanDo” uses a finite-
element approach to model origami as elas-
tic rods (representing the helices) connected
by different motifs, such as 4-way junctions,
whose mechanical properties have been param-
eterized.47–50 By minimizing the energy in the
model, the mechanical equilibrium structure
can be obtained, and by computing the nor-

mal modes of this equilibrium structure the
fluctuations of the structure can be estimated
using equipartition.48 More recently, a Brown-
ian dynamics approach has been developed to
provide dynamical trajectories for the model.50

CanDo can provide rapid and reliable predic-
tions of origami structure, and so has proved
to be an extremely useful and widely-used tool
for the DNA nanotechnology community. How-
ever, CanDo cannot so usefully be applied to
the flexible structures considered here, chiefly
because it does not have any explicit represen-
tation of excluded-volume interactions, which
play a key role in constraining the motion in
these flexible structures (see Fig. S1).

In between these all-atom and mechanical
models are coarse-grained models at the nu-
cleotide level that start with a simplified rep-
resentation of the internucleotide interactions.
Although there are a wide number of such mod-
els,51–57 here we use the oxDNA model41,58,59

as it has been parameterized with DNA nan-
otechnology in mind, and has been very suc-
cessfully used for a wide variety of such appli-
cations.60–67 In particular, it has been shown
to be able to accurately reproduce the ba-
sic mechanical properties of duplex59,68,69 and
single-stranded41 DNA, as well as the struc-
ture of “stiff” origamis,59,67,70 making it ideally
suited to study the jointed origami nanostruc-
tures that are the focus of this paper. Men-
tion should also be made of a recently devel-
oped pseudo-rigid body model at an even more
coarse-grained level of detail specifically devel-
oped for the jointed nanostructures of the Cas-
tro group that treats each section of the origami
as an elastic object.52

Specifically, we will consider the basic hinge
and sliding joints developed by the Castro
group, and their combination in a crank-slider
where angular and linear motion are coupled,
and in a Bennett linkage that has coupled angu-
lar motion.34 We will particularly focus on how
the flexible coupling between the different sec-
tions plays a critical role in the observed behav-
ior. Furthermore, the generally good agreement
between our simulations and experiment shows
the potential for oxDNA to be used to prescreen
putative origami designs to check they have the
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required properties prior to experimental real-
ization.

Results and Discussion

Our basic approach is simple, but computation-
ally demanding. We run multiple molecular dy-
namics simulations of each design until the to-
tal simulation time is sufficient to provide well-
converged distributions for the slowly-varying
structural descriptors that we use to character-
ize the flexible motion of the nanostructures.
For example, in Fig. S3 we show the fluctua-
tions of the hinge angles with time to illustrate
the time scales associated with the relative dif-
fusive motion of the two halves of these hinges.
Movies for example trajectories for each design
are also available as part of the Supporting In-
formaiton.

Rotary motion: Hinges. We have studied
two versions of rotationally constrained hinges
that were studied experimentally in Ref. 34 and
which are illustrated in Fig. 1. They are com-
posed of two 18-helix bundle (hb) stiff arms
(3 × 6 square lattice) which are aligned along
an edge by flexible ssDNA scaffold connections.
There are two types of ssDNA connections both
of which connect helices adjacent to the axis
of rotation. Firstly, there are three short 2-
nucleotide (nt) scaffold connections between nu-
cleotides that are at the edges of the bundles,
and which effectively define the rotation axis.
Secondly, there are three longer connections (16
nt and 30 nt for “hinge-1” and “hinge-2”, re-
spectively) between nucleotides on the opposite
sides of the helices, which act to constrain the
motion of the hinge. For the case of hinge-2
there are also two 12-nt staples that bind to
each of the longer connectors to provide a phys-
ical constraint preventing secondary structure.
The connectors are highlighted in the close-ups
of the hinge region in Fig. 1(c–f). For both the
hinges, there are also two rows of helices on the
lower arm which provide a physical constraint
disfavoring the opening of the hinges to very
large angles.

Example configurations for both hinges are
shown in Fig. 1(a) and 1(b) with the probabil-

ity distributions for the hinge rotation angle θ
in Fig. 2. The two hinges have dramatically
different angle distributions with hinge-1 being
more open and much more flexible, and hinge-2
favoring more closed configurations and having
a much narrower range of motion.

The effects that disfavor more closed configu-
rations are electrostatic repulsions between the
origami arms, and the loss of entropy result-
ing from a more extended configuration of the
longer connector. The latter is more significant
in hinge-1 both because of the shorter connec-
tors and their purely single-stranded character
— the alignment of the two 12-bp double heli-
cal sections in each hinge-2 connector requires
less loss in entropy.

The factors that disfavor the more open state
of the hinges are the loss of conformational en-
tropy of the longer connectors, this time as they
become confined to a smaller volume between
the ends of the two arms, the self-interactions
in the connectors that this confinement induces,
and for very open configurations direct repul-
sive interactions between the two arms. The
confinement-induced interactions are particu-
larly problematic for hinge-2, as is evident from
Fig. 1(b) and 1(f), as the small single-stranded
gaps between the two duplex sections for each
connector make it difficult for the duplexes to
avoid each other, and are likely to be the main
reason this hinge only adopts relatively small
hinge angles.

If we now compare our results to the experi-
mental distributions in Ref. 34, our results for
hinge-1 look promising, with the position of
the maximum at a very similar angle (∼70◦ for
oxDNA compared to ∼80◦ in the experiment).
The main difference is that the experimental
distribution is slightly wider and more symmet-
ric with very open configurations more proba-
ble. We note that the effect of the potential het-
erogeneity in the experimental origamis, men-
tioned in the introduction, would most likely to
lead to greater variation in a property.

By contrast, our results for hinge-2 are very
different from experiment. Both experiment
and simulation find hinge-2 to be more closed
than hinge-1, but oxDNA’s most likely hinge
angle is 30◦ smaller than experiment and the
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Figure 1: Typical configurations for (a) hinge-1 and (b) hinge-2. (c and d), (e and f), and (g and
h) provide a close-up of the hinge region of hinge-1, hinge-2, and hinge-2 without the single-domain
staples that are designed to bind to the longer connecting strands, respectively. The scaffold strand
is dark blue and staples yellow with the very short connecting strands at the hinge joint in cyan,
longer scaffold connectors in red and any single-domain staples binding to the connectors in green.
The full definition of the hinge rotation angle θ is provided in Fig. S2.
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Figure 2: Probability distributions of the hinge
angle for (a) hinge-1, (b) hinge-2 and (c) hinge-
2 without the single-domain staples bound to
the single-stranded connectors between the two
halves of the hinge. Also given are the mean
and standard deviations of the distributions.

distribution is very much narrower. What
could be the cause of this big difference?
Given oxDNA’s numerous quantitative suc-
cesses at reproducing the geometric and me-
chanical properties of DNA and its assem-
blies,66,67,71 it seems unlikely to us that it is
simply due to some major failing in the model.
This is particularly so given the similarity of the
simulation and experimental results for hinge-1.

In the experiments, prior to imaging, the
origamis are purified by electrophoresis, thus
separating them from the excess of staples.
Thus, if a staple dissociates from the origami
during or after this process it is unlikely to be
replaced. This is particularly pertinent to the
short 12-nt single domain staples that are de-
signed to bind to the connecting strands. As
the interactions involving these duplex sections
are the major reason for more open states of
the hinge being unfavored, their absence in the
imaged origamis could be the reason for the dif-
ferences between the oxDNA and experimental
distributions.

To test this hypothesis, we also simulated
hinge-2 but without any staples bound to the
longer connectors. The resulting angle distribu-
tion is presented in Fig. 2(c) along with example
configurations in Fig. S4. The hinge now both
adopts a much more open configuration and is
much more flexible. Indeed, the most likely an-
gle (∼50◦ for oxDNA) is essentially the same
as for the experimental distribution, although,
similar to hinge-1, the simulation distribution
is slightly narrower. Thus, these results pro-
vide significant support for our suggestion that
the staples that are designed to bind to the con-
necting strands are not present in the imaged
hinges.

Looking at the detailed configurations of
the single-stranded connectors it is apparent
that when in a more open state they have a
strong tendency to form hairpins, whereas they
form much less secondary structure when in a
more closed configuration (Figs. 1(g) and 1(h)).
Thus, this secondary structure is one of the
drivers for the hinge to adopt a more open con-
figuration.

Linear motion: Sliders. Next, we con-
sider the two sliders investigated in Ref. 34.
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Figure 3: (a) and (c) represent an average configuration for slider-1 and slider-2, respectively, while
(b) and (d) give probability distributions for the extension. The same color scheme is used as in
Fig. 1. The extension is defined as the distance between the far ends of the sliding tube and the
base (see also Fig. S6).
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The structures, which are illustrated in Fig.
3, consist of an inner 6-helix bundle that is
surrounded by an outer sliding tube of 30 he-
lices. The translational motion of the tube is
restricted by a 42 helix-bundle at the base of
the 6-helix-bundle spindle and also by single-
stranded connectors between the sliding tube
and both the base and the end of the spindle.
In the two versions of slider, the number, length
and nature of these connectors differ, as well
as the length of the spindle, facilitating differ-
ent ranges of linear motion. In “slider-1”, the
sliding tube is connected to the base by six 49-
nucleotide connections and to the other end of
the spindle by six 28-nt connections. By con-
trast, “slider-2” has two 86-nt connections be-
tween the sliding tube and the base and two
96-nt connections between the tube and the end
of the spindle. As with hinge-2, single-domain
staples that bind to these connecting strands
are also part of the design. However, they will
also significantly affect the mechanical proper-
ties of these linkers. Rather than exhibiting
the force-extension behavior of single-stranded
DNA, these connectors are better thought of as
a series of rigid double helical units connected
by short flexible single-stranded sections, and
will have a significantly smaller effective force
constant than single-stranded DNA. In version-
2 of the slider all of the connectors have three
18–20 nt staples bound to them, whereas in
version-1 each of the connectors between the
sliding tube and the base have two 15-nt sta-
ples but the connectors at the other end of the
slider are single-stranded.

A typical configuration for slider-1 is shown
in Fig. 3(a). It is noticeable that the slid-
ing tube is held close to the end of the spin-
dle. This simply reflects the much greater stiff-
ness of the single-stranded connectors between
the spindle end and the tube compared to the
staple-covered connectors between the tube and
the base. Consequently, the extension distribu-
tion (Fig. 3(c)) is comparatively narrow reflect-
ing the relatively small thermal fluctuations in
the position of the sliding tube. In particular,
the tube never gets close to the base; their av-
erage separation is 11.7 nm with a standard de-
viation of only 0.7 nm (Fig. S8(a)).

Comparing to the experimentally-measured
extension distribution, although the maximum
extensions are similar, in experiment the slider
was found to exhibit a much wider range of ex-
tensions with some configurations with the tube
very close to the base. Given the simple phys-
ical origin of the narrow extension distribution
and the general ability of oxDNA to capture
DNA’s mechanical properties, to us this implies
that the experimentally observed origamis can-
not all have the ideal structure. In particular, a
loss of any of the 15-nt single-domain staples on
the connectors between the tube and the base
would lead to an increase in their stiffness and
hence a shift of the extension to shorter dis-
tances.

A typical configuration of slider-2 is shown in
Fig. 3(b), and the extension distribution in Fig.
3(d). Firstly, the extension is larger than for
slider-1 simply due to the longer spindle in this
case. Secondly, because of the fewer number of
connectors and because all are staple-covered,
the extension distribution is significantly wider
than for slider-1. Interestingly, even though all
the connectors are similar, the sliding tube is
likely to be found closer to the end of the spindle
(average separation 13.9 nm) than to the base
(average separation 19.6 nm) (see also Fig. S8).
The configuration in Fig. 3(b) gives us a clue
to this difference. The connectors between the
tube and the base must lie between these two
objects, whereas the connectors to the spindle
can project into the empty space beyond the
end of the spindle.

Comparing to experiment, our results cap-
ture the greater range of motion in slider-2 than
in slider-1, however our extension distribution
is still significantly narrower than experiment.
Again we suggest that this is likely due to a
heterogeneous population of origamis in the ex-
periment.

Coupled motion: a) Crank-slider. The
next origami that we consider, a so-called
“crank-slider”, couples linear and angular mo-
tion and consists of three hinge joints and one
sliding joint; it is illustrated in Fig. 4(a). The
hinge joints are similar to those of hinge-2 dis-
cussed above and consist of two 2-nt ssDNA
scaffold connections that define the hinge-axis
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Figure 4: (a) A typical configuration of the crank slider. (b) Joint probability distribution for the
hinge angle θ and extension x, plus individual distributions for (c) θ and (d) x. Fuller definitions
of these quantities are given in Fig. S10.
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and two longer 34-nt connections between the
neighboring helices. The sliding tube is con-
nected through two 52-nt connections to the
base and through two 77-nt connections to the
end of the spindle. Also, to prevent hairpin for-
mation in the longer hinge connections and the
slider connections, complementary staples of 12
nt and 16–20 nt have been used, respectively.

The coupling between the different joints con-
strains their behavior. For example, the angles
at the three hinge joints must add up to roughly
180◦. Thus, their average angles must be signifi-
cantly larger than that we found to be preferred
for the hinge-2 joint above.

One might expect that the combined effect
of the force constants of the individual joints
will be additive and tend to make the coupled
system significantly stiffer than that of the in-
dividual joints. However, that the variables
(i.e. hinge angle or extension) associated with
the multiple free-energy terms cannot all adopt
their optimal values in the preferred geome-
try of the coupled system leads to a flattening
of the landscape. For example, as the slider
moves, some of the hinge angles will move to-
wards their more preferred angle, while others
will move away. These effects are seen in our
results. The distribution for the chosen hinge
angle (Fig. 4(c)) has a very similar width to
that of hinge-2, while the extension distribu-
tion (Fig. 4(d)) is actually wider than slider-2
(its closest analogue).

From the 2-dimensional free-energy landscape
(Fig. 4(b)), the coupling between the slider ex-
tension and the chosen hinge angle is clear,
namely as the slider contracts the angle be-
tween the base and the connecting arm must in-
crease. This coupling is also very apparent from
the additional more extreme configurations il-
lustrated in Fig. S11. The coupled motion, as
indicated by the direction of softest curvature
in Fig. 4(b), is also very similar to that observed
experimentally and that expected on simple ge-
ometric grounds.72

When comparing the distributions to experi-
ment less can be said than for the hinges and
sliders because of the fewer number of experi-
mental data points. However, our data is fairly
similar with again a somewhat larger spread of

extension and hinge angle in the experiments.
Like with slider-2 we think that it is unlikely
that the 12-nt staples that are designed to bind
to the hinge connectors would be present under
observation conditions.

Finally, if we look at the detailed configura-
tions in Fig. 4(a) and Fig. S11, one can some-
times see that the bending is not fully localized
to the putative hinge axis. Instead, there is a
tendency for the helices connected by the short
connectors to bend away from their arms at the
nearest 4-way junction to the hinge.

b) Bennett Linkage. The last case study
that we consider is the Bennett linkage origami
created in Ref. 34 and illustrated in Fig. 5. It
consists of four arms and four hinges, with the
hinges on different planes thus allowing all four
hinges to close simultaneously in a cooperative
fashion to generate a compact closed config-
uration. The hinges, unlike those considered
so far, just consist of 2-nt connections on the
hinge axis with no further constraining single-
stranded connectors. As such the hinges would
be expected to be individually relatively free in
the angles they adopt. Each arm is a 4 × 4
16-helix bundle.

For the other origamis considered so far the
motion of the nanostructures occurs roughly in
a plane. However, the 3-dimensional motion of
the Bennett linkage makes it much harder for
this motion to be fully characterized from the
experimental microscopy images; a kinematic
analysis approach73,74 is used to infer as much
information as possible.72

We find that on average the linkage wants to
be roughly planar, although there are substan-
tial fluctuations from planarity in both direc-
tions (Fig. 5(c)). However, these fluctuations
are still a long way from a fully folded con-
figuration. This differs from the experiments
where, although the majority of configurations
seem to adopt a relatively open state, there are
some which exhibit substantial folding.72

The probability distribution of Fig. 5(d)
shows the coupled nature of the motion of the
Bennett linkage for the two angles that were di-
rectly measured in experiment, with a very sim-
ilar behavior being found. We can also examine
the coupling between the internal angles of the
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Figure 5: (a) A typical relatively flat configuration of the Bennett linkage. The hinges axes are
roughly perpendicular to the plane for the hinges on the left and the right, and in the plane for
the hinges at the top and bottom. (b) An example of a non-planar configuration. (c) Probability
distribution for θ, where θ is a measure of the non-planarity of the structures. (d) The joint
probability distribution of the angles β and α′, which are measures of the internal angles of the
polygonal shape. (e) Joint probability distribution for angles β and θ. The exact definitions of all
measured angles are given in Fig. S12.
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linkage and the non-planarity of the structure.
For example, Fig. 5(e) shows how the smaller
internal angle decreases as the linkage fluctu-
ates out of the plane to positive values of θ,
consistent with it adopting a more closed con-
figuration (a fully closed configuration would be
expected to have θ=180◦ and β=0◦).

Conclusions

Here, we have again demonstrated the ability of
the oxDNA coarse-grained model to accurately
capture the structural properties of large DNA
nanostructures,59,61,66,67,70 in this instance for
jointed DNA nanostructures where the flexibil-
ity is a particular challenge. Aspects of this
challenge include the long time scales associ-
ated with the relative diffusive motion of the
quasi-rigid components and the sensitivity of
the range of motion to the precise details of the
design of the joints. For the latter, it is im-
portant that the model is able to well describe
the properties of single-stranded DNA, such as
its force-extension behavior, its ability to form
secondary structure and the excluded-volume it
possesses. The ability to naturally capture the
unstacking that can occur at nicks and 4-way
junctions, and which allows helical sections to
bend considerably if relatively unconstrained by
other junctions as is sometimes the case near to
the joints of these nanostructures, may also be
important. These are all features that simpler
alternative tools may struggle to capture.

Our simulations of these jointed nanostruc-
tures are able to provide a much more de-
tailed visualization and characterization of their
structure than is possible through experimental
microscopy, including well-converged probabil-
ity distributions for the key degrees of freedom
associated with their motion, and joint distri-
butions that show the nature of the coupled
motion in the crank-slider and Bennett linkage.
This is particularly so for the Bennett linkage
where the 3-dimensional nature of the coupled
motion of the linkage means that it is harder to
infer from the experimental images.

These kinds of simulations can also provide
physical insight into the role of design features

on the structural properties. This is particu-
larly the case for the connectors at the joints,
where we have shown how small changes to the
design, such as the presence or absence of short
single-domain staples bound to the connectors,
can dramatically alter the motion. For exam-
ple, these single-domain staples not only inhibit
secondary structure formation but also signif-
icantly change the mechanical and excluded-
volume properties of the connectors.

The comparison of our results to experiment
is generally good. The main differences are that
the range of motion that we observe in our simu-
lations is generally somewhat more limited than
in the ensemble of structures in the experimen-
tal microscopy images. Although we cannot
rule out that this could simply be due to de-
ficiencies in the oxDNA model, given the previ-
ous successes of oxDNA in capturing the struc-
tural properties of large DNA nanostructures
and that the motion of these structures depends
on DNA properties that oxDNA captures well,
we feel that the main source of these differences
lies elsewhere. In particular, we should only ex-
pect the time-averaged properties of our single
ideal origami to be equivalent to that of the
experimental ensemble when all of the origamis
are assembled completely correctly. Instead any
heterogeneity in the ensemble of origamis will
lead to a broadening of the distributions since
they will represent a sum over a set of distribu-
tions for the different structures present. Po-
tential sources of assembly defects that would
not necessarily be evident from the electron mi-
croscopy images include missing staples (as we
have shown for hinge-2, such defects can po-
tentially have a very significant effect on the
properties when associated with the joints) or
more subtle defects associated with an incorrect
routing of the strands that gets locked in dur-
ing the assembly. This study also confirms the
potential utility of using oxDNA simulations in
not only rationalizing some of the behaviour of
already realized structures, as here, but also
in aiding the design process of complex DNA
nanostructures by testing the properties of pu-
tative designs.
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Methods

In this work, we use oxDNA, a coarse-grained
DNA model at the nucleotide level.41,58,59 In
particular, we use the latest version of the
model (“oxDNA2”) that has had the pitch
and the properties of nicks and junctions fine-
tuned in order to better reproduce the struc-
tural properties of DNA origamis.59 In oxDNA,
each nucleotide is represented by a rigid body
and the nucleotides interact with an effective
potential that has terms representing backbone
connectivity, excluded-volume interactions, hy-
drogen bonding between base pairs, stacking
interactions and electrostatic interactions be-
tween backbone phosphate groups. Solvent
is modeled implicitly as a dielectric contin-
uum, and we choose to use a salt concentra-
tion of [Na+]=0.5 M, which is representative of
the high salt conditions typically used for DNA
nanotechnology.

To generate configurations for the origami
structures, the original cadnano files were con-
verted to oxDNA format. The generated con-
figurations are typically not yet suitable as
starting points for molecular dynamics simu-
lations, as, due to their representation within
the cadnano file, some nucleotides may be sub-
ject to extremely large forces due to parti-
cle overlaps or extended bonds. Therefore,
the configurations are first “relaxed” using a
specially-adapted minimization algorithm. In
order to simulate large origamis with thousands
of nucleotides within a reasonable computa-
tional time, we use a GPU-enabled version of
our simulation code.75 To reproduce the effect
of the solvent in generating Brownian motion of
the nucleotides, we use a Langevin-like dynam-
ics algorithm based on a strongly-coupled An-
dersen thermostat.76 Due to the flexibility and
range of motion allowed for the origamis stud-
ied here, particularly long runs were required
to ensure converged probability distributions of
structural properties. For example, the sliders
were simulated for over 10 000 GPU hours.
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