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DNA origami is an excellent tool for building complex artificial nanostructures. Functionalization of these structures provides

the possibility of precise organization of matter at the nanoscale. In practice, efforts in this endeavour can be impeded by

electrostatic repulsion or other dynamics at the molecular scale, resulting in uncompliant local structures. Using single

molecule FRET microscopy combined with coarse-grained Brownian dynamics simulations, we investigated here the local

structure around the lid of a DNA origami box, which can be opened by specific DNA keys. We found that FRET signals for

the closed box depend on buffer ion concentrations and small changes to the DNA structure design. Simulations provided

a view of the global and local structure and showed that the distance between the box wall and lid undergoes fluctuations.

These results provide methods to vizualise and improve the local structure of three-dimensional DNA origami assemblies

and offer guidance for exercising control over placement of chemical groups and ligands.

Introduction

Due to the unique predictability of Watson—Crick base pairing,
DNA can be used to construct pre-defined artificial structures
ranging from nanometers to micrometers in size with a large
variety of shapes.! The dynamics of these structures are
programmable through DNA hybridization and thereby these
structures can serve as functional molecular devices.?2 Examples
of applications include nanorobotics arms based on a DNA
actuator with 11 states,> DNA origami nano-containers as
programmable delivery devices with the potential to respond to
cellular signals,* > and DNA devices for molecular computing
applications.®7 Many applications have very stringent structural
requirements, not just for the overall structure (size and shape),
but also for the local substructure given by the distance
between neighboring DNA helices, which can play an essential
role for the precise positioning of ligands. A fundamental
feature of DNA nanotechnology is the promise of accurate,
predictable spatial positioning of DNA and other components.
Yet, unexpected flexing and dynamics of the DNA double-
helices may produce structures that deviate significantly from
the expected design. Uncontrolled distortion of local
substructures can have a detrimental effect for many
applications, resulting in suboptimal outputs due to leakiness of
DNA based containers or biased signals based on nanoscale

distances used to monitor conformational changes and
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molecular processes in DNA nanotechnology. Nanoscale
organization of fluorescent matter on static DNA origami
structures has been reported with distance accuracy as little as
1.5 nm,® demonstrating the general feasibility of having large
DNA devices with precise control of the local structure.
However, many reconfigurable DNA devices have a more
flexible structure than predicted in their design.

Hollow, three-dimensional DNA structures have been reported
in different sizes and shapes,® 212 and proposed as DNA
containers and platforms for DNA computation, sensing, control
of enzymatic reactions and drug delivery.* 7:13. 14 A foundational
example is a DNA box with a lid that can open in response to
specific oligonucleotide keys, where lid opening was measured
by Férster resonance energy transfer (FRET) spectroscopy.* The
FRET process allows measuring distance changes with high
sensitivity and is used to monitor conformational changes of
reconfigurable DNA origami structures.’>17 As predicted, higher
FRET efficiencies were reported for DNA boxes in the closed
state compared to the open states. the FRET
efficiency only changed from ~0.2 in the closed state to ~0.0 in

However,

the open state. The closed state FRET efficiency was thus much
smaller than expected according to the DNA origami design,*
indicating that the local structure of the closed DNA box did not
conform to the expected structure. The same phenomenon has
been observed in other box-like DNA structures.”- 10

Here, we investigate the local structure near the lid and opening
mechanism of the original DNA box* by using fluorescence
spectroscopy, single molecule FRET microscopy (smFRET), and
Brownian dynamics (BD) simulations. Our FRET experiments
probe the local structure around the lid of the closed box, which
is sensitive to magnesium concentration and to subtle changes
in the DNA origami design.
concentration decreases electrostatic repulsion and leads to a

Increasing magnesium



Nanoscale

tighter closure of the lid of the DNA box structure. Box opening
was functional in the full range of magnesium concentrations
investigated in this study (0.0125-1.0 M Mg?*). Experimental
measurements are complemented by coarse-grained BD
simulations that show the box structure in the original design
deviates from its idealized orthonormal design and undergoes
~5 nm fluctuations at the interface between the box wall and
lid. Small changes in the DNA origami box design allowed
significantly decreasing these fluctuations in a more rigid
structure. Our work provides methods to determine and control
the local structure of large flexible DNA origami structures.

Experimental

DNA assembly and purification:

DNA origami boxes were prepared following original
procedures.* Briefly, M13 with a concentration of 16 nM and 5
times excess of staple strands in TAE-Mg2+ buffer (40 mM Tris-
acetate with 1 mM EDTA, pH 8.3 (Invitrogen) containing 12.5
mM MgCl, (Sigma-Aldrich)) were assembled by heating to 95 °C
and slowly cooling to room temperature in an 8 h process.
Similar procedures were used for the modified boxes (see ESI).
Four staple strands on the bottom of the box were biotin-
labelled on the 3’-end using Terminal Deoxynucleotidyl
Transferase (TdT, Roche), as previously described.’® The
annealed samples were purified using S-400 spin columns (GE
Healthcare Life Sciences).

Labelled DNA double stranded controls (see ESI for sequences)
were annealed in TAE-Mg?* buffer at 90°C for 5 minutes and left
to cool slowly over several hours.

Fluorescence spectroscopy:
Fluorescence spectra were
fluorimeter (Horiba Jobin-Yvon) using 65 pL quartz cuvettes at
25°C. Cy3 and Cy5 fluorescence were excited at 530 nm and 600
nm, respectively. DNA box concentration was ~20 nM. The
entrance and exit slits were 5 nm, and the integration time was
0.5 s. Relative FRET efficiencies were determined using the
(ratio)A method.?

recorded on a Fluoromax 3

smFRET

smFRET experiments were performed on surface immobilized
DNA box structures with prism based total internal reflection
fluorescence microscopy. DNA boxes with four biotins on the
opposite surface of the box lid were surface immobilized onto
the quartz coverslide chamber via BSA-biotin streptavidin
linkage at ~20 pM concentration. Excess sample was washed
out with buffer after 5 min incubation. The buffer was
thereafter exchanged with imaging buffer (20 mM Tris-HCI pH
7.5 (Sigma Aldrich), 100 mM KCI (Sigma Aldrich)) with
appropriate MgCl, concentration and an oxygen scavenging
system (1mM Trolox (Sigma Aldrich), 16.67 u/ml glucose
oxidase (Sigma Aldrich), 260 u/ml catalase (Sigma Aldrich), and
4.5 mg/ml B-D-(+)glucose (Sigma Aldrich)), and measurements
were performed. DNA box opening was imaged following the
addition of 5 nM DNA keys to the coverslide chamber.

The samples were illuminated using alternating laser excitation
(ALEX) of the donor and acceptor fluorophores at 514 and 630
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nm, and fluorescence was detected using an inverted wide-field
microscope (Zeiss) coupled to an EMCCD camera (Andor, iXon3
897). The integration time was 200 ms per image, and the EM
gain used was 100.

Data analysis was carried out in iSMS (version 1.03) using
MATLAB (MathWorks).?° Co-localized donor/acceptor spots
were identified and the corresponding fluorescence time traces
analyzed. Data not corresponding to single molecules, that
either showed multistep bleaching or high fluorescence
intensities, were removed from the analysis. FRET efficiencies
were ratiometrically determined after background and filter

corrections using Equation 1:
. Fap
T Fap +vIpp (1)

where F,p is the acceptor signal after donor excitation arising
from FRET, Ip|p is the donor fluorescence intensity and yis a
correction factor that accounts for the different quantum yields
and detection efficiencies of the donor and acceptor
fluorophores. » was directly from the
measurements from traces where the acceptor bleached first.2!
We obtained average y-values of 2.5 £ 0.4 for the original box,
of 1.7 £ 0.1 for the original box with both fluorophores situated
on the same face of the box and 1.9 £ 0.2 for the linked box: y-
values did not depend on magnesium concentration. smFRET
histograms were built based on the data arising from molecules
containing both active donor and acceptor fluorophores with
each frame yielding a count. Histograms contained ~100 or
more molecules, unless otherwise specified, and were fitted by
Gaussian distributions to determine FRET efficiencies of the
peak values. Uncertainties for determined FRET efficiencies are
mainly due to uncertainties from y-value determination.

determined

BD simulations:

The coarse-grained BD simulations were performed using an in-
house-developed and GPU-accelerated simulation package,
ARBD,?? and a recently developed workflow for modeling DNA
origami systems as previously described.?® Briefly, the model
was constructed by importing Cadnano 2.5%* as a Python
module to read and convert the origami box design to low- (~5
base pairs per bead) and high-resolution (2 beads per base pair)
polymer models, which were respectively used for initial
structural relaxation and for monitoring the distance between
FRET labeling sites. Harmonic bonded potentials were derived
from the experimentally determined bending and torsional
persistence lengths (50 and 90 nm, respectively).?> 26 Solvent
was represented implicitly by non-bonded interactions
between beads that were tuned against a potential of mean
force for the interaction between a pair of isolated dsDNA
fragments in 100 mM MgCl,.?” Crossover bonds between
adjacent helices were modeled using a harmonic potential
designed to reproduce a bond—length distribution previously
extracted from all-atom simulations of a DNA origami object
(Gaussian with ~1.8 nm center and ~0.3 nm width).28

The simulations of the box began with brief structural relaxation
using the low-resolution model, starting from an idealized
geometry. The high-resolution model was mapped into the
configuration of the low-resolution model after a 100 ns

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 9



Page 3 of 9

simulation where bonds longer than 10 nm (i.e. between the
box faces) were ignored. Subsequent simulation of the low-
resolution model lasted five microseconds, requiring
approximately two days of continuous simulation on a
workstation equipped with a GTX 1080Ti GPU. We note that the
effective timescale of the simulation is expected to be
significantly longer than five microseconds because the free
energy landscape of the coarse-grained model is much
smoother than an equivalent atomistic system.?® The precise
speed-up has not been determined.

Results and Discussion

The design of the DNA origami box enables the lid to be opened
in response to specific oligonucleotide inputs.* In its closed
position, the lid is held closed by two DNA locks. For each lock,
one strand of the double helix is attached to the front face of
the box, and the other strand to the lid. The two DNA strands
are not of equal length, which allows opening of the lid through
DNA strand displacement by adding external oligonucleotide
keys (Figure 1). Fluorophores are placed close to the front edge
in the middle of the lid and on the corresponding opposing box
face on attachment points separated by 3.2 nm in the closed
box design. As the fluorophores at these positions are expected
to point towards each other, they should be very close to each
other (Figure S1, ESI). This fluorophore configuration enables
FRET between the fluorophores to be used to sense changes in
box structure in response to lid opening. The FRET efficiency of
the closed state was previously determined to be only 0.27.4
This value naively corresponds to an average distance between
the two fluorophores of more than 6 nm, far greater than
expected from the design of the structure. The discrepancy
could be due to the lid not being as tightly closed as expected
or to a structurally heterogeneous sample containing both
closed and open structures.

smFRET microscopy allows monitoring conformational changes
in real time while obtaining a view of conformational
distributions and sample heterogeneity. smFRET histograms of
DNA boxes before DNA key addition showed a relatively narrow
FRET efficiency distribution centered at ~0.15 and no higher
FRET peaks (Figure 1b). We did not observe two distinct
subpopulations of opened and closed boxes, indicating that the
detected FRET efficiency arises primarily from a homogeneous
closed box population. After addition of DNA keys, only one
distribution, centered around zero, is observed in the smFRET
histogram. This change reflects a general increase in the
distance between donor and acceptor due to box lid opening,
which is also observed in single molecule time-traces (Figure S2,
ESI). The photophysics of the fluorophores and their interaction
with each other and with the DNA scaffold can also influence
the FRET efficiency.3%34 In about 70% of time traces, we
observed an increase in Cy5 fluorescence quantum yield
following box opening (Figure S2, ESI). DNA in the vicinity of the
Cy5 fluorophore or the presence of a close-by Cy3 fluorophore
are likely candidates to quench Cy5 fluorescence, which was
observed to be quenched by about 30%. Both effects were

This journal is © The Royal Society of Chemistry 20xx
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previously reported to affect Cy5 quantum yield.3% 35> Heavy
fluorescence quenching can lead to signal disappearance when
donor and acceptor fluorophores are very close to each other.3®
However, since the quenching was relatively small, it is unlikely
that it could mask stable high FRET states. Thus, the FRET
efficiency of ~0.2 found by both ensemble and single molecule
fluorescence studies arises from closed boxes, and this low
value suggests that the lid is not as tightly closed as expected
(Figure 1a, 2a and Figure S1, ESI).
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Figure 1: (a) 3D representation of the closed and open DNA box.* Fluorophores, Cy5 and
Cy3, are marked in red and green, respectively, DNA locks are marked in blue and DNA
keys in red. (b) Single molecule smFRET histograms of the original DNA box before and
after addition of DNA keys.

To obtain a detailed view of the structure we employed a BD
model recently developed for DNA origami nanostructures
using a combination of known DNA polymer properties and
results from all-atom molecular dynamics simulations (see
Experimental for details of the model).?>?7 Starting from an
idealized geometry realized by placing all helices parallel to one
another (Figure 2a), the simulation quickly (within 100 ns)
produced a model of a closed DNA box at ~5 base pair per bead
resolution. The model was converted into a higher, 2 beads per
base pair resolution for a subsequent 5-us long simulation.
During the simulation, the box lid developed a convex curvature
(Figure 2b) while the helices at the sides of the box continually
explored different local configurations. Supplementary
Information Movie 1 illustrates this simulation trajectory.
Despite the strong curvature of the lid, the simulated DNA
density (Figure 2c) is found to be consistent with the 3D
reconstruction of the electron density from transmission
electron microscopy (Figure 2d).* The simulations revealed that
the distance between fluorophore attachment sites fluctuated

J. Name., 2013, 00, 1-3 | 3
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between 6 and 12 nm (Figure 2e), in qualitative agreement with
the relatively low FRET efficiency observed experimentally.
These fluctuations could be influenced by electrostatic
repulsions of the negative charges in the DNA backbone. To test
this hypothesis experimentally, we used a gradual increase in
cationic strength to influence electrostatic repulsions within the
box.
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Figure 2: (a) Idealized three-dimensional configuration of the DNA box. (b) Configuration
of the DNA box after ~5 ps of BD simulation. Double- and single-stranded DNA are
depicted as blue tubes and yellow lines, respectively. (c) Simulated DNA density after
averaging over D, symmetry and the simulation trajectory. (d) Three dimensional
reconstruction of the electron density of a DNA box derived from transmission electron
microscopy and reproduced with permission,! from MacMillan Publishers Ltd: Nature
(Andersen et al.,2009) © (2009). (e) Time series of the distance between nucleotides
labeled with fluorescent dyes. The dashed line shows the average value of the distance
from the last 4 ps of the simulation trajectory. The histogram on the right depicts the
distribution of the distance during the same time window.

The effect of Magnesium on the DNA Origami Box

Mg?* has been shown to effectively shield the negative charges
in the backbone of DNA,37 and since it is already present at 12.5
mM in the assembly buffer (TAE Mg?*), it was chosen as cation.
The effect of magnesium on the DNA origami box was studied
using ensemble FRET measurements, where a box sample was
exposed to variable Mg?* concentrations. The FRET efficiency is
observed to increase with increasing Mg?* concentration (Figure
S3, ESI). This could be due to the lid of the box moving gradually
closer to the box body as the magnesium concentration is
increased and causing a smaller average distance between the
two fluorophores. Sample aggregation is another effect that can
occur in solutions containing high salt concentrations as
reported by gel analysis for different DNA origami structures.'%
38 Aggregation can also affect the FRET efficiency by bringing
donor and acceptor on different DNA boxes closer together, or
by distorting or maybe even collapsing the structures. To avoid
aggregation, DNA boxes were immobilized on a quartz cover
glass prior to exposure to high Mg?* concentrations and their
local conformation was investigated by smFRET microscopy. In
this approach, molecules are detected as fluorescent spots, the

4| J. Name., 2012, 00, 1-3

intensity of which did not change significantly for different Mg2*
concentrations. Thus, using this experimental configuration, it
was possible to expose the DNA box to very high Mg
concentrations and still avoid aggregation. smFRET time traces
were collected at different Mg?* concentrations and plotted as
single molecule FRET histograms (Figure 3 and Figure S4, ESI).
These data showed that the peak value of the FRET signal, which
is attributed to arise from closed DNA boxes, increased from
~0.15 to ~0.4 with increasing Mg?* concentration. This
observation is consistent with Mg?* shielding the negative
charges in the DNA backbone, and thus having the lid of the box
move closer to the box body. The presence of magnesium has
previously been shown to compact DNA origami plates with the
strongest effect observed perpendicularly to the DNA helices
direction of the origami and no compaction observed in the
parallel direction.?® In the DNA box, DNA helices are not
oriented in the same direction on each face (Figure 2b and
Figure 3a), and thus magnesium could possibly also affect the
global box structure. At very high Mg?* concentrations (150 mM
and above) (Figure 3b and Figure S4, ESI), a weak separate peak
appeared centered around a FRET efficiency of zero. This peak
arises from boxes where donor and acceptor fluorophores are
more than 10 nm away from each other and can represent
open, collapsed or heavily distorted boxes. A significant
population of closed DNA boxes with a FRET efficiency peak at
~ 0.4 was observed even at 1 M Mg?* where, upon addition of
keys for opening of the box, the FRET efficiency decreased to
nearly zero (Figure 3b). Thus the box is still functional even at
the highest Mg?* concentration. After exposing the DNA boxes
to high magnesium concentration (<250 mM Mg?*), we
exchanged the buffer to return to our start value of 12.5 mM
Mg?*. We observed that the FRET efficiency did not decrease
down to its original value of ~0.15 (Figure 3b). This observation
could imply that a high magnesium concentration enables the
structure and/or local structure of the DNA box to achieve
conformations that are stable even when subsequently
decreasing the salt concentration. Both magnesium
concentration and DNA origami shape have been found to
affect the DNA origami structural stability.4% 41

The flexibility of the single layer of double stranded DNA can
contribute to the observed low FRET efficiency for the closed
DNA box by causing bulging of the lid or bending of the helix
ends on the front face of the DNA origami box. In fact, the donor
fluorophore is situated on a helix on the front face of the box
that appears from simulations to be spatially fluctuating (Figure
1a and Figure 3a and ESI Movie 1). To investigate this further,
the acceptor fluorophore was positioned on a neighboring helix
end (Figure 3c). Fluorophores are placed at the end of these
helices at a position where, from the box design, there could be
a cross-over between these two helices and thus, the two
fluorophores should be in very close proximity to each other in
the absence of electrostatic repulsion. However, the FRET
efficiency of this box was only ~0.3 at 12.5 mM Mg?* (Figure 3d),
thus the two ends of the helices are located away from each
other, on average. The observed low FRET efficiency is
consistent with BD simulation results (Figure S5, ESI) showing
fluctuating distances between the two helices with a mean

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: (a) and (c) Schematic view of the lid and front face of the original DNA origami box showing idealized DNA structure (not including DNA bending) and cross-overs and
lock positions. The distance between helices was set to 1.2 nm for the upper face and to 0.5 and 1.8 nm for the lower face depending if the helices are linked by a cross-over
or not, respectively. The viral DNA scaffold is marked in blue and staple strands are in grey. Donor and acceptor fluorophores, shown in green and red respectively, are placed
(a) on different faces (c) on the same face (the red arrow indicates a change in the acceptor position) (b) Peak FRET efficiency of the closed box as a function of increasing Mg?*
concentration (filled symbols) for samples with fluorophores on two different faces. The open symbol shows the FRET efficiency at 12.5 mM Mg?* after the samples were
exposed to 250 mM Mg?*. Insert: smFRET histograms of the original DNA box in the presence of 1 M Mg?* before and after addition of DNA keys based on 30 and 60 molecules,
respectively. (d) Peak FRET efficiencies as a function of increasing Mg?* concentration for samples with fluorophores on the same face.

distance of ~5 nm. The FRET efficiency increased with increasing
Mg?* concentration (Figures 3d and Figure S6, ESI) which is
attributed to the magnesium decreasing electrostatic
repulsions, causing the two ends of the helices to move closer
to each other. We furthermore observed the appearance of a
small population at higher FRET efficiencies (~ 0.75) at high
magnesium concentrations. No dynamic conformational
changes between the two FRET states were observed on the
time scale of our smFRET experiments. The small high-FRET
population, which does not appear in the BD simulations, could
arise from a small part of the boxes having a slightly different
conformation around the lid. In conclusion, the flexibility of
short double-stranded helices on the adjacent face to the lid of
the DNA box influences the measured FRET efficiency and
affects the local structure around the lid. These fluctuating parts
should thus be avoided in applications that use DNA origami for

This journal is © The Royal Society of Chemistry 20xx

accurate spatial positioning of fluorophores or other ligands,
especially at magnesium concentrations below 20-25 mM.

Dependence of FRET efficiency on DNA box design

DNA origami structures can be manipulated by changing staple
strands sequence and positions of cross-overs.*% 43 Small
changes, such as adding or deleting staple strand bases can
induce significant structural changes, for example by causing
structural twisting and curving.** We performed small changes
to the box design by linking the ends of the helices on the front
face of the box that slightly changed the position of the
fluorophore and one of the locks (Figure 4a). This change in
design led to an increased FRET efficiency of ~0.4, in regular
12.5 mM Mg?** folding buffer, which did not increase
significantly with increasing magnesium concentration (Figure
4b and Figure S7, ESI). Linking the ends of the helices together
necessitated a minor change to the attachment of the donor

J. Name., 2013, 00, 1-3 | 5
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fluorophore onto the DNA. In the original design, the donor
fluorophore is attached on the 3’-end of a staple strand. But, in
the linked box there are no staple strand ends at the edge of the
face, and the fluorophore is instead attached internally on a
staple strand on an unpaired dT linking two helices. BD
simulations show that this small difference in donor attachment
position have little effect on the donor/acceptor distance
(Figure 4c and Figure S8, Supporting information). The Cy3
donor could still interact differently with the DNA for the
different attachment strategies. Terminally-attached
fluorophores are indeed likely to stack onto the last DNA base
pair of the double stranded DNA, an effect known to influence
the FRET efficiency.3" 4> We used double-stranded control DNA
oligonucleotides with Cy3 either attached on the 3’-end or
internally to a thymidine to test how the dye position influenced
our data (Figure S9, ESI). The FRET efficiency obtained for the
two designs was almost the same and did not significantly
depend on magnesium concentration. Thus, FRET efficiencies
can be compared between the different box designs. We find
that, at high magnesium concentrations, values for the helix-
linked box (FRET efficiency ~ 0.45) are slightly higher than the
FRET efficiency obtained with the original DNA box design (FRET
efficiency ~ 0.4).

6 | J. Name., 2012, 00, 1-3

Cy5 fluorescence quenching, which was seen in the original box
design (Figure S2, ESI) was not observed in the case of the linked
box design. This observation suggests that quenching is related
to interactions between the two fluorophores. Although the
average distance between the two fluorophores is large in the
original box (Figure 1 and 2), structural flexibility would enable
the distance to fluctuate significantly over time allowing
fluorophores to briefly come very close together and interact.
The BD simulations support this view; in the original design, the
fluctuations caused the closest approach of the sites to be
below 5 nm (Figure 2e). Although the simulated average
distance between the fluorophore attachment sites is slightly
larger (~6.5 nm) for the linked box, distance fluctuations are
now small (Figure 4c and ESI movie 2). Hence, we see the closest
approach of the fluorophore attachment sites in the original box
design, which may have caused the observed fluorescence
quenching due to fluorophores transiently being very close to
each other. Thus, small changes in DNA origami design can
reduce structural fluctuations. The linked DNA box provides a
much better frame than the original box for accurate
positioning of fluorophores and other ligands. Distance
fluctuations from BD simulations were indeed below 2 nm and
can potentially be further decreased as the face opposite the lid

This journal is © The Royal Society of Chemistry 20xx
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is not fully linked past DNA locks. Our results imply the potential
for a similar position accuracy as more rigid and not dynamically
reconfigurable DNA structures.® The linked DNA box was fully
functional and sequential addition of the two different key
oligonucleotides led to a two-step opening of the lid, as
reflected in an intermediate FRET state between the fully-open
and fully-closed states (Figure 4d). FRET efficiency of the closed
box can potentially be increased by further optimising the lock
positions, which may also affect the local structure
(Supplementary movie 2) and yield an even better closed box.
Different designs can be used to create reconfigurable
structures. These are often intrinsically less rigid than static
structures, which may be caused by fluctuations in their local
structure.

Conclusions

Controlling the spatial and temporal arrangement of individual
components in macromolecular biological assemblies is an
important goal in nanotechnology and synthetic biology.#6 DNA
origami structures are interesting tools in the endeavour as they
are highly addressable, allow nanoscale organization of matter
and can also be designed to be dynamically reconfigurable to
enable temporal control and triggering of reactions. Here we
report, using single molecule FRET microscopy and BD
simulations, that the DNA origami box undergoes local
distortions that strongly affect the precision of fluorophore
placement. Higher levels of structural control and rigidity are
achieved by increasing magnesium concentration and through
small modifications to the DNA box design. Our study,
combined with recent work showing that the addressability of
two dimensional origami structures varied significantly
depending on site position,*” allow for improved rational
engineering of DNA nanostructures to achieve more accurate
and precise organization of matter in three dimensions.
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