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NA origami was originally devel-
Doped to create 2D nanoscale DNA

structures' > and  subsequently
used to create defined and more sophisti-
cated 3D nanoscale architectonics,* 8 some
of which are functionalized for specific
applications.” %' Owing to their phenom-
enal addressability, multifunctional 3D DNA
nanostructures can readily be designed for
a particular purpose.?? For instance, hollow
structures with addressable surfaces are
desirable for designing drug delivery con-
tainers and we have previously constructed
a 42 x 36 x 36 nm> DNA box using a
full-length single stranded (ss) M13 DNA
scaffold.

Smaller 3D DNA nanostructures have
been reported; from tile-based structures
such as tetrahedron,>?* prisms,?® octa-
hedron,?* dodecahedron, and bucky balls®*
to the more complex origami like structures
such as octahedron,?® and small solid 3D
DNA structures.* However, none of these
structures combine closed surfaces with a
hollow cavity with the potential capacity to
accommodate cargo. Also, the opening me-
chanism of the previously reported 3D ori-
gami structure was an irreversible process,
incapable of multiple switching events.

To address these issues we designed a
smaller reconfigurable DNA box with esti-
mated total external and internal cavity
dimensions of 18 x 18 x 24 and 14 x 14
x 20 nm>, respectively, which corresponds
approximately to '/, of the volume of our
previously reported DNA box® (Figure 1b
and Supporting Information section S1).
The self-assembled structure encompasses
a 1983 nucleotides single-stranded DNA,
derived from a truncated pUC plasmid,
and 59 short single-stranded staple DNA
oligos, that together form a 110k atoms
complex with a molecular weight of 1.3
MDa. Moreover, the small 3D DNA box
origami is multiswitchable and capable of
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ABSTRACT The DNA origami
technique is a recently developed
self-assembly method that allows
construction of 3D objects at the
nanoscale for various applications.
In the current study we report the
production of a 18 x 18 x 24 nm®
hollow DNA box origami structure
with a switchable lid. The structure
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was efficiently produced and characterized by atomic force microscopy, transmission electron

microscopy, and Forster resonance energy transfer spectroscopy. The DNA box has a unique

reclosing mechanism, which enables it to repeatedly open and close in response to a unique set

of DNA keys. This DNA device can potentially be used for a broad range of applications such as

controlling the function of single molecules, controlled drug delivery, and molecular computing.
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undergoing multiple rounds of openings
and closures in response to externally pro-
vided keys.

RESULTS AND DISCUSSION

The DNA box was assembled in a single-
step annealing process and characterized
by gel analysis, dynamic light scattering
(DLS), atomic force microscopy (AFM), and
transmission electron microscopy (TEM)
which all indicated an efficient assembly
process (Figure 1 and Supporting Informa-
tion sections S4, S5, S6, and S7). The assem-
bly yield was estimated to be approximately
90% (Supporting Information Figure S6-2).
The assembled DNA box origamies ap-
peared as empty “frames” (Figure 1a), which
can be explained by higher density of the
projected stained DNA helices of boxes
lying on the side. The preference for this
position probably reflects the increased sur-
face interaction between negatively charged
DNA with the positively charged surface.
Misfolded structures were rarely observed
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Figure 1. TEM image of the DNA box origami. (a) Zoom-out
micrograph showing examples of DNA box origami parti-
cles. The left panel illustrates the particles which lie on the
long sides of the structure. The right panel represents
some particles which lie on the lid or bottom of the box.
(b) Graphical model of the structure. (c) Image processed
demonstration of a randomly selected particle where the
area was sharpened and averaged to gain a better per-
ception of the DNA box frame. This image does not
show the height (3rd dimension) of the structure, and the
projected areas of the frame are calculated based on the
signal intensity of the particle frame from the 2D TEM
image.

indicative of a very high assembly yield. The dimen-
sions of the structure are slightly (0—5 nm) smaller than
the predicted size (Figure 1b) which may be caused by
the negative stain procedure used for TEM imaging, as
reported previously.”” For better visualization, ran-
domly selected areas of the TEM images were further
image processed (Figure 1c).

To control the opening of the box, two locks were
designed and inserted between the lid and the side
(Supporting Information section S1). Each lock con-
tains a unique 8-nucleotide toehold which, upon addi-
tion of the right keys (composed of ss-DNA strands
with sequences corresponding to two breast cancer
specific microRNA 22328 and microRNA 30c?°), causes
the displacement of the two locks and leads to the
opening of the DNA box lid (Figure 2a). To examine the
opening process, we performed Forster resonance
energy transfer (FRET) spectroscopy measurements. A
FRET pair (Cy3 and Cy5 dyes) was attached to two
different oligos placed at an estimated distance of
approximately 3 nm from each other in the closed
state. Upon opening of the lid the distance between
the dyes is expected to increase and thus causes the
FRET efficiency to decrease.

Figure 2b shows typical fluorescence spectra after
donor excitation for a closed box (blue curve) and after
lid opening (red curve). Donor fluorescence intensity
peak is at ~560 nm and the appearance of acceptor
fluorescence peak at 670 nm indicates the presence of
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energy transfer between the two dyes in the closed
state. Upon key addition, acceptor fluorescence dis-
appears almost completely and the intensity of donor
fluorescence increases significantly, implying a de-
crease in the energy transfer due to an increased
separation of the two dyes. The FRET efficiencies are
~0.9 and ~0.1 in the closed and open states, respec-
tively, consistent with efficient opening of the DNA box
origami (Figure 2c¢).

As previously observed for the larger DNA box with a
similar key design,” closing the lid by removing the key
is not efficient (Supporting Information, Figure S9).
Therefore, we designed another lock-and-key system,
which more efficiently reconfigures the box to a
closed state (Supporting Information, Figure S1-9). In
this system the first pair of opening keys (K15 and K2,)
bind to the two toeholds in the loops, respectively, and
by strand displacement unzip the two locks. To enable
the removal of the keys an overhang of eight bases was
introduced at the 5'-end of the opening keys which,
can hybridize to the pair of closing keys (K1¢ and K2¢),
causing displacement of the opening keys from the
locks and closure of the lid. The cycle was repeated in
the same reaction mixture by adding of opening and
closing keys in alternating cycles (at concentration
denoted in Figure 2e). The opening and closure cycles
of the DNA box structures were studied using a box
with either two different or identical lock sequences
(setup 1 and setup 2, respectively). We successfully
opened and reclosed the box structure for three
rounds for both setups demonstrating the robustness
of the system (Figure 2e).

CONCLUSION

In summary, we demonstrated the assembly of the
so far smallest hollow and reconfigurable 3D DNA box
origami nanostructure capable of going through at
least three efficient opening and closing events. The
DNA box origami design presented here has valuable
potential applications. The small size may ease the self-
assembly process, indicated by the very high yield of
well-formed boxes, and may also increase stiffness and
robustness, without jeopardizing the unique addres-
sability and reproducibility of origami structures. It may
also facilitate translocation through biological barriers
including cell membranes but remains large enough to
host macromolecules like enzymes and antibodies. The
programmability of the lid can be used to control de-
livery or accessibility of cargo on demand, or control
chemical and enzymatic reactions by precluding two
components from one another in a controlled fashion.
Importantly, our DNA box has an asymmetric structure
that leaves out the inevitable seams of symmetric
structures, and thus theoretically results in smaller
holes in the box surfaces and reduced leakage as com-
pared to the symmetric structures. The next challenge
is to deliver the small box DNA origami into the cells
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Figure 2. FRET studies of opening/closing of the small DNA box origami. (a) Schematic illustration of the lid opening process.
The addition of matching keys unzips the locks and the lid opens presumably due to electrostatic repulsion of negative charge
of the DNA. (b) Fluorescence spectra of box samples in the closed (blue line) and open (red line) states. (c) Blue and red
columns indicate the FRET efficiencies in closed and open states of the box, respectively. (d) Schematic illustration of DNA box
origami with multiswitchable lock system. Upon addition of the opening keys (K1, and K2,) the structure will be opened and
the FRET efficiency decreases, whereas addition of closing keys (K1¢ and K2¢) in 1.5 molar excess closes the lid and restores
efficient FRET. (e) Quantification of FRET values through three cycles of opening and closing using increasing concentrations
of opening and closing keys as indicated below the chart. Setups 1 and 2 refer to experimental conditions where either two
different or identical keys are applied to two matching locks, respectively. During the last round of sample Setup 1 (indicated
with star), the fluorescence peak of Cy3 was observed to shift to higher energy by a few nanometers, which indicates that

there may be a change in the environment of the fluorophore.

and study its response to intracellular cues. The present
box has been designed to respond to miR223 and
miR30c, which are signatures of breast cancer cells. It is
conceivable that we in the future can use our DNA

MATERIALS AND METHODS

Scaffold Strand Production. A 1983 bases long single-stranded
DNA template was produced. pUC118 plasmid (Clontech) con-
taining M13 origin of replication was reduced in size in a three-
steps process. The produced plasmid (pUC1983) was trans-
formed into XL1-Blue Supercompetent Cells (Stratagen). The
production of single stranded pUC1983 (ss-pUC1983) was
induced upon transfection of the cells with M13KO7 helper
phage (New England Biolabs).

DNA Origami Assembly and Purification. A 5 nM solution of DNA
origami in a final concentration of 1x TAE7Mg2+ buffer (40 mM
Tris pH: 8.0, 2 mM EDTA pH: 8.0, 12.5 mM MgAc,) was produced
in a 60 h annealing process. The assembled structures were
purified using lllustra MicroSpin S-400 HR Columns (GE Health-
care Life Sciences).

TEM Analysis. Five femtomole of purified DNA origami solu-
tion was loaded on a glow discharged, 300 mesh carbon-coated
nickel grid and stained with 1% uranyl acetate for 1 min.
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origami devices to deliver drugs only to cancer cells
that express a particular set of miRNAs. This will create
an additional level of specificity and potentially de-
crease off-target effects.

TEM imaging was operated by FEI CM100 microscope at 80 kV,
with a MegaView Ill camera or a FEI Tecnai12 microscope at
120 kV with a Gatan 1 x 1 camera. The single particles were
selected using the Boxer program of the EMAN2 package.°
Projected presentations of the selected particles were produced
using FemtoScan (Advanced Technologies Center) through
several rounds of Median and Winer filtering of selected areas
with arbitrary masks. Finally those selected areas were shar-
pened and averaged with a mask of arbitrary width to render
the final images.

Opening of the Closed DNA Box Origami. Opening of the closed
DNA origami was induced using a pair of proper keys (in 10
times molar excess) and the FRET measurements of the open
state DNA box origami was conducted at 25 °C immediately
after the addition of the keys.

Opening and Closing of the DNA Box Origami. Opening and
reclosing of the box were performed by the addition (in 50%
molar excess) of opening (K15 and K2,) and reclosing (K1 and K2¢)
keys, respectively. The time intervals after addition of the
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opening and closing keys were set to 15 and 60 min, respec-
tively. The same settings have been used for both setup 1 and
setup 2 systems.

FRET Measurements. Steady-state fluorescence measurements
were performed on a Fluoromax 3 fluorometer [Horiba Jobin-Yvon]
at 25 °C and with a sample volume of 65 uL. Fluorescence was
excited at 530 nm (excitation of Cy3) and 600 nm (excitation of
Cy5), the entrance and exit slits were set to 10 nm, and integration
time was set to 0.5 s. FRET efficiencies were calculated using the
ratio A method®' as £ = epa(/an/Ian — €an), Where Ixp is the acceptor
peak fluorescence intensity after donor excitation from which
contribution from donor fluorescence was subtracted, /aa is the
acceptor peak fluorescence intensity after acceptor excitation,
and the values for exa and epp Were determined from absorption
spectra as 0.07 and 1.03, respectively.
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