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DNA Gridiron Nanostructures Based
on Four-Arm Junctions

Dongran Han,»2* Suchetan Pal,>? Yang Yang,"? Shuoxing Jiang,’? Jeanette Nangreave,2

Yan Liu,** Hao Yan'?*

Engineering wireframe architectures and scaffolds of increasing complexity is one of the
important challenges in nanotechnology. We present a design strategy to create gridiron-like
DNA structures. A series of four-arm junctions are used as vertices within a network of
double-helical DNA fragments. Deliberate distortion of the junctions from their most relaxed
conformations ensures that a scaffold strand can traverse through individual vertices in
multiple directions. DNA gridirons were assembled, ranging from two-dimensional arrays with
reconfigurability to multilayer and three-dimensional structures and curved objects.

shown merit as versatile materials for or-
ganizing and constructing complex nano-
scale structures (7). In 2006, Rothemund described
a method to generate complex DNA origami
nanostructures with addressable surface features.
In this method, a long scaffold strand, most often
the 7429-nucleotide (nt) circular genome of the
M13mp18 bacteriophage, is organized and folded
by interactions with a large number of short,
synthetic, staple strands (2). The path of the
scaffold strand in this approach has been restricted
to discrete domains of parallel lines because it is
based on the double crossover unit motif to link
adjacent helices (3—5). We present a design strat-
egy that uses an unusual set of immobile Holliday
junction analogs (four-arm junctions) as the basic
structural unit of DNA origami nanostructures and
as joints to construct a variety of two-dimensional
(2D) and 3D gridiron structures, in which the
scaffold strand and corresponding double helices
are not restricted to a 1D parallel, raster-fill pat-
tern. By programming the connection between
individual joints with DNA segments of varia-
ble lengths, we constructed complex wireframe
geometries.
Although intuitively one could imagine thread-
ing a single-stranded scaffold through a number

S elf-assembling nucleic acid molecules have
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of four-arm junction units in both horizontal and
vertical directions to create gridiron like patterns,
the structural properties of traditional Holliday
junction (6-8) impose certain challenges that re-
quire unconventional rearrangement of the junc-
tion unit conformation, as revealed by the design
principles described below. We compared a grid-
iron unit to a double crossover motif (9) (Fig. 1A),
and the DNA strands are abstracted to display
only their polarity with the arrows pointing from
5" to 3". In the gridiron unit, four four-arm junc-
tions are linked together to form a two-layer
square frame in which the helices on opposite
sides lie in the same plane. An antiparallel ar-
rangement between opposite sides of the square
frame permits a single, central strand to traverse
each of the helices.

Each of the four junctions is depicted in its
relaxed conformation (Fig. 1B) such that the heli-
ces form a right-handed twist with a 60° torsion
angle. Deviation from a relaxed conformation is
required of each junction to form the gridiron unit
cell. First, the red strands in the horizontally ori-
ented helices (both top and bottom images) can
be linked together to produce continuous strands
without reversing the 5'-to-3" polarity (Fig. 1, B
and C). Next, the vertically oriented helices need
to be rotated in the plane about the junction points
(Fig. 1C) to allow the formation of continuous
5'-t0-3" connections between upper and lower
junctions (Fig. 1, D and E).

Connecting a number of gridiron units leads
to the formation of a variety of 2D lattices (Fig. 1,
F and G). The red lines represent the DNA strands

that are expected to retain an unperturbed heli-
cal structure with continuous base stacking.
Meanwhile, the short strands (in gray) form the
crossovers between helical domains and func-
tion as staples. A long scaffold strand is created
by connecting the termini of the red strands with
short single-stranded DNA (ssDNA) loops. In
the most basic design, the scaffold begins at one
corner, fills the first layer, changes direction at
the opposite corner, and then fills the second
layer to produce a structure in which the helices
within the two layers are oriented perpendicu-
larly with respect to each other. Lastly, the scaf-
fold returns to its initial position to form a closed
loop (Fig. 1G).

The cavity size of gridiron structures can be
tailored by altering the number of base pairs be-
tween the adjacent junction points. An 11-by-11
gridiron structure (11 vertical helices by 11 hori-
zontal helices) with 21 base pairs (bp) between
Jjunctions in both directions uses 5301 of 7249 nt
of the M13mp18 ssDNA scaffold strand and con-
tains 120 staple strands (42 nt each). The remain-
ing 1948 nt of the scaffold form a single-stranded
loop at one corner that is visible in atomic force
microscope (AFM, Fig. 2, A and B) and trans-
mission electron microscope (TEM) images (Fig.
2, C and D). Gridiron structures with 63-by-
63—bp cavities (Fig. 2, E and F) were assembled
to demonstrate the programmability of the design
strategy.

To test whether the ssDNA scaffold is re-
quired to force the junction to rotate and form
the intended gridiron structures, we designed and
successfully constructed a scaffold-free 11-by-11
gridiron structure (figs. S13 and S14). We also
found that scaffolded and scaffold-free gridiron
elements can be combined within a single struc-
ture (figs. S13 and S15). Further, a scaffold-free
gridiron unit was examined by native gel electro-
phoresis to verify its formation when the compo-
nent strands were mixed in equal stoichiometric
ratios (fig. S33). Although the schematic diagram
in Fig. 1D depicts 90° angles between the helices
in the upper and lower layers, the angles are not
fixed because the junctions are flexible. The ex-
perimental results reveal the formation of thom-
boid rather than square structures; the junctions
most likely behave cooperatively in order to main-
tain optimized base-stacking interactions and the
lowest overall free energy. The single-stranded
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scaffold loop in one corner serves as an intrinsic
marker to determine the angles adopted by the
gridiron, and the angles display a bimodal distri-
bution with nearly equal amplitudes, centered at
76° +7° (SD) and 103° + 7° (for additional details
regarding image analysis, see fig. S7). A closer
examination of the AFM images further reveals
the existence of two alternative conformations
that the structural can adopt (figs. S6 and S8 and
discussion in supplementary text).

The flexibility of the joints makes it possible
to control or reconfigure the conformation of the
gridiron structure by exerting external forces on
selected corners of a gridiron. A modified version
of a 15-by-15 gridiron structure with 21-bp cavities
has about one quadrant of the gridiron unfolded
and forms a randomly coiled 836-nt single-stranded
loop between two “arms” of tweezers (Fig. 2G).
The ssDNA loop is long enough to allow the
structure to adopt a relaxed conformation. The ob-
served distribution of the inner angle (0) of the

A A

tweezers (measured from 309 individual struc-
tures) is broad and centered at 80° to 90°.

We could contract and extend the ssDNA loop
by introducing secondary or tertiary structures
that generate enough force to control the angle
(the design details are described in the supple-
mentary materials). Sets of staple strands were
designed to either contract the ssDNA loop and
fix an acute angle (a narrow distribution centered
at 41° + 7°) via the formation of a two-helix bun-
dle (Fig. 2H) or to extend the loop to secure a
right (Fig. 2I) or obtuse angle (Fig. 2J) via the
formation of a three-helix bundle of specific length.
The design with the right angle shows a narrow
and symmetrical distribution centered at 94° + 10°,
and the design with the obtuse angle has a broad-
er angle distribution centered at 102° and exhibits
an asymmetry that is more heavily weighted
toward smaller angles.

We extended the gridiron design into the third
dimension by three different strategies. The first

A

Fig. 1. (A) (Left) Geometry and strand polarity of a single gridiron unit formed from four four-arm
junctions. (Right) Geometry and polarity of a double-crossover molecule motif used in conventional DNA
origami structures. For both structures, the ssDNAs depicted in red are components of DNA double helices
that serve as the scaffold strands. The ssDNA depicted in gray represents staple strands. (B) Models of four
four-arm junction molecules in their relaxed conformation. The orientation of the upper two junctions
differs from that of the lower two by a 180° in-plane rotation. Thus, the polarities of the continuous red
strands in the upper and lower layers of the horizontally oriented helices are antiparallel to one another.
(C) Models illustrating the deviation from a relaxed conformation required of the four individual junctions
to form a gridiron unit. The blue arrows indicate that the top helix of the junctions in the upper-left and
lower-right corners must be rotated ~150° clockwise, whereas in the upper-right and lower-left junctions
they must be rotated ~30° counterclockwise. (D and E) Helical models illustrating a complete gridiron
unit. (F and G) Schematics illustrating a typical scaffold-folding path for a 2D DNA gridiron pattern.
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involves stacking multiple layers of 2D gridiron
lattices at selected connection points (Fig. 3, A
and B). The second relies on intertwining several
gridiron planes in x-y-z directions (Fig. 3C). The
third method has its basis in distorting a single
layer of DNA gridiron into 3D structures by con-
trolling their curvatures (Fig. 4). By using the first
strategy, we constructed a three-layer hexagonal
(Fig. 3D), a four-layer rectangular gridiron (Fig. 3E),
and a three-layer parallelogram (fig. S58) struc-
ture. For all multilayer gridiron structures, the
scaffold strand raster fills each layer, with an off-
set in the angle formed between the helices of
adjacent layers. The three-layer hexagonal and four-
layer rectangular structures maintained 60° and
90° offsets between layers, respectively.

Varying the location and distance between
connection points will yield differently patterned
multilayer structures. In contrast to the angle flex-
ibility present in the quasi-2D structures, the ad-
dition of a third layer fixes the angles at junction
points. The only exception to this is for connec-
tions through the center of the same unit motif, as
shown by the green dashed line (Fig. 3A). In a
3D model of an eight-by-eight-by-eight three-
layer hexagonal gridiron structure (Fig. 3D), neigh-
boring junctions in the top and bottom layers are
52 bp apart, and neighboring junctions in the
middle layer (alternating connections to the top and
bottom layers) are 26 bp apart. Because X= Y=L
(Fig. 3B), each junction should adopt a 60° tor-
sion angle. A four-layer rectangular gridiron struc-
ture (Fig. 3E) can be broken down into two
six-by-five double-layer gridirons (with 52-bp cav-
ities) stacked on top of one another with a 26-bp
offset in the connections between the first and
third, and second and fourth, layers.

The relations of the lattice planes in gridiron
structures are not restricted to stacked multilayer
structures. The 3D gridiron structures can also be
assembled by integrating gridiron lattices with
scaffold-free elements (see supplementary mate-
rials for description of various design possibil-
ities). Figure 3F presents such a design in which a
nine-by-nine gridiron plane (shown in blue) is
intertwined with an eight-by-eight scaffold-free
gridiron plane (shown in yellow). The complex,
interwoven topology of this particular structure
required combining scaffolded and scaffold-free
components (see supplementary materials for ad-
ditional details).

Gridiron designs can allow assembly of even
more complex structures by inducing a desired
curvature in the basic structural unit described in
Fig. 1. Maintaining the distance between junc-
tions in one direction while simultaneously shrink-
ing or extending the distance in the other direction
(by varying the number of base pairs) creates
an isosceles trapezoid unit. The lengths of the
parallel sides of the trapezoidal units can be pro-
gressively changed between layers and combined
to generate curved gridiron structures such as an
S-shaped structure (Fig. 4A). One layer is com-
posed of nine concentric, evenly spaced curved
helices, and the second layer contains 13 linear,
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Fig. 2. (A to D) Images for a 2D gridiron structures with 21-bp cavities with ~ matics (left), TEM images (middle), and histogram analysis (right) of the angle

AFM [(A) and (B)] and TEM images [(C) and (D)]. (E and F) Images for a 2D  distributions for angle control. All scale bars indicate 200 nm, and all zoom-in
gridiron with 63-bp cavities with AFM (E) and TEM images (F). (G to J) Sche-  images (images without scale bars) are 200 by 200 nm.

Fig. 3. Multilayer gridiron design
strategies. (A and B) Strategy 1 is
stacked layers. (A) A portion of a
double-layer gridiron lattice with
52-bp cavity size. The yellow circles
designate the permissible connec-
tion points to a third layer. The dashed
lines correspond to possible connec-
tion points to form additional layers.
(B) Given the double-layer gridiron
lattice (X and Y lengths) and the dis-
tance between crossover points in the
third layer, the angle 6 can be calcu-
lated as 180° — cos[(X* + Y* — L)/
2XY]. (C) Strategy 2 is intertwining
gridiron planes. (D to F) Schematics
(left), AFM (middle), and TEM (right)

images of (D) a three-layer hexag- E 4N (TN M
onal gridiron design, 6 = 120°; (E) (& \
a four-layer gridiron design, 0 is not € 4 R
controlled because the dashed green f )
line in (A) represents a connection . )
strategy that cannot fix the angle; SWuly

and (F) a 3D gridiron assembled by 84 nm
using strategy 2. All scale bars indi-
cate 200 nm, and all zoom-in im-
ages (images without scale bars)
are 200 by 200 nm.
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Fig. 4. Schematics (left), AFM (middle), and TEM images (right) of (A) an
S-shaped structure, (B) a sphere, and (C) a screw. All scale bars indicate 200 nm,
and all zoom-in images (images without scale bars) are 200 by 200 nm. In (B)

nonparallel helices. The relation between adja-
cent linear helices (the angles formed by their
theoretical intersection) between adjacent linear
helices was varied. Some 3D gridiron structures
that contain curvature were also achieved, such
as the sphere shown in Fig. 4B. The helices in
concentric ring and radial spoke layers are stretched
in the center and shrunk at the edges, forming a
latitudinal and longitudinal framework, respec-
tively. This is realized by progressively adjusting
the distance between junctions in latitudinal di-
rections. Additional modifications to the basic struc-
tural motif can be used to produce other complex
structures. In the screw structure (Fig. 4C), the
polarity of the DNA strands in the square unit
motif differs from what is illustrated in Fig. 1B
(where adjacent scaffold helices have an antipar-
allel polarity in one direction and the same polar-
ity in the other direction). The scaffold strand is
arranged in an antiparallel configuration to form
a wireframe cylinder structure (11 helices are ar-
ranged axially) and subsequently wraps around
the cylinder (analogous to a left-handed screw)
until the two ends meet. The distance between
adjacent axial helices is 21 bp, the interthread
distance is 42 bp, and the AFM and TEM images
display the expected left-handed conformation.
The design principles of creating gridiron
units allow scaffold strands to travel in multiple
directions, which represent an important depar-
ture from certain aspects of the previous DNA
origami methods. Traditional Holliday junctions
do not naturally adopt conformations that would

REPORTS
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allow them to be connected in such a way, and it
was unexpected to find that these motifs could
(within a larger network of crossovers) endure a
150° rotation of one of the arms while simulta-
neously maintaining their integrity. Indeed, the
flexible and dynamic behavior of these motifs
may have excluded these types of junction con-
formations for consideration in scaffolded struc-
tures. Yield analysis from agarose gel and TEM
images shows that the structures, even without
purification, form with reasonably high yield (from
~36% for the gridiron tweezers to ~85% for the
gridiron screw, estimated from agarose gels; from
~51% for the gridiron sphere to ~89% for the
four-layer gridiron, estimated from TEM images;
see supplementary materials for yield analysis).
The ability to engineer DNA gridirons that are
analogous to vector-based objects, where a series
of points with defined positions in 3D space are
connected by lines, is an important milestone in
the development of synthetic nucleic acid struc-
tures. In particular, this opens up new opportunities
to implement the design of complex wireframe
structures (see discussion in supplementary mate-
rials) that are amenable to dynamic controls. A
future challenge in DNA origami is to achieve
true folding, starting from a 2D sheet (miura ori),
rather than the 1D M13 scaffolds commonly
used in traditional DNA origami construction.
The loose 2D networks and freely rotating hinges
between different planes of DNA gridirons pro-
vide the design features necessary to implement
Miura ori type of origami.

.

and (C), the diameter and the width, respectively, appear to be larger in the AFM
images compared with the TEM images. This difference is probably a result of
flattening of the 3D objects into two-layer structures and AFM tip convolution.
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Rewiring DNA Origami

Complex DNA nanostructures can be formed from a long scaffold strand of DNA by binding many shorter "staple”
strands. In these DNA origami structures, the path of the scaffold has been restricted by a double-crossover motif to form
parallel helices. Han et al. (p. 1412) now describe a more flexible approach based on a "gridiron unit" in which four
four-arm junctions link together to form a two-layer square frame. A variety of two- and three-dimensional structures were
created, including highly curved structures, such as a sphere and a screw.
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