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Abstract

In this perspective, we provide a summary of recent developments in self-assembling 3D DNA
crystals. Starting from the inception of this subfield, we describe the various advancements in
structure that have led to an increase in the diversity of macromolecular crystal motifs formed
through self-assembly, and we further comment on the future directions of the field which exploit
non-canonical base pairing interactions beyond Watson-Crick. We then survey the current
applications of self-assembling 3D DNA crystals in reversibly active nanodevices and materials
engineering, and provide an outlook on the direction researchers are taking these structures.
Finally, we compare 3D DNA crystals with DNA origami and suggest how these distinct subfields
might work together to enhance biomolecule structure solution, nanotechnological motifs, and

their applications.
Introduction

Since Ned Seeman’s proposal to use branched DNA as a structural tool in 1982 (1), DNA
nanotechnology has allowed materials scientists and chemical engineers to program the assembly
of structures using DNA base pairing (2-12). DNA nanotechnology exploits the reliable binding
and known structural parameters of the double helix, taking DNA out of its biological context into
a material for bottom-up self-assembly. These structures enable applications ranging from
biomarker detection (13), therapeutics delivery (14-16), molecular switches (17), and more
(18,19). In these applications, DNA acts as a template (20) or scaffold (21) for co-assembly of
other materials (9,14,22) as well as programmable (23) and dynamic (24) functional material. The
fundamental design principle in DNA nanotechnology is simple: One need only understand the
logic of programming with oligonucleotides to create any designed structure. This adage drove

Ned Seeman’s dream to assemble 3D crystals from a lattice of branched DNA junctions. He



imagined that six-arm junctions with helices pointing in three dimensions could come together

with sticky end cohesion to form a 3D lattice. This design suffered from a lack of structural rigidity.

Rigid structures based on the double-crossover (DX) tile paved the way for predictable 2D crystals,
and 3D DNA nanostructures were subsequently made from DNA star motifs (25). The 3D
tensegrity triangle motif designed by Mao (26) was the first rationally-designed, self-assembling
3D DNA crystal motif (Fig. 1a) (PDB ID: 3GBI) (27). The tensegrity triangle contains three
double helices that are 21 bp in length connected by three four-arm Holliday junction analogs. The
crossover regions proscribe rigidity into the triangle frame. In effect, the tensegrity triangle is a
rigid counterpart to the six-armed junction: Double helices point in three dimensions with sticky
ends that connect neighboring triangles into a thombohedral lattice. From this first pivotal 3D
tensegrity triangle structure, the ensuing “bottom-up” approaches to macromolecular self-
assembly utilized exquisite control over the triangle unit in order to fine-tune crystal assembly
(28), precise placement of guest molecules (29), and enhanced functionality (30). This “bottom-
up” strategy prescribes designed parameters (symmetry and cavity size) onto the macroscale unit
(the crystal) based on the sequence and geometry of the single unit (the triangle). Crystals then
self-assemble with control over the space group, unit cell parameters, and packing, thus bypassing
much of the traditional guesswork of structure determination. In essence, the structures form from
a single unit in which the sequence and geometry of the single unit control how that unit binds to
its neighbors and the macroscale material that results from that single unit. With these structures,

Ned Seeman hoped to easily crystallize and solve the structures of guest macromolecules.
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Figure 1. DNA motifs that self-assemble into 3D DNA crystals. The top row depicts the schematic
design with the single unit structure; the middle row shows the view from atop the lattices; and the
bottom row shows the side view of the long-range crystal lattices, with PDB IDs inset. a) A
tensegrity triangle motif self-assembles into a rhombohedron (R3 space group) via sticky-end
cohesion (27), PDB ID: 3GBI. b) An unwrapped tensegrity triangle motif with a central five-
nucleotide repeating sequence results into a layered structure with P3221 symmetry (31-34), PDB
ID: 5SKEK. ¢) A DNA 13-mer self-assembles into the stacked layers of parallel helices connected
with parallel-stranded base pairing in P64 symmetry (35), PDB ID: 1P1Y. d) Non-Watson-Crick
sticky end interactions result into an alternate, 3D hexagonal arrangement (P63 space group) of

tensegrity triangles (36), PDB ID: 7R96.

A Watershed for Crystal Structures

The publication of the tensegrity triangle crystal in 2009 opened the way to a multitude of self-
assembling 3D DNA crystal motifs and structures. Whereas many initial forays into self-assembled
3D DNA crystals had been a matter of trial and error, the large number of subsequent papers
describe advances in programmatic control. A quick search of “3D DNA” on the Protein Data
Bank reveals pages full of tensegrity triangles and tensegrity-inspired DNA structures. These
coordinates all point to a common theme: An increase in control over the self-assembly pathways
of DNA. The original triangle contained only three unique strands, taking advantage of the
threefold symmetry to minimize aberrant interactions. However, spatial control over the crystalline
lattice results from asymmetry: To program heterogeneous nanomaterials, researchers increased
the size and non-periodicity of the subunits in order to prescribe greater spatial precision over
crystalline guests. Instead of a single repeating triangle, two different triangles with unique sticky
ends were programmed to assemble in an “A-B” pattern (37). From there, the number of unique
oligonucleotides in a unit cell can be increased further, limited only by the number of strands with
which one is willing to work. There exists the unexplored potential to build the entire
rhombohedral unit cell out of 56 oligonucleotide strands to create the tensegrity triangle analog to
Seeman’s original DNA cube (38), giving access to all eight triangles for independent

functionalization.

The Seeman group explored another route to control the geometry of the tensegrity triangle by

altering the number of base pairs between junctions. This interaction affects the cavity size, unit



cell angle, and stress within the DNA structure (27). A seminal 2009 paper described the crystal
structure of the 2-turn (21 base pairs per edge) Triangle with 7 base pairs between junctions (2T7)
(27). In addition, the paper also included description of a larger, 3-turn Triangle with either 31 or
32 base pair per edge and with either 17 or 18 base pairs between junctions (3T17 or 3T18), a 4-
turn Triangle with 42 base pairs and 17 base pairs (4T17) and a 4-turn Triangle with 42 base pairs
and 28 base pairs between junctions (4T28), albeit without solved crystal structures (27). The data
indicated that as the size of the triangle motif increases, unit cell cross-sectional area and cavity
size both greatly increase while diffraction resolution decreases. The 3T17 motif structure was
later solved in a separate paper that confirmed these findings (PDB ID: 3UBI) (39). Additional
exploration of varying interjunction distances yielded a motif with eight base pairs between
junctions (2T8), more than 2/3 of a helical turn, which resulted in torsional stress at the center of
the triangle with underwound DNA (40). Motifs with 13, 14, 15, and 16 base pairs between
junctions have been analyzed for topology, but no crystal structure has been solved as of yet—
such a structure could provide crucial information on the helicity of DNA near the junction (22).
Surprisingly, tensegrity triangle-based structures are robust to heterogeneity and can be relatively
tolerant of stress (41). As such, modifying the interjunction base pairs alters the angles and cavity
size without inhibiting self-assembly, allowing iterative customization of the tensegrity triangle

motif.

More substantial alterations to the tensegrity triangle motif resulted in unpredictable results. Hao
Yan’s group worked to produce a tensegrity “square” in a similar vein as the tensegrity triangle by
replacing the triangle center with a designed square center, but this strategy did not produce a
similar packing arrangement of square-like units. Instead, the result was a series of tubes caused
by the unwinding of the center strand that remained bundled together by sticky-end cohesion (Fig.
1b), (PDB ID: 5KEK) (33). The repeating unit of four tubes is capable of forming structures in the
P32, P3221 and R3 space groups depending on junction sequence (34). Yan and colleagues
hypothesized that the structure results from the strain induced on the motif when there are fewer
interjunction bases than the design can tolerate, causing an overall overwinding. With similar
tunability of the interjunction distance (32) and arm length (31) to the tensegrity motif, this

structure diversifies the assembly toolbox of structural DNA nanotechnology.



We have come a long way in designing structures that assemble by programmed and predictable
interactions. The addition of designed hairpins of various lengths on the tensegrity triangle allows
control over the shape and quality of crystals (42), while post-crystallization modifications such
as triplex-forming oligonucleotides increase the stability of crystals (43). Moreover, Hao Yan’s
group designed an entirely new structure with six-fold symmetry that diffracted to very high
resolution based on the layering from an unwound center strand (44). However, the Seeman
group’s recent discovery of a new hexagonal packing arrangement of the tensegrity triangle reveals
that the field still has a long way to go to reach a comprehensive understanding of DNA self-
assembly in 3D (Fig. 1d) (PDB ID: 7R96) (36). The small alteration to the sticky end on the helical
strand from 5°-GA to 5’-AG reconfigures the self-assembling mechanism of the tensegrity triangle
(36). It is with these serendipitous findings that we approach a complete picture of the various
assembly processes of 3D DNA crystals. We expect to find more non-canonical interactions that
yield additional self-assembling geometries that further expand the structural diversity of 3D DNA
structures. The more modifications introduced into the assembly process, the more emergent and
previously unknown factors we discover. We came from one self-assembling motif capable of
forming 3D DNA crystals in 2009 (27) to more than four distinct classes of motifs spanning many
more individual structures in the past three years (27,33,36,44). We expect systematic studies such
as a recent paper from the Yan group that studies the effect all possible junction sequences to

further reveal the mystery of self-assembly pathways (34).

With such an increase in structural diversity over the past few years, we expect a continued
exploration of tensegrity-based structures, but we also expect a more thorough investigation of
non-canonical base pair interactions. While Paukstelis’s first self-assembling DNA crystal resulted
from homopurine non-Watson-Crick interactions (35), there has mainly been a focus on the
paradigmatic [A:T, G:C] base pairing. With the introduction of non-Watson-Crick motifs such as
the poly-T-melamine duplex (45), DNA triplexes (46,47), wobble base pairs (36), paranemic
crossovers (48), silver and mercury-mediated base pairs (49,50), and many more. Countless
opportunities add diversity and complexity to the toolbox of DNA nanotechnology. There exists a
tradeoff between the structure diversity and ease of design for these structures. Owing to this
challenge, no current rationally-designed structures rely exclusively upon non-Watson-Crick
interactions, but we foresee that this will change in the very near future as more groups take note

of the enhanced possibilities beyond the Watson-Crick canon.



Crystalline Applications

The expected increase in applications from the availability and tunability of motifs has not yet
appeared. Nanotechnological applications have not grown in tandem with structural design.
Harking back to the founding mission of the field in which designer DNA crystals were to be
employed as hosts for biomolecular characterization by X-ray diffraction, a primary limitation of
self-assembling DNA crystals lies in the diffraction resolution of these lattices. Resolution trades
off with size, which hampers the precision of structure determination of larger lattices and
decreases the attractiveness of performing crystallography on functionalized structures (27). As
such, it remains to be seen whether the structure of a large number of guest molecules can be
solved with ease at high resolutions via co-crystallization with a 3D DNA crystal cage per the
original vision (19,51). Paukstelis encapsulated proteins in 3D DNA cages in 2006 (52), making
the issue not one of getting the protein into the lattice but rather an issue of visibility of the resulting
complex. Fortunately, recent advances helped to mitigate this issue, although not enough for
atomic resolution. The original tensegrity triangle diffracted to 4.02 A (27), while shortening the
length of the sticky end from two to one nucleotide results in 3.40 A resolution (53), and the
addition of a 5" -phosphate (54,55) to the crossover strand further increased the resolution to 3.06
A (53). The highest resolution self-assembling DNA crystal is 2.60 A, by optimizing the junctions
sequence for a presumably more rigid structure (31). At such resolution, individual nucleobases
are clearly visible, which significantly increases the information from a crystal structure.
Currently, we are unaware of other modifications that could impact resolution, and we suspect that

ultimately, resolution may be limited by the high solvent content (>90%) of these crystals (56).

As a result, many applications of DNA crystals have not utilized crystallography. These studies
take advantage of the optical properties of macromolecular crystals to visualize changes resulting
from modifications. Paukstelis’s group used sequence design and guest molecule presence to
program multi-layered self-assembly, producing discrete shells with different properties (57).
Chengde Mao’s group used enzymatic ligation of sticky ends and covalent attachments in a similar
manner to build a matryoshka-doll-like crystal with multiple layers along with many other ligation-
based experiments (46,58). These crystals act as molecular sieves for protein entrapment as well
as power molecular motion through the addition of DNA single strands. They may be further used

to selectively immobilize enzymes based on properties such as size and affinity for solid-state



catalysis (59). In line with this approach, we believe that DNA crystals are extremely promising
as a vehicle for catalysis (60,61). Additionally, devices that take advantage of the simplicity of
adding terminal dyes to synthetic DNA constructs were developed in a 3D DNA crystal system.
One example of this entailed a reversible color-changing device using DNA strand displacement
to exchange strands on tensegrity triangle subunits (30,62). This device was used to collect kinetic
data on the dynamics of strand displacement within a crystal, opening the door to dynamic DNA
nanotechnology in 3D. The detection of color changes on a crystal was also used to assemble an
organic semiconductor with the properties of an electronic switch inside a tensegrity triangle

scaffold (29).

Taking advantage of DNA’s ability to organize complex materials based on sequence design (63),
such devices enable the specific orientation of electronically-active materials within a DNA lattice,
opening the door to organic semiconductors organized through a DNA scaffold (64,65). It is thus
not a coincidence that the Canary and Seeman groups explored self-assembled DNA crystals as
vehicles for the precise positioning of nanoelectronic components. Without the need to directly
observe the high resolution electron density of highly mobile and small pieces (29,30,64), we can
often confirm the construction of these nanodevices using optical means. As such, we expect to
see an expansion in the diversity and efficacy of organic materials organized by DNA such as
graphene nanoribbons (66), carbon nanotubes (67,68), and more complex assemblies of organic
semiconductors (69). In addition to the electronic properties of guest molecules, we believe that
self-assembled DNA crystals can take advantage of the emergent electronic properties of modified
DNA to build more complex nanoelectronics. By incorporating novel architectures such as metal-
mediated DNA base pairs into a crystal lattice, 3D DNA crystals may have the potential to organize
DNA nanowires in 3D (49). In this manner, self-assembling 3D DNA crystals are forecasted to
contribute significant applications in materials chemistry through the orientation of multiple

complex, electrically-active components within a lattice (69).
But Why Not Use DNA Origami—A Comparison

A discussion of self-assembling 3D DNA crystals is not complete without juxtaposition with its
often-conflated, fellow subfield of DNA origami. DNA origami, invented by Paul Rothemund,
employs a long single-stranded DNA molecule as a scaffold that is folded by short staple strands

into a desired shape (70). These structures are generally standalone, single structures of finite size



and are inherently asymmetric (71-73), rather than infinite lattices formed by self-assembling DNA
crystals. In this way, DNA origami allows fine control over the size and shape of structures in a
way that an infinite crystal lacks, building nanostructures from thousands of base pairs (74) to
gigadalton-scale polyhedra (72). As such, origami offers a larger degree of customization with
respect to 3D crystals, which has been used to design hundreds of unique structures for applications
across a variety of fields (60,63,69,71-76). Though a younger subfield, this customizability is
likely the reason that most applications of DNA nanotechnology employ DNA origami.
Furthermore, DNA origami relies on a veritable arsenal of computational tools (77) that aid in the
design of structures such as caDNAno (78) and oxDNA (79-81). The ease of designing a specific
motif for a targeted application positions DNA origami structures for drug delivery (82), biomarker
detection (83), catalysis (84), and much more (85). Thus, DNA origami is the current state-of-the-
art approach to designing a DNA structure for a specific task.

Recently, DNA origami provided another avenue to form 3D crystals (71). These crystals enabled
a scaling-up of self-assembling DNA crystals up to 10 times the unit cell length (71). In a similar
manner to self-assembling DNA structural motifs, DNA origami was used to build single units
that assembled to form a macromolecular crystal in the shape of a tensegrity triangle (71). This
approach showcases how more complex DNA origami asymmetric units can use the principles of
crystal self-assembly to form larger structures, enabling the construction of more complex
architectures and more control over those architectures. Additionally, DNA origami frames can

form single-crystals, enabling crystallographic approaches to the analysis of these structures (2).

The question then becomes, why use 3D crystals at all? Prima facie, DNA origami appears to be
an easier tool to make use of with a multitude of sequence design tools and predictability not seen
with 3D crystals. However, we believe that there are many applications that cannot be achieved
by DNA origami, even though sequence design may be more challenging. One of these is
precision: There is no way to precisely orient atoms in a DNA construct on an angstrom scale that
can be measured and reconstructed without 3D DNA crystals (86). In a similar vein, the only way
to control the formation of structures orders of magnitudes larger than the single unit is through
crystalline arrangement, as modifying the asymmetric unit is enough to propagate the modification
into the entire structure (36,58,64). Additionally, alterations to one unit cell results in parallel

alterations to the entire crystal, enabling the discovery of emerging metamaterial properties that



are far more difficult to visualize and measure in single units of DNA origami (30,64). These all
point to a common theme: Controlling the nanoscale interactions of a self-assembling single unit.
As such, we believe that a combination of crystal self-assembly approaches with DNA origami-
like constructs could bring additional functionality to DNA nanodevices, combining atomic
control with macroscale assembly (87,88). This strategy, which could be executed with the DNA
“brick” method (89), would allow for the propagation of unique DNA strands in 3D crystal motifs,
overcoming the issue of periodicity for crystals and allowing fine atomic control over each section

of the unit cell.

The “brick” method also constructed six-armed junction lattice with sufficient rigidity for structure
solution via cryogenic electron microscopy (cryo-EM), achieving one of Ned Seeman’s original
goals (89). This underscores recent advances in cryo-EM that can solve relatively small structures
of RNA to sub-3-A using kissing loops to mitigate flexibility (90). With cryo-EM bringing
resolutions comparable to the highest possible resolutions that x-ray crystallography can achieve
on self-assembling 3D DNA crystals, DNA crystals are no longer the only avenue for high
resolution structural solution. As such, some structures that cannot crystallize or have poor
diffraction such as larger lattices may be determined through cryo-EM in the future. Thus,
combining the precise design and orientation of self-assembling structures with the macroscale
control of DNA origami to produce assemblies of finite size can harness cryo-EM for structure

solution where crystallization fails.
Conclusion

Self-assembling 3D DNA crystals expand the toolbox for nanotechnology by using the
semantomorphic programmability of DNA as a structural material distinct from its genetic roots.
These principles were used to construct a diverse range of crystals from branched DNA motifs.
Recent years have seen a marked increase in the number and diversity of 3D crystal types that can
be self-assembled from various DNA motifs, enhancing our 3D rational design capabilities. From
the original tensegrity triangle, we now have variations in size, shape, and packing arrangement,
not to mention a wide array of new 3D motifs inspired by the tensegrity triangle. Now that there
have been such advancements in structure, use of these structures in functional applications may
soon follow. We expect the field to shift from the studies of structure to studies on functions of

self-assembling 3D DNA crystals. We anticipate the capabilities Seeman predicted 40 years ago



being put to the test through DNA nanoelectronics, catalysis, organic scaffolding, DNA

computing, protein organization, and beyond.
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