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ABSTRACT: Biology provides plenty of examples on achieving complicated structures out of minimal numbers of building blocks.
In contrast, structural complexity of designed molecular systems is achieved by increasing the numbers of component molecules. In
this study, the component DNA strand assembles into a highly complex crystal structure via an unusual path of divergence and
convergence. This assembly path suggests a route to minimalists for increasing structural complexity. The original purpose of this
study is to engineer DNA crystals with high resolution, which is the primary motivation and a key objective for structural DNA
nanotechnology. Despite great efforts in the last 40 years, engineered DNA crystals have not yet consistently reached resolution
better than 2.5 A, limiting their potential uses. Our research has shown that small, symmetrical building blocks generally lead to high
resolution crystals. Herein, by following this principle, we report an engineered DNA crystal with unprecedented high resolution
(2.17 A) assembled from one single DNA component: an 8-base-long DNA strand. This system has three unique characteristics: (1)
It has a very complex architecture, (2) the same DNA strand forms two different structural motifs, both of which are incorporated
into the final crystal, and (3) the component DNA molecule is only an 8-base-long DNA strand, which is, arguably, the smallest
DNA motif for DNA nanostructures to date. This high resolution opens the possibility of using these DNA crystals to precisely

organize guest molecules at the A level, which could stimulate a range of new investigations.

S tructural complexity and component simplicity are two
conflicting parameters in molecular self-assembly. Increas-
ing one usually means sacrificing the other. In a minimalist
approach, a question is constantly asked: how can we increase
the structural complexity while minimizing the number of
component molecules? We present a study on DNA crystal
engineering that hints on a potential solution to this question
by integrating divergent and convergent assembly. A
component DNA strand initially assembles into two different
structural motifs that then co-assemble into a DNA crystal.

Structural DNA nanotechnology started in 1982 with a
primary goal: to engineer DNA crystals with high resolution so
that such DNA crystals could be used to organize guest
molecules at the A level to facilitate the structural study of the
guest molecules.” Among many efforts,”"” a series of DNA
crystals was engineered based on a tensegrity triangle motif."*
This system allowed convenient and systematical variation of
the pore size to potentially accommodate different guests.'®
However, the resolutions of such crystals were modest, which
prevented the precise organization of guest molecules for
structural study. In the course of the study of tensegrity
triangle-based DNA crystals, one phenomenon became
obvious: small and symmetric motifs resulted in high
resolution crystals.'"”'” The same phenomenon was also
observed in a DNA crystal system containing parallel DNA
duplexes.”® Herein, following this principle, we have designed
an 8-mer DNA (8 nucleotides, nts, long) to assemble into 3D
DNA crystals with a resolution of 2.17 A.

The key to the current design is the spontaneous formation
of a symmetric, four-stranded, Holliday junction (HJ) from
one unique, 8-mer DNA (AT-CGGCCG), as shown in Figure
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1. The DNA sequence contains two palindromes: AT and
CGGCCG. It can dimerize into a 6-base pair (bp)-long
double-stranded duplex (DS) with two 2-nt-long, self-
complementary sticky ends (AT). In addition, this DNA
strand contains a G-CC sequence, which has been reported to
be able to form a symmetric, four-stranded HJ.*""** Therefore,
the 8-mer DNAs can potentially homo-tetramerize into a HJ
with four sticky ends (AT). The two types of structural motifs
(DS and HJ) together could co-assemble along the helical axes
through sticky-end cohesion and perpendicular to the helical
axes through strand crossovers between adjacent helixes,
leading to the formation of 3D crystals.

The crystallization was carried out using a vapor-diffusion
method in a hanging-drop setting at 22 °C. After
approximately 7 days, sharp-edged crystals over 100 pm
appeared (Figure 1d) that diffracted well under X-ray. Its
structure was resolved to a resolution of 2.17 A using
molecular replacement with an idealized DNA duplex serving
as an initial search model (Supporting Information (SI), Table
S1 and Figure S1). This confirmed the design of the
engineered DNA crystal. The minimal biological assembly in
the crystal comprised of a HJ and a DS, held by sticky-end
cohesion (Figure le—g). When using a single DNA duplex as a
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Figure 1. Engineered DNA crystals containing both duplexes (DS)
and Holliday junctions (HJ). (a) The single component, 8-mer DNA,
which assembles into two different types of motifs: (b) DS and (c)
HJ. Both contain the same self-complementary sticky ends and
together further assemble into (d) 3D crystals (imaged by optical
microscopy). (e) The smallest biological assembly in the crystal as
revealed by X-ray crystallography at resolution of 2.17 A. It contains a
(f) HJ and a (g) DS. (e—g) Structural models built into
corresponding electron map (2F,—F,.) contoured at 1.5 ¢ level. 2-
fold rotational axes are indicated by a white oval in (f) or a pair of
white arrows in (g).

search model, extra electron density was observed in the 2F —
F. map between two side-by-side, parallel duplexes. This
observation prompted us to introduce a pair of strand
crossovers to the extra densities (SI, Figure Slc), thereby
building a four-stranded HJ (Figure 1f). Both DS and HJ
structural models were in good agreement with the electron
densities. When increasingly higher contour levels were applied
to the electron density map, the remaining, isolated, electron
densities located to the phosphate locations, which have the
highest densities as phosphorus, is the heaviest atom in the
DNA molecule (SI, Figure S2), supporting that the structural
model is correct. Please note that each of DS and HJ motifs
have a 2-fold rotational axis as indicated in the motif models
(Figure 1fg).

The resulting DNA crystals are chiral and belong to the H3,
space group with cell dimensions as 69.64 A, 69.64 A, 72.76 A,
90.0°, 90.0°, and 120.0° (Figure 2, and SI, Figure S6). They
can be viewed as closely packed 2D arrays of interconnected,
parallel super-triple helixes that extend infinitely. Such 2D
arrays exhibit 3-fold rotational axes along the DNA duplex
direction (Figure 2a). The DNA architectures can be described
at three different levels.

(i) The basic units as shown in Figure le associate with

each other by sticky-end cohesion into long, continuous
DNA duplexes (Figure 2b, and SI, Figure S3), which
switls into a right-handed, super spirals. At the center of

each super spiral, there is a 3-fold screw (3;) axis. Along
the super spiral, the DNA molecules are arranged in
HJ—DS—H] repeats, and the repeats are related to each
other by the 3, screw axis. Three repeating structural
units form a helical turn, which is 3 X 3 X 8 = 72-bp-
long along the DNA duplex. A full turn is 217 A tall.
Around the super spiral, HJs are in two groups. In each
group, HJs are related to each other by the 3-fold screw
axis. The two groups are shifted by 60°. Overall, all HJs
are evenly distributed around DNA super spiral in six
orientations separated away by 60°.

(ii) Three super DNA spirals wind with each other into a
right-handed, super triplex (Figure 2c). At the center of
the super triplex, there is a 3-fold rotational axis. One full
turn of the super triplex composes of 72 bps and is 217
A tall. The diameter of the super triplex is 47 A. Note
that the three DNA super spirals in the super triplex
have no direct association in terms of hydrogen bonds or
strand crossover even though they are in close proximity.

(iii) Bach super triplex links its neighboring six super
triplexes via strand crossovers of HJs (Figure 2d, and
SI, Figures S3 and S4). Any two adjacent super triplexes
are linked once every 1/3 of a triplex turn, or 24 bps.
Each component super spiral of a super triplex will link
with one super spiral from each of the six neighboring
super triplexes. With those HJ-mediated linkages, all
super triplexes are held together into an interconnected
network, forming crystals (SI, Figure S5).

The reported crystal is rationally designed to be assembled
from both DS and HJ motifs via sticky-end cohesion. The
experimental data have confirmed the main features of the
design: the 8-mer DNA forms both DS and HJ motifs, which
together co-assemble into the final DNA crystals. However, the
high-level, DNA arrangement is a surprise. Figure 3 illustrates
the speculated, original design of the DNA crystal, which is
fundamentally different from the actual structure we resolved
via crystallography. Individual 8-mer DNAs form both DS and
HJ motifs (Figure 3a). At this particularly chosen length (8-nt-
long), neither type of motif could readily pack in 3D space into
crystals. One potential way to form continuous, repetitive 3D
lattices is to arrange the two types of motifs alternatingly along
any DNA helix direction (Figure 3b, and SI, Figure S6b). In
that way, any two adjacent HJ motifs along one helix will be
separated by 8 + 8 = 16 bps, or 1.5 helical turns, thus turning
180° and facing to the opposite directions. They will assemble
into rhombuses with additional duplexes above and below the
rhombus planes. All the duplexes will arrange in three
directions, which are sequentially rotated from each other by
120° (the interhelical angle of the HJ) in the Z-direction, and
then repeat (Figure 3c,d, and SI, Figure S6¢,d). Interestingly,
the DNA did not completely behave as designed. Instead, the
DNA packs much more tightly in the observed crystals. The
empty space in the speculated design (82.5%) is far larger than
that of the observed crystal (28.1%) (SI, Figure S7). We
speculate that such a large difference of occupancy is the
primary driving force to form the observed DNA arrangement.
Whenever possible, crystals prefer compact packing and avoid
empty spaces so that the possibility of unfavorable exposure to
free solvent molecules is reduced to maximize overall
entropy.”” That is also the reason for the formation of
interpenetrating networks in the literature.”#** At the present
stage, whether preferring compact packing is general for
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Figure 2. Arrangement of DNA in the crystals. For clarity, only base pairs are shown and backbones are omitted. Neighboring structures may not
appear connected due to the omission of the backbones. (al) and (a2), (b1) and (b2), (c1) and (c2), and (d1) and (d2) are two orthogonal views
of the overall DNA arrangement in the DNA crystal, one DNA super spiral, one DNA super triplex, and two interacting DNA super triplexes,
respectively. In (b3), (c3), and (d3), corresponding simple schemes of the DNA strand compositions are shown. In (c) and (d), for each HJ, only
the two base pairs immediately flanking the junction are shown. Strand crossovers that link the two super triplexes are indicated by purple boxes in
(d2) or dash lines in (d3). In the schemes, thick colored lines, thin gray horizontal lines, dashed color lines, and arrows represent DNA backbones,
base pairs, strand crossovers, and 3’ ends, respectively. A 3,-screw axis and a 3-fold rotational axis is shown at the centers in (b1l) and (cl1),
respectively. The size of (b1), (c1), and (d1) is amplified 1.4 times compared with the size of (b2), (c2), and (d2).
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Figure 3. Speculated DNA arrangement in the originally designed
DNA crystals. Motifs: DSs and HJs (a), alternatingly associated with
each other into rthombuses (b), which further assemble into crystals
(c,d), viewed along two orthogonal orientations. Each rod represents
a duplex, and golden-colored segments represent sticky ends. Identical
HJs are drawn with different colors to make three successive layers
with different colors.

engineering DNA crystals is not clear and is worth further
studying.

In summary, we have designed an 8-mer DNA to self-
assemble into 3D crystals at a resolution of 2.17 A. This work
is significant in several aspects. (i) The component (one 8-mer
DNA strand) is arguably the smallest, unique DNA component
for assembly of any DNA nanostructure, thus pushing the
boundary of the minimalist approach for DNA nano-
technology.”*™* (ii) The 8-mer DNAs simultaneously form
two different structural motifs, and both motifs together
assemble into the final crystals. In prior studies, one set of
strands always forms only one particular motif under one
specific assembly condition;* ****7>* instead, the DNA
strands form two different types of motifs in this study, thus
leading to higher structural complexity. Such an integration of
divergent and convergent assembly is a fundamentally new
concept for increasing structural complexity and reducing the
number of unique, component DNA strands. (iii) The DNA
arrangement in the crystals has the most complicated
arrangement in all engineered DNA crystals so far.”~'7*%7%
(iv) The molecular organization is a surprising discovery
(though straightforward in retrospective view) that the DNA
prefers a compact packing arrangement over a porous packing
arrangement. Our findings may provide a strategy for guiding
the self-assembly of DNA strands into one particular structure
when there are multiple potential structures. In the applied
side, the high resolution of the DNA crystals may allow
structural studies of small guest molecules that can be
incorporated into the DNA crystal lattices,"” or organize
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molecules in 3D with A level precision for other applications,
. .33 . 34-36

such as photonic devices,”™ cascade catalysis, and

) . . 37-39

information processing and storages.
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