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ABSTRACT: This manuscript reports a strategy for controlling the crystallization kinetics and
improving the quality of engineered self-assembled 3D DNA crystals. Growing large, high-
quality, biomacromolecule crystals is critically important for determining the 3D structures of
biomacromolecules. It often presents a great challenge to structural biologists. Herein, we
introduce a rationally designed agent to modulate the crystallization process. Under such
conditions, fewer, but larger crystals with modestly higher resolutions are produced compared
with the crystals from conditions without the modulating agent. We attribute the improvement to
decreased number of nuclei and slow growing rate of crystallization. This strategy is expected to
be generally applicable for crystallization of other biomacromolecules.

X-ray crystallography is a common approach for the determination of biomacromolecular
structures. It requires high-quality, large, biomacromolecular crystals though recent progress has
relaxed the requirement of the crystal size. A significant amount of research activity has been
devoted to address this problem and a large collection of methods have been developed.!
However, those methods are either cumbersome or cannot guarantee crystals suitable for X-ray
crystallography. In this study, we propose a simple and rational strategy to partially address this
problem and demonstrate this strategy with a self-assembled DNA crystal.

DNA is a powerful molecule for programmed self-assembly.*®! In the last decade, rationally
designed 3D DNA crystals!”"® have been developed, which can serve as scaffolds for enzyme
loading!""! and structure determination, as filtration devices!'”, and as controllable device
systems'' ). In these crystals, inter-motif interactions (sticky-end hybridizations) are rationally
designed and can be easily programmed/modified based on Watson-Crick base pairing. For
example, we have recently applied triplex formation to stabilize the inter-motif interaction (thus
stabilizing the DNA crystals) after crystal assembly."” Paul J. Paukstelis and his co-workers
used oligonucleotides to poison critical inter-motif interactions to modify the crystal habits.!'®
Because of DNA programmability, such designed DNA crystals provide an excellent model
system to study fundamental questions in biomacromolecular crystallization, for example, how
to grow large, high-quality, single crystals?
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Crystal growth critically depends on crystallization kinetics. In general, few nuclei lead to few
(and large) crystals; a slow growth rate leads to high crystal quality.'” ' With the engineered
DNA tensegrity triangle crystal as a model system,!”) we have hypothesized that we could grow
large crystals by adding an agent that interferes with nucleation and crystal growth (Fig. 1). The
basic DNA motif is a tensegrity triangle with 3-fold rotational symmetry (Fig. 1a). There is a pair
of complementary sticky ends along each triangle edge, thus the triangle motifs can associate
with one another along three independent directions by identical sticky-end association to form
3D crystals (Fig. 1b). To this system, we have designed a 12-nucleotide (nt)-long, hairpin strand
(H). It contains a 2-nt-long sticky end, which is identical to three sticky ends and complementary
to the other three of the DNA triangle. The H strand can bind transiently to the surface of
growing triangle crystals and the triangle motifs (Fig. 1¢), and prevent the crystals from growing
further and prevent the triangle motifs from associating with each other. This result affects
crystallization in two ways. (i) Reducing the number of nuclei. At the very beginning of
crystallization, a small number of triangle motifs associate with each other to form small clusters.
They are at a high energy state and very unstable. They will quickly dissociate into individual
triangle motifs or become more stable by incorporating more triangle motifs to form small
crystals. The H strand can transiently bind to and prevent the clusters from incorporating more
triangle motifs to grow larger. Thus, the clusters have more chances to dissociate back into
individual motifs. Consequently, fewer productive nuclei can form, resulting in fewer crystals in
the presence than in the absence of the H strand. (ii) Slowing down the crystal growth rate.
Because of the transient association of the H strand with the triangle motif and the crystal
surface, the effective triangle motif concentration and crystal surface decreased. Or, strand H will
compete with the triangle to bind to the crystal growing surface. Overall, the crystal growth rate
will decrease. Note that strand H is unlikely to be present in the final crystals because it cannot
stably associate with the triangle motifs, except at the sites of defects.

The DNA crystal assembly was conducted according to a previously reported method.!”!
Briefly, a mixture of the three component DNA strands (L, M, and S) at a molar ratio of 1:3:3
was thermally annealed to assemble the DNA triangle (Fig, 1a). The pre-assembled DNA triangle
solution and the hairpin strand (H) were then mixed together at designated molar ratios and
isothermally incubated against 1.6 or 2.9 M (NH4),SO; solution in a hanging-drop setup. As the
water evaporated from the DNA solution, the DNA concentration increased and DNA triangle
crystals appeared. We then analyzed the DNA crystals by optical imaging and X-ray diffraction.
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Figure 1. Rationally modulating the self-assembly of DNA triangle crystals. (a) A symmetric,
DNA tensegrity triangle with sequences. There are three unique strands: a 21-nucleotide (nt)-
long, 3-fold repetitive strand (L), a 21-nt-long strand (M), and a 14-nt-long strand (S). At the two
ends of each triangle edge (duplex), there is a pair of 2-nt-long, complementary sticky ends. (b)
Self-assembly of the DNA triangle crystals via sticky-end association into a 3D crystal. Each
gray rod represents a DNA duplex. Note that the three duplexes of the DNA triangle are not co-
planar. (c) A small hairpin (H) is designed to contain a 2-nt-long sticky end the same as three
sticky ends on the triangle motif. (d) H can transiently bind to a triangle via sticky-end
association. (e-f) Schemes of the crystal assembly processes. H transiently binds to the nuclei
and prevents the nuclei from incorporating more triangles to grow into larger crystals, thus,
promotes the nuclei to dissociate into individual motifs; thus reducing the effective number of

nuclei and resulting in fewer and larger crystals.
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motif:H =1:0

Figure 2. Optical images of DNA crystal drops with indicated motif:H ratios. At each molar
ratio, a pair of optical images of the crystallization drop is shown: an overview image at the top
and a close-up view at the bottom. Scale bars, 200 um.

Table 1. Statistics of DNA crystals in crystallization drops. See Table S1-3 in Supporting
Information for details.

Biuistios # of Area of the highest diffraction
crystals in | largest crystal in resolution of
Motif : H a drop a drop (um?) crystals (A)
1:0 122+ 11.0 | 31597 £ 10472 6.03 £ 0.50
1:3 8.3 £+ 7.9 | 43007 £ 19309 5.55 + 0.40
1:6 1.8 £2.6 | 54923 + 11984 544 £ 043

Addition of the H strand resulted in fewer, but larger, crystals in a drop. To show this effect
clearly, we incubated DNA drops against the 2.9 M (NH,4),SO, solution. This salt concentration
was relatively high and was not an ideal crystallization condition as it generates large number of
small crystals (Fig. 2 and S1). When the H strand was introduced into the crystallization drop (at
a molar ratio of triangle : H = 1:0.5), the crystal size increased by ~ 5 times and the number of
crystals in a drop decreased to half. This observation confirmed our hypothesis that addition of
the modulating agent would destabilize nuclei and reduce the number of effective nuclei. When
the H strand concentration was further increased (1:1, 1:2, and 1:5), crystals sizes and the
number of crystals in a drop were not further influenced (Fig. S1). When too much H strand was
added (1:10), no crystals formed. The implication is that too much modulating agent would
completely prevent effective nuclei from forming. The overall phenomenon was general and
could be reproduced under other conditions. For example, a similar trend was observed when
DNA drops were incubated against 1.6 M (NH,),SO, solution (Table 1; Fig. S2) that was
previously identified as a good condition to assemble large DNA triangle crystals.”” The more
modulating agent was added, the larger but fewer crystals were grown.
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To confirm the proposed mechanism, we conducted several control experiments by replacing the
H strand with four other DNA strands (Fig. S3). They include: (1) two similar hairpin strands H’
and H”, which have the same size (12 bases long) and the same stem region as strand H, but
different sticky ends; (2) two 16-base-long, random, single strands (J1-1 and J1-2). All four
DNA strands could not interact specifically with the DNA triangle motif; consequently, no
impact has been observed on the crystallization of the DNA triangle.

motif:H =1:0 1:3

a=68.82 A, 0 =101.88° [la=67.67 A, a=103.30° 1= 67.

Figure 3. X-ray diffraction patterns of DNA crystals. The triangle:H ratios were indicated above
the corresponding images. Unit cell dimensions determined from indexing were shown as well.

We then used X-ray diffraction to evaluate the quality of the DNA crystals assembled in the
presence of different amounts of H strand. From each condition, multiple crystals had been
examined. All crystals belong to the same space group (R3) and have the same unit cell
dimensions (Fig. 3). We examined the diffraction resolution by two approaches. At an in-house,
X-ray diffraction facility at Purdue University, we compared the clearly observable, highest
resolution diffraction spot of each crystal. Without H, the crystals diffracted to 6.0 A on average
(with the best of 5.3 A). At a molar ratio of 1:3 (triangle motif : H), the crystal diffracted to 5.6 A
on average (with the best to 4.9 A) at the identical facility (Tables 1 and S3). To be more
accurate, we examined one crystal from each condition at the Advanced Photon Source (APS) at
Argonne National Laboratory. After collecting and analyzing full sets of diffraction data (Table
S4), we found the diffraction resolution slightly increased from 5.9 (triangle:H = 1:0) to 5.3
(triangle:H = 1:3) to 5.2 (triangle:H = 1:6). Both approaches indicated that addition of H strand
modestly improved the crystal diffraction.
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Figure 4. Controlling crystal morphologies by modulating agents. (a) Schemes of an asymmetric
DNA triangle (aTriangle) and its three corresponding modulating agents (H, H’, and H”). (b-d)
Optical images of the DNA crystals in the absence and presence of the modulating agents. Scale
bars, 100 um.
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Not only the crystal sizes, but also the crystal morphologies can be controlled by this strategy.
To demonstrate this power, we applied it to the crystal of an asymmetric DNA triangle, aTriangle
(Fig. 4), which was composed of seven different DNA strands. Three hairpin strands (H, H’, and
H”) were designed to modulate the sticky-end cohesions along the three different directions of
the aTriangle, respectively. With no modulating strand, the crystals had a long-rod shape (4b).
With increasing amount of modulating agent H”, the rod became shorter and the perpendicular
directions became larger (4c). At a triangle:H” ratio of 1:30, the crystals became plate-like.
Presumably, H” inhibited the crystal growth along the long axis (z-axis) of the rod crystal. When
the growth along the z-axis was inhibited (by H”), the perpendicular directions (x- and y-axes)
became relatively quick growth directions, leading to plate crystals with short z-dimension and
large x- and y-dimensions. In contrast, when both H and H> were used, growth along x- and y-
axes were inhibited, resulting in even skinnier rod-shaped crystals (Fig. 4d). Similar strategies
were used to control inorganic crystal morphologies by modulating agents.'” But with
biomacromolecule systems such as the engineered DNA nanostructures, the design of
corresponding modulating agents was much more straightforward.
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In summary, we have developed a strategy to grow large DNA 3D crystals. The key to this
strategy is a rationally designed modulating agent that can bind competitively to the individual
motif and the growing crystal surfaces. It remains to be tested how this strategy would be applied
to crystallization of other biomacromolecules. For example, blunt-end stacking is often observed
in nucleic acid crystals.?” It is certainly possible to design modulating agents that compete for
such blunt-end stacking. Studies in this direction are being conducted in our research group.
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