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Abstract. Sequence-selective recognition of DNA duplex is important for a wide range of
applications including regulating gene expression, drug development, and genome editing. Many
small molecules can bind DNA duplexes with sequence selectivity. It remains as a challenge
how to reliably and conveniently obtain the detailed structural information of DNA-molecule
interaction because such information is critically needed for understanding the underline rules of
DNA-molecule interactions. Only if understanding those rules, we could design molecules to
preferably recognize DNA duplexes with sequence preference and intervene related biological
processes, such as disease treatment. Here, we have demonstrated that DNA crystal engineering
is a potential solution. A molecule-binding DNA sequence is engineered to self-assemble into
highly ordered DNA crystals. X-ray crystallography study of the molecule-DNA co-crystals
reveals the structural details on how the molecule interacts with the DNA duplex. In this
approach, the DNA will serve two functions: (1) being part of the molecule to be studied and (2)
forming the crystal lattice. It is conceivable that this method will be a general method for
studying drug/peptide-DNA interactions. The resulting DNA crystals may also find use as
separation matrices, as hosts for catalysts, and as media for material storage.



INTRODUCTION

Sequence-selective recognition of DNA duplex is important for a wide range of
applications including regulating gene expression,' drug development,*¢ and genome editing.”
10 Many small molecules can bind DNA duplexes with sequence selectivity. Such binding have
been extensively studied.''"'® However, their structural study relies most on unpredictable
crystallization (for X-ray crystallography)'!"!* or needs complicated data interpretation study (for
NMR study).!> 16 A reliable and convenient approach for structural study is highly desirable as
structural information would help designing molecules to bind to DNA duplexes with both
highly affinities and selectivities.!” ' Here, we have reported such an approach based on
engineering DNA crystals. In this approach, the DNA serves two functions: (1) as part of the
molecule to be studied and (2) forming the crystal lattice. This concept is demonstrated by the X-
ray crystallography study of DNA-Hoechst 33342 binding.

The key of this approach is engineering high-resolution of DNA crystals. DNA as a
programmable biomolecule provides a general and powerful tool for crystal engineering and
nanoconstructions.'®>® Though a series of engineered 3D DNA crystals have been reported,?: 3!
4! they exhibit only modest quality of 3D order with modest X-ray diffraction resolutions. Such
modest resolutions limit the applications of DNA crystals such as organizing guest molecules
into hybrid crystals for structural determination by X-ray diffraction.'®*> An urgent and critical
problem is how we can engineer highly ordered DNA crystals. Herein, we have developed a
class of DNA motifs that can self-assemble into predesigned, well-ordered, 3D crystals that
diffract to high resolutions. The crystals have either 3- or 4-fold screw axes programmed through
the fine tuning of the molecular designs. Each DNA motif consists of only two short DNA
strands, either identical or different. The precise molecular arrangement in the crystals has been
confirmed by X-ray diffraction to a resolution of up to 2.2 A. As a result, these DNA crystals can
precisely order guest molecules in 3D space, for example, to use-the engineered DNA crystals to
study DNA-guest molecule interactions.
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Figure 1. Designing self-assembly of DNA 3D crystals in the P4322 (a-d) or P3; (e-h) space
groups. (a) Scheme of a double-crossover-like motif, DXL-4, which is a two-stranded complex.
A pair of horizontal arrows indicates a 2-fold rotational axis (in term of DNA backbones). The
pair of red sticky ends is complementary to each other; the same to the pair of blue sticky ends.
Four motifs associated along one duplex via sticky-end cohesion viewed (b) along and (c)
perpendicular to the duplex. A 43 screw axis exists along each pseudo-continuous duplex. (d)
Further sticky-end cohesion leads to DNA crystals (viewed along duplexes) in the P4322 space
group. (e) Scheme of motif DXL-3 for crystals with P32 symmetry group. Three motifs
associated along one duplex via sticky-end cohesion viewed (f) along and (g) perpendicular to
the duplexes. A 32 screw axis exists along each pseudo-continuous duplex. (h) Further sticky-end
cohesion leads to DNA crystals (viewed along duplexes) in the P32 space group.

The crystal assembly is based on a two-stranded, double crossover-like (DXL) motif
(Figure 1). Each DXL motif consists of two, either identical or different, single-stranded DNAs
(ssDNAs). The motif is organized into two, half-turn (6-base pair, bp)-long, helical domains and
each of them is flanked by a pair of short, complementary sticky ends. The motif has an out-of-
plane, two-fold rotational axis in terms of the DNA backbone. Depending on the length of sticky



ends, sticky end-cohesion will allow the DXL motifs to assemble into two families of crystals
with two different DNA arrangements. They are in P4322 and P32 space groups and contain 4- or
3-fold screw axes, respectively; correspondingly, the motifs are named DXL-4 or DXL-3
according to the main screw axes, respectively. All DNA duplexes are orientated in the same
direction in each crystal.

RESULTS AND DISCUSSION

We first investigate crystals with P4322 space group (Figs. la-1d). These crystals are
assembled from a symmetric motif, DXL-4, whose sticky ends are two nucleotides (nts) long and
self-complementary. DXL-4 is a homodimeric complex of a 16 nt-long ssDNA (Fig. 1a), which
is composed of four sequential, palindromic sequences with length of 2, 6, 6, and 2 nts,
respectively. When two DXL-4 motifs associate through sticky-end cohesion at either the 5'- or
3'-end, one motif, relative to the other, translates along the interacting duplex by 8 base pairs
(bps) and rotates right-handedly around the interacting duplex by 360°x8/10.5 = 274° ~ 270°
(assuming 10.5 bps per turn). Every four motifs will complete three full turns. In other words, the
repeating distance along the duplex is four DXL-4 motifs, 4x8 = 32 bps. Thus, there is a 43 screw
axis along the duplex. When viewing along the interacting duplex, the other helical domains of
the motifs are arranged around the interacting duplex and separated away from each other by ~
270° right-handedly (Fig. 1b and Ic). The same will happen to all other duplexes. In the final
crystal, all DNA duplexes are in parallel to each other in a tetragonal fashion (Fig. 1d). From this
model, we can calculate the unit cell parameters based on the parameters of an ideal B-type DNA
duplex (assuming the duplex diameter is 20 A; the rise is 3.3 A per bp; and there is no space
between adjacent duplexes), a=b=28.3 A and ¢ = 105.6 A (Fig. Sla).
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Figure 2. Experimental validation of the P4322 crystal assembled from motif DXL-4a. (a)
The secondary structure of the symmetric motif DXL-4a. A pair of vertical and horizontal arrows
indicate the 5' ends and the 2-fold rotational axis of the motif, respectively. (b) An optical image
of the assembled, tetragonal bipyramid crystals. (c-e¢) Three orthogonal views (along [0,0,1],
[1,1,0] and [1,-1,0]) of the DNA arrangement in the crystals. One DXL-4a motif is highlighted in
red. (f) and (g) Four (colored differently) associated DXL-4a motifs along the 5' and 3' helixes,
respectively. Each is presented with a pair of views along and perpendicular to the associating
helix. (h) A pair of stereo images of the DXL-4a motif with 2Fo-Fc electron density map
contoured at 1.0 and 2.2 A resolution.



. Space [Resolution .
,
Motif Group ( A) Unit Cell
aA)y [ o) [ cA) | a | Y
D[:Zi;;:d P4,22 283 | 283 | 105.6 | 90° | 90° | 90°
ng%'é;G P4,22 | 215 | 353 | 353 | 1044 | 90° | 90° | 90°
P4,22 | 245 | 33.0 | 33.0 | 1043 | 90° | 90° | 90°
PS;Z';;E P4,22 | 245 | 349 | 349 | 1050 | 90° | 90° | 90°
HI))E‘;\LR'E;D P422 | 242 | 342 | 342 | 1043 | 90° | 90° | 90°
Pgé{_L;E;I P422 | 256 | 364 | 364 | 1044 | 90° | 90° | 90°
P4, 261 | 336 | 336 | 106.0 | 90° | 90° | 90°
ng(_Lg';iO P4,22 | 245 | 368 | 36.8 | 1033 | 90° | 90° | 90°
DXL-4g/
}Eﬂfcfgt P4, 255 | 354 | 354 | 1033 | 90° | 90° | 90°
333
PDB: §F42
Dlzzg;:d P3, 346 | 346 | 693 | 90° | 90° | 120°
DXL-3
Observed | P3, 261 | 380 | 380 | 69.6 | 90° | 90° | 120°
PDB: 8EPB

Table 1. Comparison of crystal parameters from design and experiments for all crystal designs in
this work.

The ssDNAs first homodimerize into the DXL-4a motif, and then further assemble into
crystals in a hanging drop setting (Figure 2). The crystals appeared as tetragonal bipyramids,
reflecting the designed P4322 space group (Fig. 2b). The crystals were highly ordered and
diffracted well under X-ray. Based on the diffraction data, the crystal structure has been solved
by molecular replacement to a resolution of 2.2 A. The solved crystal structure fully validated
our design and also revealed some unexpected, structural details. There is a good match between
the crystal parameters between the designed model and the experimental characterized crystals
(Table 1). In the DNA crystals, all DNA duplexes are parallel to each other in a tetragonal
arrangement (Fig. 2c-e). Any two interacting DNA motifs associate with each other along either
5" or 3' helixes, but not both. One motif, relative to the other, not only translates along the
interacting duplex, but also rotates right-handedly around the interacting duplex by 270°. Overall,
the duplexes associate with each other to form pseudo-continuous, parallel helixes to run through
the entire crystals. Any pseudo-continuous helix is composed of only 5' or only 3' helixes of the
motifs. 5' and 3' helixes are in an alternating arrangement in the crystals. A phenomenon
unexpected from the design is that 5' helixes and 3' helixes behave quite differently (Fig. 2f and
2g). While the 5' helixes are fairly straight (Fig. 2f), the 3' helixes swirl around the helical axes
due to significant duplex bending at the sticky-end regions (Fig. 2g). Such swirling effect
explains the substantial difference of the unit cell dimensions in @ and b between what designed



and what observed (Table 1). The structural details of the observed individual DXL-4a motif are
shown in Fig. 2h as a pair of stereo images. The structural model and the observed electron
density map closely match with each other. When a higher contour level is applied to the
electron density map, the remaining, isolated, electron densities locate to the phosphate locations,
which have the highest densities as phosphorus is the heaviest atom in the DNA molecule (Fig.
S2), confirming that the structural model is correct. As such, the model captures all the main
features from our design. It contains two, vertically aligned, half-turn, right-handed, helical
domains and each domain is flanked by two 2-nt-long ssDNA overhangs. Note that the surface of
each face of the motif has very different tomography (Fig. S3). Judging from the B-factors, the 5'
domain of the motif is quite rigid, but the 3' domain contains certain flexibility (Fig. S4). Though
the DXL-4a motif consists of two half-turn right-handed helical domains, its backbones globally
form a one-turn, left-handed, double helix as we proposed before. In the global left-handed
duplex, all base pair planes are parallel to the helical axis.*
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Figure 3. P4322 crystal design is robust to sequence variation. (a) symmetric DXL-4b, (b)
symmetric DXL-4c, (¢) symmetric DXL-4d, (d) symmetric DXL-4e, (¢) asymmetric DXL-4f.
These designs have different base compositions and sequences. Each panel contains (left) the
motif secondary structure and (right) an optical image of the corresponding crystals. (f)
Superimposition of five DXL variations with DXL-4a (red). The color codes are the same as the
motif names.



The above motif design has a strict requirement for the DNA secondary structure (e.g. the
length and sequence complementarity of each domain), but not the exact sequence. To
demonstrate the sequence versatility, we have designed another five different versions of DNA
DXL-4 variations and test their capability to assemble into P4322 crystals. (Figure 3). Those
motifs are either symmetric, homo-dimeric complexes (Fig. 3a-3d) or an asymmetric hetero-
dimeric complex (Fig. 3e). These variations differ from each other in GC contents, junction
sequences, or sticky-end sequences. They all assembled into high quality crystals in the P4322
(for symmetric motifs) or P43 (for the asymmetric motif) space groups. All crystals are nearly
identical to one another in terms of crystal morphology, DNA arrangement, and unit cell
dimensions (Table 1). When superimposing the solved crystal structure of all DXL-4 motifs, the
root-mean-square deviation (RMSD) is very low (in the range of 0.31 — 0.57) (Figs. 3f and S5),
indicating that the design is robust in terms of sequence variations.

The overall design principle is robust. We have further applied the design principle to
design DNA crystals in the P32 space group (Fig. 1e-1h). These crystals are assembled from an
asymmetric DNA motif, DXL-3. The DXL-3 motif (Figs. le and 4a) is almost identical to the
asymmetric DXL-4f (Figs. 1a and 3e) except the DXL-3 has 1-nt-long sticky ends but the DXL-
4f has 2-nt-long sticky ends. The two sticky ends on the two 5' ends of the motif are
complementary to each other; the same to those on the 3' ends. The DXL-3 motif is a complex of
two different, 14-nt-long ssDNAs. When two DXL-3 motifs associate through sticky-end
cohesion, one motif, relative to the other, translates along the interacting duplex by 7 bps and
rotates right-handedly around the interacting duplex by 360°x7/10.5 = 240° (Figs. 1f and 1g).
Every three motifs will complete two, right-handed turns. Thus, there is a 32 screw axis along the
interacting duplex. When viewing along this duplex, the other helical domains of the motifs are
arranged around the interacting duplex and separated away from each other by ~ 240° right-
handedly (Figs. 1f and 1g). The same will happen to all other duplexes. In the final crystal, all
DNA duplexes are parallel to each other in a trigonal fashion (Fig. 1h). From this model, we can
calculate the unit cell parameters as: a=b = 34.6 A and ¢ = 69.3 A (Fig. S1b).
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Figure 4. Experimental validation of the P3; crystal assembled from motif DXL-3. (a) The
secondary structure of the asymmetric motif DXL-3. (b) An optical image of the assembled
crystals. (c-e) Three orthogonal views (along [0,0,1], [1,0,0] and [0,1,0]) of the DNA
arrangement in the crystals. One DXL-3 motif is highlighted in red. (f) and (g) Three (colored
differently) associated DXL-3 motifs along the 5' and 3' helixes, respectively. Each is presented
with a pair of views along and perpendicular to the associating helix. (h) A pair of stereo images
of the DXL-3 motif with 2Fo-Fc electron density map contoured at 1.0 and 2.6 A resolution.

When mixing the two component strands of DXL-3 together in a hanging drop setup, the
DNA readily assembled into high quality crystals with triangular shapes (Figure 4), consistent
with the intrinsic P32 symmetry. The crystals were highly ordered and diffracted well, allowing
the crystal to be solved at a resolution of 2.6 A by molecular replacement. Unlike the close-
packing in the P4322 crystals, the P32 crystals appear to be quite porous. DNA duplexes run in
the same direction arranged in honeycomb lattices. Continuous, uniform channels (about 22 A in
diameter) run parallel to the DNA duplexes through the crystals (Fig. 4c). Figures 4f and 4g



show three DXL-3 motifs associated with each other along 5' and 3' helixes, respectively. Each
has one pair of views along and perpendicular to the DNA duplexes. The unit cell parameters
observed in the crystal (Table 1) matches those predicted from the design. The only significant
difference is the values for a and b resulting from the swirling of the 3' helixes (Fig. 4g). When
increasing the contour level of the electron density map, the remaining electron densities locate
on the phosphorus atoms, the heaviest atoms in DNA (Fig. S6); further confirming the structural
model. The motif structure is rigid in both 5' and 3' helixes shown by the B-factor analysis (Fig.
S7).

VO

Hoechst 33342

b) DXtz

Figure 5. Organization of Hoechst 33342 by engineered a P4; DNA crystal. (a) Hoechst
33342 structure. (b) Motif DXL-4g/Hoechst complex. (c) Bright field and (d) fluorescence
images of DNA-Hoechst 33342 complex crystals. (e) and (f) Two pairs of stereo images of the
solved crystal structure of DXL-4g/Hoechst 33342 complex viewed from two different
orientations with 2Fo-Fc electron density map contoured at 1.0c for DXL-4g and 0.5¢ for
Hoechst 33342 and 2.55 A resolution. Hoechst 33342 in purple.



To demonstrate that we can use the engineered DNA crystals to study DNA-guest
molecule interaction, we have chosen Hoechst 33342 as the model guest molecule. DNA-
Hoechst 33342 binding have been crystallographically studied before;'! thus the structural
information could be used to validate our proposed method. A longstanding promise of DNA
crystal engineering, since 1982, is to use DNA crystals to precisely organize guest molecules in
the 3D space.!” Such a study has not been possible for at least one decade because of the modest
resolution of previously designed DNA crystals. The high resolution achieved in this study
enables such applications. We have engineered a DNA crystal to study the interaction between
DNA and Hoechst 33342 (Figure 5). Hoechst is a blue-color fluorescence molecule and can bind
to the minor groove of DNA duplex, preferably at A/T-rich sequences (5’-GAATTC-3"). We
have designed a P4322 crystal-forming, symmetric motif, DXL-4g because of the robustness of
sequence variation. It contains one Hoechst 33342 binding site at its 3' duplex. DXL-4g alone
readily assembled into P4322 crystals in the same way as other DXL-4 motifs (Fig. S8). In the
presence of Hoechst 33342, the DXL-4g assembled into crystals with the same morphology, but
with blue fluorescence because of the emission of Hoechst 33342 under UV light (Figs. 5S¢ and
5d), indicating that Hoechst 33342 was incorporated into the DNA crystals. The crystals
diffracted well and the structure had been solved to a resolution of 2.55 A. The Hoechst 33342
molecule could be unambiguously modeled into the electron density map. The molecule bound
to the minor groove of the 3' helix at the sequence of 5'-GAATTC-3' as the predicted. The
binding interaction between the DNA duplex and Hoechst 33342 in this study was almost the
same as the previously reported crystal structure of DNA duplex-Hoechst 33342 (PDB ID: 129D)
which could be seen from the structure superposition (Fig. S9).!' Furthermore, DXL-4g structure
didn’t change significantly with or without Hoechst 33342 (Fig. S10) but had a significant
difference in the Fo-Fc map (Fig. S11).

CONCLUSION

In summary, this study has several important advancements. (1) we have developed a
design principle to engineer precisely ordered, symmetry-tunable, DNA crystals that diffract to
2.2 A. Compared with previously reported systems of engineered DNA crystals, the current
building motif is small with only 1 or 2, unique, 14- or 16-nt-long, ssDNAs. Particularly, the
length of the motif along the helical axis is short (7 or 8 bps long). The motif has an overall
isotropic geometry (2x4x2.5 nm). We believe that these factors together contribute to the high
crystal orders, which enables high resolution. (2) We have demonstrated that the engineered
crystals could be used to study the structural details of DNA-guest molecule interactions. Here
the DNA forms the crystal lattices and is part of the molecule to-be-studied. As the motifs here
could accommodate different DNA sequences and most drugs recognize only up to 6 base
pairs,!!"1517- 18 this system could allow study of a wide range of DNA-drug interactions. (3) In
the crystals, the interhelical angles of the DNA junctions are ~ 0° as in most of the DNA
nanostructures?!-2%26-3 (in contrast to 40-60° in previously reported crystal structures of DNA 4-
arm junctions?> 3137 3941 44y "The obtained, detailed, structure of the DNA junctions in this
configuration would be highly valuable for designing fine DNA nanostructures at the A—level. (4)
It is conceivable that the engineered DNA crystals would provide a platform to precisely
organize guest molecules. In the P32 crystals, the 2-nm-wide, continuous channels could
accommodate up-to-2-nm guest objects, including most organic compounds, peptides,



oligosaccharides, small nucleic acids (aptamers, ribozymes, and DNAzymes), and small proteins.
The engineered DNA crystals may also be explored for other applications such as for catalysis,*
47 separation,*®! and information®*>* and matter storage.>> 3

Supporting Information

Materials and detailed experimental methods of crystallization and crystallography; and figures
for additional crystallographic analysis.
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