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ABSTRACT. The tensegrity triangle motif utilizes Watson-Crick sticky end cohesion to self-

assemble into a rhombohedral crystal lattice using complementary 5′-GA and 5′-TC sticky ends. 

Here, we report that using non-canonical 5′-AG and 5′-TC sticky ends in otherwise isomorphic 

tensegrity triangles results in crystal self-assembly in the P63 hexagonal space group as revealed 

by X-ray crystallography. In this structure, the DNA double helices bend at the crossover positions, 

a feature that was not observed in the original design. Instead of propagating linearly, the tilt 

between base pairs of each right-handed helix results in a left-handed superstructure along the 

screw axis, forming a microtubule-like structure composed of three double helices with an 

unbroken channel at the center. This hexagonal lattice has a cavity diameter of 11 nm and a unit 

cell volume of 886,000 Å3—far larger than the rhombohedral counterpart (5 nm, 330,000 Å3).  
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The semantic programmability and structural versatility of DNA have been exploited to build 

various structures on the nanometer scale, from immobile 4-arm junctions1 to complex 3D 

objects.2,3,4 The combination of branched DNA motifs and cohesive sticky ends was used to design 

the tensegrity triangle motif, which self-assembles into a designer 3D DNA crystal.5 With three 

four-arm junctions and seven base-pairs between the crossovers, this motif allows for the DNA 



helices to propagate in three linearly-independent directions, resulting in the formation of a 

rhombohedral 3D crystal lattice.5 The predictability of Watson-Crick base pairing allowed for the 

expansion of the tensegrity triangle motif from the original two-turn design containing 21 

nucleotide pairs to subsequent designs composed of 31 and 42 nucleotide pairs.5,6 The robustness 

of this motif has resulted in modifications to the design with torsionally stressed DNA segments 

between junctions,7 multiple triangles per asymmetric unit,8 and organized semiconductors.9 

Tensegrity triangles have been further used to build DNA walkers used in a molecular assembly 

line10 and in reversible, color-changing crystals.11 

While the sequence of the sticky ends has been studied in great detail through testing Watson-

Crick pairing combinations of one, two, three, and four-nucleotide overhangs, as well as the 

addition of phosphates at the 5’ and/or 3’ ends of the strands,12 there have not been studies 

concerning non-Watson-Crick interactions in the sticky end region. Here, we reverse the order of 

the sticky end sequence on the helical strand of the tensegrity triangle as shown in Figure 1. 

Previous attempts to insert modifications inside the motif did not alter the R3 space group when 

the crystals formed.13,14 This 3D DNA crystal contains non-Watson-Crick sticky end interactions 

combined with Watson-Crick base pairing inside each triangle. Sequence information is shown in 

Table S1 and motif design is shown in Figure S1.  

Results and Discussion 

We were able to form needle-shaped crystals that diffracted to 5.68 Å at beamline 17ID at 

Advanced Photon Source (APS-Argonne National Laboratory, Argonne, IL, USA). Compared to 

the previously reported rhombohedral-shaped crystals with Watson-Crick sticky end cohesion 

(Figure 1c), the non-Watson-Crick sticky end resulted in crystals that extend up to 400 μm in 



length (Figure 1d). The data integrated in space group P63 and were solved using molecular 

replacement with one copy of the original tensegrity triangle (PDB ID: 3GBI) as a search model.5 

Sample X-ray diffraction spots can be found in Figure S2 and 2Fo-Fc and Fo-Fc electron density 

maps can be found in Figure S3. Unit cell parameters and refinement information can be found in 

Table 1 with detailed information in Table S2. Accuracy of molecular replacement solution was 

confirmed using composite omit maps (2mFo-DFc) generated by PHENIX (Figure S4) and cobalt 

single-wavelength anomalous dispersion (Figure S5). The triangles contain three-fold backbone 

rotational symmetry, binding to their six neighbors using sticky end cohesion. However, while the 

rhombohedral triangle propagates linearly, there is an overall bend of 60o in each of the three 

helices that make up the triangle. Because of the counterclockwise overlapping helices of the 

tensegrity triangle caused by the three four-arm junctions, each helix of the triangle bending 60o 

allows the crystals to pack in a hexagonal lattice. This bending of the helices leads to the formation 

of a left-handed meta helix along the primary screw axis as shown in Figure 2 and Figure S6.  



 

Figure 1. Schematic drawings, optical images of crystals, and 3D assembly models of the triangle 

motifs. a) Rhombohedral tensegrity triangle design; b) hexagonal tensegrity triangle design. c) 

Crystals in the R3 space group are defined rhombohedra; d) while hexagonal crystals extend 

significantly longer in one dimension, forming a long needle-shaped crystal parallel to the screw 

axis. Note the straight helices e) in the R3 model (PDB ID: 3GBI)5 and the bent helices f) in the 

P63 model (PDB ID: 7R96). Contiguous helices share the same color. 



Structure Hexagonal (PDB ID: 7R96) Rhombohedral (PDB ID: 3GBI)5 
Resolution 5.68 Å 4.00 Å 
Space Group P63 R3 

Unit Cell 
Dimensions 

a=b=125.206Å, c=65.277Å, 
α=β=90o, γ=120o 

 
a=b=c=69.02Å, α = 101.4° 

Unit Cell 
Volume (Å3) 885540 306211 

Rwork 0.1156 
Rfree 0.1549 
RSMDbonds 0.008 Å 
RSMDangles 0.936o 
Clashscore 28.975 

Table 1. X-ray data of hexagonal crystal structure (PDB ID: 7R96). 

 

Figure 2. One turn of the left-handed triple meta-helix structure, formed along the crystallographic 

screw axis. The interior of the meta-helix is a continuous channel with a diameter of 11.0 nm. Each 

constituent duplex of the meta-helix is in a different color. The height of one helical turn of the 

meta-helix is 18.6 nm. 



Unlike previous attempts to use motifs other than the tensegrity triangle, such as the tensegrity 

square,15 the minor modification of the sticky ends alone to our original design led to the formation 

of a crystal structure that contained the same basic unit, the tensegrity triangle, packing in a 

different space group (Figure 3). While maintaining the triangle’s threefold symmetry, the P63 

space group has an arrangement of triangles around the 63 screw axis with a continuous channel 

that runs parallel with that axis (Figure 3B). This 63 screw axis elucidates the ability for three 

stacked unit cells to form the triple meta-helix structure shown in Figure 2. There is also an addition 

of the 21 screw axis between two neighboring triangles, indicating a rotation and translation 

between triangles. In rhombohedral crystals, neighboring triangles have only translational 

symmetry which creates continuous straight helices whereas the 21 screw axis in the hexagonal 

motif allow for the continuous helical turns. Previously, hexagonal 3D DNA lattices have been 

formed through non-Watson-Crick parallel homopurine interactions resulting in a structure 

containing non-B-form DNA.16 This hexagonal structure contained both an antiparallel Watson-

Crick region and a parallel homopurine region (GG and AA bases) that allows pairing with 

adjacent layers of asymmetric units. This structure also contained a large continuous channel 

through one axis that was used to immobilize enzymes of specific sizes for solid-state catalysis 

within the DNA framework.17 Here we kept all the Watson-Crick interactions within the triangle 

and designed non-Watson-Crick interactions only in the sticky end regions.  



 

Figure 3. Multiple views of crystal packing of hexagonal structure. A) A view showing unit cell 

(white box) with the b and c dimensions. B) A view showing unit cell with a and c dimensions 

with six-fold, three-fold, and two-fold symmetry screw axes. C) A view showing unit cell with a 

and c dimensions.  

 

The arrangement of six triangles into the hexagonal system rather than the eight in the 

rhombohedral system led to both a greater cross-sectional area (9500 Å2 vs. 2300 Å2)5 and a larger 

cavity size (470,000 Å3 vs. 103,000 Å3) with parameters estimated by subtracting two radii of the 

double helix from the unit cell parameters.5 Measurements and calculations of these values for the 

hexagonal structure are shown in Figure S7. Additionally, there is a continuous channel through 

the middle of the hexagon which propagates throughout the crystal. The unique, left-handed, triple 

meta-helix found in the crystal structure is an interesting observation of a higher order structure 

self-assembling within a 3D DNA crystal (Figure S8). Stereoscopic views of a triangle with its six 

sticky end partners can be seen in Figure S9 with views from the top and side. As with the 



rhombohedral structure, each triangle connects to six other triangles via sticky end cohesion, but 

the bend in the helix causes the sticky end partners to stack vertically, which results in triangles 

going in an “up” and “down” pattern (Figure S9C). The resulting arrangement can be seen in 

Figure 3A. Other meta-structures have been formed using combinations of large assemblies of 2D 

DNA, which have exhibited limited success when translated into 3D nanostructures.18  

Tilt of the base pairs 

Large differences in the tilt of the base pairs are observed in the four-arm junction region, unlike 

in the rhombohedral lattice using the webserver Web 3DNA 2.0. as seen in Table S3.19 The tilt 

measures the rotation of the base pair step about the x-axis, indicating an axial bend in the helix.19 

We see that the crossover positions in both structures have significant tilt and differences in those 

tilts contribute to the overall tilt in the hexagonal motif (base pair steps 5, 6, 12, and 13 in Table 

S3). This observation conforms with the expectation that the immobile junction reported in 1983 

forms the characteristic stacked “H” shape rather than a cross-like motif.20 However, the large 

variation in bending for the junction found in the hexagonal motif is a surprising discovery, since 

branched junctions have specific angles that they favor, which has been exploited by others to 

prescribe certain crystal structures.21 We also see significant tilt differences at other locations in 

the structure and at the sticky end, as shown in Table S3.  

The polarity of the sticky end sequences was reversed so that an adenine would face a cytosine 

and a guanine would face a thymine. Guanine and thymine are known to form a “wobble” base 

pair22 with different glycosyl angles compared to canonical Watson-Crick base pairing.23 The G:T 

pair results in structures adopting noncanonical conformations.24 However, adenine and cytosine 

are fully mismatched, and are not expected to form a base pair.25 The double helices in our 

modified triangle adopt a B-form conformation as shown by CD spectroscopy (Figure S10) similar 



to the spectrum of the original tensegrity triangle.26 Because of the non-canonical nature of the 

sticky end region, it is likely that the interactions between triangle units are significantly weaker 

than in prior tensegrity triangle motifs. Extrapolating this further lends credence to the idea that 

base-stacking can guide the formation of 3D crystals similar to those in 1D and 2D DNA arrays27 

as well as on lipid surfaces.28 The possibility for DNA base-stacking alone to drive the self-

assembly of tensegrity triangles (“blunt-end cohering crystals”) has been explored in prior studies 

but did not yield 3D crystals.12 As such, stronger and/or more specific interactions between 

tensegrity triangle units may be needed in order to form 3D crystals compared to 2D and 1D 

structures. This suggests that the G:T wobble base pair in our motif is necessary to drive the self-

assembly of the hexagonal lattice, as it is unlikely the A and C bases are contributing significantly 

to the sticky end interaction.  



 

Figure 4. Junction bending in two asymmetric units. Top: Two asymmetric units of the 

hexagonal tensegrity triangle motif with bending angles labeled. Crossovers are indicated and 

degree of tilt is labeled. Helical step numbering is shown for crossover region. There is a 21 

screw axis in between the two triangles so that triangles are slightly rotated with respect to its 

sticky end neighbor (in comparison to straight triangles in the rhombohedral motif). Bottom: 

Cumulative base pair tilt with helical steps numbered. Data plotted from Table S3 and calculated 

by Web 3 DNA 2.0. Total difference in tilt between rhombohedral and hexagonal structures 

across two asymmetric units is about 120o, forming the base unit of a hexagon.  



As shown in Figure 4, the bending primarily occurs at the crossover regions. Since canonical 

tensegrity triangle crystals form straight helices and altering only the sticky end sequence results 

in the tilted hexagonal lattice, it is likely that the sticky end sequence drives the global geometric 

alteration. Past studies have shown that bending can be induced in the crossover regions in DNA 

origami helix bundles by building stresses into the helices to cause strain.29 Additionally, it was 

found that crossover regions require less force to bend than B-form DNA, which helps explain the 

tilt differences at the crossover regions.29 Our structure confirms this effect in a self-assembling 

3D DNA crystal, as the stresses caused by the non-canonical sticky end region result in tilt at the 

crossover regions. The sticky ends also contribute to some degree in the bending of the helix, 

which introduce nicks between motifs. Nicks in the DNA double helix can absorb flexible defects 

and relax the bending elsewhere in the structure.30 The propensity to bend occurs mainly within 

stressed DNA, indicating that the non-Watson-Crick interactions at the sticky end induce stress in 

the double helix.31 As such, both the crossover regions and the nicks at the sticky end appear to 

absorb the non-canonical geometry of the sticky ends, causing the bend in the helix that results in 

hexagonal arrangement of triangular subunits.  

Conclusions 

In summary, we demonstrate the ability for the DNA tensegrity triangle to self-assemble in the 

hexagonal P63 space group. This behavior underscores the ability of a simple motif to crystallize 

in different space groups based on sticky end sequence i.e. the information contained in the 

oligonucleotide sequence. We observe that non-canonical interactions in sticky ends have a 

profound effect on local geometry, altering the global topology during crystal self-assembly. 

Future work will pursue additional motifs that can form in the hexagonal lattice and probe the 



underlying mechanics of this self-assembly pathway. The larger space inside this motif may also 

be used for the incorporation of larger guest molecules and nanomaterials.  

  



Methods 

DNA Synthesis and Purification 

Strands were ordered from Integrated DNA Technologies with standard desalting. DNA oligomers 

were then purified using denaturing polyacrylamide gel electrophoresis containing 20% 

acrylamide (19:1 acrylamide:bisacrylamide), TBE buffer (40 mM Tris, 40 mM boric acid, 2 mM 

EDTA), and 50% by mass urea running at 600V for 1 hour. Gels were stained with ethidium 

bromide and bands corresponding to the expected size of strands were excised under UV 

illumination. DNA was eluted in buffer solution containing 500 mM ammonium acetate, 10 mM 

magnesium acetate, and 1 mM EDTA at 4 oC for one day. Eluate was extracted with 1-butanol to 

remove ethidium bromide, and DNA was recovered by ethanol precipitation. Concentration of 

DNA in final solution was estimated with OD at 260 nm using an IMPLEN P300 Nanophotometer 

(München, DE).  

Crystallization 

Crystals were grown from 5 μL hanging drops at pH 9.5 containing 6 μM DNA, 40 mM Tris, 20 

mM acetic acid, 2 mM EDTA, 583 mM ammonium sulfate, 0.25 mM cobalt hexammine, and 12.5 

mM magnesium acetate equilibrated against a 600 μL reservoir containing buffer solution with 

120 mM Tris, 6 mM EDTA, 60 mM acetic acid, 37.5 mM magnesium acetate, and 1.75 M 

ammonium sulfate. Crystal trays were placed in a thermally controlled incubator and slow 

annealed from 60oC to 20 °C with a cooling rate of 0.4 °C per hour. Crystals were then transferred 

to cryosolvent containing 70% of the buffer solution of the crystal reservoir and 30% glycerol. 

Crystals were then frozen by immersion in liquid nitrogen and shipped for X-ray diffraction. 



Data Collection and Structure Solution 

X-Ray diffraction data were collected on beamline 17ID at Advanced Photon Source, Argonne 

National Laboratory at 1.60648 Å near the cobalt K-edge. The diffraction data were processed 

using the automatic data processing package autoPROC (Global Phasing, Cambridge, UK), which 

automatically indexes the data for space group determination, integrates the data in the space group 

using XDS, and scales the data using AIMLESS.32 Results from X-ray diffraction were processed 

for isotropy using the STARANISO server (Global Phasing) to remove directional dependence of 

the resolution, allowing for an ellipsoidal resolution cutoff which increases the limit for these 

crystals by about 1-2 Å.33 Structures were solved using molecular replacement (search model PDB 

ID: 3GBI), and accuracy of solution was confirmed using cobalt single wavelength anomalous 

dispersion via the PHENIX program package.34 The Coot program35 and UCSF Chimera36 were 

used to model crystal structures and create figures. 
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