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Abstract

Tertiary chirality describes the handedness of supramolecular assemblies and relies not only on
the primary and secondary structures of the building blocks, but also on topological driving forces
that have been sparsely characterized. Helical biopolymers, especially DNA, have been
extensively investigated as they possess intrinsic chirality that determines the optical, mechanical,
and physical properties of the ensuing material. Here we employ the DNA tensegrity triangle as a
model system to locate the tipping points in chirality inversion at the tertiary level by X-ray
diffraction. We engineer tensegrity triangle crystals with incremental rotational steps between
immobile junctions from 3 to 28 base pairs (bp). We construct a mathematical model that
accurately predicts and explains the molecular configurations in both this work and previous
studies. Our design framework is extendable to other supramolecular assemblies of helical
biopolymers and can be used in the design of chiral nanomaterials, optically-active molecules, and
mesoporous frameworks, all of which are of interest to physical, biological, and chemical
nanoscience.

Significance

Macromolecules naturally fold into supramolecular assemblies to yield the complex topologies
found in living biological systems. The rational design of synthetic molecular architectures has
underscored chemical bioengineering for decades, while the development of structural DNA
nanotechnology has yielded a variety of 3D molecular architectures and crystals with potential for
multiple applications in material science, physics and engineering. Control over the geometric
features of monomers informs the long-range order of the ensuing supramolecular lattices, yet
current understandings of branched geometry have not been sufficient to predict and control the
chirality of small, folded molecular shapes. Here we describe a generalizable method to predict
and build chiral supramolecular assemblies from DNA. A thorough crystallographic library is
constructed that validates our model, andat the same timewe extract the key
topological properties  as driving  forces  for  chiral  self-assembly in  helical
biopolymers. Understanding the stimuli for different molecular chirality is of interest in
biophysical studies, medical nanotechnologies, and the design of hierarchical nanomaterials.

Introduction

Chirality can be defined as the intrinsic handedness of molecules and molecular assemblies across
scales. At the smallest dimension, chirality is pervasive in primary structure, where it describes
the placement of chiral centers in predominantly ring-like species. At the macromolecular scale,
chirality describes the handedness of quaternary assemblies of protein subunits, such as the ATP



synthase complex, whose chiral operation dictates the catabolism or anabolism of ATP in
eukaryotes. Self-assembly of materials with predesigned chirality has been of intense interest to
materials scientists at various levels of complexity, including solid state assemblies of
nanoparticles, metal ions, and copolymer species.(1-5)

DNA has been used as a design language for the self-assembly of designer nanomaterials since the
demonstration of the immobile Holliday junction in 1983.(6) The right-handed “J1” configuration
has been extensively incorporated into 1D and 2D DNA motifs, from tile-based arrays to DNA
origami, and possesses a natural crossing angle of 62.5°.(6-13) Exploiting the natural J1 angle to
build a chiral triangular tile with intrinsic 60° angles, the tensegrity triangle was developed to self-
assemble into macroscopic crystals via self-assembly.(14, 15) This 3D framework opened the door
to a wide variety of solid-state devices based on crystalline biopolymers.(16-28)

The structure of an immobile junction isoform, the left-handed “L1” junction, which possesses the
same sequence and stacking pattern as the J1 junction was recently reported in a 3D triangular
tile.(29) Previous studies predicted the left-handed nature of such junctions,(30-32) which have
been observed in RNA/DNA hybrids.(33) Subsequent molecular dynamics simulation showed that
a left-handed junction conformation was topologically possible, but remained a short-lived state
in the absence of a locking mechanism.(13) With this work we establish a range of DNA tensegrity
triangles that leverage the J1 and L1 junctions as chiral building blocks to self-assemble into chiral
supramolecular nanostructures. We develop a mathematical model from first principles to explain
the observed handedness of helical motifs, and we demonstrate the experimental robustness of
these findings.

Experimental Results

The DNA tensegrity triangle possesses an intrinsic tertiary handedness, owing to the over-under
stacking of the double helices to form a triangular frame (Fig. 1A,B).(14, 15, 34) There exist many
variations on this frame,(19) however throughout this study we employ equilateral, sequence-
symmetric triangles composed of three DNA oligomers with the conserved J1/L1 sequence
(GG/AC). A key “center strand” traverses around the triangle frame to return to its origin, locking
the motif into a closed configuration, with handedness emerging from the number of bp between
junctions (n), or the inter-junction spacing.(29) The center strands, upon virtual closure of the nick,
exhibit specific topological properties (Fig. 1B) that depend on the chirality of the triangle. These
motifs readily crystallize by self-assembly to allow structure determination by X-ray diffraction
(Fig. 1C,D, Fig. S1A-M). To validate our chiral control method, triangles with two, three and four
turns of DNA (21, 31, 41-42 bp) per edge were crystallized with »n between 3-28 bp (see
Supplemental Methods, Table S1). Structures of triangles with » = 3,7 and 8 have been described
previously,(14, 16, 29, 35) and a 17 bp case was reported without the J1 sequence.(36) In all, we
deposit 13 new structures with predesigned chirality. Diffraction statistics are available in Table
S2.
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Figure 1: Engineering chirality in DNA triangles. A) Description of the design parameters of the tensegrity
triangle. B) These motifs possess programmable topology and self-assemble into diffraction-quality crystals
(inset). C) Structure determination by X-ray diffraction and the ensuing junction crossings are shown. D)
2F-F, electron density is shown for 3T14 and 3T17 from the top and side orientations.

Chiral control across size scales is apparent in Fig. 2, where two-, three- and four-turn DNA motifs
are shown with the exemplary left- and right-handed motif at each level. Granular changes in inter-
junction spacing for three-turn motifs are shown in Fig. 3, as well as two- and four-turn tiles in
Figs. S2-3. Results are summarized in Tables S3-5. At each length scale, triangles with ~Z+1/3
(Z=0,1,2; for 3, 12, 13, 14, 24 bp) helical turns between junctions formed left-handed architectures,
in accordance with previous predictions.(29, 31) In all cases, these left-handed, L1 junctions
exhibit sharp corners at the crossover point where the right-handedness of the helix and the left-
handedness of the junction clash (see Fig. 2A-C). Triangles with ~Z+2/3 (Z=0,1,2; for 7, 8, 16,
17, 18, 28 bp) helical turns formed right-handed architectures in a predictable manner. These right-



handed, J1 junctions possess smooth crossovers in looping curves that align with the natural twist
direction of the helix (Fig. 2D-F). The center strand ribbon topology is shown in Fig. 21, with the
sharp, wrinkled L1 structures juxtaposed with the smooth, wavelike J1 motifs. Summing the
number of times the center strand winds around the helical strand (depicted as line) of each side
across the triangle yields a linking number calculation of the ribbon that is mathematically verified
below.
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Figure 2: Structures of 2,3,4-turn triangles by X-ray diffraction, with left- and right-handed motifs and
linking numbers (Lk); PDB ID’s noted, bold for new depositions. A-C) Left-handed triangles possess Z+1/3
helical turns between junctions (Z = 0,1,2). D) 3T14 is augmented to carry a 10 bp linker to generate a four-
turn analog (3T17+10). E-G) Right-handed topology arises with Z+2/3 helical turns (Z = 0,1,2). H) 3T17
is extended by 11 bp to generate a four-turn analog (4T17). I) Center strand ribbons are plotted to scale,
showing the sharp corners of the left-handed family and the smooth edges of the right-handed family.
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Figure 3: Structural library of three-turn tensegrity triangles of rank Z=1, 3T12-3T18.
triangle structures are shown with center strands colored. Helicity, space group, junction type and
crystallographic angle are shown, where relevant. Crystal lattices are shown down the three-fold axis as



well as along the helical axis. The 3T12, 3T13 and 3T14 motifs are left-handed triangles; 3T15 exhibits a
right-handed, open, helical staircase; and the 3T16, 3T17 and 3T18 motifs are right-handed triangles.

We next sought to augment these motifs using arm extensions in a method described previously,
which has been used for bandgap modulation in tensegrity architectures.(19, 28) We extended the
extra-junction region of three-turn, 31 bp motifs by both 10 and 11 bp through chain lengthening
or sicky-ended linkers (Fig. 2D,H). Right-handed augmentations were more robust with 11 bp
covalent extensions to yield 42 total bp and exactly four turns of DNA, while left-handed
augmentations were far better with 10 bp extensions and 41 total base pairs. This insight enabled
the design and crystallization of four-turn triangles of 24 and 28 inter-junction bp with 41 and 42
bp edges, respectively (Fig. 2C,G). No four-turn left-handed triangle formed with 42 bp edges,
indicating that the L1 junction exerts a torsional strain on the extra-junction region of tensegrity
triangles.

All triangles described above form in the designed space group, R3. However, we observe that
right handed-triangles at the upper limit of each rank (n = §8,18) exhibit torsional stress to cause a
bend in the junction and sticky end to yield crystals with a hexagonal morphology in space group
P63 (Fig. 3: 3T18). This effect has been observed previously by inducing under-twisting in triangle
centers,(16, 17) and can be rescued by adding an extra base pair in the extra-junction region to
relieve strain (see n = 18 bp with 32 bp edges in Zheng et al(14)). The inter-junction helicity of all
motifs was between 9.8-10.6 bp/turn, with a relaxed, inter-junction standard of 10.1 bp/turn
(Tables S3-5). By contrast, hexagonal assemblies were strained, with 10.5 bp/turn—near the
observed limit. Furthermore, increasing n contributes to the overall flatness, or reduced tilt, of the
triangles. The crystallographic rhombohedral angle (o) increases with the addition of each
additional base pair from 79.0° with n = 3 bp to an apparent plateau at 115.3° and 115.1° with n =
24 and 28 bp, respectively (Fig. 3, Figs. S2-3). In these structures, bending is observed in the extra-
junction region (Fig. S3).

Not all designs produced triangles. Motifs with ~Z helical turns between junctions (Z=1,2; for
n=9,10,11,19 bp) yielded spherulites or did not crystallize. Motifs with ~Z+1/2 helical turns
(Z=0,1; for n=5,6,15 bp) formed open, trigonal structures in space group P3, similar to those
reported by Simmons (Figs. 3,S2).(21) A comprehensive study by that group using fourfold center
strand symmetry yielded crystal lattices in the higher symmetry group P3,21 for n = 5,(37) while
both the 5 and 6 bp motifs described here diffracted into P3>. As such, we attribute the higher
symmetry observed by Simmons and colleagues to the extra duplex copy in their “4x5” motif that
folds into the crystal cavity to yield a nested lattice. We note that the authors were able to obtain
P3, symmetry for n = 5 by changing the junction sequence (so called J3, J6, etc.), highlighting the
effect of local stacking geometry and suggesting a course of study on L1 junction sequences (L2,
L3, etc.). The three-turn Z+1/2 motif with 15 inter-junction pairs is highlighted in Fig. 3, as well
as Fig. S1F. An apparently triangle-like view can be seen down the threefold axis, but rotation of
the unit cell clearly shows that these helical cylinders lie on the crystallographic screw axis and do
not form a topologically-closed shape.

Our experimental results underscore the effect of overall geometry by way of helical torsion and
tilt on the chirality and topology of DNA motifs. In apparent violation of the other observed
data,(29) the motif with n = 4 bp did not form crystals. This result, together with failed or trigonal
lattices begs the question of why DNA motifs crystallize in the forms that they do.



Engineering Chirality—A Mathematical Model

Our mathematical model uses the center strand configuration to characterize the chirality of a unit
tensegrity triangle structure. The model provides a framework that generates an array of possible
center strand configurations and subsequently identifies the tensegrity triangle phenotypes that
may form experimentally and ultimately become units in a crystal structure. Moreover, we
compute topological and geometric properties of the center strands such as the local twist, writhe,
and linking number for the experimentally observed structures (see Fig. 4).

For modeling purposes, the center strand of a closed triangular structure is considered as a
circularly-ligated DNA strand. A previous study employed circularly-ligated center strands to
yield crystals isomorphic to unligated ones,(38) demonstrating that the inevitable nick in a linear,
symmetric oligomer does not greatly alter the physical properties of a center strand and its ensuing
motif. Thus, the center strand consists of 3n nucleotides and defines the inter-junction region of
the tensegrity triangle by three equal helical curve segments C;, C>, Cs, each of which represents
a DNA backbone segment modeled on a cylinder of radius / nm (details included in Appendix A).
The complementary strands are helical curves that lie on the same cylinders with opposite polarity.
Possible configurations of the center strand C;C.Cj; are obtained by incrementing rotations of
curves C;, Cz and C; by angle 7 about the curves’ end points, denoted £, . For each rotation, we
compute the following properties:

e Smoothness at junctions, J, between the starting point of C; and ending point of Cs is
defined as the norm of the cross product of the unit tangent vectors at these curves. The
smoothness is maximal for the minimal values of J. Fig. 1B illustrates the changes in
smoothness between left- and right-handed structures.

o The internal triangle cavity distance, [, in nanometers, from the center of C;C.Cs to
respective cylinder sides.

e Tilt level, 7, is the difference in nanometers of the terminal points of cylinder center line.
|7| must be greater than the diameter of the cylinder to have a non-flat tensegrity triangle
construct. For 77> 0 the resulting triangle is right-handed, and for 7'< 0 it is left-handed.

We assert that the preferred experimental configuration must appear in one of the 7 values when
the central strand configuration obtains (i) the maximum tilt amplitude, |7] is realized; (ii) the
smoothness J at junctions must be a local extreme, either smoothest or sharpest; (iii) the triangle
cavity Dis maximized. For an 7 value satisfying these conditions we also compute

e Complementary strands clash d. as a minimal distance between the complementary strands.

Therefore, in addition to the three conditions above, in the experimental construction of the
tensegrity triangle motif it must be that (iv) the complementary (dashed) strands do not sterically
clash.

Experimentally, left-handed triangles are characterized by center strands with sharp corners
(locally maximal J) with the smallest (and negative) value of T; right-handed structures by smooth
corners (locally minimal J) and the largest (positive) 7, indicating that our model accurately



predicts tertiary chirality. Furthermore, the model explains why in certain cases the triangular
structure does not form; that is, cases in which either the structure is open (n = 5,15 bp, etc.) or a
crystal cannot form (n = 4,11 bp, etc.). For instance, for » = 4 bp (see Appendix Fig. A7 and

Table A2), no rotation angle 7 yields D > 0 nm, indicating that in all configurations the center
strand does not produce a cavity.
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Figure 4: Geometric optimization, topological analysis, and comparison of model and experimental data.
Column one exhibits optimization criteria: tilt level, 7 (blue); sharpness, J (red); smooth connections in
center strand (purple); internal cavity, D (green). Column two shows optimized geometry. In the case of n
= 15, the optimal model suggests that a closed triangular structure would be impractical because of clashing
(dashed) strands. To alleviate this clash, the triangle opens to form a trigonal, right-handed lattice. The third
column shows geometric parameters from the crystal structure integrated across the center strand of the
asymmetric unit: local linking, Lk (red), local twist, Tw (green); and local writhe, Wr (purple). The final
column shows an overlay of the predicted center strand geometry and the crystal structure. We note the
handedness changes on the second column with the blue cylinder along the x-axis switching from being
under (left-handed) to over (right-handed) the orange cylinder (see Fig. 1B). We indicate this through a
handedness arrow at the center of each cylinder model.

It is well known that the linking number (Lk) of two non-intersecting curves can be written as the
sum of the writhe (Wr) and twist (Tw) of the ribbon connecting those curves (see Appendix B).
Considering the center strand as a ribbon, a curious discrepancy arises—a right-handed triangle
with 5/3 turns per edge should yield 3*(5/3) = 5 links, but has an apparent linking number of 6;
while a left-handed triangle with 4/3 turns between junctions should have 3*(4/3) = 4 links, but
has an apparent linking number of 3 (Fig. 2I). To understand how the handedness of junctions
affects the linking invariant, we carried out a geometric analysis of the center strands to quantify
and explain this effect.(39-41) Full topological analysis can be found in the Supplemental
Information in Figs S4-S6, Tables S3-S5, and Appendix B, but we summarize these findings in
Fig. 5.

Plotting the Gauss linking integral (formula 3.1, Appendix B) of triangle center strands highlights
bp steps that generate local linking extrema (Fig. 4 column 3, Fig. SC-H, Figs. S4-S6), which
unsurprisingly correspond with the junction steps. We find that all triangles, irrespective of
chirality, possess a positive one-third link between the junction step and the preceding bp step as
a result of the 120° turn imposed by the triangle frame (Lkrot = 0.27 % 0.08)(Fig. SLJ). At the
junction step itself, all left-handed triangles possess a strong negative self-link as a result of the
right-handed DNA molecule making a sharp left turn (Lkr1 = -0.12+ 0.04) (Fig. SK). By contrast,
all right-handed motifs exhibit a strong positive link as a result of the right-handed helix making a
right-handed crossover (Lkj1 = 0.14+ 0.03) (Fig. 5L). In this way, the difference between L1 and
J1 linking is nearly 1/3 per junction.
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to close into a trigonal assembly. Furthermore, we find that left-handed crossings possess a
quantifiably negative self-link, while right-handed junctions are positively self-linked throughout
the crossover region. Through geometric analysis, we have identified both a working description
of why DNA triangles form with a preferred tertiary chirality, and further how this topology is
manifest on a nucleotidyl level.



We anticipate that future modulation of the motifs in this study may elucidate the geometric effects
from counter ions, small molecules, torsion and supercoiling on supramolecular chirality. Our
results have implications for biological systems, wherein DNA crossovers are the drivers of
information exchange during meiosis. An understanding of the topological effects on the
handedness and geometry of the immobile junctions studied here will inform the study of mobile
Holliday junctions and provide insight into the exchange mechanisms that arise in genetic
recombination. Indeed, multiple crossover units have been observed in physiological systems: the
double crossover (DX) has been identified as an intermediate in the repair of double stranded
breaks in meiotic recombination;(42) while paranemic crossovers (PX), another interlocked
Holliday junction species,(43) has been identified in the homology recognition process during
meiotic synapsis and repeat-induced point mutation.(44, 45) PX molecules have also been
identified in supercoiled plasmids containing homologous segments,(46) were shown to bind
specifically to DNA polymerase 1,(47) and are capable of being cloned in vivo.(48) The closed
DNA motifs described here will enable studies on the activity of topoisomerases and junction
resolvases when presented with precisely prescribed topology, chirality and helical torsion in
“stacked-X Holliday junction conformers. We expect biophysical studies to elucidate the
topological entropy and folding kinetics of such systems, and we further envision mathematical
studies which develop tools to describe the interplay between local tile geometry and global crystal
symmetry. Functionalization of these architectures with nanoparticle or dye molecules will enable
materials development for light harvesting, plasmonic waveguides, or photonic crystal design—
applications where the supramolecular chirality has directly measurable optical or physical effects.

Finally, our mathematical model is derived from first principles and is therefore composable. By
altering the input parameters of helical period, radius, and topology, it can be extended to describe
supramolecular assemblies of other nucleic acids (RNA, PNA, etc.) and peptide helices. We
anticipate the use of these methods to build chiral tiles built from other helical polymers to expand
the design lexicon of self-assembling nanosystems.
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