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Abstract

Mesojunctions were introduced as a basic type of crossover configuration in the early development of
structural DNA nanotechnology. However, the investigations of self-assembly from multiple
mesojunction complexes have been overlooked in comparison to their counterparts based on regular
junctions. In this work, we designed standardized component strands for the construction of complex
mesojunction lattices. Three typical mesojunction configurations with three and four arms were
showcased in the self-assembly of 1-, 2- and 3-dimensional lattices constructed from both a scaffold-
free tiling approach and a scaffolded origami approach.

Introduction

Various junction and crossover motifs have been identified in the field, particularly during the early
development of structural DNA nanotechnology when theoretical studies predominated'. By the mid
1990's, architectures based on 3-arm and 4-arm regular junctions became dominant in the development
of DNA nanotechnology?!®. Notably, in the design of compact-helix-based, two-dimensional (2D) and
three-dimensional (3D) origami that has become prevalent, all crossover schemes are derived from 4-
arm regular junctions'#!6, More recently, several architecture frameworks emerged for the design and
construction of wireframe DNA nanostructures'’?’ and, without exception, they are all based on regular
junctions that employ different numbers of double helical arms.

According to the nomenclature used in earlier reports?', a branched DNA junction contains duplexes
radiating from a central junction point (Figure. 1a, left and middle); an antijunction, on the contrary, is
comprised of duplexes pointing in a circumferential direction (Figure. 1a, right); a mesojunction mixes
both radial duplexes and circumferential duplexes flanking a central point (Figure. 1b). We use Xy/?Xy
as a nomenclature to describe a certain junction configuration (e.g., regular junction, antijunction and
mesojunction), where X represents the total number of strands involved, Y the number of radial duplex
arms, and Z the index number of configuration variants. The 3-arm and the 4-arm DNA junctions are
termed as 33 and 44 respectively because either all three or four duplexes are radial®'. Likewise, the 4-
arm antijunction is termed as 4 because no radial arm is present (i.e., all four arms are circumferential)?'.
An antijunction with three arms cannot be constructed due to the restriction imposed by strand polarity
(Figure. S1). Only the 3, mesojunction configuration can be designed from the 3-arm junction,
consisting of one radial arm and two circumferential arms (Figure. 1b, left)*!. Two different
configurations are available for the 4-arm design with two radial arms and two circumferential arms
(Figure. 1b, middle and right) — the !4, mesojunction, comprising alternating radial arms and
circumferential arms, and the 24, mesojunction, comprising pairwise radial arms and circumferential
arms?!.

The formation of basic multi-stranded mesojunction complexes has previously been investigated?! %,
but the self-assembly of multiple mesojunction complexes into periodic lattices remained unrealized
since their introduction?. Here, we carried on this unfinished task by designing the standardized
component strands for our self-assembly investigation of mesojunction lattices. We first designed and
constructed one-dimensional (1D) periodic lattices based on 3-arm and 4-arm mesojunctions using the
three typical mesojunction configurations, 31, '42, and 24,. We then applied mesojunction architecture
in the self-assembly of discrete lattices. We adopted the '4, mesojunction to construct rectangles of
defined dimensions using both a scaffold-free tiling approach as well as a scaffolded DNA origami
approach. Besides single duplex arms, we designed two bundled duplexes as a composite arm for 2D
and 3D mesojunction lattices. Our successful self-assembly that resulted in various mesojunction



lattices presents the mesojunction architecture as a general design scheme to produce complex DNA

nanostructures.
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Figure. 1. Schematics of canonical DNA Junctlons, antijunctions and mesojunctions. Solid lines depict the
antiparallel DNA backbones and arrowheads denote the 3’ ends of the strands. Thin parallel lines indicate
base pairs between DNA strands. (a) Schematic drawings of 33 (left) and 44 (middle) junctions and 4¢
antijunction (right). The axis of each one-half-turn duplex is represented by the central dyad arrows
perpendicular to the base pairs, which is either pointing radially towards the center (junction) or
circumferential about a center (antijunction). (b) Schematic drawings of 3; (left), '4> (middle) and %4, (right)
mesojunctions, respectively. Top panels: schematics of complexes with one half-turn between crossovers.
Bottom panels: schematics of complexes with three half-turns between crossovers, which readily illustrate
the strand weaving across DNA duplexes.

Results

1D periodic mesojunction lattices

We began our self-assembly investigation with a set of 1D periodic lattices based on the three typical
31, '4, and 24, mesojunctions. Standardized component strands with common segmentation were
designed for the lattice construction.

We first sought to design and construct periodic structures based on the !4, mesojunction. A 4-arm
complex with an arm length of three half-turns (i.e., 16 base pairs) was initially tested as a model system
(Figure. 2a). Specifically, a typical component strand contains 32 nucleotides (nt) with three
consecutive binding domains (A, B and C). The 16-nt center domain B propagates through an entire
arm, and the 8-nt 5'-domain A and the 8-nt 3’-domain C cross to the neighboring arms. As shown in
Figure 2a, we designed a 6-helix ribbon composed of 12 addressable component strands (8 core strands
and 4 boundary strands, see Figure. S2 for detailed designs). With a fixed width of six helices, the 1D
periodic lattice was designed to extend along the helical direction. Collectively, diagonally oriented
component strands pair with partner strands of the opposite direction, forming the basis for a rectangular
wave geometry (Figure. 2a, top left panel). The successful formation of the periodic ribbons was
confirmed by atomic force microscopy (AFM), and the width of the ribbons was measured at 19 + 3




nm under AFM, which agreed with the expected width ranging from 12 nm to 24 nm (a compact
stacking state and a loose stacking state respectively; Supporting Note S1). The overall lattice size and
deposition density under AFM remained limited even after many rounds of assembly optimization
(Figure. 2a, right panel; Figure. S3). Presumably, the weak interaction of the 8-bp binding domains
could lead to challenges in the assembly, so we then turned to an arm length design of four half-turns
(21 bp) with longer binding domains (Figure. 2b). The design of standardized 42-nt component strands,
with a 21-nt center domain B, a 10-nt 5’-domain A and an 11-nt 3’-domain C, points to a horizontal
zigzag weaving topology (Figure. S4) instead of a diagonal zigzag for an arm length of three half-turns
(Figure. S3), and similar pattern correspondence can also be found in the regular junction-based lattices'.
We characterized the design of four half-turns under AFM, and such a design yielded ribbons of 19 +
3 nm, in good agreement with the designed width range (12 nm - 24 nm). A higher self-assembly yield
was obtained for the design of four half-turns when compared to that of three half-turns (Figure. S5).
Therefore, designs of both four and six half-turns were adopted in the lattices presented below.
Our attempt of constructing a wider ribbon (12 helices) led to an incomplete assembly in the direction
perpendicular to the DNA axis, underscoring the difficulty of component strands being incorporated
along the lateral direction (Figure. S6). We also aimed at assembling 2D lattices that extended
indefinitely in both the helical and lateral directions. Due to the same assembly constraint of the wider
ribbons and a possible tubulation along the lateral direction, 2D periodic lattices were not observed
under either AFM or transmission electron microscopy (TEM) (Figure. S7).
We then sought to investigate the self-assembly of a 6-helix lattice of 24, mesojunction with four half-
turns (Figure. 2c¢). Likewise, the 21-nt center domain B propagates throughout an entire circumferential
arm, and the 10-nt 5’-domain A and the 11-nt 3’-domain C cross to the neighboring arms. The repetitive
unit contained 12 addressable component strands (8 core strands and 4 boundary strands, see Figure.
S8 for detailed designs). A herringbone geometry was observed in the 24, design. (Figure. 2c, top left
panel). According to the morphology characterization under AFM, the resulting lattice adopted the
expected width (22 + 3 nm) and zigzag boundaries.
In addition to the 4-arm mesojunctions, we further investigated the self-assembly of periodic lattices
from the 3; mesojunction (Figure. 2d). A special hybrid design of mesojunctions and regular junctions
was adopted to cope with the routing challenge. We applied a similar principle to design 36 standardized
component strands for a 12-helix lattice (see Figure. S9 for detailed designs). As shown in Figure 2D,
we observed the formation of spiral lattices, presumably induced by the unintentional twist of the
repeating units. Other lattice designs of 3; mesojunction were tested but no apparent lattices were
observable under AFM (Figure. S10).
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Figure. 2. 1D periodic lattices of 3-arm and 4-arm mesojunctions. (a) Periodic ribbon from the '4,
mesojunction with an arm length of three half-turns. (b-d) Periodic lattices with four-half-turn arms using
145, 245, and 3, mesojunctions, respectively. Top left panels: schematic diagrams of duplex arrangement of
the periodic lattices. The dyad axes indicate the growing direction. Bottom left panels: schematic diagrams
of a representative mesojunction in the periodic lattices. A typical component strand is highlighted in dark
blue. The domain and arm lengths are specified respectively. Right panels: representative AFM images
(insets show the width measurement of a selected lattice). Scale bars: 100 nm.

Discrete mesojunction lattices
Encouraged by the successful results of periodic mesojunction lattices, we continued our exploration
toward discrete lattices with individually addressable components (Figures. 3 and 4). We focused on




the '4, mesojunction with an even number of half-turns from a scaffold-free tiling design as well as a
scaffolded origami design. We developed lattices based on single duplex arms (Figure. 3), as well as
pairwise-bundled duplexes as composite arms (Figure. 4) for 2D and 3D mesojunction constructs.
In our construction of discrete lattices by a scaffold-free tiling approach (Figure. 3a), the standardized
domain design with a 42-nt component strand like the periodic lattice was adopted. For illustrative
purposes, we defined each mesojunction arm as a fragmented helix, and used the number of helices of
a structural block to represent the lattice width and the total number of half-turns along the helical
direction to represent the lattice length. Specifically, 173 core strands and 39 boundary strands were
designed for a 12-helix x 64-half-turn (12H x 64HT) rectangular lattice (Figure. S11). The successful
formation of the lattice was confirmed by native agarose gel electrophoresis and the assembly yield was
estimated at 32% (Figure. S12; Table S1; Supporting Note S2), and the AFM images of the resulting
structures revealed the expected rectangular shape (Figure. 3a, bottom panel), which was measured at
44+ 3 nm x 126 = 10 nm.
We then created discrete mesojunction lattices from a scaffolded DNA origami construct (Figure. 3b).
The routing of a standardized 42-nt staple is like the one in the tiling approach. Of the four crossovers
of a given mesojunction, two of them stem from the scaffold and the other two come from the staple
strands (Figure. 3b, middle panel). The routing scheme can be viewed as the scaffolded duplexes
stitched by the scaffold-free ones. We designed a 23H x 84HT lattice with 314 standardized staple
strands (Figure. S13). The gel results pointed to the successful formation of the lattice with a high yield
of 82% (Figure. S14). As shown in the AFM images (Figure. 3b, bottom panel), the 23H x 84HT lattice
took a desired rectangular morphology with the expected dimensions (79 £ 5 nm x 147 £ 8 nm).
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Figure. 3. 2D discrete lattices of '4, mesojunction with four half-turns. (a) 12H x 64HT rectangular tile
lattice. (b) 23H x 84HT rectangular origami lattice. Top panels: schematic diagrams of duplex segments in
the lattices. Scaffold-free duplexes are colored in light blue and scaffolded duplexes are colored in magenta.
Middle panels: schematic diagrams of a representative '4, mesojunction with four half-turns in the lattices.
The component strands and staples are colored in light blue, and the scaffold strand is colored in magenta.
One typical component strand or staple is highlighted in dark blue. The domain and arm lengths are specified
respectively. Bottom panels: representative AFM images (insets show magnified views). Scale bars: 100 nm.

The individual arms of the mesojunction lattices up to this point were designed as single duplexes. As
was described in previous structures with regular junctions and antijunctions® %%, a given arm can be
designed as a bundled complex with more than one duplex for a composite mesojunction lattice. With
that in mind, we designed several origami lattices with composite '4> mesojunctions whose arms are
bundles of dual duplexes (Figure. 4). A dual duplex bundle can be viewed as two scaffold segments
paired with two U-shaped staples (two domains of 16-nt) of opposite orientations, leading to an arm
length of six half-turns. Here we used the number of bundled helices in the structural block to represent
the lattice width and the total number of half-turns along the helical direction to represent the lattice
length. Specifically, we constructed a 20H x 60HT rectangular lattice with 200 standardized staples
(Figure. 4a; Figure. S15). With the scaffold zigzagging in a specific pattern, all the crossovers between
bundled duplex arms are derived from the scaffold (Figure. 4a, middle panel). Successful self-assembly
was verified by agarose gel (the assembly yield of 8%; Figure. S16). The obtained AFM images



confirmed the formation of the rectangular lattice (Figure. 4a, bottom panel), which was measured at
72+ 5nm x 123 £ 7 nm.

We further extended this composite arm design scheme to 3D lattices. Using the number of bundled
helices as width, the number of total half-turns as length, and the number of lattice layers as height, we
constructed two lattices of different aspect ratio, a 6H x 48HT X 4H cuboid and a 10H x 32HT x 4H
cuboid respectively (Figure. 4, b and ¢). Instead of adopting two-domain staples in the single-layer
design, four-domain staples were designed for both intra-layer and inter-layer base paring. In the 6H x
48HT x 4H cuboid, a 66-nt component staple comprises four consecutive binding domains of 18-nt,
18-nt, 13-nt and 13-nt, with TpT spacers between the two 18-nt domains and the two 13-nt domains
(Figure. 4b, middle panel; Figure. S17). Such a design produced a discernible product band on the gel
and gave a 29% assembly yield (Figure. S18). Monodisperse particles with a desired shape were also
characterized by TEM (Figure. 4b, bottom panel) with expected dimensions (20 + 2 nm X 74 £ 6 nm x
9 £ 1 nm). For the 10H x 32HT X 4H cuboid (Figure. 4c; Figure. S19), we adopted an arm length of
four half-turns (21 bp) and adjusted the domain segmentation of component strands accordingly (8-nt,
8-nt, 13-nt and 13-nt domains). Agarose gel results confirmed the successful formation of the structure
with an assembly yield of 21% (Figure. S20) and the TEM images showed that the designed constructs
adopted the expected morphology (29 + 4 nm % 50 =4 nm x 8 = 1 nm; Table S2) with different side

views (Figure. 4c, bottom panel).
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Figure. 4. 2D and 3D lattices of composite '4, mesojunctions. (a) 20H x 60HT rectangle of composite '4,
mesojunctions with six half-turns. (b) 6H x 48HT x 4H cuboid of composite '4, mesojunctions with six half-
turns. (¢) 10H x 32HT x 4H cuboid of composite '4, mesojunctions with four half-turns. Top panels:
schematic diagrams of bundled duplex segments in the lattices. Middle panels: schematic diagrams of a
representative composite '4, mesojunction. The staples strands are colored in light blue and the scaffold
strand is colored in magenta. One typical staple is highlighted in dark blue. The domain and arm lengths are
specified respectively. Bottom panels: representative AFM images (insets show magnified views) and TEM
images (left: zoom-in images of top and front views; right: zoom-out images). Scale bars: 100 nm.

Discussion

Like many concept schemes in the field of structural DNA nanotechnology, it is rationally sound to
foresee that a systematic and comprehensive investigation of DNA nanostructures composed of various
types of mesojunction building blocks for designer self-assembly, like canonical assemblies with
regular junctions, was sorely needed. Based on the classic construction schemes that we adopted, we
have successfully demonstrated the self-assembly of mesojunction-based lattices, including 1D periodic
lattices, as well as 2D and 3D discrete and composite lattices. Discrete lattices also produce comparable
assembly yield (8% - 82%).

Striking similarities can be observed between mesojunction-based lattices and regular junction-based
lattices. For example, similar weaving patterns are presented in both mesojunction and regular junction
lattices; structural deformation is presented in both architectures; and the toolbox of regular junction-
based lattice self-assembly is useful in the formation optimization of mesojunction-based lattices. On
the other hand, the routing patterns and strand topologies of mesojunction-based lattices are different
to those of the regular junction-based counterparts. Differences have been previously reported in



stacking interaction at regular junction/mesojunction points and electrostatic repulsion among
neighboring arms?"> 2> 2>, The stacking interaction between mesojunction arms can induce a variable
equilibrium among conformers by adjusting the arm length, as also suggested in the earlier studies.

It seems as if the mesojunction architecture existed in an alternate universe parallel to the one in which
regular junction-based architecture was extremely well developed. The DNA nanostructures with such
an unprecedented level of complexity and order demonstrated in the field are mostly based on regular
junction. However, a structural design language with only one critical branching element is limited, and
constraining structure inherently constrains the ensuing functional library that can be accessed.
Specifically, regular junctions are geometrically driven by stacking interactions between opposing
helices®. Alteration of the junction sequence can be exploited by careful study in order to drive crossing
angles with high precision, but inaccuracies can lead to torsion, bundling, or junction disruption in
unanticipated ways?. Presumably, the mesojunction design universe of DNA nanotechnology would
be less dependent on stacking. This design strategy yields less-rigid structures but may — as we see in
the lattices here — allow greater mechanical and rotational degrees of freedom. For example, the 4-arm
designs will compensate the accumulation of major groove and minor groove and tolerate deviations
from B-form twist. Moreover, there are more species of mesojunction configurations than
junction/antijunction configurations for a complex with a fixed number of arms (e.g., 5-arm or 6-arm
complexes)!:2!. This is an indication that there exists an uncharted design territory for structural DNA
nanotechnology that is far more expansive than we earlier imagined. DNA nanotechnology was made
possible by exploiting the immobile branched junction?”- ¥, and four decades of study have elucidated
its pivotal role in topological self-assembly. We present here a complementary dimension to this
fundamental component; and we envision its use as a platform to produce constructs with increased
complexity, hierarchical control with greater composability, and ultimately topologically driven
designer functionalities.
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