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Nature often exploits symmetry to assemble functional structures in an economical fashion. For example, viral capsids use the principle of quasiequivalence to build large, highly symmetric protein shells using the minimum number of encapsulated genes [1] and cells can assemble cytoskeletal filaments, like microtubules, that span many micrometers in length using only a few different kinds of proteins [2]. These examples are made possible by the complex geometry and specific interactions of the protein subunits from which the structures are assembled. Here, we show that programming the valence, interaction specificity, and binding angles of subunits made using DNA origami can direct the assembly of similarly symmetric structures, such as tubules, in purely synthetic systems.
Our DNA-origami subunits are rigid triangles that feature three self-interacting sides, whose binding angles can be tuned independently [3,4]. By designing specific combinations of the three binding angles, we target tubules with different widths and chirality, which are each made from a single subunit species. We observe that the DNA-origami subunits, each roughly 50 nm in size, can assemble into tubules that are many micrometers in length. Interestingly, we find that the tubules exhibit a distribution of widths and chirality. We attribute this distribution to thermal fluctuations in the binding angles between neighboring subunits and the irreversibility of closure during tubule assembly. To limit the distribution of the tubule types, we increase the assembly complexity by increasing the number of triangle species [5]. For example, we show that using two triangle species reduces the number of tubule states by half, as expected by simple geometrical arguments. This method of particle design and assembly opens up new avenues for the assembly of programmable nanomaterials. 
[image: image1.png]



Fig. 1. DNA origami triangles assemble into tubules due to local curvature imposed by the binding angles ф.
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