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We demonstrate a system whereby DNA nanostructure tiles play an active role in their own
self-assembly by initiating a binding event that produces a cascading assembly process. We
present DNA tiles that have a simple but powerful property: they respond to a binding event
at one end of the tile by passing a signal across the tile to activate a binding site at the other
end. This action allows sequential, virtually irreversible self-assembly of tiles and enables
local communication during the self-assembly process. This localized signal-passing
mechanism provides a new element of control for autonomous self-assembly of DNA
nanostructures.
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A wide variety of nanostructures and devices can self-assemble from DNALL The
programmability of DNA as a material extends to both structure and dynamics, where
dynamic behavior can be programmed via toehold-mediated isothermal DNA strand
displacementl2]. The design of reconfigurable and active nanostructures is an important
challenge in DNA nanotechnology!3], but so far there are not many examples that merge
structure with dynamics[4],

Self-assembly can be a computational process, as shown by an abstract model called the
abstract Tile Assembly Model (aTAM)[®] DNA tiles made from a small double-crossover
motif known as DX[8] were the first to be used in the formation of 2D arrays[’l and have
been used in algorithmic assembly!8] as modeled by the aTAM. In these previous
demonstrations, cooperation between two or more (available) binding sites yields
algorithmic self-assembly. Signal-passing in tile self-assembly was proposed as an
augmentation to the Tile Assembly Model that brings a new form of communication during
assembly and coordination of self-assembly that does not have to depend on passive binding
sites cooperativity[®]. Tiles with active binding sites were originally proposed as a method to
decrease error rates during self-assembly!1%] and active, signal-passing tiles were proposed
to coordinate hierarchical recursive assembly[82l. Other forms of active assembly are being
explored in various theoretical models[t1], but the mechanism presented here sets up a
domino-like cascadel!?] that expands upon the hybridization chain reaction[2] and other
triggered self-assembly methods(2¢] by producing finite assemblies of specific length, and by
incorporating stiff structural motifs into the product assemblies.

We demonstrate the self-assembly of DNA nanostructures with a DNA strand exchange
signaling mechanism through a sequence of five DX tiles, four of which contain the full
signal-passing machinery; this process is active self-assembly, in contrast to passive self-
assembly in un-triggered systems. A binding event occurring at one end of a DX tile releases
a previously tethered signal sequence, allowing it to activate a binding site ~18 nm away on
the other end of the same DX tile in response. The tethered DNA strand transmits the
information locally within the fixed and stiffl13] DX structure, so that each individual
assembly grows sequentially by a single tile addition, while the global population remains
asynchronous. We have used fluorescent-labeling and non-denaturing PAGE analysis to
show that tile assembly occurs sequentially and have verified by atomic force microscopy
(AFM) that the expected products are formed.

The signal-passing mechanism is shown in Figure 1. The sequential binding of four tiles to
the initiator tile occurs by a toehold-mediated![22] strand exchange cascade (Figure 1). At the
start, there is only one active strand, cBa, (where sequence motifs are listed in 5’ to 3’ order)
on Tile A, which we refer to as a “glue strand.” The first binding event is shown in Figure
1b, where Tile A has bound to Tile B via the exposed complementary sequences c and c*,
which we refer to as “toeholds” displacing the signal strand. This strand displacement
translates the binding event into a signal, carried by the tethered sequence element dBa. The
signal is transmitted when the tethered signal strand, dBa in Figure 1b, attaches to the
toehold a* on the cover strand, a*B*d*. Here, the cover strand is the strand that functions to
protect a portion of the output strand, including its toehold, so that when the cover strand is
removed, as in Figure 1c, the output strand, eDb, has been activated. This definition differs
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slightly from a previous definition of ‘cover strand’[*4] The removal of the cover strand
translates the signal into a binding site activation. Figure 1c-1f shows the stepwise addition
of tiles via this mechanism.

The tiles are composed of a DX motif consisting of two DNA double helices held together
via two crossovers (Figure 2), where one helix, the “active helix”, contains all the signaling
machinery and the other helix is passive. The active portions of each tile consist of two
sticky ends (input and output), a signal strand and a cover strand (Figure 2). There are 21
nucleotide pairs in the internal loop, and 16-nucleotide sticky ends on the active helix that
meet to form a total of 32 nucleotide pairs between crossovers on tiles that are bound
together. The passive helix contains 2-nucleotide stabilizing single-stranded overhangs at
both ends that do not initiate binding between tiles. To send a signal locally across a tile, the
signal sequence remains tethered to the tile via an oligo-dT DNA strand long enough to
reach the other end of the ~18 nm-long tile. The oligo-dT DNA was chosen to minimize the
chance of interference with the signal strand while remaining easy and inexpensive to
synthesize. To decrease potential interference, we replaced the oligo-dT DNA with an
alternating dT-PEGg linker containing the same number of bonds; it did not improve the
processing, so we did not pursue this avenue further. Confining the signal strand locally to
the tile, where it is expected that in most events, intramolecular interactions will occur far
more frequently than intermolecular events, is a design feature that helps avoid unintended
inter-tile interactions. The strand displacement mechanism confers on each tile the ability to
respond to a binding event at the input end with the activation of a binding site on the other
end of the tile by the uncovering of the output strand[24].

The driving force for the cascade of tile additions is a gain of 5 nucleotide pairs per tile.
Prior to binding and signal passing, a tile has 22 nucleotide pairs on the glue strands when
configured as in Figure 2. On an individual tile, this number would drop to 11 if the signal
strand and cover strand were to bind one another in the absence of binding partners for the
glue strands, making the pre-activation state energetically more favorable in the absence of
other elements. This idea is supported by the fact that each individual tile is produced by
annealing in a one-pot reaction with all strands present. Once a tile is bound on both sides
and the signal strand is bound to the cover strand, there are no more unpaired nucleotides on
that tile aside from the 16-base output strand sequence, the oligo-dT tether and the
dinucleotide stabilizers. After signal passing and incorporation into the linear assemly, the
total number of nucleotide pairs per tile is 27, if we consider each glue strand to be shared
with its neighbour. Thus, there is a net gain of 5 nucleotide pairs of binding free energy with
each signaling event. The tether length was chosen to span the length of the tile so the signal
strand could reach the cover strand toehold, as well as to maintain a physically unstrained
structure after signal-passing. An estimate of tether length is given in the Supplement,
section 6.

Non-denaturing PAGE of fluorescently labeled tiles (Figure 3) shows that the reaction
proceeds as designed, and can neither progress beyond a missing tile, nor start without the
initiator sequence. Figure 3 shows the lengths of the products at which the reaction stops
when a tile is missing. We also labeled each tile individually and compared with the initiator
to show that the tiles assemble the correct complexes at the correct time (Supp. Figure S4).
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These experiments show that the tiles add sequentially with an “if A then B” logic. AFM
(Figure 4) reveals linear structures of the expected dimensions for this 5-tile linear complex.
The expected 16-base duplexes between signal and cover strands that should be tethered to
the 5-tile complex are difficult to resolve in the AFM image. The images cannot reveal
which end contains the initiator tile, but they show that the assemblies are the correct length.

Material that does not eventually become incorporated into the 5-tile complex may consist
of tiles that have participated in unintended side reactions. In the literature on nucleic acid
strand displacement systems, there are instances of so-called “leakage”[2¢: 2€] where a small
portion of strands participate in strand displacement in the absence of triggering. In some
cases the intended reaction simply proceeds without the trigger, and in some cases
complexes of unintended size are observed. In this last case, the leakage reactions produce
unintended aggregates. Due to the necessity of repeating certain 5 to 6-nucleotide segments
in the glue strand, signal strand, and cover strand sequences, there are matching sequences
between strands that are not intended to bind one another in the designed mechanism (Figure
2), but which may do so via sequence domains that are shorter than the intended binding
regions. These may be the source of the unintended aggregates that migrate more slowly
than the 5-tile product seen on the fluorescently labeled native gels (Figure 3). While we
appear to lose some material to uncharacterized aggregation as the reaction proceeds, a 24-
hour incubation of tile mixtures lacking the initiator at 16° C no visible leakage products of
the first kind in an ethidium bromide stained native gel (see Supp. Figure S5) That is to say,
the linear polymerization of the tiles appears not to proceed in the absence of initiator. In
this regard, this system is robust to false triggering.

The signal initiated self-assembly mechanism demonstrated here introduces a new means for
an active self-assembly of DNA nanostructures. We have enabled communication and
control in the self-assembly process. Two important features of this triggered assembly
mechanism are that (1) in principle it can be nucleated from anything to which a 16-
nucleotide initiator strand can be attached, such as a gold nanoparticle or a DNA origami
structure and (2) it is a controlled cascading assembly process with an “if A then B” action,
like a row of dominoes. Control of sequential assembly occurs isothermally, and does not
require a carefully chosen annealing temperature or the thermal programming that is often
required for achieving cooperation in passive DNA tile assembly. This is a rudimentary
mechanism that could be used for signal-passing tile assembly[% 9. 9d1 ag described by the
Signal-passing Tile Assembly Model, (STAM)[0:9d] 3 theoretical model of tile self-
assembly augmented with a basic communication mechanism. Future directions for this
work that would fully implement the STAM theoretical model include glue deactivation and
fanout (where one input signal would produce two or more output signals). Signal
transmission demonstrated here across four steps is robust, showing a good average step-
yield of 91.6%. Our experiments (not included here) show that the system can be extended
up to seven tiles with similar yield. For very long signal transmission pathways, we suggest
that redundant pathways could be used to ensure that at least one signal reaches the other
side of a larger DNA nanostructure. Redundant pathways could utilize orthogonal sequence
designs to minimize interference. Given its inherent robustness and potential for
redundancy, the mechanism demonstrated here for self-assembly via signal transmission
may prove useful in coordinating autonomous self-assembly of DNA nanostructures across a
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range of size scales. In addition to its capability of facilitating the reliability of algorithmic
assembly, the approach described here can be used to initiate structure-forming pathways
from a variety of sites at a variety of times, and from a variety of starting materials, ranging
from origami to nanoparticles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of DNA strand exchange mechanism for sequential addition of tiles. Rectangles

represent the body of the tile, thin lines represent relevant DNA strands in the mechanism
with an arrow indicating the 3’ end and a ladder showing base pairs between strands.
Sequence segments of 5 nucleotides are labeled with lowercase letters, uppercase denotes 6-
base sequences that are a one base augmentation of a 5-base sequence of the same letter, and
complementary sequences are starred. a) A schematic representation of the five tiles tested
in this paper. Augmented 6-base sequences are such that dB = Db, dF = Df, hF = Hf, and hJ
= Hj. b) Binding is initiated at a 5-nucleotide toehold, c*, on the second tile (green). Strand
exchange releases the tethered signal strand, allowing it to reach the 5-nucleotide toehold on
the cover strand. c) The second strand exchange event removes the cover strand to release
the sticky end, activating it. The activated 16-nucleotide glue retains only a 6-nucleotide
sequence from the previous glue. On the next tile (two steps away from the initiator) the
activated glue sequence will be completely independent of the initial glue sequence. d)
Three-tile assembly after the addition of Tile C and the activation of its glue strand. €) Four-
tile assembly. f) Schematic of the final assembly of five tiles. Note that in a complete
assembly, all bases are paired except for the last output strand of 16 bases.
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Initiator Strand

Output Strand

Figure 2.
Schematic of the DX signal-passing tile structures. Each tile shares the same core strand

sequence (cyan). a) Tile A is the initiator of the assembly signal cascade, while tiles B, C, D,
and E each have the complete signaling machinery with a signal strand on the upper right
tethered by a poly-T sequence. The upper right of each DX tile has a cover strand (colored
purple) that protects the output strand from hybridizing until it has been removed by the
signal strand when the signal strand is displaced by a binding event on the input end of the
tile. b) Tiles B and D have a 5’ input sticky end and 3’ output sticky end, while these strand
polarity orientations are reversed for Tiles C and E in panel c). The lower helix plays a
passive role and has 2-nucleotide sticky ends designed to facilitate orientation of the DX
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tiles, but these interactions are not strong enough to form base pairs at ambient temperatures
and concentrations.
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Figure4.
Atomic force microscopy of the 5-tile assembly. a) Schematic of the expected 5-tile

assembly. b) Atomic force micrograph of the 5-tile assembly product, purified by native
PAGE. Linear assemblies of expected length near 93 nm are seen
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