
RESEARCH ARTICLE SUMMARY
◥

DNA NANOTECHNOLOGY

Reconfiguration of DNA molecular
arrays driven by information relay
Jie Song,*† Zhe Li,* Pengfei Wang,* Travis Meyer, Chengde Mao,† Yonggang Ke†

INTRODUCTION: Information relay at the
molecular level is an essential phenomenon in
numerous chemical and biological processes.
A key challenge in synthetic molecular self-
assembly is to construct artificial structures that
imitate these complex dynamic behaviors in
controllable systems. One promising route is
DNA self-assembly, a potent approach for the
design and construction of arbitrary-shaped
artificial nanostructures with increasing com-
plexity and precision. Nonetheless, despite recent
progress in the construction of reconfigurable
DNA nanostructures that undergo tailored post-
assembly transformations in response to different
physical or chemical cues, the dynamic behaviors
of massive, complex DNA structures remain
limited. The existing systems typically exhibit
relatively simple dynamic behaviors that involve
a single step or a few steps of transformation.
Moreover, many of these structures contain
mainly static segments joined by a few small
reconfigurable domains.

RATIONALE: Here, we demonstrated pre-
scribed, long-range information relay in artifi-
cial molecular arrays assembled frommodular
DNA antijunction units. The small dynamic anti-

junction unit contains four DNA double-helix
domainsof equal lengthand fourdynamicnicking
points, and can switch between two stable con-
formations, through an intermediate open con-
formation. In an array, the driving force of
information relay is base stacking: The confor-
mational switch of one antijunction unit will
cause the interface between the transformed
unit and its neighboring units to become a
high-energy conformationwith weakened base
stacking, leading to transformations in the
neighboring units. The array transformation
is equivalent to a molecular “domino array”:
Once initiated at a few selected units, the trans-
formation then propagates, without the addi-
tion of extra “trigger strands,” to neighboring
units and eventually the entire array. The spe-
cific information pathways by which this trans-
formation occurs can be controlled by adding
trigger strands to specific units, or by altering
the design of individual units, the connec-
tions between units, and the geometry of
the array.

RESULTS: The reconfigurable DNA relay ar-
rays were constructed by using both origami
and single-strand–brick approaches. In one-

pot assembly, we observed that the arrays built
from antijunction units exhibited a spectrum
of shapes to accommodate different combi-
nations of antijunction conformations. With
the incorporation of set strands, we could lock
the arrays into prescribed conformations. The
more set strands were added, the greater the

assembly shifted toward
the corresponding array
conformation. Other fac-
tors, including the size and
aspect ratio of an array,
the connecting pattern of
an array, DNA sequences

of an array, cation concentration, and temper-
ature, havebeen shown toaffect the result of one-
pot assembly.
The transformation cascade was demonstrated

with preassembled arrays. When starting from
one conformation, addition of the trigger strand
at selected locations of the array initiates struc-
tural transformation from the selected sites and
propagates to the rest of the array in a stepwise
manner without additional trigger strands at
other locations. Releasing the old trigger strands
and adding new ones can transform the array
back to its initial conformation—a reversible
process that can be repeated multiple rounds.
In addition, we were able to control the prop-
agation pathway to follow prescribed routes,
as well as to stop and then resume propagation
by mechanically decoupling the antijunctions
or introducing “block strands.” The kinetics
of array transformation can be enhanced by
elevated temperature or formamide. These
assembly and transformations were studied
mainly by atomic force microscopy and native
agarose gel electrophoresis.

CONCLUSION: Our work demonstrates con-
trolled, multistep, long-range transformation
in DNA nanoarrays, assembled by intercon-
nected modular dynamic units that can trans-
fer their structural information to neighbors.
The array’s dynamic behavior can be regulated
by external factors, the shapes and sizes of ar-
rays, the initiation of transformation at selected
units, and the engineered information prop-
agation pathways. We expect that the DNA
relay arrays will shed new light on how to con-
struct nanostructures with increasing size and
complex dynamic behaviors, and may enable a
range of applications, such as the construction of
molecular devices to detect and translate molec-
ular interactions to conformational changes in
DNA structures, to remotely trigger subsequent
molecular events.▪
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Information relay in DNA “domino” nanoarrays. In a manner similar to that of domino
arrays (top), the molecular DNA nanoarray transforms in a step-by-step relay process, initiated
by the hybridization of a trigger strand to a single unit (middle). Different stages of nanoarray
transformation were confirmed by AFM (bottom). Scale bar, 50 nm.
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Information relay at the molecular level is an essential phenomenon in numerous chemical
and biological processes, such as intricate signaling cascades. One key challenge in
synthetic molecular self-assembly is to construct artificial structures that imitate these
complex behaviors in controllable systems. We demonstrated prescribed, long-range
information relay in an artificial molecular array assembled from modular DNA structural
units. The dynamic DNA molecular array exhibits transformations with programmable
initiation, propagation, and regulation. The transformation of the array can be initiated
at selected units and then propagated, without addition of extra triggers, to neighboring
units and eventually the entire array. The specific information pathways by which this
transformation occurs can be controlled by altering the design of individual units
and the arrays.

M
olecular self-assembly has played a crucial
role in bottom-up fabrication of materials
across many length scales. Structural DNA
nanotechnology (1) has proved to be a
potent approach for the design and con-

struction of arbitrarily shaped artificial nano-
structures, including static and dynamic structures,
largely because of the programmability of this
versatile biomolecule. The field has produced
diverse, custom-shaped DNA nanostructures,
including one-dimensional (1D) ribbons (2–4)
and tubes (2, 4–10), 2D lattices (5, 10–16), and
finite 2D and 3D objects with prescribed shapes
(14, 17–30).
The basic principle of DNA nanostructure de-

sign is to engineer structural information into
the DNA sequences by programming comple-
mentarity between component DNA strands (1).
The present approaches for constructing DNA
nanostructures largely fall into two major catego-
ries: DNA origami and DNA tiles. DNA origami
is a “folding” method, in which a long “scaffold”
strand (often M13 viral genomic DNA) is folded
into a prescribed shape via interactions with
hundreds of short, synthetic “staple” strands (20).
The DNA tile method assembles DNA structures
by connecting small structural units, typically
consisting of a small number of strands (11). The
DNA origami approach has produced fully address-

able structures up to several thousands of base
pairs (bp) (7). Similar-sized, fully addressable
structures have also been fabricated with special
types of DNA tiles, such as single-stranded tiles
(4, 26) or DNA bricks (27).
Besides engineering intricate static struc-

tures, DNA has also been used to fabricate
dynamic structures with tailored postassembly
transformations—another important advantage
of self-assembly from information-rich biomole-
cules. Many dynamic DNA devices have been
demonstrated, including tweezers (31–34), walkers
(35–40), reconfigurable arrays assembled from
simple DNA tile units (41), and other complex
devices (14, 42, 43). These devices can sense a
range of physical or chemical cues. Nonetheless,
the dynamic behaviors of massive, complex
DNA structures are still limited. The existing
systems typically exhibit relatively simple dy-
namic behaviors that involve a single step or a
few steps of transformation. Moreover, despite
their massive size, many dynamic DNA origami
structures were designed to contain mainly static
segments joined by a few small dynamic regions
(14, 42, 43).
Here we demonstrate programmable molec-

ular information cascades formed by DNA arrays,
which simulate some of the key aspects of com-
plex biological signaling cascades, such as initia-
tion, propagation, and regulation observed in
signaling cascades initiated by T cell receptor
binding. (44) Our large, scalable DNA array is
analogous to a molecular “domino array”: the
step-by-step transformation propagates through
the interconnected DNA units via specifically
prescribed pathways (fig. S1). We show that the
reversible transformation of a DNA array can be
initiated at designated locations, and follows path-
ways precisely controlled by programming the
shape of the array or by adding molecular switches

that block and then resume the information relay
between units.

Design of DNA relay arrays

We used small dynamic DNA units called “anti-
junctions” (45) to build large, scalable, reconfig-
urable DNA structures. An antijunction contains
four DNA duplex domains of equal length and
four dynamic nicking points (Fig. 1, A and B;
note that the strand in gray contains a static nick,
which does not change during reconfiguration).
This small construct can switch between two
stable conformations—“red” and “green,” driven
by base-stacking, through an unstable open (includ-
ing partially open) conformation—“orange.” Each
duplex is 0.5 × n turns (n = 1, 2, 3, 4...) in length
(fig. S2A). An antijunction is classified by the dis-
tance between two opposite dynamic nicking
points (i.e., a 42-bp antijunction).
In a connected network, the conformational

information of an antijunction can pass to its
closest neighbors, introducing subsequent confor-
mational change of the neighboring antijunctions
(Fig. 1C). The transformation of an individual
antijunction unit (e.g., from red to green) can
be induced by adding a trigger DNA strand that
forms a continuous duplex on one edge of the
unit (fig. S3A). The key design feature of trigger
strands is that each trigger strand removes a
mobile nick point from an antijunction unit.
After the conformational switch from red to
green of the triggered unit, the interface between
the two neighboring units becomes a high-energy
open conformation, leading to a transformation
in the neighboring unit to the same conforma-
tion (green) as the already transformed unit. This
process is driven by the reduction of free energy,
caused by the formation of an additional base-
stacking interaction at the connection point (see
fig. S3B for more details).
We built 2D molecular DNA relay array via

self-assembly of the antijunctions (Fig. 1D). A
relay array can transform from one array con-
formation (e.g., all antijunctions are in the red
conformation) to another array conformation
(e.g., all antijunctions are in the green confor-
mation). The array transformation follows specific
pathways, depending on the array’s geometry and
binding locations of trigger strands (fig. S4). For
instance, if the trigger strands were added to the
units (Fig. 1, D and E) at a corner, the relay would
undergo a step-by-step conversion from a red
array conformation to a green array conforma-
tion via a diagonal pathway.
DNA relay arrays can be constructedwith both

noncanonical DNA bricks (single-stranded mod-
ular DNA units) and DNA origami (further dis-
cussion is in figs. S5 to S8). Owing to the constraint
of the continuous scaffold, a DNA-origami anti-
junction must be an odd-number-turn anti-
junction (e.g., 32-bp antijunction; figs. S5 and S7).
In comparison, a DNA-brick antijunction can be
either an odd-number-turn antijunction (e.g.,
32-bp antijunction; figs. S5 and S7) or an even-
number-turnantijunction (e.g., 42-bp antijunction;
figs. S6 and S8). One of the array conformations
of the DNA-brick arrays is arbitrarily assigned as
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the red array conformation, and the other is
assigned as the green array conformation (fig. S5,
B and D). For DNA-origami relay arrays, the
conformation where the scaffold does not cross
between DNAhelices within the array is assigned
as the red array conformation, and the other
conformation is assigned as the green confor-
mation (fig. S5, C and E).

One-pot assembly of DNA-brick
relay arrays

The transformation pathway of a DNA relay
array is expected to be dictated by the stable
conformations corresponding to local energy mini-
ma. To investigate these local energy-minimum
states, we first studied the self-assembly of rect-
angular 42-bp DNA-brick relay arrays via one-pot
isothermal assembly. The results revealed that
the most dominant conformations were the red
array conformation and the green array confor-
mation. In addition to the two dominant confor-
mations, which should correspond to the two
lowest-energy states, we observed many mixed-
conformation arrays that consist of both regions

of red antijunctions and regions of green anti-
junctions. We observed that the red antijunction
regions and the green antijunction regions were
always bridged by a diagonal seam(s) that con-
tains open orange antijunctions. These orange
antijunctions are unstable by themselves, but
can exist in an array structure when they are
flanked by red antijunctions and green anti-
junctions (Fig. 2A). These arrays with mixed
antijunction conformations are called “mixed
array” conformations, which correspond to local
energy minima in the assembly (Fig. 2B). Fur-
ther discussion of these stable mixed array con-
formations is in fig. S9.
Native agarose gel electrophoresis of a rect-

angular 20 unit by 4 unit (20 × 4) 42-bp DNA-
brick relay array revealed two product bands
that correspond to the red array conformation
and the green array conformation, respectively
(Fig. 2C). The green array conformation showed
greater mobility than the red array conformation,
likely due to its elongated geometry. The mixed
array conformations contain many different shapes
that do not migrate as a single band, but were

observed in atomic force microscopy (AFM) images
of unpurified samples (Fig. 2D).
An 11× 4 42-bpDNA-brick relay arraywas used

to test optimal assembly conditions (fig. S10). The
best yieldwas observedwhen the arraywas assem-
bled at 51.3°C isothermally, in a Tris-EDTA (TE)
buffer containing 10mMMgCl2. Addition of single-
stranded poly-T extensions around the boundary
of the array further improved the yield (fig. S11),
presumably due to the poly-T’s function ofmitigat-
ing unwanted aggregation (20).

Regulation of assembly of DNA-brick
relay arrays

To understand how size and aspect ratio affect
the assembly of DNA relay array, we tested the
one-pot assembly of a group of rectangular 42-bp
DNA-brick relay arrays. The largest structure is a
20 × 8 DNA-brick array consisting of randomly
generated ∼14,000 bp (Fig. 2E). In total, 16 DNA-
brick relay arrays with different sizes and aspect
ratios were generated by using the 20 × 8 relay
array as a molecular canvas (Fig. 2F and fig. S12).
Native agarose gel electrophoresis and AFM images
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Information relay

Dynamic antijunction unit

Interconnected units Trigger

Molecular relay array

Information pathway

Fig. 1. Molecular relay arrays assembled by DNA. (A) A dynamic DNA
antijunction can switch between two stable conformations, through an
unstable open conformation. (B) Different diagrams for a DNA antijunction:
stable conformations “red” and “green,” and unstable conformation “orange.”
(C) Transformation of an antijunction unit can be induced by addition of a
trigger strand. The information is passed from the converted unit to its

closest neighbors, causing them to undergo subsequent transformation.
(D) Strand diagram of an interconnected 2D DNA relay array with 4 units by
8 units. Three trigger strands (green) are added to three units in the upper-
left corner of the array to initiate the transformation (E) The information
of transformation propagates along prescribed pathways, causing the units to
convert sequentially in this molecular array.
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(figs. S13 and S14) were used to analyze the per-
centages of the red array conformation, the green
array conformation, and the mixed array con-
formation of the 16 structures (Fig. 2F, fig. S15,
and table S1). All relay arrays produced a large
amount of both the red arrays and the green
arrays, except for the n × 2 arrays, whose assembly
appeared to favor the larger–aspect ratio green
array conformation, suggesting that aspect ra-
tios play a more important role for this group
of structures. Our analysis, using a simple prox-
imity model (fig. S16) that considered only the
energy between the closest neighboring helices,
showed that the array’s aspect ratios had a larger
effect on the n × 2 arrays, consistent with the
above observation.
We then studied how the one-pot assembly

of arrays was affected by the presence of trigger
strands, connection patterns between units, and
the DNA sequences. In the first test, the addition

of a few trigger strands in the one-pot assem-
bly clearly altered the R/G ratios for the 11 × 4
42-bp DNA-brick relay array (Fig. 2G and table
S2). As expected, the more trigger strands were
added to the one-pot assembly, the further the
assembly shifted toward the corresponding array
conformation.
Changing the connectivity between anti-

junction units also affects the assembly of the
11 × 4 42-bp DNA-brick relay array (Fig. 2H and
fig. S17). When antijunction units were removed
from the 11 × 4 42-bp DNA-brick relay array, the
assembly shifted to more green array conforma-
tions (Fig. 2H), probably because of the increas-
ing narrow (1.5 units in width) areas, which favor
a green array conformation.
In comparison to the results in Fig. 2G, as-

sembly of the 11×4 42-bp DNA brick relay array
with missing units in the presence of eight red
trigger strands resulted in a more mixed array

conformation, likely because the reduced connec-
tivity also diminishes the effectiveness of trigger
strands (Fig. 2I). This effect is particularly pro-
nounced with the 11 × 4 42-bp DNA brick relay
array with two holes—about half of the arrays
formed a “mask”-shaped mixed array conforma-
tion (fig. S18). Statistics of the 11 × 4 42-bp DNA
brick relay array with modified connectivity are
shown in table S3, and additional studies on
controlling the one-pot assembly of DNA-brick
relay arrays are included in fig. S19.
Considering that the change of base stacking

occurs only at each four-way junction, the DNA
sequences at the junctions may play an impor-
tant role in determining the assembly results. To
verify this hypothesis, we tested two versions
of the 11 × 4 42-bp DNA-brick relay arrays with
modified sequences at the junctions (fig. S20).
The two arrays (design I and II) have the same
sequences, except for the eight DNA bases at
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Fig. 2. One-pot assembly of 42-bp DNA-brick relay arrays. (A) Multiple
conformations result from assembly of a DNA-brick relay array: “red array”
conformation, “green array” conformation, and “mixed array” conforma-
tions, which contains units with red conformation, green conformation, and
orange conformation. The orange units (corresponding to a higher-energy,
unstable state) form diagonal seams that bridge together the red units and
the green units. (B) Proposed, simplified energy landscape of assembly.
The units assemble into the two global energy minima corresponding
to the red array conformation and the green array conformation, and
local energy minima corresponding to the mixed array conformations.
(C) Assembly of the 20 × 4 42-bp DNA-brick relay array results in two

(red array and green array) dominant products in the agarose gel.
(D) AFM images of mixed array conformations of the 20 × 4 42-bp
DNA-brick relay array. (E) The 20 × 8 42-bp DNA-brick relay array is used
as a “canvas” to generate relay arrays of different sizes and aspect ratios.
(F) Percentages of red array conformation, green array conformation,
and mixed array conformation of m × n relay arrays. (G) Numbers (n) of
red triggers (Rn) and green triggers (Gn) shift the assembly result of the
11 × 4 42-bp DNA-brick relay array. (H) Removal of units from the 11 ×
4 42-bp DNA-brick relay array alters the assembly result. (I) A combination
of unit removal and addition of eight red triggers affects the assembly
result. Scale bars, 50 nm.
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each four-way junction. The assembly results
showed a strong correlation between the junction
sequences (and thus the base stacking) and the
red/green (R/G) ratios. In good agreement with
our estimate, the green array was the dominant
conformation (R/G = 0.24) for design I, while the

red array was the dominant conformation (R/G
= 3.0) for design II.

Transformation of DNA-origami relay array

To identify a suitable design for our study of DNA
array transformation,we compared differentDNA-

brick relay arrays and DNA-origami relay arrays.
Overnight room-temperature incubation of red
trigger strands with a preassembled 11 × 4 42-bp
DNA-brick relay array, an 8 × 5 52-bp DNA-brick
relay array, and a 10 × 4 64-bp DNA-brick relay
array (fig. S21) did not convert a noticeable
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Fig. 3. Transformation of DNA-origami relay arrays. (A) An 11 × 4 52-bp
DNA-origami relay array forms predominantly red array conformations.
Subsequent addition of 22 green triggers converted the red array conformation
to the mixed array conformation, then to the green array conformation. Some
of the green arrays are folded because of the tension generated by the free
scaffold. (B) The 52-bp DNA-origami relay array showed a greater tendency to
form red array conformations than green array conformations. (C) AFM images
(4-min scan time per frame) show real-time transformation of the relay array
from red array conformations to green array conformations in the presence of
22 green triggers.The transformation wasmostly initiated at a corner, although
sometimes from the middle section of an edge, and followed the diagonal
pathways. (D) Occasionally the transformation was initiated at separate,

multiple locations. (E) The red/green array transformation is a reversible
process, which can be repeated multiple times by removal of previous triggers
and addition of new triggers. Arrows indicate the product bands. Note that
the green array conformation has two bands. (F and G) The kinetics are
accelerated by elevated temperature (F) or formamide concentration (G) for
the transformation from the red array conformation to the green array
conformation. Lane C: Relay array assembled without trigger. Lane G: Relay
array assembled with 22 green triggers.The slower-mobility band corresponds
to the folded green array conformation in (A). Lane C+GT: 22 green triggers
(GT) were added to a preassembled relay array (C), and immediately loaded
into the gel. It appears that the triggers quickly bind to the array, causing a shift
of mobility. Scale bars, 50 nm.
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percentage of green array conformation to red ar-
ray conformation. The arrayswere then incubated
at higher temperatures or in solutions containing
higher concentrations of formamide to accelerate
the transformation kinetics, but the DNA-brick
relay array started to show damage at 55°C or
40% formamide before noticeable transformation
was observed.
We then turned our attention to DNA-origami

relay arrays, which may be more resilient to
denaturing conditions because of the long scaf-
fold strand. We assembled an 11 × 7 32-bp DNA-
origami relay array (fig. S22) and an 11 × 4 52-bp
DNA-origami relay array with a p7560 scaffold.
Both arrays resulted in only the red array con-
formation. It is unknownhow the scaffold (about
half the molecular weight of the whole array)
might affect the formation and transformation
of the DNA-origami relay array, and the scaffold
dependence of the DNA-origami relay array re-
quires further study.We eventually chose the 52-bp
DNA-origami relay array for real-time transfor-
mation, as subsequent studies revealed that this
relay array is easiest to transform and is con-
venient for image analysis.
Transformation of preassembled 11×4 52-bp

DNA-origami relay array in the red conformation
was initiated by the addition of 22 green trigger
strands. The arrays initially transformed to mixed
conformations at 45°C, then to ~100% green ar-
ray conformations at 55°C (Fig. 3A). Analysis of
the mixed array conformations revealed that the
dominant pathway of transformation is diagonal,
consistent with the results for DNA-brick relay
arrays. Based on the results of the transformation
from the red array conformation to the green
array conformation, we made the assumption
that the red unit conformation was slightly fa-
vored over the green unit conformation in the
p7560 DNA-origami relay array, resulting in a
tilted energy landscape for the transformation
process (Fig. 3B and fig. S23).
Real-time AFM was used to study the in situ

single-molecule transformation of the DNA relay
arrays (Fig. 3C and fig. S24). Within a 30-min
scan, multiple array transformations were ob-
served. The transformation appeared to be a
stochastic process: Most of the transformations
started from a corner and propagated through
a diagonal pathway, while a smaller number of
transformations were initiated from the edges
and propagated along a “swallowtail” pathway. In
rare cases, transformation of an array was also ob-
servedbeing initiated atmultiple locations (Fig. 3D).
The transformation of the 52-bp DNA-origami

relay array is reversible. Using modified trigger
strands with toehold extensions and correspond-
ing release strands, we demonstrated multiple
conversions between the red array conformation
and the green array conformation (Fig. 3E and
fig. S25). The green array conformation has two
product bands: The upper band and the lower
band correspond to the folded structure [due to
the tension generated by the free scaffold (46)] and
open structure, respectively, in Fig. 3A. We ob-
served that the “open” green conformation ismore
dominant than the “folded” green conformation

after the initial assembly.However, after the array’s
transformation to red, and then back to green,
nearly 100%of arrays turned into the folded green
conformation. The underlying reason for this con-
version needs further investigation.
The kinetics of the transformation can be

accelerated by either increasing temperatures
(Fig. 3F) or using higher concentrations of form-
amide (Fig. 3G), likely because of the reduced
energy needed to break the base-stacking inter-
actions under these denaturing conditions [e.g.,
increasing the temperature reduces the base-
stacking energy from an average of –5.2 kJ/mol
at 32°C to –2.9 kJ/mol at 52°C (47)]. The real-
time transformation in Fig. 3C was acquired by
using DNA-origami relay arrays in a 10% form-
amide solution. We also observed real-time trans-
formation of an 11 × 4 32-bp DNA origami array
at 65°C using a temperature-controlled AFM (48)
(fig. S26). However, the AFM images are much
noisier at such a high temperature. The kinetics
of transformation can also be increased by the
mechanical disturbance induced by the AFM
tip, as shown in fig. S27. The transformations
occurred at higher frequencies when the sample
was subjected to the contact force from the AFM
tip. This AFM tip–enhanced transformation was
confined to only the scanned area. This phenom-
enon may provide a means to manipulate our
dynamic DNA arrays at specific locations.

Regulation of transformation in DNA
relay arrays

With a better understanding of the factors affect-
ing transformation, we extended our study to
control the transformation of the DNA-origami
relay arrays.Wedemonstrated that transformation
could be initiated at selected locations, blocked,
and controlled using arrayswith different shapes.
The transformation can be initiated at pre-

scribed locations on the 11 × 4 52-bp DNA origami
relay array. Using real-time AFM, we demon-
strated initiation of transformation from a corner
or from the middle of an edge with five green
trigger strands and subsequent propagation of
the new conformation (Fig. 4A and fig. S28).
Both the number and locations of trigger strands
affect the initiation of array transformation and
the degree of transformation. A detailed study is
included in fig. S29. With three or fewer trigger
strands added in a corner, the transformation
process could not be initiated. Increasing the
number of trigger strands to six or eight trig-
gered partial conversion to mixed array confor-
mations, with a small number of green array
conformations. The addition of 11 green trigger
strands led to full transformation to the green
conformation for most of the arrays. Adding
trigger strands to the corners appeared to be
more effective at inducing transformation than
adding the same number of triggers to the edges
(fig. S29B). In addition, adding both red trigger
and green trigger strands can lead to transfor-
mation to specific mixed array conformations
(fig. S29C). We also compared the transformation
efficiency of preassembled arrays using a one-pot
assembly in the presence of triggers. As expected,

the results showed that conversion was typically
more complete under the one-pot assembly con-
dition (fig. S30).
We also explored two strategies to turn off or

turn on transformation at selected locations by
blocking or resuming the information pathways
between units. In the first approach, we created
an “off” function by removing one unit from the
relay array, which creates a local energy mini-
mum (Fig. 4B and fig. S31) that traps the array
transformation. Reintroduction of the missing
unit enables the transformation to escape the
trap and proceed (Fig. 4B). We further demon-
strated the blocking and resuming of transfor-
mation at different locations on the array using
this strategy (Fig. 4C and fig. S32). In the second
approach, we showed that this “off” function can
also be achieved by using a “lock” strand (Fig. 4D).
This strand binds to single-stranded DNA exten-
sions from two neighboring units, effectively lock-
ing the units into a fixed conformation (fig. S33).
Information relay in an DNA relay array can

also be programmed by removal or addition of
antijunction units. Using the 11 × 4 52-bp DNA-
origami relay array as a canvas, we demonstrated
a “2” shaped array by removing eight units. (Fig.
4E and fig. S34). After the initiation of transfor-
mation at the top corner, this array transformed
in a three-step process: The addition of two ini-
tial corner triggers transferred the array only up
to the top-right corner; five additional triggers
were added to the top-right corner to push the
transformation about halfway through the array;
finally, the array transformation was completed
after the subsequent addition of another five
triggers. Each step was verified in AFM images.
Spontaneous transformation of both DNA-

brick relay array and DNA-origami relay array
without addition of triggers was occasionally
observed during the AFM scan in the presence
of 10 to 30% formamide (fig. S35), but an in-
depth study of this rare and random phenom-
enon was not pursued in this work.
We then studied how the transformation of

DNA-origami relay arrays is influenced by connect-
ing the arrays into monomer tubes, and into
oligomer 1D chains and tubes. We substituted
the red triggers for connector strands that link
the top and bottom edges of the 11 × 4 52-bp
DNA-origami relay array (fig. S36). The relay
array assembly with the connectors resulted
in a red-conformation nanotube, which could
convert to a green-conformation tube after addi-
tion of 22 green trigger strands (Fig. 4F). In
comparison to the 2D relay arrays, unit conver-
sion in the nanotube was more cooperative. A
two-step process was observed: first, the tube
was converted to a stable state in which most
units appeared partially open at 40°C (Fig. 4F
and 4G, top); then, the tube was fully converted
to a green-conformation tube at 50°C (Fig. 4F
and 4G, bottom). Further discussion, AFM images,
and transmission electron microscopy (TEM)
images are shown in fig. S37A. By contrast,
one-pot assembly of the array with both the
connectors and green triggers did not produce
green-conformation tubes (figs. S37B and S38).
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Instead, oligomer tubes and 1D chains of arrays
were observed (Fig. 4H and fig. S39). This be-
havior differs from that of a previous work in
which an origami tube design formed two isomers
in one-pot assembly (49). This is likely because
the addition of more green triggers should fa-
vor interarray connections over intra-array con-
nections, owing to the increased rigidity (it is
harder to bend the green array conformation).
With six green triggers, the assembly resulted
in red-conformation oligomer tubes and 1D chains.
When 10 green triggers were added to the middle

of the array, the assembly produced mostly oligo-
mer 1D chains with mixed red and green con-
formations. When 11 green triggers were added
to one side of the array, assembly resulted in
green-conformation 1D chains.

Discussion

Our work has demonstrated a general strategy
for the construction of large DNA relay arrays
with interconnected modular structural com-
ponents. Each component is a dynamic unit
that can transfer its structural information

to neighboring components. Through the study
of these DNA relay arrays, we have demon-
strated controlled, multistep, long-range trans-
formation of the DNA arrays. This dynamic
behavior can be regulated by the shapes and
sizes of arrays, by external factors (e.g., temper-
ature), by the initiation of transformation at
selected units, and by the information propaga-
tion pathways.
A next step would be to extend the DNA relay

arrays to 3D spaces, larger sizes, more intricately
shaped designs, and more complex dynamic
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Fig. 4. Controlled transformation of DNA-origami relay arrays. (A) Control
of the initiation of transformation via selection addition of green triggers
(B) The transformation pathways can be blocked and resumed by the
removal and addition of units. (C) The transformation can be blocked at
any designated location. (D) Blocking of transformation pathways via
“lock” strands. (E) Control of the transformation pathway using shape
design. (F) Transformation of a closed design is more cooperative. A stable

conformation in which all units are partially open was observed at 40°C.
(G) Real-time AFM images of transformation from the red array
conformation tube to the mixed array conformation tube (A-1 to A-5), and
from the mixed array conformation tube to the green array conformation
tube (B-1 to B-5). (H) Addition of green triggers in one-pot assembly
reduced, and eventually eliminated, the red array tube formation.
Scale bars, 50 nm.
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behaviors. In fig. S40,we showasmall 3DDNA-brick
relay array design, which consists of two sets of
dynamic junctions, perpendicular to each other.
As expected, this 3D DNA-brick relay array pro-
duced three detectable conformations, confirmed
by TEM images. In a previous work, we success-
fully produced canonical nonreconfigurable 3D
DNA-brick structures up to ∼12,000 bp (27). Assum-
ing that reconfigurable structures with a similar
size could be made, the largest structure would
contain∼142 42-bp antijunction units. Such large,
intricate structures would enable demonstration
of complicated transformation in 3D space. Hier-
archical assembly of multiple DNA relay arrays
may lead to construction of larger andmore intri-
cate designs. In addition, more complex infor-
mation pathways (e.g., multibranched pathways)
in DNA relay arrays and sequence-dependent
behavior of DNA relay arrays will require fur-
ther study.
We expect that our new DNA dynamic arrays

will shed light on how to construct nanostruc-
tures with increasing size and complex dynamic
behaviors, and may enable a range of applica-
tions using dynamic DNA arrays. For example,
the transformation propagation in the DNA relay
arrays resembles crucial features of allosteric
mechanisms that are observed in biological sys-
tems (50). Therefore, our artificial arrays may
serve as model structures to investigate and
validate underlying mechanisms of allostery
(51, 52), or be used to design and construct allo-
steric metamaterials (53). The DNA relay arrays
may also be used as a platform to analyze bio-
molecular interactions at a single-molecule level
(46, 54–56), by translating and amplifying the
molecular interactions to conformational changes
in the DNA relay arrays or to subsequent mo-
lecular events (e.g., chemical reactions, fluorescence
resonance energy transfer, etc.). A potential limita-
tion of current DNA relay arrays for biological
applications is the slow kinetics of array trans-
formations under mild conditions that are com-
patible with biomolecules. This challenge may be
overcome by the development of next-generation
DNA relay arrays through engineering of the
structural units and array sequences. In addition,
rational sequence design may be used in DNA-
brick relay arrays to study the binding energy
of the junctions (57, 58), which could enable
more sophisticated control of the assembly and
transformation of the DNA relay arrays. DNA
nanostructures have long been used to construct
functional structures and devices by scaffolding
the arrangement of proteins, nanoparticles, and
other functional materials with nanoscale pre-
cision (59). The ability to construct large DNA
structures with controlled, complex, long-range
information relay and dynamic behavior should
improve the sophistication and functionality of
such hybrid functional structures.

Materials and methods
DNA synthesis

The single-stranded M13 bacteriophage (p7560)
scaffold was produced following a published pro-
tocol (23). Chemically synthesized DNA oligomers

were purchased from Integrated DNA Technolo-
gies (www.idtdna.com) and were used without
further purification. All other reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO).

DNA relay array design

The DNA-origami relay arrays were designed
by using caDNAno (60). The DNA-brick arrays
were designed by using a modified version of
software described previously (27).

Sample preparation

For 42-bp DNA-brick relay arrays, DNA strands
were mixed at equal molar ratio at a final con-
centration of 100 nM per strand in 1× TE buffer
(5 mM Tris, 1 mM EDTA, pH 8.0), supplemented
with 5 to 50 mM MgCl2, and then the mixture
was subjected to a one-step isothermal-annealing
over 18 hours. The optimal isothermal annealing
condition was found to be 53°C incubation for 18
hours in 1× TE buffer with 10 mMMgCl2. For 52-
and 64-bp DNA-brick relay arrays, DNA strands
were mixed at equal molar ratio at a final con-
centration of 100 nM per strand in 1× TE buffer
with 10 mM MgCl2. Then the samples were sub-
jected to a 20-hour thermal annealing protocol:
95°C for 5 min, from 85° to 24°C at a rate of
20 min/°C. For DNA origami relay arrays, the mix-
ture of staple strands (final concentration: 100 nM
of each strand) and the scaffold (final concen-
tration: 10 nM) were mixed in 1× TE buffer, sup-
plemented with 12 mMMgCl2. The samples were
then annealed for 10 hours using the following
thermal annealing protocol: 95°C for 5 min, from
85° to 24°C at a rate of 10 min/°C.

Agarose gel electrophoresis
and purification

Samples were subjected to 0.3 to 3% agarose
gel electrophoresis at 60 V for 2 to 7 hours in
an ice water bath. Gels were prepared with 0.5×
TBE buffer containing 10 mM MgCl2 and with
0.005% (v/v) ethidium bromide. For purification,
the target gel bands were excised and placed into
a Freeze ’N Squeeze column (Bio-Rad Laborato-
ries, Inc.). The gel pieces were crushed into fine
pieces with a pestle in the column, and the
column was then centrifuged at 7000g for 5 min.
Samples that were extracted through the column
were collected for TEM or AFM imaging.

AFM imaging

For typical AFM imaging, sampleswere prepared
by deposition of a 2 ml DNA array sample onto
freshly cleaved mica. The sample area was then
filledwith~80ml of 1×TEbufferwith 112mMMgCl2.
Commercial silicon nitride cantilevers with inte-
grated sharpened tips (Bruker, SNL-10)were used.
The topographic images were captured by peak
force tapping mode experiments on a Multimode
VIII system (Bruker Corporation, Santa, Barbara,
CA) in liquid.

TEM imaging

To visualize the samples, we deposited 3 ml of
purified samples on glow-discharged, carbon-
coated TEM grids for 2 min. Samples were then

stained for 1 min with 2% uranyl formate solu-
tion containing 25 mM NaOH and subsequently
imaged using the JEOL JEM-1400 TEMoperated
at 80 kV.

DNA relay array transformation
in solution

For transformation in aqueous solution, exces-
sive trigger strands (∼10 to 20 nM) were added
to the purified DNA samples (∼5 nM). The mixed
samples were then incubated at constant tem-
peratures (from room temperature to 60°C) for
5 min to 12 hours. The samples were then sub-
jected to agarose gel electrophoresis assay or
deposited on mica for AFM imaging.

Real-time imaging of DNA relay array
transformation in solution

For real-time imaging, the purified DNA sam-
ples (∼5 nM) were first mixed with an excess
of trigger strands (generally ∼10 to 20 nM) for
1 min and then deposited on mica.
Imaging in formamide: A solution of 80 ml

of 1×TE, supplemented with 12 mM MgCl2 and
10 to 30% formamide, was added to the DNA
sample on the mica surface. After incubation for
~5 min, the AFM cantilever was brought close to
the mica surface at a relatively low force, and
started to scan the samples until no further trans-
formation of DNA arrays was observed in the
scan area.
Imaging using temperature-controlled AFM:

For real-time imaging via thermal control AFM,
the images were acquired with a commercial
Multimode Microscope V (Digital Instruments,
Santa Barbara, CA) in conjunction with a tem-
perature controller. Temperature variation was
accomplished via a resistive heating stage (tem-
perature range: ambient temperature to 250°C,
resolution: 0.1°C). A cooling water fluid circuit
refrigerates the piezo scanner. Then, DNA array
samples were scanned at 60°C until no further
transformation of DNA arrays was observed in
the scan area.
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