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DNA Self-Assembly. DNA nanotechnology
is a rapidly emerging discipline that uses
the molecular recognition properties of
DNA to create artificial structures out of
DNA. Precise nanoscale objects can be pro-
grammatically created using self-assembly
of DNA strands, and this has resulted
in a myriad of nanostructures.1�10 But
more importantly, the dynamic behavior
of these DNA nanostructures can also be
controlled via the action of other DNA
strands11�17 and enzymes that act on the
DNA strands.18�20

An important class of DNA nanostruc-
tures are tile-based assemblies which are
formed via addition of DNA tiles to a grow-
ing lattice. The tiles have sticky ends known
as pads, which are ssDNA that allow the
tile to bind specifically to other tiles having
the complementary pads (complementary
ssDNA). Winfree et al.1 demonstrated the
first lattices self-assembled from DNA tiles.
Since then, many DNA lattices, 2D and 3D,
have been demonstrated.3,5,10 When the
sticky ends of various tiles are carefully
programmed, complex lattices can be
created.21,22 Rothemund and Winfree23

showed in theory that any computable
function can be implemented via a set of
tiles with carefully designed sticky ends.

Computational Power of 1-D Tile Assembly. Ad-
leman first demonstrated that 1-D self-
assembly can be used to solve an instance
of an intractable problem.24 Winfree et al.25

proved that linear assembly was equivalent
to regular languages and, hence, were
as powerful as a finite state automaton.
Reif26,27 proposed simple linear tiling self-
assemblies for operations such as integer
addition, prefix XOR summing of n Boolean
bits, string fingerprinting and finite state
automata simulations. These were the basis
of DNA tiling experiments of Mao et al.28

These linear tilings were refined by Winfree
et al.29 to a class of String Tilings. LaBean
et al. used these tilings to synthesize a full-
adder by using two distinct sets of sticky-
ends between adjacent tiles in the assembly
to effectively communicate the values of the
carry-bits.30 Linear assemblieshavealsobeena
subject of study in theoretical self-assembly.31

They can be used for making frame tiles,26 as
boundaries,32 and for arranging nanodots/
bioagents in a particular pattern.33
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ABSTRACT The tile assembly model is a Turing universal model

of self-assembly where a set of square shaped tiles with program-

mable sticky sides undergo coordinated self-assembly to form

arbitrary shapes, thereby computing arbitrary functions. Activatable

tiles are a theoretical extension to the Tile assembly model that

enhances its robustness by protecting the sticky sides of tiles until a

tile is partially incorporated into a growing assembly. In this article,

we experimentally demonstrate a simplified version of the Activa-

table tile assembly model. In particular, we demonstrate the simultaneous assembly of protected DNA tiles where a set of inert tiles are activated via a DNA

polymerase to undergo linear assembly. We then demonstrate stepwise activated assembly where a set of inert tiles are activated sequentially one after

another as a result of attachment to a growing 1-D assembly. We hope that these results will pave the way for more sophisticated demonstrations of

activated assemblies.
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Errors in Tile Assembly. Experimental demonstration
of complex tilings have been limited by significant
assembly errors. Errors in experimental self-assembly
have ranged in 1-D from2 to 5%,28 and in 2-D from10%
in 2004,22 1.7% in 2007,34 0.13% in 2009,35 0.05% in
2010,36 to 0.02% in replicating bits of information.37

Theoretical solutions have been suggested to rem-
edy growth errors, facet errors and nucleation errors
that arise in DNA tilings.38�40 A major source of errors
are cooperative growth errors, which occur when a tile's
sticky ends match with only some of its neighbors but
that is sufficient for it to be wrongly incorporated into
the assembly. If wemake sure that cooperative growth
errors (Figure 1) are fixed, a 6-fold increase in error-
free assemblies is theoretically possible.41 Though the
trends show a marked decrease in per step assembly
errors, final compounded error rates for the global
assembly are still high enough to make large-scale
defect free assemblies infeasible at the moment.

Majumder and Reif43 described a novel protection/
deprotection strategy to strictly enforce the direction
of tiling assembly growth to ensure the robustness of
the assembly process. In their system, tiles are initially
inactive,meaning that each tile's output sticky ends are
protected and cannot bind with other tiles. Only after
other tiles bind to the tile's input sticky ends does the
tile transition to an active state and its output sticky

ends are exposed, allowing further growth, and
the formation of an assembly. In this paper, we de-
monstrate a 1-D activatable assembly. Though 1-D
assemblies do not suffer from cooperative growth
errors, they form an ideal system to demonstrate the
idea of activated binding sites and serve as the first
step in the demonstration of 2D activatable assem-
blies. We demonstrate the formation of two different
1-D DNA nanoassemblies using activatable tiles. Our
first assembly is formed from tiles that are activated
simultaneously, while our second assembly is formed
from tiles that activate sequentially.

1-D Activatable Assemblies. Mechanism 1: Simulatenous

Activation of Tiles. In this tile assembly, all the tiles are
initially protected via protector strands (blue colored
strands in Figures 2 and 3). These protector strands inhibit
tiles from self-assembling to form the desired final assem-
bly. On introduction of an initiator, the protector strands
are removed simultaneously, resulting in the activation of
the tiles, and subsequent assembly formation.

Mechanism 2: Directed Activation of Tiles. Similar to
the previous mechanism, all the tiles are initially
protected via protector strands. On the addition of an
initiator, an initial set of protected seed tiles are
activated. These active tiles can now attach to other
protected tiles. Each protected tile that is attached
subsequently gets deprotected (activated). Note that
in case an incorrect tile is added to the growing
assembly, that growth front of the assembly halts
and the assembly does not grow until the incorrect
tile detaches and the correct tile diffuses into the
correct position.

Comparison of Mechanisms. Mechanism 1 is an
example of free self-assembly, while Mechanism 2 is
an example of serial self-assembly.30 Serial self-assembly

is expected to have lower nucleation errors, since it can

Figure 1. Mechanism of cooperative growth errors. (a) An 8
tile systemwith a potential for cooperative binding errors in
the tile assembly model.42 Tiles are represented by gray
rectangles with face labels. Pad types are shown near the
appropriate edge of each tile. Null pads are omitted. Pad
strength is indicated by the number of rectangular bars that
accompany each pad. Tile system is run at temperature
τ = 2. (b) Initial error free assembly of 4 tiles. Correctly
matched pads are shaded green. (c) Error free assembly
pathway to completion from state (b). (d) Erroneous path-
way due to cooperative binding error. Mismatched pad
highlighted in red.

Figure 2. Dimerization of Tile A and Tile B after activation:
Inactive Tile A is transformed into Active Tile A by the strand
displacing BST DNA Polymerase. Blunt Tile B is a modified
version of Active Tile B that lacks the sticky end b. This
prevents the formation of a linear polymer and assembly is
halted after a dimer (Active Tile A and Blunt Tile B) is
produced.
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initiate only from a seed. Free self-assembly, on the
other hand, is driven by the spontaneous nucleation of
tiles that takes place when tiles randomly moving
around collide into one another. Systems that sponta-
neously nucleate lose entropy with every tile attach-
ment, resulting in a low average tile-number per
assembly. To form assemblies with a larger average
number of tiles, we have to bias the reaction toward
overcoming the entropic loss caused by the additional
tiles being added to the assembly. This biasing can be
done in twoways, by increasing the length of the sticky
ends, or by using enzymatic methods that use an
external energy source(s) (dNTPs).

Enzyme-Free Activated Tiles: Prior Protected and

Layered Tile Mechanisms. Enzyme-free protocols have
been suggested by Murata44 and Fujibayashi et al.:45,46

the Protected Tile Mechanism (PTM) and the Layered
Tile Mechanism (LTM), which utilize DNA protecting
molecules to form kinetic barriers against spurious
assembly. Experimental work using these protocols
has been demonstrated.47 In particular, the authors
introduce a protection strand covering the input sticky
ends of DNA tiles, and this protection strand is re-
moved only if both inputs correctly match. In the PTM,
the output sticky ends are not protected and can bind
to agrowingassemblybefore the inputs are deprotected
causing an error. In the LTM, the output sticky ends are
protected only by 3 nucleotides each and can be easily
displaced causing the above-mentionederror. Thus, only
ifwe canensure adeprotection from input to output end
can error resilience be guaranteed. Our activatable tiles
technique is a modest step toward this goal.

Design of Activatable Tiling Systems. Mechanism 1: Si-

multaneous Activation of Tiles. This section describes a
prototype experiment to verify the activity of DNA
polymerase on a tile system. We demonstrate a 1-D

assembly formed from tiles that are all simultaneously
activated. Note that this model is not an exact solution
to the idea proposed in Majumder et al.,43 since the
tiles should instead be activated sequentially. This
serves as a precursor to our experiments in the next
section.

The initial configuration of the system consists of
two tile types, both inactive. On the addition of BST
Polymerase, all instances of both tile types become
active, resulting in subsequent assembly formation.
This experiment serves as a proof of concept, demon-
strating that polymerase can be used as an initiator to
activate a set of tiles.

The system consists of two tiles, Tile A and Tile B,
each having two sticky ends (pads). Sticky ends are
programmed such that the ends of Tile A can hybridize
to the two sticky ends of Tile B. This results in a linear
co-polymer of alternating Tile A and Tile B. The tiles
themselves are DNA duplexes with overhangs that
act as sticky ends. The sticky ends of each tile can be
protected via hybridization with a protector complex
rendering the tiles inactive. The protector complex
contains a primer that can be extended by a strand
displacing polymerase which results in deprotection of
the tile. This system is illustrated in Figure 3.

The protected versions of Tile A and B, labeled
Inactive Tile A and Inactive Tile B, are synthesized via

annealing. Inactive Tile A is composed of two parts,
Active Tile A and Protector Complex A. Active Tile A,
composed of the strands acbe and ce, is a dsDNA
with overhangs. Protector Complex A consists of the
strand ag1f and the primer f. Similarly, Inactive Tile B is
composed of two parts, Active Tile B (composed of the
strands acbe and ce) and Protector Complex B (bg2f and
the Primer f). Inactive Tile A and Inactive Tile B do not
react with each other in solution.

Figure 3. Co-polymerization of Tile A and Tile B after activation: figure shows two complexes, Inactive Tile A is composed of
four strands: ce, ag1f , acbe and f. Inactive Tile B is composed of 4 strands: ce, bg2f , acbe and f. BST DNA Polymerase Large
Fragment is illustrated by a protein cartoon and does not represent the actual tertiary structure of the enzyme. This strand
displacing polymerase extends the primer strand fonboth tiles exposing sticky ends a and b in tiles A and B, respectively. This
transformation of Inactive Tile A and Inactive Tile B into Active Tile A and Active Tile B creates waste products Waste A and
Waste B, respectively. Active Tile A and Active Tile B now co-polymerize into a long linear polymer.
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In the presence of the strand displacing BST DNA

Polymerase, the primers on both the inactive tiles are
extended to formwaste productsWaste A andWaste B.
In doing so, the sticky end a of Inactive Tile A and sticky
end b of Inactive Tile B are exposed. This activation
event results in the formation of Active Tile A and Active
Tile B, and they co-polymerize into a linear polymer
with alternating A and B tiles. The 30 ends of the four
DNA strands composing the tiles are augmentedwith a
special domain e, 3 nt (TTT), that is designed to have
minimum interaction with any strand in the system.
This unhybridized overhang ensures that the polymer-
ase does not spuriously extend these strands.

An additional tile was synthesized by omitting
one of the sticky ends in Tile B. Specifically, the sticky
end b of the Active Tile B is omitted and this modified
tile is labeled Blunt Tile B. Active Tile A, formed by the
activation event described earlier, reacts with Blunt Tile
B to form a dimer. This process is illustrated in Figure 2,
and it serves as an additional experiment demonstrat-
ing the formation of a nanoassembly.

Mechanism 2: Directed Activation of Tiles. The
scheme depicted in this section activates a tile on
binding of the correct input tile (Figure 4). This is in
contrast to the one-time switch mechanism of the
previous section. Here, an incorrect binding causes
the assembly to halt, since the next tile is not activated.
The assembly begins with the addition of an initiator
(analogous to a seed tile in the abstract Tile Assembly
Model (aTAM),42) that only activates those instances of
the tiles that have bound to the initiator. These tiles
activate subsequent tiles, and the assembly grows at a
rate proportional to the reactant concentration.

The system consists of five hairpins, named after
their stem domains: Tiles A, B, C, D, and E. Each hairpin
has a stem length of 21 nt (chosen to avoid opening
of the hairpin at room temperature (RT)), and an

unhybridized loop of 42 nt. The stem domains
(dsDNA) are initially inactive. Note that overhangs in
the hairpins are not needed, serendipitously removing
a common source of leaks.

On addition of the initiator Seed F, Tile A is activated
in the following manner: Seed F binds to the hairpin
loop of Tile A, and the polymerase extends the strand,
unravelling the stem domain a. Domain a, now single
stranded, is free to bind to Tile B.

The addition of the initiator activates Tile A, which
can now bind to Tile B. Tile B in turn activates Tile C,
Tile C activates Tile D, and Tile D activates Tile E. The
expected end product is shown in Figure 4. This duplex
DNA nanostructure is of the form of a DNA ribbon. It
has a central seam, which is the ssDNA section of the
nanostructure, consisting of spacers. There are dsDNA
helices on either end of 48 bp length.

RESULTS AND DISCUSSION

Simultaneous Activation Mechanism. Leaks in the ab-
sence of BST Polymerase were seen in both the
dimer and polymer mechanisms. The polymer system
showed a leak of 14.72% (lane 12, Figure 5, left), while
the dimer system showed a leak of 11.5% (lane 8,
Figure 5, right), calculations in Supporting Information
Section S3.1. In other words, for every 100 tiles of
Inactive Tile A and Inactive Tile B, approximately 15 tiles
of Inactive Tile A and Inactive Tile B leaked to form a
polymer over 3 h. (Similarly 12 tiles of Inactive Tile A and
Blunt Tile B leaked to form a dimer.) We attribute this
high error rate to the following reasons: (1) Stoichio-
metry imbalance in formation of tiles;malformed tiles
and some tiles without the protector strand can con-
tribute to the leak products observed. This could be
fixed by further purification of the tiles postannealing.
(2) There might be a low rate of dissociation at RT
of the protector strands (ag1f and bg2f ) that are bound

Figure 4. Directed assembly of tiles.
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by 16 nt. Increasing this lengthmight help alleviate the
leak rates.

Sequential Activation Mechanism. We have achieved
directed linear assemblies of sizes 1�5 tiles. Experi-
ments in the presence and absence of polymerase
(Supporting Information Section S2.1.6) reveal leaks in
the system. A leak is defined as the formation of the
final tile relative to the quantity of the initial reactants
in the absence of a certain initiator (either the poly-
merase or the seed). In the absence of polymerase
(thus presence of initiator), there is no leak (Supporting
Information Figure S9). This is expected, since there is
no polymerase to extend the seed. However, leaks are
seen in the presence of polymerase.

Quantitation of the gel fragments shows 45�60%
yield for 1 hairpin complexes, ≈30�50% yield for 2�3
hairpin complexes, and ≈20�30% yield for 4�5 hair-
pin complexes. The leaks account for about 7% of the
yield in 2 hairpin systems, 17�27% of the yield in 3
hairpin systems, 14�29% of the yield in 4 hairpin

systems, and 25�30% of the yield in 5 hairpin systems.
For Figure 6, the error rate is 15�18% per tile attach-
ment. We attribute this high error rate to two reasons:
(1) impurities in the synthesis of strands; (2) the error
rate increases as the number of tiles increases, thus
indicating factors such as steric hindrance that impede
the growth of the assembly.

We hypothesize that this method can be scaled up
to create larger assemblies. However, the rate of
assembly growth might decrease with assembly size
because of two reasons: (1) The primer is 21 nt long,
and each of the arms of the tiles are 48 bp. For the
primer to attach to another hairpin, it will need to be
unprotected by the steric hindrances it faces from
the other arms. Also, since the primer complement is
present in the looped region of the hairpin, it is
sterically unstable for the hairpin to move into a
position favored by the primer to which to attach. (2)
Not unlike the steric hindrance faced by the primer, it is
also sterically unfavorable for the polymerase subunit

Figure 5. Formation of dimer and polymers. (Left) Polymerization of activatable tiles. Lanes 1 and 15, 10 bp ladder; lane 2,
Active Tile A; lane 3, Active Tile B; lane 4, Inactive Tile A; lane 5, Inactive Tile B; lane 6, Primerþ Protector A; lane 7, Primerþ
Protector A þ BST; lane 8, Primer þ Protector B; lane 9, Primer þ Protector B þ BST; lane 10, Inactive Tile A þ BST; lane 11,
Inactive Tile B þ BST; lane 12, Inactive Tile A þ Inactive Tile B; lane 13, Active Tile A þ Active Tile B; lane 14, Inactive Tile A þ
Inactive Tile B þ BST. (Right) Dimer formation. Lanes 1 and 11, 10 bp ladder; lane 2, Active Tile A, lane 3, Blunt Tile B; lane 4,
Inactive Tile A; lane 5, Primerþ Protector A; lane 6, Primerþ Protector Aþ BST; lane 7, Inactive Tile Aþ BST; lane 8, Inactive
Tile A þ Blunt Tile B; lane 9, Active Tile A þ Blunt Tile B; lane 10, Inactive Tile A þ Blunt Tile B þ BST.

Figure 6. Sequential assembly usingBST2.0 Polymerase at 52 �C. Lane 1, 20bp ladder; lane 2,HairpinAþ Seed F (0.5μM); lane 3,
Hairpins Aþ Bþ Seed F (0.5 μM); lane 4, Hairpins Aþ Bþ Cþ Seed F (0.5 μM); lane 5, Hairpins Aþ Bþ Cþ Dþ Seed F (0.5 μM),
lane 6, Hairpins A þ B þ C þ D þ E þ Seed F (0.5 μM); lane 7, (Leak) Hairpins A þ B þ C þ D þ E (0.5 μM); lane 8, 2-log ladder.
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to attach to the 30 end of the primer, and extend
another copy of the hairpin, unless there is adequate
room for the polymerase to attach (the size of the BST
molecule (PDB ID: 1XWL) is ≈7.1 � 7.8 � 8.1 nm3 48

when visualized by Jmol.49). As the length of the
assembly increases, the steric hindrances faced in the
addition of a new hairpin, and in the involvement of
the polymerase increase. We have reduced the steric
hindrances by introducing “spacer” domains (denoted
by domain s, poly-T of 15 nt), which will give room to
the arms of the assembly to accommodate the poly-
merase and the hairpin motifs. Note the arms of the
assembly are analogous to stiff rods, since their lengths
lie within the persistence length of DNA. We hypothe-
size that larger spacer domains will allow scaling of the
assembly to larger structures. Another consideration is
sequence design; sequences having repeats of 1�4 nt
should be avoided when using polymerase (Supporting
Information Section S4).

Experiments with 0.1 units of polymerase show a
significantly reduced yield for higher order hairpins
(4 hairpins at 9.75% and 5 hairpins at 8.74% yields,
Supporting Information Section S2.1.4), and marked
streaking in the analytical gels. Thus, the quantity of
the polymerase influences the expected yield. The use
of BST 2.0 Polymerase in comparison to BST Polymerase

also improves the yield of the system (Supporting
Information Section S2.1.7).

Experiments at a lower concentration of 100 nM
(Supporting Information Section S2.1.8) also resulted in
assembly formation, though with a reduced rate. Con-
trol experimentswith ahairpinmissing revealed that the
systemworks as expected, and halts whenever there is a
break in the chain (Supporting Information Figure S5).

BST polymerase runs optimally at 65 �C, while its
activity at 37 �C is reduced by at least a factor of 2
(Supporting Information Figure S8).50 Since the Tm of
these hairpins (70�75 �C) is substantially higher than
that of a linear dsDNA of the same length,51 we utilize

the higher processivity of the enzyme, and increase the
assembly yield by running the system at a higher
temperature 52 �C.52 The leaks were quantified as
6.04% at 50 �C, 3.98% at 52 �C and 6.45% at 54 �C,
and thus, 52 �C was chosen as the default reaction
temperature. However, a different temperature might
result in better yields. With increasing temperature, the
opening rate of a hairpin increases, leading to a higher
chance of leak reactions. Increasing the stem length of
the hairpins could reduce the opening rate of hairpins
at high temperatures, and in turn, leaks. However, due
to current limitations in the high error rate of synthesis
of strands above 100 nt, our experiments are limited to
oligos under 100 nt.

Extensions to 2-D and Other Applications. The 1-D se-
quential assembly system we have described above
has a high error rate of 15�18% in comparison to other
enzyme-free 1-D assembly systems with 2�5%28 and
5�10%.32 However, with large-scale improvements in
the synthesis of (1) nucleic acid strands and (2) nucleic
acid enzymes, we expect the error rates to decrease
considerably.

The design we have proposed is currently irrevers-
ible. Thus, a tile cannot detach once it has attached to
the next tile. However, reversibility is a prerequisite in a
2-D system, since an incorrect attachment is allowed to
detach and reattach at another location. Future steps
would include extending this work to 2-D, and they
would require the introduction of reversibility into this
system. Beyond their applications to computational
tiling, activatable tiles can be used for building
sensing53 and concentration systems, and for reaction
catalyzation.43 The success achieved in engineering
such assemblies point to the possibility of more com-
plex activatable and computing systems54 that can
alleviate some of the errors encountered in tile-based
DNA self-assembly. They also point to enzymatic meth-
ods of self-assembly in addition to the well-known non-
enzymatic methods of assembling DNA nanostructures.

MATERIALS AND METHODS

Experiments: Simulatenous Activating Assemblies. This section
provides details of the experimental setup and data obtained
from the experiments. After the domain level design of the
system, DNA sequences assigned to each domain were de-
signed by hand, taking care to minimize sequence symmetry.
The length of the protecting strand bg2f was designed to be
greater than the length of the protecting strand ag1f to clearly
separate the two complexes in analytical gels. The sequences
were validated for any spurious secondary structures via the aid
of online DNA folding servers.55,56 The optimized sequences
were obtained at 100 nmol synthesis scale from IDT DNA with
standard desalting. DNA strands were PAGE purified and
brought up to a working stock concentration of 20 μM. The
inactive tile complexes were formed by mixing the constituent
strands at an equimolar ratio of 1 μM in 20 μL reaction volume,
the only exception being the primer strand f which was added
in 2� excess as lower primer concentrations resulted in
decreased yield of inactive tiles. The mixture was then heated

to 90 � C in a buffer of 1� TAE with 12.5 mM Mg2þ ions and
cooled to room temperature (RT ≈ 23 �C) over 3 h.

A total of 1600 units of BST DNA Polymerase, Large Fragment
at concentration 8000 units/mL was ordered fromNew England
Biolabs. To test the activatable system, 4 pmol each of Inactive
Tile A and Inactive Tile Bwith 0.1 unit of BST DNA Polymerasewas
incubated in a reaction buffer of 1� Thermopol (20mMTris-HCl,
10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4 and 0.1% Triton
X-100) with 100 μg/mL BSA and 200 μM each of dATP, dCTP,
dGTP, and dTTP for 3 h at RT. As a positive control, Active Tile A
andActive Tile Bwere prepared in separate tubes, subsequent to
which 4 pmol each was added to 0.1 units of the polymerase
and incubated at RT for 3 h (lane 13, Figure 5, left). Likewise,
4 pmol each of Inactive Tile A and Inactive Tile Bwas incubated in
the polymerase reaction buffer in the absence of BST DNA
Polymerase at RT for 3 h (negative control, lane 12, Figure 5,
left). In another control experiment, 4 pmol each of the protec-
tor complex (ag1f þ f and bg2f þ f ) was incubated in separate
test tubes with BST DNA Polymerase in polymerase buffer at RT
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for 3 h (lanes 7 and 9: Figure 5, left). The complexes were then
analyzed in 10% Nondenaturing PAGE Gels. The gels and
running buffer contain 1� TAE with 12.5 mM Mg2þ. The gels
were run for 7 h at 125 V and then stained and destained using
ethidium bromide for 45min each. Images were obtained using
an Alpha Innotech AlphaImager system.

Figure 5, left, is a nondenaturing PAGE gel image showing
the results of these experiments. Lane 14 shows the working of
the systemwhere Inactive Tile A and Inactive Tile B are incubated
in polymerase buffer with BST DNA Polymerase. We see that the
tiles are activated leading to the formation ofWaste A andWaste
B and the activated tiles form a linear polymer. Figure 5, right, is
a nondenaturing PAGE gel image showing the results of a
similar experiment in the modified system with Blunt Tile B
resulting in the formation of a dimer.

The experiment above could be performed enzyme-free,
by replacing the polymerase with two activating strands f g1a
and f g2b. However, the advantage of using polymerase is that
its activity in conjunction with the primer is sequence indepen-
dent. Hence, a single primer could perform the activation on
both the strands, as opposed to a need for two distinct activa-
tion strands. Also, this could be scaled up to a system containing
a larger number of tiles, with a single trigger for activation.
The trigger could be the addition of polymerase, or the addition
of a single primer insofar as all the protecting strands share the
same primer(s).

Experiments: Directed Activating Assemblies. This system consists
of five hairpins: A(at1f sa), B(bt2asb), C(ct3bsc), D(dt4csd), and
E(et5dse), that are each 84 nt in length. The sequences Seeds F(f),
A(a), B(b), C(c), D(d) each have a single domain 21 nt in length.
These domains f, a, b, c, d, and e are primer domains that get
activated sequentially. The domains t1�t5 are 6 nt, while the
spacer domain s is a poly-T of 15 nt. These have been included to
avoid steric hindrances on primer binding. The persistent length
of dsDNA is approximately 50 nm,≈150bp,57 and the role of the
domains t1�t5 is to increase the size of the hairpin loop so that
the binding of the primer to the loop does not result in
molecular beacon like activity, initiating a leak reaction.

The hairpins were created in 5 μMaliquots, andwere “quick-
annealed”, by heating to 90 �C (5 min) and cooled at RT (5 min).
A total of 1600 units of BST 2.0 DNA Polymerase at concentration
8000 units/mL was ordered from New England Biolabs. Two
microliters of each hairpin (10 pmol), 4 μL of the seed (20 pmol,
at 2� concentration to ensure all reactions proceed to
completion), and 2 units of BST 2.0 DNA Polymerase were
incubated in a reaction buffer of 1� Isothermal Amplification
Buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 50 mM KCl, 2 mM
MgSO4 and 0.1% Tween20) with 100 μg/mL BSA and 1mMeach
of dATP, dCTP, dGTP, anddTTP for 1 h at 52 �C. The hairpinswere
mixed stoichiometrically to achieve a final concentration of
0.5 μM (Seed 1 μM) in a total reaction volume of 20 μL. Ten
microliters of mineral oil (M5904 Sigma, density 0.84 g/mL) was
added to the total reaction mixture preincubation, to prevent
evaporation. Four microliters of 6� Native Dye (0.25% bromo-
phenol blue, 0.25% xylene cyanol, 12.5 mM TAE/Mg2þ, 50%
glycerol) was added postincubation, and 3.6 μL (1.5 pmol) of the
complexes was analyzed in 3% native agarose gels (5 mm thick,
27 mL, prepared for use in LB Buffer (Faster Better Media, LLC)).
The agarose gels were prerun empty for 2min, and then runwith
samples for 20 min at 250 V (in an ice bath to prevent curved gel
bands). Images were obtained using an Alpha Innotech AlphaI-
mager system. The results of the experiments can be seen in
Figure 6. Stepwise reactions have been performed to verify the
activity of one, two, three, four, and five hairpins, each step
involving a single seed and DNA polymerase (Supporting Infor-
mation Section S2.1). Reactions are performed at 52 �C (and
37 �C; Supporting Information Section S2.1.5) lower than the Tm
of each tile (70�75 �C). Negative control experiments involving
only the hairpins (with/without polymerase and/or primer) reveal
0�20% leaks in the system. The leaks, however, vary with
temperature (Supporting Information Section S2.1.4).
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