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ABSTRACT: Because of its attractive cost and yield,
hierarchical assembly, in which constituent structures of lower
hierarchy share a majority of components, is an appealing
approach to scale up DNA self-assembly. A few strategies have
already been investigated to combine preformed DNA Inmationl

n ..'/\\

nanostructures. In this study, we present a new hierarchical
assembly method based on four-way toehold-mediated strand
displacement to facilitate the combination of preformed DNA

structural units. Employing such a method, we have constructed

Strand
displacement

a series of higher-order structures composed of S, 7, 9, 11, 13, \ Branch o
and 15 preformed units respectively. migration
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S tructural DNA nanotechnology has advanced at an generated from preformed origami units using different
extraordinary pace over the past three decades, and combinations of these strategies.

increasingly more complex structures have been demonstrated In this study, we demonstrate a new method to assemble
in the field.'~*° A major challenge is to scale up self-assembly preformed DNA nanostructure units made of single-stranded
further to build structures of expanded sizes and higher tiles (SSTs) into structures of higher order. Individual units are
complexity. There are several approaches to scale up DNA self- designed to combine by sticky end association between the

assembly. The most straightforward method for origami-based
self-assembly is to use a longer scaffold. For example, by
adopting 51 kb lambda viral DNA instead of 7 kb M13 viral
DNA as the scaffold, the size of the self-assembled origami
structure can be multiplied several times over.”! However, it
could be difficult to get a satisfactory folding quality with a
longer scaffold. For a LEGO-based self-assembly approach,
increasing the number of building blocks and/or the size of the
building blocks gives rise to larger structures''~'® but could
suffer substantial drop in self-assembly yield. Instead of self-

matching units. The sticky ends are initially covered by partner
protection tiles with toeholds during the formation of
individual units. A four-way junction forms upon recognition

33,34 Subsequently, the protection

of the overhanging toeholds.
tiles are displaced, and the sticky ends are paired. Multiple
toehold-mediated strand displacement events collectively
facilitate the association of many pairs of complementary
connection tiles, which leads to the combination of the

matching structural units. Our implementation based on this

assembly in one pot, larger structures can also be constructed scheme results in a series of higher-order structures composed
hierarchically. Researchers have implemented different strat- of §,7,9, 11, 13, and 15 preformed SST unit structures (with
egies to combine preformed structures (e.g, origami units) unit size comparable to a typical origami structure) repectively.
into higher order, using either (i) sticky end associa-

tion,"*7*?%?>727 (jj) geometric matching with blunt end Received: April 5, 2018

stacking,”* ™" or (iii) the guidance from a scaffold.'"®** A Revised:  June 20, 2018

number of homo- and heteromultimers have already been Published: July 10, 2018
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Results. DNA nanostructures assembled from SSTs are
adopted as the basic units for construction of higher-order
structures in this study. Multiple units share the same core tiles
but vary in connection and protection tiles. A standard Z-
shaped core tile is composed of four binding domains, which
are complementary to the domains of four neighboring tiles.*
The four consecutive domains of a core tile are 10, 11, 10, and
11 nucleotides (nt) long. A standard connection tile is also
composed of four consecutive binding domains (10, 11, 10,
and 11 nt), two of which are complementary to domains in
core tiles and two of which are complementary to domains in
their respective protection tiles (and are ultimately comple-
mentary to specific domains in the connection tiles of a
matching unit). A protection tile has a binding domain (11 nt)
complementary to that of a specific connection tile followed by
seven consecutive thymine nucleotides (T7) or seven
consecutive adenine nucleotides (A7) (Figure 1 and more

Figure 1. Combination of preformed DNA nanostructures based on
four-way toehold-mediated strand displacement. Simplified two-unit
assembly is shown in diagrams a and b, with details shown in c—f
(only one of many pairs of connection/protection tiles is shown for
illustrative purposes; protection tile domains shown in condensed
dashed lines and toehold domains in expanded dashed lines). (a) Two
preformed units with connection tiles (solid magenta zigzag lines)
covered by protection tiles (dashed magenta boxes with overhangs
indicating T7 and A7 toeholds) before combination. (b) The
combination of the two matching units with paired protection tiles
as a byproduct. (c) Before combination, the connection tiles are
covered by protection tiles with toeholds. n/n* indicates the
complementary sequences of the protection and connection tiles.
(d) Toeholds of T7 and A7 initiate a four-way junction between two
matching units. (e) The four-way junction point is mobile along
complementary domains of the partner connection tiles. (f) When the
branch migration reaches a point of full complementarity between two
connection tiles, the paired protection tiles dissociate from the
combined units.

details in Figure S1). Besides its role in preventing random
V12 the T7 or A7 segment
also serves as a toehold to mediate four-way strand

aggregation and blunt end stacking,

displacement. A typical preformed structural unit as shown
in Figure S1 is composed of 350 core DNA strands (322 center
Z-shaped tiles and 28 boundary tiles on the top and bottom
rows; 25 rows and 14 columns) and 25 connection tiles (12 or
13 in a column on each side of an individual unit; terminal tiles
instead of connection tiles are available on a terminal side of a
terminal unit), designed specifically to pair up with their
counterparts in a matching unit, and 48 protection tiles (24 on

4792

each side, excluding terminal tiles) to cover the corresponding
connection tiles.

Because multiple units share core tiles, it is necessary to use
hierarchical construction, first forming the individual units and
then combining the purified units together. The sticky domains
of connection tiles are initially covered by protection tiles
before they pair with the desired complementary partners in
the successive step (Figure 1, a and b). The T7 toehold of a
protection tile from a particular unit binds to the A7 toehold of
its partner protection tile from another unit to initiate a four-
way junction (Figure 1, c and d). The junction point is mobile,
migrating back and forth along complementary domains
(depicted as n/n*) of the partner connection tiles (Figure 1,
d and e). When the branch migration reaches a point forming a
fully complementary duplex of two matching protection tiles,
the newly formed duplex is displaced from their respective
units as the two partner connection tiles pair with each other
simultaneously (Figure 1f). Multiple strand displacement
events along the interface between two matching units
collectively result in their final combination.

The details of the seven-unit design and construction
(Figure 2 and more details in Figure S2) are given here as an
example of our general assembly method. We designed six
groups of connection tiles for the left sides (designated nX*)
of the base unit structures, six groups of connection tiles for
the right sides (nX), and 12 corresponding groups of
protection tiles, pX (left side) and pX* (right side) (X €
{A, B, C, D, E, F}). The first (leftmost) unit has paired nA and
pA* groups on its right side. The second unit has paired nA*
and pA groups on its left side and paired nB and pB* groups
on its right side. Similarly, the third unit contains nB*/pB and
nC/pC* groups, the fourth nC*/pC and nD/pD¥*, the fifth
nD*/pD and nE/pE*, and the sixth nE*/pE and nF/pF*, and
finally the left side of the last (rightmost) unit contains the nF/
pF* groups (Figure S2a). For a simpler nomenclature, we
name the units by their constituent connection tiles as L-
A(T7), A*-B(A7), B*-C(T7), C*D(A7), D*-E(T7), E*-
F(A7), and F*-R(T7) (shown as I, I, III, IV, V, VI, and VII in
Figures 2 and S2). L or R denotes the group of terminal tiles
on either the leftmost or rightmost terminal side of the
assembled strip. T7 or A7 inside the brackets denotes the type
of overhang present in the protection tiles. When the seven
units are mixed, strand displacement takes place with T7 or A7
overhangs as toeholds. Using units A*-B(A7) and B*-C (T7)
as an example reaction, when protection tiles pB* of unit A*-
B(A7) and protection tiles pB of unit B¥-C (T7) are displaced,
the corresponding connection tiles nB and nB* associate, and
units A*-B(A7) and B*-C(T7) combine as a result (Figure
2b). All seven units are designed to combine by the same
mechanism of strand displacement based sticky end associa-
tion. Different groups of connection/protection tiles can be
shuffled as long as individual units are arranged with protection
tiles of either T7 or A7 on both ends. For example, an
alternative seven-unit arrangement is L-C(T7), C*-F(A7), F*-
E(T7), E*-B(A7), B*-A(T7), A*-D(A7), and D*-R(T7).

All component strands for a preformed structural unit were
mixed at a nominal concentration without careful adjustment
of stoichiometry in 0.5 X TBE supplemented with 15 mM
Mg*". The mixture was subjected to annealing from 90 to 25
°C over 17 h or from 90 to 10 °C over 24 h. Individual
preformed units were purified separately from target gel bands
after native agarose gel electrophoresis (Figure S3), and the
morphology of the purified units was characterized under AFM
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Figure 2. Seven-unit hierarchical assembly. (a and b). Schematic diagrams of seven individual preformed units with connection and protection tiles
before (a) and after (b) combination (solid zigzag lines represent connection tiles, and dashed boxes represent protection tiles). A zoomed-in view
shows strand-level details of connection/protection tiles of a constituent unit (unit VI). (c) AFM image of an individual unit. (d) AFM image of the

strip assembled from seven preformed units. Scale bars: 100 nm.

(Figure 2c). A second round of annealing under isothermal
conditions (e.g,, 40 °C, Figure S4) for 17 h was performed in
0.5 X TBE supplemented with 15 mM Mg>" to assemble the
purified units into the desired multimeric strip. The assembly
yield of preformed units without purification was much lower
(results not shown), and therefore purified units were prepared
for multimerization in this study. According to our
optimization on multimerization, more sticky ends between
the matching units or units of higher concentration led to a
higher combination efficiency (Figures SS and S6). The
preferred denser sticky ends also indicated that the
corresponding steric hindrance was limited. The sample
collected after the second round of annealing was subjected
to AFM imaging. In the case of the seven-unit strip, the desired
product with all seven constituent units was observed alongside
byproducts with fewer constituent units (Figure 2d). The yield
(11%) was calculated by dividing the number of constituent
SST units in the seven-unit strips by the number of all
identifiable units in several AFM images. Similar two-step
hierarchical assembly was performed to form structures with
different numbers of preformed units, including 5, 9, 11, 13,
and 15 units (yields from 4% to 29%), each with dedicated
groups of connection tiles and protection tiles (Figures 3 and
S7—S12). When compared with the one-pot 2D assembly from
SSTs, the hierarchical assembly method provided a higher
yield and a significantly lowered synthesis cost (Tables S1 and
S2).

Annealing temperature was optimized so that the association
interaction between units was favored, while the integrity of
individual units was preserved (Figure S4). According to our
experiments with five-unit combination, the formation of the
desired product was favored under isothermal annealing
temperatures ranging from 36 to 44 °C, while higher
temperatures led to incomplete assembly or the total
disassociation of structural units. Although strand displacement
took place relatively quickly, reactions in this study involved
multiple strand displacement events from many units, and an
annealing time longer than 12 h was necessary to combine
units into a higher order.

To monitor assembly based on toehold-mediated strand
displacement, fluorescent labeling was applied, and a time-
course assay was performed with a trimeric system of
preformed units 1, 2, and 3 (Figures 4 and S13—14). One of
the protection tiles of unit 1 was modified with a FAM
fluorophore (Figure 4a). When this modified protection tile
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Figure 3. Hierarchical assembly of strips with different numbers of
constituent units. From left to right, hierarchical assembly of strips
with S, 7, 9, 11, 13, and 15 units, respectively. Schematic diagrams
(left) and AFM images (right) are shown side by side. Scale bars: 100
nm.

met its partner from the matching unit (unit 2), it dissociated
from the original unit. Therefore, the disappearance of the
fluorescent signal from the unit served as an indicator of
successful assembly based on four-way toehold-mediated
strand displacement (Figure 4b). As shown in gel electro-
phoresis (Figure 4c,d, Figure S13) and AFM imaging (Figure
S14) results, the desired trimer formed gradually over the 20 h
time course. The fluorescent signal from the protection tiles
was not recorded on the trimer band because the fluorophore-
modified strand detached upon trimerization (Figure S11). In
the control group consisting solely of unit 1, the fluorescent
protection tile did not fall off of the unit spontaneously, and
the FAM signal stayed relatively constant over the entire time
course (Figure 4c and Figure S13). Such a constant level of
fluorescence indicates that the displacement of the protection
tiles is a result of four-way toehold-mediated strand displace-
ment.

Discussion. A widely adopted strategy to combine multiple
individual DNA nanostructure units is to directly design units
with different sets of complementary connection sequences, as
is seen with DNA origami units. Due to random aggregation,
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Figure 4. Time course assay to monitor displacement events with
fluorescent labeling. (a) One protection tile (marked as a green
triangle) in unit 1 was modified with a fluorophore (FAM) in the
trimeric system. (b) Upon trimerization, the fluorescently labeled
protection tile was displaced along with its partner from unit 2. (c)
Agarose gel results with unit 1 alone (with FAM labeling) as a
negative control (before SYBR gold poststaining). The fluorescent
signal from FAM (green triangles) is stable over the 20 h time course.
(d) Agarose gel results show the desired trimer (blue diamonds)
formed gradually over the 20 h time course (after SYBR gold
poststaining). (e) The blue curve shows the relative intensity of the
trimer band against the monomer band upon SYBR gold poststaining.
The green curve shows the fluorescent intensity (FAM) from unit 1
alone over the 20 h time course. Full results of the time course assay
are in Figure S13.

however, it is difficult for SST structures to self-assemble
properly when several single-stranded overhangs are present, as
is the case for individual structural units with connection tiles
at vertical boundaries."" Covering the single-stranded over-
hangs of the connection tiles with protection tiles before
assembly mitigates this issue.

Covered sticky ends also lead to an energy normalization of
individual complementation from sticky ends of different
sequences to those from universal toeholds (T7/A7). Such a
normalization eliminates the energy deviation by sticky ends of
different sequences. Furthermore, we believe such a strand
displacement process helps reduce undesired binding by
random sticky end cohesion and hence preserves matching
fidelity, since sticky ends are not exposed when higher-order
assembly takes place. Because of the difficulty of preparing
preformed SST units with exposed sticky ends, however, a
direct comparison to show the enhanced assembly fidelity is
not experimentally investigated.

Higher annealing temperature could encourage the combi-
nation of matching units, but the structural integrity could then
be compromised if the temperature is too high. The protection
tiles attached to the structure by a single 10/11nt domain are
especially prone to fall off the structure at high temperature.
Once the protection tiles fall off, the single-stranded overhangs
from the connection tiles are exposed which encourages
undesired random aggregation; however, the 10/11-nt domain
generally provides stable enough binding at typical annealing
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temperatures (e.g,, 37 °C). If structural units with enhanced
thermal stability are adopted (e.g., longer binding domains or
enzymatic/chemical ligation to stitch multiple domains
together),’*” higher annealing temperatures could potentially
be applied to increase the assembly yield of higher-order
structures. With higher assembly fidelity, it is possible to
construct more sophisticated DNA nanostructures (regular or
irregular) with such an assembly method based on toehold-
mediated strand displacement.
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