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ABSTRACT: Tile-based DNA self-assembly provides a versatile approach for construction of a wide range of nanostructures
for various applications such as nanomedicine and advanced materials. The inter-tile interactions are primarily programmed
by base pairing, particularly Watson-Crick base pairing. To further expand the tool box for DNA nanotechnology, herein, we
have designed DNA tiles to contain both ligands and aptamers. Upon ligand-aptamer binding, tiles associate into geometrically
well-defined nanostructures. This strategy has been demonstrated by assembly of a series of DNA nanostructures, which have
been thoroughly characterized by gel electrophoresis and atomic force microscopy. This new inter-tile cohesion could bring
new potentials to DNA self-assembly in the future. For example, addition of free ligand could modulate the nanostructure
formation. In the case of biological ligands, the DNA self-assembly could be related to the presence of certain ligands.

Programmed DNA self-assembly has been extensively
studied as a model system of molecular self-assembly. 2
The resulting nanostructures provide potential applications
in nanomedicine,3*¢ advanced materials,”1° computation,'®
12 biosensing,'®14 nanomachines etc.!>17 The key for DNA
self-assembly is DNA base-pairing, Watson-Crick or Non-
Watson-Crick (such as G-quadruplex,!® i-motifs,'? and tri-
plexes).20.21 To further expand the tool box for DNA self-as-
sembly and, more importantly, to introduce non-nucleic
acid ligands into the assembly systems, a wide range of in-
teractions have been explored, including metal-base inter-
action,??-23 base analogs (e.g. cyanuric acid-adenosine inter-
action and melamine-thymine interactions),?#?> and hydro-
phobic moieties interactions.?627 Among them, ligand-ap-
tamer interactions have been explored as a tool for modu-
late DNA self-assembly,28-30 but not explicitly as a cohesion
force between nanomotifs in well-defined DNA nanostruc-
tures. Herein, we report a study that uses the AMP-binding
DNA aptamer - adenosine interaction to associate DNA na-
nomotifs into geometrically well-defined nanostructures. In
such a cohesion, no canonical base pairing was involved.
This unique study exemplifies a potential way to utilize ap-
tamers in programmed nucleic acid self-assembly.

AMP aptamer is one of the earliest reported DNA ap-
tamers and has been extensively studied.31-37 [t can bind to
adenosine and its various phosphate derivatives (AMP,
ADP, and ATP) with similar affinities (Kd ~ 10 pM).3> As
shown in an NMR study (Fig. 1a),32 the aptamer binds to two
AMP molecules simultaneously at its 4-nucleotide (nt)-long
internal loop (highlighted yellow). The AMP-aptamer com-
plex folds into a duplex structure; wherein the two AMP
molecules are located on the same side of the duplex. For
the AMP molecule, the base (adenine) and the deoxyribose
are buried in the aptamer binding pocket, but the phosphate
faces outward and has no contact with the aptamer. Attach-
ing chemicals on the phosphate of the AMP does not affect
the aptamer binding.3! Based on this structural information,
we hypothesize that an exposed, unstructured base A at the
end of a DNA molecule could bind to the aptamer and such
binding could be used as intermolecular cohesion to pro-

gram DNA self-assembly. This hypothesis was experimen-
tally proven by self-assembly of linear chains, discrete oli-
gomers, and extended two-dimensional (2D) arrays. The as-
sembly structures were thoroughly characterized by native
polyacrylamide gel electrophoresis (nPAGE) and atomic
force microscopy (AFM).
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Figure 1. AMP-aptamer binding programs the assembly of
DNA linear chains. (a) AMP-aptamer complex: sequence and 3D
structure. A 4-nucleotide (nt)-long, internal loop is highlighted
yellow. AMPs are shown in spheres. (b) Schemes of three, DNA
duplex motifs. All contain the AMP-aptamer moiety and the 4-
nt-long internal loops (highlighted yellow), but have different
overhangs. (c) L-cA motifs self-associate into linear chains by
AMP-aptamer binding. The base-As involved in aptamer bind-
ing written red or shown as red sphere models. (d) 6% native
polyacrylamide gel electrophoresis (nPAGE) analysis of the as-
sembly of DNA linear chains at 4 °C.

We started the exploration by assembly of linear chains
from a two-stranded, duplex motif L-cA (Fig. 1). The inter-
nal loop of the motif is the AMP aptamer sequence (Figs. 1b
and S1). A two-nucleotide (nt)-long overhang, Ac, is in-
cluded at the 5’ end of each strand. The base A is designed



to bind to the aptamer. The extra base, c (cytosine), is added
as a spacer to ensure base A has sufficient structural flexi-
bility to bind to the aptamer. The base c is written in lower
case to make it clear that it serves as a spacer. The length of
the duplex motif was chosen to arrange the two overhangs
to be on the side of the duplex that aligned with the binding
region (Fig. 1c). Upon A-aptamer binding, the L-cA motifs
will associate into linear chains. Between any two associat-
ing, adjacent motifs, there will be two, mutual, A-aptamer
bindings: one A-base of one motif will bind to the aptamer
of the other motif. To test this design, we analyzed the DNA
samples by nPAGE (Fig. 1d). The DNA sample appeared as a
continuous smear. The L-cA motif contained 40 nts, how-
ever the sample migrated much slower than the expected
individual motif, which indicated the L-cA motifs associated
into large complexes. The continuous smear suggested that
the complexes were not uniform in size and they partially
dissociated during electrophoresis. To confirm that the
large complex formation was indeed due to the A-aptamer
binding, we prepared two control motifs, L-cT and L-A,
which contained overhangs, Tc or A, respectively. Both mo-
tifs contained the aptamer sequence. In motif L-cT, the flex-
ible base A in the overhang was replaced with base T. Thus,
motif L-cT did not contain the flexible base A necessary to
bind to the aptamer and did not associate into large com-
plexes. In motif L-A, there was no spacer between the du-
plex and base A. Thus, the base A in motif L-A had reduced
flexibility and did not efficiently bind to the aptamer; thus,
motif L-A could not effectively associate into large com-
plexes. The experimental data were fully consistent with
this reasoning. Motif L-cT appeared as a sharp band with ex-
pected mobility for the individual motif (40 nts or ~ 20 bps)
and motif L-A dominantly appeared as an individual motif
(40 nts or ~ 20 bps) with a very minor population of two
interacting motifs (76 nts or ~ 38 bps).

The monovalent, inter-motif interaction for the L-cA mo-
tif appeared weak. To address this issue, we applied the
concept of bivalent interactions and designed another mo-
tif, S-cA, to assemble into a square; a discrete oligomeric
complex (Figs. 2, S2, S3). The motif is a single-component
hairpin, containing the aptamer internal loop within the du-
plex stem and two 2-nt-long overhangs (Ac- and -cA) at its
5’ and 3’ ends, respectively (Fig. 2a). Two A bases of one S-
cA motif can simultaneously bind to the aptamer moiety of
another motif. Such a bivalent binding is expected to have
enhanced stability. Meanwhile the bivalent binding limited
the angle between two motifs to near 90° angle. Thus, four
S-cA motifs will associate with each other into a homo-te-
tramer, or a square. Indeed, in the nPAGE, S-cA exhibited a
mobility corresponding to a tetramer of an apparent size of
~ 108 bp compared to the individual S-cA motif corre-
sponding to ~ 27 bps (Fig. 2c). A weak dimer band (corre-
sponding to ~ 54 bps) was also observed. The tetrameric
structure of the sample was further confirmed by AFM im-
aging (Fig. 2d).

To confirm that the assembly is due to the A-aptamer
binding, we prepared three control motifs (Fig. 2b). (i) S-A.
There is no spacer between base A and the duplex region.
Due to the reduced flexibility, the A bases should be unable
to bind to the aptamer tightly thus, the complex would not
be very stable. As a result, a smear corresponding to low

molecular sizes was expected. This was confirmed by the
nPAGE. (ii) S-c. The motif has no base A in the overhang to
bind to aptamer, thus, could not interact with each other at
all. (iii) S’-cA. The aptamer moiety was absent in this motif,
so no inter-motif interactions were expected. Thus, the mo-
bilities of both S-c and S’-cA motifs corresponded to individ-
ual motifs (~24 bps) in the nPAGE. These control experi-
ments confirm that A-aptamer interactions are responsible
for the assembly of motif S-cA. We have also found that ad-
dition of 2 mM of free adenosine did not significantly change
the assembly of S-A compared to S-cA, which suggested that
the bivalent A-aptamer binding was much stronger than
monovalent adenosine-aptamer binding (Fig. S3). (iv) S-ncA
(n=2,3,4).“n” indicates the number of cytosine. The spacer
between base A and the duplex contains 2, 3 and 4 cytosine.
The flexibility increased when the number of cytosine in-
creased. The motifs tended to associate into larger oligo-
mers, corresponding to the bands with slower mobility in
nPAGE (Fig. S2c). (v) S-cA1 and S-cA2. Both motifs have only
single binding site. These monovalent A-aptamers did not
interact with each other and self-assemble. As such, only
separate single bands corresponding to the aptamers were
observed in the nPAGE (Fig S2d).
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Figure 2. Self-assembly of a DNA square. (a) Molecular design
of the homo-tetramer assembly. (b) Three control molecules.
(c) nPAGE (6%) analysis of the assembly at 4 °C. (d) An AFM
image of the complexes assembled from S-cA and a close-up
view of an individual complex. (e) Design of control triangles
assembled by cohesion of different-length sticky ends (high-
lighted blue).

DNA self-assembly in most cases is driven by sticky-end
cohesion.”2 In order to integrate the bivalent A-aptamer in-
teraction into the conventional, sticky-end cohesion-domi-
nated DNA self-assembly systems, it is necessary to cali-
brate the strength of the bivalent A-aptamer interaction



with that of sticky-end cohesion. For this purpose, we pre-
pared a series of triangles assembled by cohesion of sticky
ends with different lengths, and then compared their stabil-
ities with that of the S-cA tetramer by nPAGE (Figs. 2c, 2e
and S2a). The control triangle is a design that is the most
similar homo-oligomeric complex that we can imagine.
Though it s still different from the aptamer-based oligomer,
it gives us a rough idea for the binding strength. It appeared
that the bivalent A-aptamer interaction was comparable
with the cohesion of the 2-bp sticky ends in terms of stabil-
ity. In both cases, the homo-oligomers formed, but they
were not very stable and partially dissociated during elec-
trophoresis, resulting in smears below the main oligomer
bands. The aptamer binding is stable at 4 °C (Fig. 2c), but
not stable at 25 °C (Fig. S2a). Measuring the binding stability
by determining such a low melting temperature (Tm) via
UV-visible spectroscopy is experimentally challenging.
Thus, we used nPAGE instead.

Even more impressively, the aptamer binding can pro-
gram DNA motifs to assemble into regular 2D arrays, which
exhibited well-defined geometrical arrangement as imaged
by AFM (Figs. 3 and S4). Two similar, two-stranded, DNA
motifs (2D-a and 2D-b) were designed (Figs. 3al and 3b1).
Each is a duplex containing: (1) an aptamer internal loop,
(2) two, base A-containing overhangs on the end of the left
helical domain, and (3) a self-complementary, 4-nt-long,
sticky end on the right helical domain. However, the length
of the right helical domain is different for the two motifs.
The motifs can assemble into squares by the bivalent A-ap-
tamer interaction in the similar fashion for motif S-cA (Figs.
3a2 and 3b2). The squares can further associate via sticky-
end cohesion into extended 2D arrays (Figs. 3a3 and 3b3).
For 2D-a, the inter-square distance is 26 bps or 2.5 helical
turns long (note that the twist of each internal loop is
roughly equivalent to 2 bps);3? thus, any two adjacent
squares will face opposite sides of the 2D array plane, even-
tually leading to corrugated 2D arrays. For 2D-b, the inter-
square distance is 32 bps or 3 helical turns long, thus, any
two adjacent squares will face the same side of the 2D array
plane, eventually leading to non-corrugated 2D arrays. The
patterns for the 2D arrays from the two motifs are dramati-
cally different, which were demonstrated by AFM imaging
(Figs. 3a4, 3a5, 3b4, and 3b5). We also prepared a series of
molecules to confirm that all the three components men-
tioned above are essential for the 2D array assembly (Fig.
S5).

To further demonstrate the aptamer-ligand binding
driven DNA self-assembly, we incorporated the aptamer of
adenosine (ADE) and investigated the self-assembly behav-
iors. A motif, S1-cA, derived from the ADE aptamer (G10T-
A23),35 was designed. S1-cA contained overhangs (Ac) and
could associate into dimer and trimer, smearing in nPAGE
(Fig. S6). As contrast, the controls (S1-c and S1-A) could not
self-assemble into complexes.

In conclusion, we have developed a strategy to use ap-
tamer-ligand binding to program DNA self-assembly. It is
unique as the aptamer-ligand bond does not involve normal
DNA base pairing. This study introduces at least two inter-
esting/useful aspects. (1) It adds a new tool to structural
DNA nanotechnology and greatly expands the range of co-
hesion forces to associate DNA tiles as a great
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Figure 3. Self-assembly of DNA 2D arrays. In the arrays, two
adjacent, associating squares face (a) the opposite directions or
(b) the same direction. (al) & (b1): motif design; (a2) & (b2):
homo-tetrameric square formed by bivalent A-aptamer bind-
ing; (a3) & (b3): sticky-end cohesion allows the motifs to asso-
ciate by the right helical domains. Dots and crosses in circles
indicate the squares facing in and out of the paper plane, re-
spectively. (a4) & (b4): raw AFM images. FFT patterns of the
AFM images are included as insets. (a5) & (b5): 2D patterns re-
constructed from the corresponding FFT patterns.

number of aptamers are available.38 (2) It potentially pro-
vides a straightforward approach to use various ligands to
regulate DNA self-assembly; or, the DNA self-assembly
could be responsive to various ligands. As aptamers can be



evolved to recognize many ligands,3® DNA self-assembly, in
principle, can be engineered to be responsive to a wide
range of ligands. This will be particularly useful for biosens-
ing and engineering dynamic, biomimetic systems. This
strategy should be easily adapted to certain aptamers that
recognize natural bases, such as guanosine-binding DNA ap-
tamers and ATP-binding RNA aptamers.3?-40 It is also possi-
ble to extend this strategy to aptamers that recognize non-
DNA/RNA ligands if the ligands can conjugate to DNAs.
However, it is important to note that the molecular design
of this strategy is based on the detailed structural infor-
mation of aptamer-ligand complexes. This strategy will
clearly benefit from the large body of structural information
of aptamers and the rapid development of structural biol-
ogy tools such as cryoEM and molecular modeling.
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