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ABSTRACT: Self-assembly of biomolecules provides a powerful tool for a wide range of applications in nanomedicine, biosensing
and imaging, vaccines, computation, nanophotonics, etc. The key is to rationally design building blocks and the intermolecule
interactions. Along this line, structural DNA nanotechnology has rapidly developed by limiting DNA secondary structures to
primarily well-established, B-form DNA duplexes, which can be readily and reliably predicted. As the field evolves, more
sophisticated structural elements must be introduced. While increasing the structural complexity, they bring challenges to predicting
DNA nanostructures. In the past, a brutal and tedious error-and-trial approach has often been used to solve this problem. Here, we
report a case study of applying AlphaFold 3 to model the structural elements to facilitate DNA nanostructure design. This protocol is

expected to be generally applicable and greatly facilitates the further development of structural DNA nanotechnology.

P rogrammed self-assembly of biomolecules, e.g. DNA,
provided a powerful approach to prepare structures across
multiple size scales.'~"® The foundation of this approach is the
knowledge accumulated in structural biology,16 and the
challenges are often due to the lack of detailed structural
information. Limited by our knowledge, the physical
realization of the designs often requires a brutal and tedious
trial-and-error approach to examine multiple choices of each
design parameter. With the recent release of AlphaFold 3
(AF3)," an integrated structural prediction algorithm, we
should be able to model the designs in silico to quickly find the
solution, thus, greatly reducing the experimental works and
speeding up the research process. Herein, we showcase a study
that shows that AF3 helps to optimize the parameters of a
DNA nanomotif to allow the nanomotifs to self-assemble into
the designed DNA nanotriangles that can be effectively ligated.

A triangle, in principle, could be self-assembled from a DNA
motif with a 60°-bend (Figure 1). The motifs can form
triangles only if (1) each motif bends 60°, (2) the loops bend
toward the same direction, and (3) the motifs are on the same
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Figure 1. Scheme of assembly of a DNA triangle from a bulged duplex
nanomotif. It is a two-turn-long DNA duplex containing a 5-
nucleotide (nt)-long loop at the center and a pair of complementary
sticky ends at two ends. x: the number of base pairs (bps) of each
edge; y: the number of bps between the 5" end of the red strand and
the bulge loop. The triangle can be further stabilized by enzymatic
ligation with the T4 DNA ligase.
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plane. The simplest motif of this type is a DNA duplex with a
single-stranded loop in the center. The loop forces the DNA
duplex to bend toward the face of the DNA duplex opposite
from the loop. By mimicking an RNA k-turn motif,'® we have
identified a S-nucleotide (nt)-long loop, AACTA, to bend the
DNA duplex roughly of 60°."” When such motifs associate
with each other, if the loops are separated by integral numbers
of helical turns, the bends will accumulate in the same
direction. If being on the same plane, the associated motifs will
form a closed complex (triangle); otherwise, they will form
open-ended, spirals."®

We have used Tiamat,”® a DNA modeling software, to
design a DNA nanomotif to assemble a DNA triangle with
edges of two turns long. The edge length is chosen for the ease
of DNA synthesis and the sufficient motif stability. The motif
contains a red strand Rx and a blue strand Bx. x indicates the
number of base pairs of each edge. Initially, we assigned x = 21
base pairs (bps) for two helical turns;*" thus, the two strands,
R21 and B21, are 21 and 21 + S = 26 nts long, respectively. A
S-nt-loop is located at the center of the motif, and a pair of
complementary sticky ends are at the two ends of the motif.

The DNA complexes were prepared by thermally annealing
from 95° to 24 °C and examined by native polyacrylamide gel
electrophoresis (nPAGE) at 24 °C (Figure 2f). To facilitate
interpreting the nPAGE data, three control motifs were
prepared: (i) a motif with one blunt end (B21* + R21). It
could form the motif but could not oligomerize, thus existing
as a monomer motif. (ii) a twice motif (B19 + R19x2 at molar
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Figure 2. Analysis of the DNA triangle assembly by 10% native
polyacrylamide gel electrophoresis (nPAGE). (a—e) DNA motifs. (f)
nPAGE image. The sample compositions and chemical identities of
the bands are indicated above and beside the gel image, respectively.

ratio of 2:1). The red strand (R19x2) was 38 nts long, nearly
twice as long as R21 (21 nts). Depending on association within
one or between two twice motifs, the resulting complex will
have similar shape and molecular weight to a dimer, (motif)2,
or a tetramer, (motif)4, of the R21-B21 motif, respectively.
And (iii) a thrice motif (B19 + R19x3 at a molar ratio of 3:1).
The red strand was 57 nts long, nearly three times longer than
R21 (21 nts). The three motifs have similar shape and
molecular weight to a trimer of the R21-B21 motif, (motif)3.
From the nPAGE data (Figure 2f), we could see that the DNA
sample (R21 + B21) indeed formed a major band
corresponding to the designed triangle, (motif)3. However,
the band is not sharp, and a continuous smear shows up below
the major band, suggesting that the DNA triangle was not
stable and constantly dissociated into small fragments to form
the smear in the gel electrophoresis.

To understand why the triangle is not stable, we used AF3 to
model the association among motifs (Figure 3). The main
uncertainty is how the loop will influence the motif structure.
We first modeled the structure of a DNA complex of two
associated motifs. A simplified complex is used to mimic two
associated motifs. It contains three duplex domains and two S-
nt-long loops. The central helical domain is 21 bps long. From
the modeled structure, clearly the complex is not flat. The
dihedral angle between the left and right helical domains is
~64°. Thus, the 5-nt loop not only bends the duplex but also
introduces an ~64° twist around the helix (equivalent to the
helical twist of 2 bps, 360° X 2/10.5 = 68.6°).”” For three
motifs to assemble into a triangle, each motif needs to

Figure 3. Modeling the structures of two associated, bulged DNA
duplex motifs with AF3. The edge length x = 21 base pairs, bps (a) or
x = 19 (b). Top panel (al) and (b1): show the secondary structures
of the DNA complexes. Middle panel, (a2) and (b2), and bottom,
(a3) and (b3), show the AF3-predicted structures viewed
perpendicular to or along the central duplex domains, respectively.

overcome the 64° overtwist and forces all DNA helical
domains to sit on the same plane. This costs extra energy and
makes the triangle unstable. Based on the modeling data, we
reduced the length of the central helical domain by 2 bps from
21 to 19 bps. The revised complex was then modeled by AF3.
In the resulting model, the dihedral angle between the left and
right helical domains is ~15°. The entire complex is almost
flat.

Based on the AF3 results, we have revised the motif to a 19-
bp-long edge (Figure 2c) of R19 and B19, which were 19 and
24 nts long, respectively. nPAGE (Figure 2f) analysis showed
that R19 and B19 indeed assembled into the designed triangle,
which was stable and appeared as a very sharp, strong band.
AFM imaging further confirmed the triangle geometry (Figure
S1).

T4 DNA ligase-mediated ligation is an efficient means to
stabilize self-assembled DNA nanostructures.”*~>” For ligase to
work efficiently, it is important to make sure that ligase has
access to the ligation site of the DNA substrate.”® To find the
proper ligation sites on the DNA triangle, we generated
structural models of a series of DNA triangles with different
nick positions (potential ligation sites). The distance between
the S’ end of strand R19 and the bulge is y bps (thus, the
corresponding red strand is dubbed R19-y). The nick site is a
few bps away from the bulge. In the literature, a crystal
structure (pdb id: 6dtl) has been reported for DNA T4 ligase
in complex with a nicked DNA duplex.”® We have aligned the
crystal structure of T4 DNA ligase to the DNA triangle
structure by assuming different ligation sites along the triangle
edge (Figure 4). When y = 6, T4 DNA ligase has substantial
overlap with the DNA triangle (Figure 4c2); thus, steric
hindrance would prevent T4 DNA ligase from accessing the
nick site for ligation. Consequently, a low ligation efficiency is
expected. In contrast, when y = 7, T4 DNA ligase can readily
access the nick position (Figure 4d); thus, a high ligation yield
is expected. When comparing this series of aligned structural
models, the access of T4 DNA ligase to the triangles decreases
asy=7>8~9>6>10 ~ 11. The ligation efficiency is
expected to follow the same trend.

We experimentally confirmed the modeling prediction
(Figure 5). All R19 variants were phosphorylated and annealed
with equal molar concentrations of strand B19 separately.
Then the ligation was conducted by adding T4 DNA ligase and
being incubated at 24 °C for 16 h. Finally, the ligation mixtures
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Figure 4. Structural alignment between the crystal structure of a T4
DNA ligase (pdb id: 6dtl) and AF3-predicted DNA triangles with
nicks (potential ligation sites). (a) DNA motifs assemble into a two-
turn-long triangle. Note that the 5’ end of strand R19-y is y bps away
from the loop. (b) Superimposed T4-DNA ligase and six DNA
triangles with different y values. T4 DNA ligase structure aligned with
triangles with y values of (c) 6 and (d) 7. Note the substantial space
clash in (c2).
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Figure 5. Enzymatic ligation of DNA triangles analyzed by denaturing
PAGE (15%). From (a) to (b) to (c): ligation extent increases. The
red and purple boxes indicate the starting DNA strands and the
ligation products, respectively. The sample compositions and
chemical identities of the bands are indicated above and beside the
gel image, respectively.

were analyzed by denaturing PAGE. Upon ligation, the bands
of the starting DNA strands (indicated by purple boxes)
became weak, and the bands of the ligation products, circular
R19 trimer [(R19)3-C] (indicated by red boxes) appeared.
Consistent with what modeling suggested, the ligation
efficiency was the highest when y = 7 and the lowest when y

25424

=10 or 11. For the nonoptimal nick positions (e.g., y = 6, 8,
and 9), ligation required an increased amount of T4 DNA
ligase. An nPAGE was used to confirm that all the triangle
variants could be assembled and were stable (Figure S2), thus,
excluding the possibilities that ligation efficiency variation is
due to the stabilities of the triangles.

Our preliminary study shows that the single-stranded loop
(particularly the length) in the motif will influence the motif
conformation (Figure S3). We have also demonstrated that,
with a small revision, the basic bulge duplex motif can be
designed to assemble into other nanostructures, e.g, a
tetrameric square (Figure S4).

We have successfully applied AF3 to aid the design of DNA
motifs for nanostructure assembly. Aside from the success in
construction of the reported specific DNA nanostructures, this
work has demonstrated the potential of AF3 to facilitate the
design of DNA nanostructures. Structural modeling has long
been used for DNA nanostructures from facilitating designs to
predicting mechanical properties..29’30 In general, those
softwares require certain prestudying and are not particularly
easy to implement for tile-based self-assembly of DNA
nanostructures by people with minimal computer skills. In
contrast, AF3 is readily accessible, experimentalist-friendly, and
easy to use. Moreover, it provides an integrated system to
model complex systems of DNA, RNA, proteins, and ligancls.17
It is conceivable that the reported design protocol can be
applied to general and complex biomolecular self-assemblies.
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