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Abstract: Programmed self-assembly of nucleic acids (DNA
and RNA) is an active research area as it promises a general
approach for nanoconstruction. Whereas DNA self-assembly
has been extensively studied, RNA self-assembly lags much
behind. One strategy to boost RNA self-assembly is to adapt
the methods of DNA self-assembly for RNA self-assembly
because of the chemical and structural similarities of DNA and
RNA. However, these two types of molecules are still
significantly different. To enable the rational design of RNA
self-assembly, a thorough examination of their likes and
dislikes in programmed self-assembly is needed. The current
work begins to address this task. It was found that similar, two-
stranded motifs of RNA and DNA lead to similar, but clearly
different nanostructures.

Programmed DNA self-assembly has been extensively
studied over the past three decades and successfully applied
in the construction of a wide range of nanostructures.[1–25] The
resulting structures have helped to address different prob-
lems, including molecular computation, nanofabrication,
organizing nano-objects, drug delivery, structural studies of
proteins, synthesis of artificial membrane channels, and
probing biological processes. In contrast, programmed RNA
self-assembly is less developed,[26–28] but holds greater promise
as RNA has a wide array of structural motifs and function-
alities. Incorporating such elements would potentially allow
the construction of complicated and functional nanoma-
chines. Given that RNA and DNA have similar chemical
structures and both adopt a double-helix conformation, one
question naturally arises: Can the methods developed for
programmed DNA self-assembly be applied for the assembly
of RNA nanostructures? The answer is clearly yes.[29–31]

Mimicking DNA motifs, RNA nanomotifs have been con-
structed and successfully assembled into even larger nano-
structures. However, do the corresponding DNA and RNA
motifs always behave in the same fashion? To answer this
critical question and to gain a complete set of engineering

rules for programmed RNA self-assembly, it is necessary to
systematically study the differences of RNA and DNA in
terms of self-assembly as we did in this work.

Recently, we developed a simple, two-stranded RNA
motif that can self-assemble into a homo-octameric RNA
nanoprism (Figure 1e).[32] Herein, we examined the assembly
behavior of the same two-stranded motif, but in this case, it is
composed of DNA. An array of techniques, including native
polyacrylamide gel electrophoresis (PAGE), atomic force
microscopy (AFM), and cryogenic electron microscopy (cryo-
EM), were applied for structural characterization. The
experimental data turned out to be a surprise: Such a DNA
motif self-assembles into a homo-hexameric, instead of
a homo-octameric, DNA nanoprism. The assembly of octa-
meric DNA nanoprisms requires two unique versions of such
DNA motifs. This work highlights that these motifs (DNA
and RNA) behave similarly in self-assembly, but still signifi-
cantly different from each other.

The molecular design and the assembly strategy are
illustrated in Figure 1. The basic building motif (Mn ; n = 1–3)
is a DNA duplex with internal single-strand loops (Lg and Lc,
shown in green and cyan) and single-strand tails (Tc and Tr,
shown in cyan and red). The cyan tail Tc and the cyan loop Lc
are complementary to each other; upon hybridization, they
form a T-junction.[33–37] Three tiles can associate with each
other to form a triangle by T-junction formation (Fig-
ure 1b, c). The single-strand green loop (Lg) provides
enough flexibility to allow the DNA duplex to bend. The
red tail Tr (Figure 1b–d) is self-complementary and can self-
dimerize, leading to the formation of triangular prisms (P1
and P2). Formation of a tetragonal prism requires two
different motifs, M3a and M3b. Their overall structures are
the same as those of M1 and M2, but the sequences of the
T-junction-forming tails and loops were modified so that the
cyan tail Tc is complementary to the cyan loop Lc, and the
purple tail Tp is complementary to the purple loop Lp.
Therefore, neither motif M3a nor motif M3b can self-
oligomerize by T-junction formation; instead, they can only
form cross-motif T-junctions, leading to the formation of
a tetrameric square in which the motifs M3a and M3b are
alternatingly arranged. Further dimerization through the red
tail Tr will result in a tetragonal prism. Each motif can interact
with three other motifs by T-junction formation or sticky-end
hybridization. All inter-tile cohesions have similar stabilities
and thus happen simultaneously during the assembly process
rather than sequentially. It should also be pointed out that
each motif contains two different DNA strands.

The assembly was conducted in a one-pot process. DNA
strands were dissolved in a Mg2+ containing, neutral, aqueous
buffer. The nanoprisms spontaneously assembled upon slowly
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cooling the DNA solutions from 95 88C to 4 88C over three
hours. After assembly, the DNA samples were directly
analyzed by PAGE (Figure 2; see also the Supporting
Information, Figure S1). In each lane, a major band along
with a series of very faint bands was visible. From those bands,
the chemical compositions could be readily determined. A
roughly linear relationship existed between the mobility and
the logarithm of the molecular weight (Figure S4), which
confirmed the assignment of the chemical composition. In
each lane, the dominant, sharp band appeared to possess

a mobility consistent with the expected DNA complex. To
facilitate assigning the identity of each DNA complex, we also
prepared DNA motifs lacking the self-complementary tail
(Tr) from strand S*. Such DNA motifs can oligomerize
through T-junctions to form triangles or squares, but cannot
form prisms. Based on the band intensities, we used Image J,
an image-processing software, to estimate the assembly yield
of each major DNA complex. The yields were generally high
(listed beside the corresponding structures).

We then visualized the DNA complexes with AFM, which
further confirmed that all DNA nanostructures had been
successfully assembled as designed. The three pseudo-planar
structures were imaged in fluid to achieve high resolution
(Figure 3). In Figure 3a and 3c, the expected triangle- and
square-shaped geometries were observed, respectively, which
verified our design and our assignment of the bands in
Figure 2. In Figure 3b, the apparent particle shape was less
clear. The branches at the T-junctions were flexible and
pointed outward, making the complex to appear round.
Furthermore, we imaged all DNA nanostructures by AFM in
air (Figure 4) because the small 3D structures could not stably
attach to the mica surface in fluid. In the AFM images, all
DNA complexes appeared as individual particles. The 3D
prisms were taller than the 2D objects, which is consistent
with our design. Their apparent heights were approximately
1.3 nm for the pseudo-planar structures (triangles and
squares) and about 2.3 nm for the 3D prisms. Owing to
dehydration and strong electrostatic interactions, the 3D
wireframe prisms would collapse on the mica surface.

To reveal the native 3D structure of the DNA complexes,
we used cryo-EM imaging and 3D single-particle reconstruc-
tion,[38] which are powerful methods for studying the native
3D structures of biomacromolecules. The DNA complexes
reported in this work are small porous frameworks, and each
strut is one DNA duplex. Such structures have a low contrast
in cryo-EM and present a challenge to cryo-EM imaging.
Among these structures, the tetragonal prism is the largest

Figure 1. Different assembly behaviors of two-stranded DNA and RNA
motifs. a) Two different cohesion methods. Each can be used for the
association of two nucleic acid duplexes (red and blue). b–d) Three
DNA nanoprisms (Pn ; n = 1–3) and their corresponding building-block
motifs (Mn ; n =1–3). In the prisms, one motif is highlighted in red or
green. The homo-hexameric trigonal prisms P1 and P2 are assembled
from the single motifs M1 and M2, respectively; the hetero-octameric
tetragonal prism P3 is assembled from two different motifs, M3a and
M3b. Each motif is a DNA duplex containing two internal loops, cyan
loop Lc and green loop Lg, and two tails, cyan tail Tc and red tail Tr.
The cyan Tc tail and the cyan Lc loop are complementary to each other
and can associate into a T-junction. Red Tr is self-complementary,
which allows for self-dimerization. The single-stranded Lg loop pro-
vides flexibility for the DNA duplex to bend. The thick lines indicate
the backbone of the DNA strands and the short, thin lines indicate the
bases or base pairs. e) The same motif made of RNA self-assembles
into a homo-octameric tetragonal RNA prism.[32]

Figure 2. Analysis of DNA self-assembly by 5% PAGE. The DNA
composition in each lane is indicated above the gel, and the chemical
identity/structure geometry (and the corresponding assembly yield) of
each band is given beside the gel. The strands S2* and S4* are
identical to strands S2 and S4, respectively, except the absence of the
self-complementary tail Tr.
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and partially overcomes the technical difficulties associated
with cryo-EM imaging. It was thus chosen for detailed
characterization studies (Figures 5, S2, and S3). In the raw
images, individual particles with the expected sizes are
randomly distributed. Based on these experimentally
observed particles, the native 3D structure of the DNA
complex was reconstructed at a resolution of 2.7 nm. It shows
a twisted tetragonal prism, closely resembling the designed
structure. From the reconstructed structural model, we back-
calculated its 2D projections at different orientations and
compared them with 1) the raw images of individual particles
(Figure 5c) and 2) the class averages of raw images of
particles at similar orientations (Figure S3). Clear similarities
could be found in these comparisons, which confirmed that
the assembled DNA complex indeed had a tetragonal-prism
structure.

The current study and a previous study[32] make up a pair
of studies that investigate the composition (DNA vs. RNA)
effect for a simple two-stranded motif (Figure 1). Although
they can both oligomerize by T-junction formation, they differ
from each other significantly. The RNA motif forms a tetra-
meric square whereas the DNA motif forms a trimeric
triangle. We speculate that this difference presumably orig-
inates from the helical geometric difference between the
A-form (RNA) and B-form (DNA) duplexes (Figure S5
shows the structural models). In the A-form RNA duplex,
the major groove is deep and can accommodate the branched
duplex of the T-junction. Therefore, the T-junction is more

structurally defined with a 9088 angle, which leads to the
formation of a square. In contrast, the B-form DNA duplex
has a shallow major groove. The branched duplex of the
T-junction is located outside the groove and is less structurally
constrained; it thus has a higher degree of flexibility and can
adapt the 6088 angle necessary for triangle formation. Follow-
ing this hypothesis, we reasoned that to assemble a DNA
square, we could use two versions of the same motif (M3a and
M3b) with different sequences (Figure 1 d). In such a design,
cyclization needs even numbers of motifs, and the motif is
flexible enough to adopt the 9088 angle needed for the
formation of a square. This hypothesis has been confirmed
by our experimental data.

In summary, we have investigated the composition effect
(RNA vs. DNA) on the assembly behavior of a nucleic acid
nanomotif. There are likes and dislikes between the two
nucleic acids, DNA and RNA, in terms of programmed self-
assembly. We cannot directly apply the strategies used for
DNA nanotechnology to assemble RNA nanostructures, or
vice versa. A thorough investigation of the composition effect
is needed for further developing nucleic acid nanotechnology.

Figure 3. DNA pseudo-planar 2D nanostructures imaged by AFM in
fluid. For each structure, a schematic representation is shown on the
left. Two AFM images with different magnifications are shown for each
structure. A height scale bar is shown on the right.

Figure 4. AFM images of the DNA nanostructures recorded in air. For
each structure, a schematic representation is shown on the left, and
two AFM images with different scales and a section analysis (along
the line indicated in the AFM image with higher magnification) are
shown on the right.
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Figure 5. Cryo-EM of the self-assembled DNA tetragonal prism P3.
a) A representative raw cryo-EM image of the DNA prism P3. White
boxes indicate the DNA particles. b) Reconstructed structural model of
the DNA complex viewed from different directions. c) Pairwise com-
parison between individual raw particles and the computer-generated
2D projections of the reconstructed 3D structural model in similar
orientations.
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