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Synthetic RNA nanostructures are typically composed of four nucleo-
tides (A, U, G, and C) following a canonical base pairing rule (A-U/G-C).
G-U wobble pairs are commonly employed in many RNA nanostruc-
tures, but other non-canonical base pairing remains underexplored. In
this work, we design RNA nanostructures with only three nucleotides
instead of four. Besides Watson—Crick G-C base pairs, we incorporate
A-C non-canonical base pairs into this three-letter coding scheme and
allow selective nanostructure assembly from mixed DNA templates.
With the new paradigm, we produce a variety of RNA nanostructures,
further expanding the possibilities of rational molecular design.

Introduction

Over the past two decades, RNA nanotechnology’ has been
developed in parallel with DNA nanotechnology,” with a shared
rule of canonical Watson-Crick base pairing (A-T/U and G-C).
From the pioneering designs of self-assembled tectoRNA
modules®* to the more recent co-transcriptional folding meth-
odologies, RNA nanostructures whose complexity rivals that of
their counterpart DNA nanostructures have been produced.”®
In the conventional design of synthetic RNA nanostructures,
duplex segments of A-form RNA conformation are typically
composed of continuous canonical Watson-Crick base pairs.
Conversely, a substantial proportion of RNA base interactions
in natural RNA systems involve highly versatile non-canonical
base pairs, such as G-U, G-A, A-A, G-G, C-C, U-U, U-C, and A-C.”®
Similarly, analogous non-canonical base pairing interactions
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New concepts

This is the first time three-letter coding has been applied in synthetic
nucleic acid constructs. The total omission of a certain nucleotide species
for an entire RNA construct enables crucial differentiation from its
counterparts with common four-letter coding. Such differentiation can
be applied in RNA information encryption and other synthetic biology
applications.

are also applicable in synthetic DNA constructs.”'® Among these
non-canonical interactions, wobble A-C base pairing (cis Wat-
son-Crick/Watson-Crick) is one of the most common pairings
in the RNA double helix,” which exhibits a single hydrogen
bond, while its protonated variant (wobble A"-C) stabilizes two
hydrogen bonds with the extra one formed by the N1 nitrogen
atom of A (Fig. 1).""'*> Naturally, A-C base pairs play an impor-
tant role in the stabilization of the anticodon stem of tRNA"?
and are also a basic structural element of many ribozymes."*™*°

In the sequence design of many RNA nanostructures, G-U
wobble pairs are employed to mitigate secondary structures of the
corresponding DNA templates,” but exploration of rational
design based on other non-canonical base pairing remains
limited. Herein, we present a three-letter coding scheme (A, C,
and G) for RNA nanostructures with the integration of non-
canonical A-C base pairs, which are structurally similar to G-U
wobble pairs.'* Using this scheme, we establish successful fold-
ing across diverse RNA nanostructures. Wobble pairs may reduce
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Fig. 1 Chemical structures of wobble A-C and A*-C base pairs at physio-
logical pH.
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duplex stability and thereby limit folding and self-assembly
robustness. At the same time, the introduction of A-C base pairs
enables the complete omission of a specific species of nucleotide
(e.g. U) throughout an entire construct. Such an intentional
nucleotide species omission establishes a critical distinction
from conventional four-letter coded constructs. As a demonstra-
tion, we selectively assemble a three-letter-coded target construct
from mixed templates containing only three out of four canonical
NTPs. Our implementation offers opportunities for nucleic acid
information encryption'” " and the creation of recoded gen-
omes/transcripts incorporating unnatural bases.”***

Results

To investigate the appropriate nucleotide composition for kis-
sing loops (KLs), we derived a Z-shaped motif with asymmetric
arm lengths from an earlier report to form RNA constructs of
closed-ring configuration.>® Specifically, we adopted typical
branched KLs between a bulged helix and a hairpin loop via
Watson-Crick base pairing over a 6-nucleotide region. The
asymmetric arm lengths were set to 14 and 25 base pairs. The
folding of our RNA nanostructures relies on interactions of two
hierarchies. A stem-loop intermediate initially forms, with stems
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paired through complementary intramolecular segments. Then,
the pre-designed KLs connect via intermolecular or ring-closing
interactions, directing the self-assembly into the desired geome-
try. KL interactions must satisfy both binding strength and
orthogonality requirements. With that in mind, we systemati-
cally assessed KLs composed exclusively of A-U (Fig. 2A and Fig.
S1) or G-C (Fig. 2B and Fig. S3) base pairs with three different
annealing procedures (middle panels of Fig. 2C-E): (1) step
cooling, (2) short ramp cooling, and (3) long ramp cooling.
Our atomic force microscopy (AFM) results showed that KLs
exclusively with G-C base pairs formed complete structures
following any of the three annealing procedures (bottom panels
of Fig. 2C-E and Fig. S3), while KLs exclusively with A-U base
pairs gave rise to closed rings in procedure 2 (top panel of Fig. 2D
and Fig. S1) with a limited yield and extremely rare ring
appearance in procedure 1 (Fig. S2). From the results, KLs
exclusively with G-C base pairs demonstrated more reliable
self-assembly capability than their counterparts exclusively with
A-U base pairs. The limited stability of A-U base pairs suggested
that three-letter coding of A, U and G with even weaker G-U
wobble pairs was not preferable. As unpaired As are structurally
required in KL sequences to maintain the coaxial alignment,>*
we adopted three-letter coding of A, C and G for our RNA
nanostructures.
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Fig. 2 Comparison of the assembly of RNA rings whose kissing loops (KLs) involve A-U base pairs and G-C base pairs. (A) Strand diagram of the Z-
shaped motif with asymmetric arm lengths with KLs connected exclusively with A-U base pairs. KL interactions are depicted in orange. (B) Strand diagram
of the Z-shaped motif with asymmetric arm lengths, with KLs connected exclusively with G-C base pairs. KL interactions are depicted in blue. (C) Atomic
force microscopy (AFM) results following annealing procedure 1, step cooling from 70 °C to 4 °C. (D) AFM results following annealing procedure 2, short
ramp cooling from 70 °C to 4 °C (fast cooling from 70 °C to 37 °C and slower cooling from 37 °C to 4 °C). (E) AFM results following annealing procedure 3,
long ramp cooling from 70 °C to 4 °C (fast cooling from 70 °C to 40 °C and overnight cooling from 40 °C to 4 °C). For (C)—(E), top: AFM images with KLs
with A-U base pairs; middle: annealing procedure; bottom: AFM images with KLs with G-C base pairs. Insets show magnified views. Scale bars: 50 nm.
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Next, we redesigned the sequence of the Z-shaped motif
exclusively with G-C pairs, including stems and KLs. However,
such a sequence arrangement only led to short fragments
according to AFM imaging results (Fig. 3A and Fig. S4). Then,
we incorporated varying numbers of A-C base pairs in the
sequence. When A-C base pairs were introduced at a percentage
of ~5% or ~10%, polymers with closed-ring configuration
successfully self-assembled (Fig. 3B, C and Fig. S5, S6). A design
incorporating ~5% A-C base pairs exhibited improved self-
assembly performance, with a more uniform diameter distribu-
tion (Fig. S7). This trend was consistent with the Mfold
predictions of reduced undesired secondary structures.?’
Therefore, a composition of ~5% A-C base pairs was adopted
in the rest of this study. Besides A-C base pairs being posi-
tioned at stem regions, we also tested constructs with A-C base
pairs positioned at loop regions (Fig. S8). Similarly, the
desired ring structures were produced with a comparable
yield. Under physiological pH, A-C and A™-C wobble pairs
coexist (Fig. 1).>**” The structural details of A-C base pairs
have been previously characterized by NMR spectroscopy'?
and X-ray crystallography.>®

We then extended this three-letter coding strategy to addi-
tional RNA nanostructures. Our next RNA construct was a ribbon
assembled from a Z-shaped motif with symmetric arm lengths (14
base pairs).”® Similar to the original design with conventional
four-letter coding, three-letter coded RNA ribbons and rings of
different sizes were observed under AFM (Fig. 4A and Fig. S9).
Unlike the four-letter coded counterparts, the three-letter ribbons
did not extend to micrometer lengths. Similarly, we designed an
RNA square based on 90° kink motifs®**® and an RNA triangle
based on open three-way junction motifs.**>° The 6-nt loop
sequences of branched KLs** were modified from GGAGGC to
GGCGGC and from GCGAGC to GCGCGC, and those of 180°
KLs*® from GGAGGC to GGCGGC. Other structural motifs, includ-
ing 90° kinks®®*® (AACUA to AACCA) and tetraloops® (GAAA),
were adapted as U-free variants from published designs. AFM
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imaging confirmed the proper folding into expected geometries
(Fig. 4B, C and Fig. S10, S11).

With total omission of Us for the entire RNA constructs, we
then sought to selectively produce three-letter coded constructs
from mixed three- and four-letter DNA templates in a co-
transcription system. For this system, we designed structure Z
(Z-shaped motif with asymmetric arm lengths with ~5% A-C base
pairs) with three-letter coding and structure S with conventional
four-letter coding. Using mixed templates of Z and S, we compared
transcription outputs from different pools of input nucleoside
triphosphate. In transcription reactions containing only VTPs
(ATP, CTP and GTP), only the three-letter-coded structure Z was
transcribed and yielded properly self-assembled products (Fig. 5A
and Fig. S12 A, C). In contrast, reactions with all four NTPs (ATP,
CTP, GTP and UTP) generated both structure Z and structure S
(Fig. 5B; Fig. S12B and C). Thus, inclusion or exclusion of UTP
functions as a critical switch enabling or disabling the production
of specific constructs in our co-transcription system.

Discussion

In this study, we designed and constructed RNA nanostructures
composed of three nucleotides. Our results indicate that G-C base
pairs in KLs led to better self-assembly performance. Therefore, we
adopted A, C and G in our three-letter coding strategy. Integration
of A-C non-canonical base pairs was carefully optimized to ensure
proper structural formation, resulting in various RNA nanostruc-
tures with three-letter coding. Taking advantage of the omission of
U nucleotides for the entire constructs, we manage to selectively
produce target constructs from mixed templates with three- and
four-letter coding. Our investigation of the inclusion of additional
non-canonical base pairing has further expanded the design free-
dom of RNA nanostructures.

Compared to RNA nanostructures based on conventional
four-letter coding, our three-letter designs showed slightly

Fig. 3 Adjustment of A-C base pair composition. (A) Z-shaped motif with asymmetric arm lengths with no A-C base pair inserted. (B) Z-shaped motif with
asymmetric arm lengths with ~5% A-C base pairs. (C) Z-shaped motif with asymmetric arm lengths with ~10% A-C base pairs. Top: Strand diagrams (A-C
base pairs depicted in red and G-C base pairs in blue); bottom: AFM images (insets show magnified views). Scale bars: 50 nm.
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Fig. 4 Diverse three-letter-coded RNA nanostructures. (A) Ribbon. (B) Triangle. (C) Square. Left: Strand diagrams (four A-C base pairs depicted in red);

right: AFM images (insets show magnified views). Scale bars: 25 nm.
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Fig. 5 Co-transcription system with mixed templates of Z (three-letter coding) and S (four-letter coding). (A) Co-transcription with VTPs (ATP, CTP and
GTP). Left: Diagrams of co-transcription to generate structure Z with VTPs; right: AFM images. (B) Co-transcription with NTPs (ATP, CTP, GTP and UTP).
Left: Diagrams of co-transcription to generate structures S and Z with NTPs; right: AFM images (blue and orange arrows point to structures Z and S,

respectively). Scale bars: 50 nm.

reduced self-assembly performance (Fig. S13). Moreover, it is
necessary to optimize synthesis and amplification strategies for
GC-rich DNA templates. Further sequence optimization could
improve the production efficiency of RNA nanostructures with
three-letter coding. Beyond A-C base pairing and three-letter
coding of A, C and G, more non-canonical base pairing based
on natural bases (unmodified or modified) and synthetic bases
can further expand the RNA design toolbox. The intentional
omission of a certain nucleotide species from entire RNA

Nanoscale Horiz.

constructs not only differentiates three-letter designs from
conventional four-letter constructs but also establishes an addi-
tional design dimension. The excluded nucleotide species can be
reserved for dedicated functionality, enabling orthogonal control
over RNA production and downstream self-assembly through
nucleotide availability rather than sequence redesign. As shown
in our selective target structure production from mixed template
pools, this design principle provides a foundation for implemen-
tations of RNA information encryption. Similar to synthetic

This journal is © The Royal Society of Chemistry 2026
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biology exploration, in which certain codons are entirely left out
of the translation system and reassigned as novel synthetic
codons alongside corresponding novel amino acids,?*?* the
omission and reservation of a certain nucleotide in RNA con-
structs offers programmability to introduce new functionalities.
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