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Large and complex structures are often required to fulfil the 
sophisticated functions of biological systems. Although scale 
and complexity can be achieved through expressing a single 

long chain—most notably the protein titin1, the largest isoform of 
which comprises a concatemer of 244 similar subunits with a total 
of 33,000 amino acids—a considerable fraction of large protein 
structures are instead constructed as oligomers from many iden-
tical subunits2–4. Proposed advantages2 of such homooligomeric 
proteins include high genetic coding efficiency, reduced translation 
errors and intricate regulation of assembly (such as the dynamic 
instability and treadmilling of microtubules5 and actin filaments6). 
Reasonably, there is a length scale above which nature ceases to cre-
ate finite structures whose sizes are explicitly coded by gene length, 
and instead employs identical subunits to create structures whose 
sizes are implicitly encoded by the geometry of the subunit (for 
example, the size of an oligomeric ring is dictated by the geome-
try of its constituent monomers2) or are controlled by a system of  
complex regulation (for example, many different structures, of  
different sizes, can be made from the same subunit as required by 
particular cellular contexts—actin structures within the pseudopod 
of a moving macrophage are very different than those within the 
muscle sarcomere7).

Constructing artificial homooligomeric self-assembly systems 
with a structural diversity that rivals those found in nature remains 
an important challenge for both nanoscience and chemical biology. 
The extraordinary programmability of nucleic acid hybridization, 
as demonstrated by a wide variety of advanced artificial nanoar-
chitectures8–11, makes nucleic acids attractive materials for building 
such systems. Moreover, natural homooligomeric systems based 
on nucleic acids play a number of important roles, such as form-
ing the dimer linkage structure in retroviral genomic RNA12 and 
creating a ring of prohead RNA (pRNA) in the packaging motor of 
Φ29-like bacteriophages13. A better understanding of these natural  

systems might be reached by constructing and analysing their  
artificial counterparts.

Identical subunits (known as ‘tiles’) for assembling large 
extended structures can be created from multiple strands of DNA14,15 
or RNA16. However, to prevent the formation of incomplete tiles, 
which might result in defects or chain termination, it is important 
to tightly control the stoichiometry of the different constituent 
strands. One way to evade this requirement is to construct each tile 
using a single strand. A number of systems have partly explored this 
approach with DNA17–19 or RNA20–22. For DNA, two difficulties have 
prevented the widespread design of one-stranded homooligomeric 
assemblies. First, despite recent advances, the high-yield synthesis 
of sufficiently long single-stranded (ss) DNA remains relatively 
challenging and/or expensive, either by phosphoramidite-based 
chemical synthesis, phage-based biological production23 or vari-
ous enzymatic methods24–27. Second, DNA-based designs typically 
require multiple distinct strands to provide the free ss ends (‘sticky 
ends’) or patterns of blunt ends28,29 necessary for cohesive interac-
tions between subunits. Clever use of sequence symmetry can partly 
solve both difficulties, and tiles can be designed to be formed by 
two identical copies of a short strand containing palindromic seg-
ments17–19. However, the geometries that can be accessed by such 
sequence-symmetry tricks seem limited.

Compared with DNA, RNA has a greater capacity for func-
tions and more facile in vitro and in vivo synthesis; such features 
make RNA nanotechnology an exciting emerging field11,30. Partly 
guided by concepts from DNA nanotechnology, a wide assortment 
of RNA constructs, including topological structures31,32, polyhe-
dra33, tile-based assemblies16 and origami-like structures22,34,35, have 
been created. Further, natural RNAs have a cornucopia of structural 
primitives that can be mined to increase the structural diversity of 
artificial nanoarchitectures. In fact, the use of natural RNA folds 
(such as tRNA36 and pRNA37–39) and motifs (such as bulges40,41, 
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kink-turns42, junctions43 and kissing loops (KLs)44) have provided 
the basis for an important strain of RNA nanotechnology known 
as RNA tectonics or tectoRNA45–47, which emphasizes the combi-
nation of the unique geometries of multiple natural folds/motifs to 
arrive at a desired shape. Practiced in its most complex form, RNA 
tectonics has enabled the cotranscriptional production of sophis-
ticated shapes including a heart47. Meanwhile, RNA has been used 
to build a number of homooligomeric assembly systems by taking 
advantage of two facts: (1) long ssRNA can be easily obtained by 
in vitro transcription from readily accessible double-stranded DNA 
templates; and (2) naturally occurring paranemic motifs, such as the 
tetraloop/tetraloop-receptor21 and KL20,22,48,49 interactions, can pro-
vide the cohesion necessary for oligomerization without depending 
on free ends. Nevertheless, the small vocabulary of geometries avail-
able to natural motifs has limited the structural diversity of RNA 
homooligomeric systems.

In this work, we present a homooligomeric self-assembly sys-
tem based on an artificially designed branched KL (bKL) motif. 
This bKL is formed via the programmable Watson–Crick base pairs 
(bps) between a bulged helix and a hairpin loop. Because both inter-
acting parts are topologically closed, this motif exhibits a so-called 
paranemic cohesion50,51 and allows the association of tiles without 
free ends. Therefore, each of the homooligomerizable tiles in this 
work was constructed from a single RNA strand. Through a series 
of straightforward variations, we demonstrate that a wide assort-
ment of extended and finite-sized structures can be created, with 
their curvature, torsion and number of helices readily controlled. 
Further, we show that bKL-based tiles can be inserted into a tRNA 
scaffold for overexpression in bacterial cells, manifesting their 
promise for mass production and in vivo applications. Finally, we 
extend the utility of the bKL to other contexts by using it to position 
aptamers on RNA origami, and creating a DNA version of the motif.

Results and discussion
Design of the bKL motif. Design of the bKL was inspired by the 
RNA KL complex from the HIV-1 dimerization initiation site 
(DIS)52. This KL comprises two hairpins, binding to each other via 
Watson–Crick bps over a 6-nucleotide region within the hairpins’ 
9-nucleotide apical loops. The remaining three nucleotides in each 
loop are unpaired purines (here As); two reside on the 5′ side and 
one on the 3′ side of the kissing region so that the loop sequence is 
2A-6N-1A. The two 5′ As, serving as a linker, return the strand from 
the kissing helix to the stem and span a distance of ~14 Å. We found 
that this distance can accommodate the replacement of the two-A 
linker with an RNA A-helix (Supplementary Fig. 1). This enabled 
design of the bKL through motif fusion (Fig. 1a,b), which turns one 
hairpin loop of the original KL into a bulge having the sequence of 
6N-1A so that the Watson–Crick bps now form between a bulge 
and a hairpin loop (Fig. 1c). As with its parent KL, bKL’s cohesion 
is paranemic.

We expected the bKL to retain the coaxial stacking present 
between the stems and kissing helix of the KL and, thus, to have 
a T shape. Therefore, it is reminiscent of the DNA T-junction53, 
which involves cohesion between a bulged helix and a 5′ free end. 
Like the DNA T-junction, its branched geometry and rigidity (from 
coaxial stacking) make the bKL a versatile construction module. 
Meanwhile, similar to both RNA KLs and DNA T-junctions, the 
6-bp Watson–Crick interaction of our bKL enables the program-
ming of many specific binding interactions; by contrast, parane-
mic tetraloop/tetraloop-receptor interactions have quite limited  
programmability and specificity54.

Multiple bKLs can be combined to create a single tile that self-
assembles into higher-order structures. Figure 1d depicts how two 
bKLs can be incorporated into a Z-shaped tile (Z-tile) to specify the 
formation of a ladder-like structure (below termed ‘ladder’). The 
two helical segments between hairpin loops and bulges are dubbed 

‘beams’, and the helical segment between the two bulges a ‘strut’. In 
the assembled ladder, extended coaxially stacked pseudo-continu-
ous helices are termed ‘rails’. Next, we show how to achieve geomet-
ric diversity by adjusting beam and strut length, or incorporating 
other motifs.

Control of torsion and symmetry. We began our study with simple 
Z-tiles having beams of equal length (x). The dihedral angle between 
adjacent Z-tiles (and hence ladder torsion) are determined by the 
twist contributed by each tile. To achieve a dihedral angle of zero, 
each repeat unit must be separated by an integral number of RNA 
turns (that is multiples of 11 bps) along the rails. For each bKL, we 
assumed that (as observed for KLs by NMR55) each unpaired 3′ A 
stacks between neighboring helices, adding a total of two bp equiva-
lents (bp equiv.; in schematics we omit 3′ As for clarity). Therefore, 
we modelled each bKL as contributing a twist equivalent to that of 
an 8-bp helix and each tile an (x + 8)-bp helix. Using this principle, 
we designed three Z-tiles (Fig. 2a): LZB14 of minimal twist, and 
LZB13 and LZB15 of left- and right-handed twists, respectively.

Assembly of LZB14 predominantly yielded ladders that closed 
into rings ranging from 40 to 130 nm in diameter (Fig. 2b,c and 
Supplementary Figs. 6 and 7), although ladders up to a micrometre 
long were occasionally observed (Fig. 2d). As expected, no evidence 
of twisting (for example periodic crossings of rails) was observed. 
The predominance of rings suggests that ladders were flexible and/
or that the bKL has some intrinsic curvature: adjacent Z-tiles in a 
ladder are related by a translational symmetry, allowing the accumu-
lation of any out-of-plane curvature caused by the bKL geometry. 
Introduction of torsion into LZB13 and LZB15 ladders provided 
one way to discourage ring formation. By atomic force micros-
copy (AFM; Fig. 2e,g and Supplementary Figs. 8 and 10), several 
micrometre-long filaments were observed for both tiles. Cryogenic 
electron microscopy (cryo-EM), on the other hand, provided a way 
to visualize structures in their native states, without the artefacts 
created by surface adsorption (Fig. 2f,h and Supplementary Figs. 9 
and 11). We could observe a twist via periodic crossings of the rails, 
but could not determine the absolute handedness of ladders, as it is 
ambiguous in two-dimensional (2D) transmission electron micros-
copy and there was not enough contrast for tomography. Unlike 
with LZB14, small rings were rarely observed because ring closure 
requires the matching of the phase of ladder twist—thus the addi-
tion of torsion greatly decreases the probability that the two ends of 
the ladder will find each other in an orientation appropriate to bind.

Symmetry manipulation provides a second method to suppress 
the out-of-plane curvature observed in LZB14 ladders. If every 
other tile in the ladder is flipped, bending from face-up tiles can can-
cel that from face-down ones (that is, so-called corrugated design56). 
To achieve this, we converted the Z-tile into a C-tile by changing 
the strut length (s) from an even number of helical half-turns to an 
odd number and accordingly designed LCS16 (s = 16) and LCS27 
(s = 27; Fig. 2i). As expected, C-tiles assemble into ladders with both 
torsion and curvature minimized (Fig. 2j–m and Supplementary 
Figs. 12–15), although a few large (micrometre-scale) rings were 
also observed.

Interestingly, LCS16 ladders sometimes associated laterally into 
wider structures under AFM (Fig. 2j and Supplementary Fig. 12), 
but not under cryo-EM (Fig. 2k and Supplementary Fig. 13). Base-
stacking between blunt ends presents an opportunity for helices to 
stick together—this phenomenon has been used to programme the 
association of a variety of DNA nanostructures28,29. Thus, we sug-
gest that sample preparation for dry AFM encourages ladders to 
associate via base-stacking between struts. For struts from different 
ladders to stack, the strut ends must be displaced from the position 
where they connect to the beams, implying a certain flexibility of the 
bKL (Supplementary Fig. 16). The occurrence of stacking between 
C-tile ladders, but not Z-tile ladders, is further evidence for the lack 
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of torsion and curvature in C-tile ladders—any significant bend or 
twist would disrupt the long-range alignment of struts, decreasing 
the opportunity for strut ends to match and stack.

Besides the flexibility that allows LCS16 ladders to stack, the struc-
tures examined so far provide evidence for three additional types of 
intrinsic flexibility of the bKL (Supplementary Fig. 17): (1) out-of-
plane bending of the beams, (2) rotational freedom of the strut along 
its axis and (3) in-plane bending of the beams. Below we harness the 
flexibility of the bKL to design a series of more complex structures.

Control of in-plane curvature. Closed annuli can be designed 
using Z-tiles having beams of different lengths (x ≠ y), so that the 
binding of tiles forms trapezoidal repeat units and the resulting lad-
ders bend towards the shorter trapezoid base. To achieve flat annuli, 
the bases of the trapezoid must further be chosen to be an integral 
number of helical turns. Two different Z-tiles with this property 
were designed (Fig. 3a). RZB14/25, whose beam lengths differ by 
one helical turn, sets the repeat length along the inner circle to 
two helical turns (22 bp) and that of the outer circle to three heli-
cal turns (33 bp). Geometrical analysis predicted that RZB14/25 
should form an unstrained planar annulus containing 16 or 17 
tiles (Supplementary Fig. 18), having a diameter of 47 or 50 nm. 
RZB14/36, with a two-turn difference between trapezoid bases, was 
expected to form smaller annuli of greater curvature, containing 8 
or 9 tiles and being 31 or 35 nm in diameter.

Experimentally, RZB14/25 assembled into annuli of different 
sizes (Fig. 3b,c and Supplementary Figs. 19–21), potentially due to 
bKL flexibility and/or assembly kinetics (rates of intermolecular  

assembly versus intramolecular ring closure). To our surprise, 
RZB14/36 formed two morphologically distinct structures (Fig. 3d 
and Supplementary Figs. 22 and 23). One was the expected smaller 
annulus; the other was a long linear filament, which appeared to be 
~30% thicker (1.6–1.8 nm in height) than the annulus (1.2–1.3 nm 
in height), when examined using dry AFM (Supplementary Fig. 23).  
Based on the height of the unexpected filaments, we propose 
that they are, in fact, double-layered ladders, with three rails and 
a narrow, triangular cross-section (bottom right of Fig. 3a and 
Supplementary Figs. 24 and 25). If a purer sample of small annuli 
is desired, passage through a 0.22 µm filter removes most filaments, 
leaving annuli as the dominant species in the filtrate (Fig. 3e,f and 
Supplementary Figs. 26 and 27).

The formation of two different structures from RZB14/36 sug-
gested that the large in-plane curvature of 8-tile RZB14/36 annuli 
might be near the bending limit that can be achieved with bKL-
based Z-tiles. To investigate this limit, we designed RZB14/47  
to have a three-turn difference between beams (Supplementary  
Figs. 28 and 29). Indeed, instead of the small single-layered 
annuli, only larger double-layered annuli (formed similarly to the 
RZB14/36 filaments, Supplementary Fig. 30) were observed.

Combining torsion and curvature. By incorporating both torsion  
and curvature into a tile, more complex 3D space curves can be 
achieved. Starting from RZB14/25, left- or right-handed torsion 
was introduced by simultaneously removing or adding one bp in 
both beams to produce tiles RZB13/24 and RZB15/26 (Fig. 3g).  
These two tiles were predicted to form helical ladders, which  
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we term ‘nano-ramens’ after their ramen-noodle-like appearance.  
Compared to the left-handed nano-ramens assembled from 
RZB13/24 (Fig. 3h,i and Supplementary Figs. 31 and 32), right-
handed RZB15/26 nano-ramens appeared to be more flexible, as 
suggested by a curlier appearance and an increase in cyclic struc-
tures (Fig. 3j,k and Supplementary Figs. 33 and 34). The interplay 
of torsion, curvature and bKL flexibility makes it difficult to predict 
the helical parameters of nano-ramens. Experimentally, RZB13/24 
nano-ramens have a diameter of 16–20 nm and period of ~55 nm; 
RZB15/26 structures have a wider diameter (20–30 nm) and longer 
(~60 nm) period.

Multi-railed ladders. Adding more rails to a ladder enables the cre-
ation of filaments that are stiffer, have different symmetries or bear 
more sites for functionalization. We explored two strategies to con-
struct multi-railed ladders. The first employs Z-tiles with unequal 
beam lengths, so that each tile contributes an integral number of 
helical turns L along the longer beam, and a non-integer number of 

turns S (which approximately divides into L to yield an integer M) 
along the shorter beam (Fig. 4a). The resulting ladder has a central 
rail comprising the shorter beams, and M peripheral rails compris-
ing the longer beams (spaced at intervals of θ = 360°/X around the 
central rail, where X is the smallest integer so that SX is approxi-
mately an integer). According to this principle, we designed two 
Z-tiles—LZB19/47 and LZB10/47 (Fig. 4a)—to construct the three- 
(Fig. 4b,c and Supplementary Figs. 35 and 36) and four-railed lad-
ders (Fig. 4d,e and Supplementary Figs. 37 and 38). This approach 
is similar to the unintended double-layered, three-railed ladder 
assembled from RZB14/36. However, for that structure (L = 4, S = 2, 
M = 2, X = 1, θ = 360°), were the tiles not flexible, the two long-repeat 
rails would be superimposed on each other, yielding a steric clash.

Our second strategy for creating multi-railed ladders was to 
generalize C-tiles to ‘claw-tiles’ by connecting n half-C-tiles via 
an n-way junction (nWJ) so that each claw-tile possesses n beams 
(Fig. 4f). A 3WJ was used to design branched tile LCS3WJ, which 
self-assembled cleanly into a three-railed ladder (Fig. 4g,h and 
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Supplementary Figs. 39 and 40). Analogously, a four-railed ladder 
was self-assembled from tile LCS4WJ possessing a 4WJ (Fig. 4i,j 
and Supplementary Figs. 41 and 42). Unlike Z-tile-based multi-
railed ladders, whose peripheral rails necessarily share the same 
sequence, claw-tile-based ladders provide the ability to break sym-
metry between rails and enable the uniquely addressable function-
alization of each rail.

Out-of-plane curvature for 3D nanocages. The structures that we 
have so far described have no well-defined size: they were either 
extended ladders, or annuli with only somewhat tight size distribu-
tions. In the latter case, curvature was designed to specify annuli with 
an exact number of tiles, N, but because N was relatively large, tile 
insertion or omission required only a small deformation (per tile), 
which was easily accommodated by the tiles’ flexibility. However, 
it is common for natural proteins to homooligomerize into finite 
assemblies containing a definite number of subunits. These natu-
ral systems normally exhibit a closed point-group symmetry that 
constrains the number of subunits arranged around a principal axis 
of rotation2. Using such a symmetry we designed tile CZB12b11, 
which preferentially forms a tetrameric nanocage (Fig. 5a).  

Beginning with a Z-tile, we introduced an out-of-plane bend  
into the midpoint of each beam by inserting a 90°-angle 5-nucleo-
tide (AACUA) bulge from domain IIa of the internal ribosome 
entry site of the hepatitis C virus (HCV)57. Further, we arranged 
the pattern of bKL interactions (numeric labels in Fig. 5a) to render 
the tetramer D2 symmetric. This ensured that only even-numbered 
N-mers having DN/2 symmetry would be allowed and prevented the 
formation of C3- and C5-symmetric trimers and pentamers, which 
otherwise would be likely to form due to tile flexibility. The for-
mation of dimers and hexamers, although allowed by symmetry, 
should be unlikely due to the requirement of greater flexibility  
and tile distortion.

Beyond theoretical considerations of geometry and symmetry,  
experimental salt concentrations can profoundly affect self-assem-
bly: the formation of KL20 and the folding of the RNA tertiary 
structure58 are highly salt dependent. Therefore, we tested different 
annealing buffers to optimize nanocage assembly (Fig. 5b), and found 
that a buffer containing 100 mM Na+ and 0.3 mM Mg2+ (Fig. 5b,  
lane 3) gave the desired product in an excellent (>95%) yield. 
AFM (Fig. 5c) and cryo-EM (Fig. 5d) revealed square-shaped par-
ticles of uniform size. The structural model obtained by cryo-EM  
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each long beam yields a four-turn repeat unit without in-plane bending. Filaments could be mostly removed by filtering (e,f). g–k, Torsion and in-plane 
curvature combine to create helical nano-ramens in which the rails trace out a pair of Bertrand curves (space curves sharing normal lines; assuming bKLs 
are perfect T shapes, the strut provides a common normal to both rails). Designed using bp deletion and insertion on RZB14/25, tiles RZB13/24 and 
RZB15/26 form left-handed (h,i) and right-handed (j,k) nano-ramens, respectively. Scale bars, 100 nm.
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single-particle reconstruction (Fig. 5e,f) reveals that struts assume 
a tilt of ~10°, conferring an overall left-handed twist to the cage. 
Though a handful of RNA nanocages have been constructed 
using multiple tiles36,37 or using a single tile formed from multiple 
RNA strands59, ours is an example of the high-yield assembly of 
homooligomeric nanocages from only one strand of RNA.

Cotranscriptional assembly and cellular production. For all the 
structures described so far, tiles were first synthesized and purified 

from in  vitro transcription, and then self-assembled via anneal-
ing. The fact that the intramolecular folding of the RNA secondary 
structure (10–100 μs) proceeds several orders of magnitude faster60,61 
than both the tiles’ synthesis by RNA polymerase (~0.5 s at 200–
400 nucleotides s–1) and intermolecular assembly (half-life t1/2 = 10 s 
at 1 μM for the interacting parts of bKL, assuming bKL’s association 
kinetics are similar to those of KL with an association rate constant 
ka of 105 M–1 s–1 (ref. 62)) suggests that the assemblies should be able to 
form cotranscriptionally22,49 while the tiles are being enzymatically  
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synthesized at a constant temperature of 37 °C. Therefore, we tested 
the cotranscriptional assembly of two representative Z-tiles, LZB13 
and RZB14/25 (which, when annealed, form linear twisted lad-
ders and annuli, respectively). Indeed, cotranscriptional assembly 
produces distributions of structures qualitatively similar to those 
formed with annealing (Supplementary Fig. 44). The successful iso-
thermal cotranscriptional assembly of these tiles encouraged us to 
explore their expression and folding in the cells.

Figure 6 shows the gene that we constructed to express an RNA 
tile in bacterial cells. Its design involved addressing challenges not 
present for in vitro transcription. To enhance the in vivo RNA sta-
bility and to demonstrate the tile’s correct folding, we combined a 
basic Z-tile (similar to LZB13) with two other RNA folds—a tRNA 
scaffold63,64 and a Spinach aptamer65—to form a construct that we 
termed TSSP (a Z-tile within a tRNA scaffold bearing a Spinach 
aptamer) as shown in Fig. 6b,c. The unique fold of the tRNA scaf-
fold enables the artificial RNA construct to be precisely processed 
by cellular enzymes and to escape cellular RNases, leading to a bet-
ter stability and cellular accumulation. Spinach aptamer65, which 
folds into an elongated conformation66 and fluoresces only when 
binding its fluorophore 3,5-difluoro-4-hydroxybenzylidene imid-
azolinone (DFHBI), was fused to the anticodon stem of a tRNA67 to 
connect to the strut of the Z-tile via a well-structured 3WJ (ref. 68; 
from the Φ29 pRNA).

After transformation with a TSSP-expressing vector and treat-
ment with DFHBI, Escherichia coli cells became highly fluores-
cent (Fig. 6d). Because the Spinach aptamer sequence bookends 
both the 5′ and 3′ ends of the Z-tile domain, fluorescence served 
as an indicator of the complete synthesis of both the Spinach and 
Z-tile domain. Moreover, this result also indicated that the Spinach 
aptamer could fold correctly in  vivo when attached to a Z-tile 
domain. Further experiments confirmed the full-length synthesis 
of TSSP RNA and its competence for ladder assembly. Total cellu-
lar RNA was extracted and analysed by denaturing polyacrylamide 
gel electrophoresis (dPAGE), and a sharp band corresponding to 
full-length TSSP RNA (254 nucleotides long) was observed only 
for the cells transformed with the TSSP-expressing vector (Fig. 6e).  
Gel-purified TSSP RNA was then annealed in vitro and the expected 

long filaments were indeed assembled (Fig. 6f,g and Supplementary 
Figs. 45 and 46). Therefore, at least in the case of in vitro thermal 
annealing, the insertion of the Spinach/tRNA fusion does not dis-
turb the formation of ladders. Given the above lines of evidence, the 
correct in vivo folding of the TSSP tile and even the in vivo forma-
tion of ladders are very likely, but definitive proof may require either 
gentle, nondenaturing extraction of the ladders (which is likely to 
be more challenging than the extraction of the smaller RNA struc-
tures previously produced in  vivo69), or high-resolution cryo-EM 
tomography of thin bacterial cells70. Nonetheless, the tRNA scaffold 
overexpression approach is appropriate for the biological mass pro-
duction of bKL-based RNA tiles.

The bKL in RNA origami. A recently reported cotranscriptionally 
foldable RNA architecture—RNA origami22—derives its generality 
from the use of intramolecular 180° KLs and antiparallel 4WJs to 
organize RNA helices into parallel arrays. The paranemic cohesion 
provided by the KLs enables large RNA origami to be crafted from a 
single long strand. A major goal of RNA nanoarchitectures is to scaf-
fold patterns of proteins and small molecules via RNA protein-bind-
ing motifs or aptamers71. Yet the first version of RNA origami left 
unclear how functional RNA motifs could be introduced at arbitrary 
positions within a structure. Grafting 3WJs into helices provides one 
possibility, but the presence of crucial KLs makes this impossible 
for a large number of positions and orientations. The bKL provides 
a perfect solution to this problem: by introducing a geometrically 
well-defined branch exactly at the point of paranemic cohesion, the 
bKL enables the insertion of a functional motif without compromis-
ing the structural integrity of an RNA helix. Figure 7a demonstrates 
this principle in the case of the simplest RNA origami structure, 
a two-helix tile (DAE-bKL), designed to assemble into hexagonal 
lattices (Fig. 7b) via intramolecular 120° KLs. Replacement of a 
conventional KL with a bKL allows the precise positioning and ori-
entation of a protein-binding aptamer72 (F6, binding the MS2 viral 
coat protein) while maintaining the rigidity of the tile and its assem-
bly into a lattice. Liquid AFM (Fig. 7c and Supplementary Fig. 47) 
confirms the intended orientation of F6 aptamers, with three copies 
pointing inwards within each hexagonal cavity.
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DNA version of the bKL motif. Paranemic DNA motifs are less 
developed, essentially limited to the large and complex PX motif 
that joins two helices side-by-side50. Direct adaptation of HIV-1 DIS 
KL (with its 2A-6N-1A sequence) to DNA was previously reported, 
but this KL adopts a ‘peculiar’ configuration73 that does not general-
ize to other sequences. Thus, it is of interest to expand the vocab-
ulary of DNA paranemic motifs. By considering the differences 
between A-form RNA and B-form DNA helices, we have been able 
to adapt the bKL from RNA to DNA with only minor modifications 
(Fig. 7d). As in the case of RNA bKL, we fused an extra helix to 
one hairpin loop to create a branch; paranemic cohesion was again 
provided by Watson–Crick bps between a 6-nucleotide bulge (with 
a sequence of 6N) and a 6-nucleotide region of a 9-nucleotide hair-
pin loop (with a sequence of 3A-6N). For the DNA bKL, the three 
unpaired nucleotides (dAs) in the loop are all positioned on the 5′ 
side of the kissing region and serve as a linker to return the strand 
from the kissing region to the stem across the major groove because 
the major groove of B-DNA (22 Å) is wider than that of A-RNA 
(16 Å). Assuming coaxial stacking similar to that in an RNA bKL, 
we modelled the DNA bKL as contributing the same twist as a stan-
dard 6-bp B-form DNA helix. Accordingly, a one-stranded C-tile 

containing two 15-bp beams (dLCB15) was designed (Fig. 7e)  
and assembled into a ladder having no apparent twist (Fig. 7f and 
Supplementary Fig. 48).

Conclusions
Though artificially designed via motif fusion, our 6-bp bKL closely 
resembles a number of naturally occurring bulge–loop kissing 
interactions in biological RNAs. Prominently, a 4-bp bKL formed 
by the Φ29 pRNA74 has been used to construct various synthetic 
structures37–39,69. However, its short length is a potential disadvan-
tage compared to the 6-bp bKL, both thermodynamically (hav-
ing a smaller binding energy) and combinatorially (supporting an 
order of magnitude fewer orthogonal binding interactions). Besides 
naturally occurring bKLs, in vitro selection has generated aptam-
ers that form bKLs with hairpin loops in HCV mRNA75,76. Natural 
and selected bKLs suggest that there is a huge space of bKLs, with 
different properties, left to be studied. For instance, both the num-
ber and position of unpaired nucleotides within the bulge and loop 
should profoundly impact tile flexibility and interhelical angle. 
Similarly, the number and sequence of bps within the kissing helix 
will dictate the thermodynamics and kinetics of bKL interactions. 
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Moreover, practical biomedical applications will require a systematic  
investigation of the physicochemical properties of bKL-based  
structures (for example in  vivo stability, recently measured for  
RNA KL-based fibres49).

With respect to existing practices in DNA and RNA nanotech-
nology, we expect that bKLs will have important implications at 
the architectural level. Above, we demonstrated bKLs as a method 
for introducing a branch to augment RNA origami tiles with an 
aptamer. More generally, the bKL will provide an alternative for 
branching RNA and DNA structures into the third dimension, 
especially in large ssRNA and ssDNA origami35. Currently, branches 
in ssRNA and ssDNA origami are mediated by multi-WJs, which 
often restrict the complexity of strand paths (that is, the routing of 
the single strand through a structure) that can be designed without 
introducing topological problems and concomitant kinetic traps. 
Use of bKLs will greatly increase the number of available strand 
paths and enable designs that achieve more local folding and conse-
quently higher yields.

The goal of this work was to explore the structural diversity 
enabled by homooligomerization of bKL-based tiles. However, still 
higher structural complexity could be realized by a system com-
prising many different tiles, similar to that achieved using DNA 
bricks77,78. One interesting application of such multi-tile systems 
would be to construct arbitrary space curves. Current approaches to 
curvature and torsion in 2D (ref. 79) and 3D (refs. 80,81) DNA origami 
work by changing the number of bps between crossovers to produce 
a deviation from the periodicity of an ideal B-form helix; desired 
curvature and torsion are generated by tuning the release and bal-
ancing of strain. Similar principles will also hold for bKL-based tiles, 
but recalibration will be required to account for the replacement 
of crossovers with struts. We envision that a library of bKL-based 

tiles of known curvature and torsion could be built, so that arbitrary 
space curves could be readily designed and assembled in a modular 
fashion. Multi-tile systems also enable control over assembly size. 
Perfect size control is straightforward for designs in which each 
tile appears only once at a unique position77,78, but this approach 
is expensive. For the types of linear systems presented here, whose 
assembly is best modelled by step-growth polymerization82, effec-
tive control of size distribution can be realized using inexpensive 
two-tile systems by adjusting the ratio of two bifunctional mono-
mers, or adding a monofunctional cap (Supplementary Fig. 49). 
Overall, our explorations of the bKL motif have barely scratched the 
surface of what it could enable—we anticipate that it will open up 
entirely new avenues for the engineering of nucleic acids.

Methods
RNA sequence design and preparation. Sequences were designed via sequence 
symmetry minimization83 using CANADA84 and verified by Mfold85 to ensure that 
each designed RNA folds into the desired secondary structure (see Supplementary 
Figs. 2–5 for sequences and predicted secondary structures, prepared with the 
assistance of VARNA86). Corresponding DNA template sequences are listed 
in Supplementary Tables 1 and 2. For all tiles except DAE-bKL, the first two 
nucleotides of reverse PCR primers were modified with a 2′-OMe group to 
reduce the 3′ transcriptional heterogeneity87. RNAs were synthesized by in vitro 
transcription using the HiScribe T7 High Yield RNA Synthesis Kit (NEB) with 
the corresponding DNA templates generated by PCR amplification of the gBlocks 
fragments (IDT) using the Q5 Hot Start High-Fidelity DNA Polymerase (NEB). 
Except where cotranscriptionally folded, RNAs were purified by dPAGE, ethanol 
precipitated and suspended in pure water.

RNA nanostructure assembly. Before assembly, RNAs were denatured at 90 °C for 
1 min and snap-cooled on ice. For the assembly, unless stated otherwise, RNAs were 
diluted to 600 nM in ×1 TAE–Mg buffer (11 mM MgCl2, 40 mM Tris, 20 mM acetic 
acid and 1 mM EDTA at pH 8.0) and annealed from 70 °C to 4 °C in three stages: 
70 °C to 50 °C over 6 min, 50 °C to 37 °C over 20 min and 37 °C to 4 °C over 2 h.  
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For CZB12b11 nanocages, buffer composition was optimized by varying the 
ratios of ×10 TAE–Mg buffer and 1 M NaCl, and yield was maximized at 0.3 mM 
Mg2+ and 100 mM Na+ as estimated by 4% native PAGE (in ×0.5 TBE buffer 
supplemented by 3 mM of MgCl2, ice-bath cooled).

Cellular production and fluorescence characterization of TSSP. The gene 
expressing TSSP (Supplementary Table 3) was cloned into the BamHI + SphI 
restriction sites of vector pUC19 and transformed into DH5α competent cells. 
Cells were grown overnight in fresh lysogeny broth medium containing 50 µg ml–1 
ampicillin at 37 °C to an optical density measured at a wavelength of 600 nm 
(OD600nm) of ~0.6–0.8. Total RNA was prepared by phenol/chloroform/isoamyl 
alcohol extraction. For in vitro assembly, TSSP RNA was purified by dPAGE. 
Fluorescence characterization was performed on intact bacterial cells in the 
presence of 20 µM DFHBI, synthesized according to a published method65, with 
spectroscopy obtained by a Synergy H4 Hybrid Microplate Reader (BioTek) and 
photography obtained in the darkroom of an EC3 bioimaging system (UVP).

DNA preparation. Tile dLCB15 was synthesized via splinted DNA ligation from 
two precursor strands by hybridization with a splint strand (Supplementary Table 4)  
using T4 DNA ligase (NEB). The full-length DNA was purified by dPAGE, and 
refolded via annealing similar to the RNA tiles.

AFM imaging. If not specified otherwise, AFM images were obtained by the dry 
mode due to its convenience and the smaller amount of damage caused by the 
probe tips. However, liquid AFM provides better resolution and was used to obtain 
Fig. 7c and Supplementary Figs. 25 and 28. Sample preparation for dry AFM was 
as follows: (1) we diluted the annealing mixtures ten times with ×1 TAE–Mg 
buffer, (2) deposited 5 µl onto a freshly cleaved mica (Ted Pella) to adsorb for 
1 min, (3) dried the specimen with compressed air, (4) rinsed it with 20 µl of 2 mM 
Mg(OAc)2 and (5) dried the specimen with compressed air again. Images were 
acquired on a Multimode 8 AFM in the ‘ScanAsyst in Air’ mode using ScanAsyst-
Air probes (Bruker). For liquid AFM, sample preparation was similar to that of 
dry AFM except that, after sample deposition, 30 µl of imaging buffer (10 mM 
NiCl2 and 10 mM Tris–HCl at pH 8.0) was added onto the mica. Images were 
obtained in liquid tapping mode using tip A of SNL-10 probes (Bruker). Based 
on the stability study of a model heterodimer system (Supplementary Fig. 50), all 
structures are expected to be stable at room temperature, at which AFM sample 
preparation and imaging were performed. Images were processed and prepared 
with Gwyddion.

Cryo-EM imaging and single-particle reconstruction. For all structures  
except the CZB12b11 nanocages, the annealing mixture containing 600 nM 
RNA tiles was directly used for grid preparation. For the CZB12b11 nanocages, 
the mixture was concentrated ten times with an Amicon Ultra centrifugal filter 
(molecular weight cut-off, 30 kDa). Next, 3 µl of solution was applied onto 
a glow-discharged C-flat holey carbon grid (product CF-1.2/1.3-4C; EMS), 
blotted for 5.5 s and immediately flash frozen by liquid-nitrogen-cooled liquid 
ethane with a Cryoplunge 3 System (GATAN). Images were collected on a JEOL 
3200FS transmission electron microscope (300 kV) equipped with a K2 Summit 
camera (GATAN) under low-dose mode. For the structures without single-
particle reconstruction, images were recorded at ×12,000 or ×25,000 microscope 
magnification with the defocus ranging from about −3.0 to −5.0 µm. For  
single-particle reconstruction of CZB12b11 nanocages, images were recorded  
at ×25,000 microscope magnification with the defocus ranging from  
about −1.0 to −4.0 µm.

Single-particle reconstruction was performed using EMAN288, and 598 
particles were used to generate reference-free class averages to build the initial 
model. Refinement was conducted with the full set of 1,440 particles. Resolution 
of the resulting density map was estimated to be 18.1 Å using the gold-standard 
FSC = 0.143 criterion, without applying any mask. The reconstructed model was 
visualized by UCSF Chimera89.
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