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Abstract

Designing self-assembling RNA ring structures based on known 3D structural elements connected
via linker helices is a challenging task due to the immense number of motif combinations, many of
which do not lead to ring-closure. We describe an /n sifico solution to this design problem by
combinatorial assembly of RNA 3-way junctions, bulges, and kissing loops, and tabulating the
cases that lead to ring formation. The solutions found are made available in the form of a web-
accessible Ring Catalog. As an example of a potential use of this resource, we chose a predicted
RNA square structure consisting of five RNA strands and demonstrate experimentally that the self-
assembly of those five strands leads to the formation of a square-like complex. This is a
demonstration of a novel “design by catalog” approach to RNA nano-structure generation. The
URL https://rnajunction.ncifcrf.gov/ringdb can be used to access the resource.
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1. Introduction

Self-assembling RNA nanostructures can be designed using the tectonics approach of
utilizing known 3D structural motifs, and brought into a new molecular context by
connecting them via linker helices [1]. Due to their geometry, modularity, and function,
RNA motifs can be employed as building blocks towards designing new structures.
Examples of such a building-block approach are the design of the RNA tecto-square [2], the
antiprism [3] and the hexameric ring [4]. Moreover, some nanoconstructs were used as
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scaffolds to create RNA nanoparticles (NP) with different applications by attaching various
RNA functional moieties to the scaffolds [5]. Such functional units included fluorescent
tags, aptamers, and individual siRNAs targeting particular genes, or multiple siRNAs for
combinatorial RNA interference and enhanced synergistic effect [6]. Designed RNA
nanoparticles were successfully tested /n vitro and /n vivo, and proved to silence effectively
in cell cultures and /n vivo. The functionalized RNA nanoparticles have potential for
targeted therapies and other biomedical applications [7-21].

This research highlights the question of what constitutes an “RNA motif”. Frequently, RNA
structural elements are called motifs if they are modular and recurrent [22,23]. Note,
however, that by connecting structural elements via relatively long linker helices, as is the
case for many of the generated ring structures, the structural elements are stabilized, so that
the requirement for modularity and re-occurrence is lower. Furthermore, some RNA
nanoconstructs, such as the RNA cube [24,25], do not make use of known structural
elements, but in a way can be considered as “RNA origami” that employ sequence
complementarity for assuring self-assembly and tensegrity for ensuring structural rigidity
[24]. 1t has been noted before, that designing RNA structures with geometries of rings or
cages is far from trivial [26]. One can view it as the molecular equivalent of being asked to
build a house using strangely shaped bricks containing odd angles. Most combinations of 3D
motifs will not lead to closed rings. One variable that the designer has is to introduce
connecting linker helices such that ring-closure is improved. The optimal length of such
linker helices can be found using a combinatorial search that iterates through all linker helix
length combinations. Frequently, even such a combinatorial search for the best linker helix
length combinations will, for a given set of 3D motifs, not lead to ring closure. In other
words, if one is being tasked to design an RNA ring structure using 3D maotifs, it is not
immediately obvious which combination of motifs and connecting linker helices will lead to
the best ring closure. One approach to the “ring-closure problem” is to utilize idealized
motifs that correspond to a closed ring-structure, perform molecular dynamics on motifs,
and identify in the simulation trajectory structural candidates of motifs that are similar to the
idealized motifs corresponding to ring-closure [27]. The success of that approach
demonstrates that the structural flexibility inherent in some RNA motifs may allow for ring
closure even if the static motif structures extracted from the experimentally determined atom
coordinate data do not appear to correspond to precisely closed rings [27]. In the case of the
phi29 DNA packaging RNA, Guo and coworkers demonstrated the use of different motif
combinations that lead to the formation of different trimer, tetramer, pentamer, hexamer and
heptamer RNA nanoparticles [17,28-31].

Here, we present a solution to this ring-design problem, by performing extensive
combinatorial searches for ring structures among motif combinations and tabulating these
found ring structures. This tabulation is made web-accessible in the form of the Ring
Catalog. We show, using the example of an RNA square, how this catalog can be a useful
starting point for identifying RNA scaffolds that form the foundation for designed ring-like
RNA nanoconstructs.

NanoTiler is a Java-based multifunctional software capable of creating various such RNA-
based nanoconstructs [32]. One of its algorithms (called JunctionScanner) can parse
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structures from the PDB database, extract RNA structural elements (such as junctions,
kissing hairpin loops, internal loops/bulges) and employ them for creating new RNA
structures. Applying JunctionScanner to the PDB database has led to the RNAJunction
database, which to date comprises more than 13,000 multi-way junctions, internal loops/
bulges, and kissing loops [33]. NanoTiler can perform combinatorial searches for ring-like
constructs of various sizes employing the RNA motifs established in the RNAJunction
Database.

2. Methods and materials

2.1. Generation of the Ring Catalog

2.1.1. Choice of motifs—In order to reduce the computational complexity, as well as
the redundancy of the data, a subset of motifs was chosen. Chosen motifs have the property
of being “cluster representatives” of the RNAJunction database. A motif cluster in the sense
of the RNAJunction database is a set of motifs with the same sequence and NC-lUBMB
nomenclature notation [34]. The database also provides a definition of a motif that is chosen
to represent a cluster (called cluster representative). In other words, representatives of
different clusters cannot have identical sequences and NC-IUBMB nomenclatures. Choosing
a set of cluster representatives is thus a way to obtain a non-redundant subset of all motifs.
The chosen motifs to generate ring-like structures were 3-way junctions, internal loops/
bulges and kissing loops. This choice represents a trade-off of comprehensiveness while
avoiding a “combinatorial explosion” of the motif combinations that have to be searched.

2.1.2. Generation of Ring structures—The NanoTiler program suite was used to
collect the above-mentioned motifs and to perform a combinatorial search for ring-like
structures. Its “growscan” command utilizes all combinations of the loaded motifs and
iteratively places them with different lengths of connecting helices into different topologies.
The potential ring structures are automatically recognized and written to the file system,
provided that a computed quality score is below a defined threshold. The structures in the
Ring Catalog were generated with the command growscan --ring-export-limit 15 --loaded 1.

For the case of constructs consisting of two different motifs, the additional option “--loaded
2” was used to ensure that the ring-search is only performed for cases where exactly two
motifs have been successfully imported. Note that all combinations of connectivities are
examined. In other words, if two motifs are loaded, the system will attempt to find rings
utilizing the first motif alone, the second motif alone, and rings consisting of both motifs.

Each ring structure is scored by the quality of the ring closure. The details of the ring-
closure score have been described previously. This score is zero for a perfectly closing ring
structure and is greater than zero for imperfect ring-closure [32]. The chosen empirical value
of 15 as the maximally allowed ring-closure score is a compromise between requiring steric
feasibility and allowing for molecular flexibility in order to find viable solutions. The only
inputs are RNA 3D motifs extracted from the PDB databank and idealized RNA helix
parameters for interpolating linker helices.
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2.1.3. Topology classification—The utilized ring-search approach of combinatorially
“growing” structures, starting from one or two motifs until ring structures are attained,
implies that the structures found can correspond to rings with different sizes and motif
connectivities. This can lead to the potential challenge of categorizing the resulting
structures in a meaningful way. Classifying structures is a non-trivial classical problem in
the field of computational chemistry. We provide a solution to the nucleic acid nanostructure
topology classification problem by utilizing existing computational chemistry software for
classifying organic molecules. As depicted in Fig. 1, a nucleic acid nanostructure can be
converted to a “pseudo-molecule” by identifying the structural motifs as “pseudo-atoms”
and the connecting helices as “bonds”. The resulting pseudo-molecules can then be
classified using existing computational chemistry approaches. NanoTiler utilizes the “tra”
program developed by Faulon and co-workers, which computes molecular descriptors for a
given chemical structure of an organic molecule [35-38]. Unlike other molecular descriptor
systems described in the literature, these molecular descriptors are not “colliding”, in other
words two different molecular structures do not lead to the same descriptor. This approach
can thus be used for classifying potentially complicated nucleic acid nanostructures that
consist of motifs connected by linker helices.

Post-processing of Ring-structures

The structures generated by the combinatorial ring-search algorithms have to be post-
processed in order to obtain the RNA sequences able to assemble experimentally. The
NanoTiler program suite was used to perform the following steps (also shown schematically
in Fig. 2):

1 Use a combination of fusing and splitting sequence fragments until a desired
strand connectivity of the 3D molecular model is attained. The resulting
molecular complexes should be connected via kissing loops or toeholds. If the
structure assembles via loop-loop interactions, the sequence nicks should be
placed preferably in positions that do not disturb the interacting motifs’ tertiary
structures. Another consideration is to place nicks such that potential future
extensions of strand ends at the nick site do not lead to steric clashes.

2. Subject the nucleic acid sequences to computational sequence optimization. We
utilized the NanoFolder web server for this step [39]. This involves preparing a
text description of a target secondary structure. The target secondary structure
descriptor should take into consideration that linker helices are subject to the
optimization process, while the sequence regions corresponding to the connected
structural motifs remain unchanged.

3. Optionally, the obtained optimized sequences can be used to update the 3D
molecular model by “mutating” (“remodeling”) the computational 3D structure
accordingly. This 3D model can then be further refined; molecular mechanics
minimization was performed with the Tinker 7.1 software and the Amber ff99
force field [40,41].
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2.3. Motif used for experimentally verified structure

A square-like RNA ring structure was chosen from the Ring Catalog in order to verify its
assembly process experimentally. This structure has been post-processed as described in
Section 2.2. This ring structure consists of 4 copies of a 3-way junction motif. The 3-way
junction was previously extracted using the JunctionScanner program from the crystal
structure of the large ribosomal subunit (PDB ID 20GM) and deposited in the RNAJunction
database with the accession number 12316. The corresponding nucleotides are labeled in the
PDB file as 2073-2076, 2179-2183, and 2202-2208.

2.4. Experimental assembly of the RNA nanoconstruct

In order to test that the predicted NanoTiler structures assemble /n vitro, a square
nanoconstruct was chosen to be investigated experimentally. Due to cost efficiency, the RNA
strands were synthesized enzymatically from the corresponding PCR amplified DNA
templates. The DNA templates were designed to have an additional 20 nucleotides
corresponding to the T7 RNA polymerase promoter region [42]. The ssDNA template, the
forward and the reverse primer sequences were automatically generated with the help of the
publicly available website (http://rna.bgsu.edu/oldwebsite/rnatodna.html) from the input
RNA sequences. The DNA oligos were purchased from IDT and PCR amplified on a T100
Thermal Cycler (Bio-Rad) using MyTag. The amplified DNA was purified and concentrated
with the DNA Clean & Concentrator Kits (Zymo Research). PCRed products were
confirmed with 1.5% agarose gels containing Ethidium Bromide. The transcription of RNA
strands was performed at 37° for 4 h with T7 RNA polymerase, followed by RNA
purification on 8% polyacrylamide (Acrylamide: Bis-Acrylamide 37.5:1), 8 M urea
denaturing gels. The RNA recovery from the gel slices was done overnight at 4 °C in 300
mM NaCl, 10 mM Tris, 0.5 mM EDTA (pH 7.5) elution buffer, followed by ethanol
precipitation with 100% ethanol and two washes with 90% ethanol. The precipitated RNAs
were vacuum-dried and dissolved in Tris-EDTA buffer or double-deionized water.
Equimolar amounts of strands were assembled at 45 °C for 30 min, preceded by a 2 min at
95 step to allow any secondary structure to unfold. Assembly of the nanoconstruct was
performed in 89 mM Trishorate buffer (pH 8.3) containing 2 mM Mg++ and 50 mM K*,
according to protocols described previously [24]. Assembled constructs were analyzed with
8% polyacrylamide (Acrylamide/Bis-acrylamide 37.5:1) non-denaturing gels (native PAGE)
containing either 2 mM or 4 mM Mg++. The samples were loaded with a loading buffer
containing either 2 mM or 4 mM Mg++, 0.01% Xylene cyanol, 0.01% Bromphenol blue and
50% Glycerol. The formation of assembled constructs was visualized with Ethidium
Bromide total-staining on FMBIO Il Scanner (Hitachi) (For a schematic of the experimental
procedure steps, see Fig. 3).

3. Results

3.1. Ring Catalog

The results of the combinatorial search for ring structures among combinations of kissing-
loops, bulges and junctions are made available in the form of web-accessible HTML pages,
with images and information about each potential ring structure. At the top level, structures
are classified by the types of used 3D structural elements. The number of identified ring
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structures is shown in Table 1. Screenshots of the Ring Catalog can be seen in Fig. 4. It
needs to be emphasized again that the provided structural models are not refined and their
sequences are not optimized. Instead, the provided structures are intended to be a starting
point for further optimization and refinement. The additional steps required to obtain RNA
sequences that lead to self-assembling strands are described in the next section.

3.2. Post-processing of Ring structures

The structures provided by the Ring Catalog consist of 3D RNA motifs linked by helices.
The structures are, however, not “fused”, nor are their sequences optimized and additional
processing of the sequences has to be performed. For the square structure tested
experimentally (shown in Fig. 5), the following post-processing steps were performed:

1 Ring-closure of the found ring structures was optimized using the NanoTiler
“ringfix” script. The underlying algorithm introduces slight twists and bends to
the helices that are connecting the motifs. In other words, helical parameters are
modified in order to optimize the ring-closure score;

2. Sequence fragments corresponding to 3D structural elements and linker helices
were computationally concatenated using the NanoTiler “ringfuse” script. The
algorithm generates a suggested set of strand nicks corresponding to toeholds
lengths of 10 nucleotides [32];

3. Sequence “GGGAAA” or variants, required for the transcription initiation, were
computationally concatenated to the 5” end [43];

4, Sequences were optimized using the NanoFolder web server;

5. The obtained sequences were used to generate a new 3D model via in silico 3D
“mutations” applied to the 3D model generated in step 1. Note that the
“GGGAAA” sequence motifs at the 50 end of the RNA sequences are designed
to be single-stranded and were not included in the 3D model;

6. The 3D model was further refined using energy minimization via the Tinker
software.

The sequences of all RNA strands used for the experimentally tested square construct are
provided in Table 2. We also developed a Galaxy front-end for these post-processing steps;
however, this will be described in a separate publication.

3.3. Results of experimental assemblies

The strands required for the assembly of the square construct were produced enzymatically,
assembled in Mg-containing Tris-Borate buffer, and visualized with native-PAGE (shown in
Fig. 6). Note that the buffer Mg++ concentration is 2 mM for lanes 1-10 and 4 mM for lane
11. Increasing size complexes were observed as the number of strands added to the assembly
was increased. Native-PAGE lanes 1 and 2 represent the band for a single strand, strand A
(47 nucleotides), and strand E (58 nucleotides) respectively. Their electrophoretic mobilities
reflect the difference in their sizes. Lanes 3—4 illustrate the formation of the dimer (strands A
and B and strands A and E), trimer (strands A, B, and C, and strands A, B, and E in lanes 5-
6) and tetramer (strands A, B, C, and D, lane 7). The formation of the pentamer, and thus of
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the entire square complex, is shown in lanes 8-11, for which all strands (A through E) were
assembled in a single reaction (lane 8: 37 °C, lane 9: 45 °C, lane 10: 55 °C (2 mM Mg), lane
11: 55 °C (4 mM Mg)). At 55 °C and 4 mM Mg concentration (lane 11), the square
assemble cooperatively, and no residual monomer, dimer, trimer or tetramer is observed.

4. Discussion

Interestingly, the published self-assembling RNA ring structures are mostly designed
synthetic RNA constructs [2,44,45]. Symmetric self-assembling RNA structures do not
appear to be very common in nature. Indeed, Cayrol et al. state: “Natural RNAs, unlike
many proteins, have never been reported to form extended nanostructures, despite their wide
variety of cellular functions.”[46] An example of a natural self-assembling structure where
RNA self-assembles in conjunction with a protein is the ToxIN type Il system [47]. This is
a symmetric trimeric bacterial system, where a potentially toxic protein is inhibited by an
RNA antitoxin inhibitor. Another example of a naturally occurring RNA multimer is the
hexameric phi29 DNA packaging motor [48].

A particularly interesting case that connects our approach to a published RNA ring structure
is the RNA nanotriangle [45]. This RNA nanostructure was obtained by utilizing an internal
loop motif that was part of a previously solved crystal structure [49]. By using the same
RNA 3D motif as an input for our computational pipeline, a ring structure with 3-base pair
long linker helices is generated (corresponding to 11 base pairs per side). The found
structure has the same number of base pairs as the published nanotriangle. The involved
computational processing steps are shown in Fig. 2. The output ring structure corresponds to
the experimentally determined ring structure (shown in green in Fig. 2). Intriguingly, we find
yet another ring structure where the linker helix consists of only two base pairs
(corresponding to only 10 base pairs per side). This even smaller ring structure corresponds,
according to the computer model, to a better ring closure compared to the slightly larger
version. The published nanotriangle is not part of the Ring Catalog for two reasons: first, it
is based on a motif that is part of a structure released in 2013, after the establishment of the
underlying motif data set. Secondly, our default ring search score cutoff is more
“restrictive”, thus requiring better ring closure of the initial solution, and less helical strain
of the closed ring. It is encouraging that the nanotriangle structure corresponding to a more
permissive ring closure was successfully demonstrated to form experimentally, revealing that
the Ring Catalog can be expanded to allow for more permissive ring closures.

It has been noticed that to design ring-like structures from RNA motifs, for example a
square, is not at all trivial, because many combinations of the chosen motif set do not
correspond to closed ring structures [26]. Indeed, the ring design problem can be viewed as a
form of the inverse problem: In an inverse problem — in the mathematical sense — the
observations are given, but the causal factors that contribute to the observations are unknown
and are yet to be determined. Similarly, for the ring-design problem, we may know what we
want to design, i.e. a square-like structure, but do not know initially which combination of
motifs lead to the target structure. Furthermore, the inverse problem is ///-posed, because it
violates all three 3 conditions of a wel/-posed problem. According to Jacques Hadamard, a
well-posed problem should have the properties that (i) a solution exists, (ii) the solution is
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unique, and (iii) the solution changes in a continuous fashion as a function of the initial
conditions [50]. In contrast, for a given set of motifs and linker helices, there are target RNA
structures not attainable, in other words no solution exists. As we show in the form of the
Ring Catalog, there are many different motif combinations that lead to similar structures
with the same topology — in other words condition (ii) of unique solutions of well-posed
problems is violated. The choice of motifs and linker helices is also an inherently discrete
optimization problem, thus violating condition (iii) of well-posed problems.

A general solution for the inverse “ring design” problem (what motifs are necessary to
obtain a target structure) is to reverse the problem into a “forward” approach (“what
nanostructures can be obtained given a set of motifs”). Solutions to the “forward” version of
the design problem can be tabulated. These tabulated solutions can then be used as a look-up
table for solving the more difficult original problem of creating a target 3D structure.
Providing a catalog of “motif-feasible” RNA nanostructures in order to facilitate their design
is a novel paradigm. The provided Ring Catalog is, to our knowledge, a first instance of such
a tabulation of RNA nanostructures. It should be noted that such searches are never fully
exhaustive because more motifs can be added, more combinations of motifs can be allowed,
and the quality score cut-offs can be made more permissive. Also, the presented workflow is
the reverse of the more common paradigm of starting with RNA sequences, then predicting
their corresponding secondary and 3D structure. Instead, one starts with a chosen 3D
scaffold from the Ring Catalog (which determines its secondary structure) and determines
RNA sequences using sequence optimization. Note that the connecting helices contain
placeholder sequences, consisting of consecutive Gs or Cs. Such consecutive repetitive
nucleotide sequences may lead to transcription or folding ambiguities. In other words,
before attempting to assemble the structures, one should apply sequence optimization.

By identifying motifs with “pseudo-atoms” and linker helices with “bonds”, we are able to
classify these nanoconstructs in a consistent fashion using established methods of
computational chemistry [32,38]. More recently, a similar strategy has been applied to the
design of RNA and DNA super-lattices [32,51]. The illustrated example of a ring-like
structure generated by NanoTiler and deposited into the Ring Catalog is of a planar square.
This construct is composed of five chains which constitute 3-way junctions at the corners
(Fig. 5a). This 3-way junction was extracted by JunctionScanner from the crystal structure
of the large ribosomal subunit of Deinococcus radiodurans, PDB file 20GM [52], and then
deposited in the RNAJunction database. This junction (Fig. 5¢) is composed of three strands:
nucleotides 2073-2076, 2179-2183 and 2202-2208, including the flanking Watson-Crick
base pairs. The junction gives rise to helical structural elements which form approximately
90° angles between their axes.

The four strands that constitute the sides of the square are 47 nucleotides in length (shown as
yellow, blue, red, and green strands in Fig. 5b) and are here referred to as “side strands”.
Each side-strand is forming intermolecular interactions with two other side strands. A 58-
nucleotide long “core” strand (colored purple in Fig. 5b) ties the structure together by
forming base pairs with all four side strands. We tested experimentally the assembly of one,
two, three, four and all five RNA strands. Native PAGE of the /n vitro assemblies clearly
shows the formation of the monomer, dimer, trimer, tetramer and the pentamer — which is

Methods. Author manuscript; available in PMC 2019 January 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parlea et al.

Page 9

the entire construct (See Fig. 6). This demonstrates that the Ring Catalog can be used as a
resource to design and characterize a plethora of RNA ring nanostructures. These
nanoconstructs can be functionalized to generate RNA Nanoparticles (NPs) with a variety of
therapeutic and biomedical applications.

5. Conclusion

In this work, we described a novel tabulation of computer-generated RNA nanoscale ring
structures that utilize motifs connected by linker helices. Using the example of an RNA
square consisting of 5 strands, we provide experimental results that show that this catalog of
ring structures can be a starting point for RNA nanostructure designs and can be the
foundation of a design-by-catalog approach.
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Fig. 1.

Creation of a topology descriptor for a given RNA structure. As an example, a ring structure
consisting of three kissing loops connected by three 3-way junctions is shown (a). This
structure is converted to a graph (b) with vertices representing motifs and edges representing
helical connections between motifs. Next, the motifs are converted to pseudo-atoms such
that the valency of the pseudo-atoms is equal to the number of helices emanating from each
motif (c). The resulting pseudo-molecule is then converted into a molecular descriptor using
computational chemistry software (d). This topology descriptor describes the molecular
connectivity as a directed acyclic graph [38]. The parentheses correspond to the recursion
inherent in the graph traversal. While the descriptor may not be optimal for human
readability, it has the advantage that different topologies will lead to different descriptors and
is thus well suited for grouping a set of molecular structures. The corresponding non-
hydrogen pseudo-atoms in (c) and (d) are colored alike in order to show one possible way to
traverse the connectivity graph in order to arrive at the molecular descriptor. In this example,
the descriptor can be interpreted that the pseudo-molecule consists of a (pseudo) S atom
(light-blue), that is connected to two N pseudo-atoms (red and orange), which are in turn
each connected to H and S pseudo-atoms. The notation [n_,1] in the molecular descriptor
(grey) indicates that one pseudo “N” atom (representing a 3-way junction) is referred to
twice in the directed acyclic graph, thus indicating a cyclical structure.

Methods. Author manuscript; available in PMC 2019 January 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Parlea et al.

Extraction

Page 13

Source Structure

Motif

(!

— &%
/l\@%@%

-~ Post- m
Processing \Q Rlng Closure
=

@%29 @;@ @m@@

Optimize
Strand Nicks

Nanotriangle

Fig. 2.

Dgpiction of the processing steps for generating an RNA ring structure. Preprocessing
involves extracting from RNA structures those motifs that are intended to be used for the
combinatorial search. The Search phase involves iterating through all motifs and motif
connectivities, while storing found ring structures. The post-processing phase entails
determining toeholds, start sequences, strand nicks and optimized sequences for the found
ring structures, followed by a refinement of the 3D model. Depicted is the example of the
recently published nanotriangle (shown in green, adapted from PDB structure 5CNR). The
nanotriangle structure, as well as the shown motif search example, are based on the internal
loop motif extracted from source structure 4PHY. A ring search results in structures
connected by linker helices with lengths of 2, 3 and 13 base pairs. The ring structure with 3-
base pair linker helix corresponds to the 5CNR published nanotriangle structure. The ring
structures initially found by our algorithm contain a structural gap due to imperfect ring
closure. In the post-processing stage, the gap is reduced by distributing the helical strain
among all linker helices. The strand nicks are redefined as well. Sequence optimization
needs to be performed to obtain improved RNA sequences for experimental testing.
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Fig. 3.
Workflow for experimental generation of self-assembling RNA nanostructures. The DNA

templates are PCR-amplified and purified before transcription. These steps are validated on
1% agarose gels. Transcription of DNA into RNA strands is performed at 37 °C. Transcribed
RNA strands are purified on 8% Acrylamide 8 M Urea gels, the RNAs eluted overnight from
the gel bands, and alcohol-precipitated. The square constructs are assembled at 45 °C,
according to the protocol described in “Methods and Materials”. Characterization of the
nanoconstructs can be performed through various methods, such as Native PAGE or
microscopy.
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Fig. 4.

‘Back to main page.

Screenshots of the Ring Catalog web resource. (a) Screenshot of the list of topologies found
for rings consisting of one type of internal loop or bulge. (b) Screenshot of the list of found

ring structures consisting of one type of internal loop/bulge forming a pentagon-like

structure. (c) Screenshot of the list of found rings structures consisting of four copies of one
type of internal loop/bulge. The tables shown in (b) and (c) provide for each ring structure
information about the involved motifs (“Motif 17, “Motif 2”), the utilized connectivity rule
(“Descriptor™), a downloadable 3D structure model (link “Structure” for the unoptimized

ring structure and “Structure without linkers” for a structure without linker helices),
snapshots of the structures (“Image”), and a ring-closure quality score (“Score”). The

“Descriptor” is a five-number encoding of the connectivity rule used for the ring-assembly
algorithm: it contains information about the utilized motifs (first two numbers), motif helices
(third and fourth number) and linker helix length (5th number).
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Fig. 5.

The planar square nanoconstruct. (a) The square colored by motifs (helices, 3-way
junctions); Blue-3-way junctions; Grey: helical structural elements connecting the 3-way
junctions, acting as struts to hold and position the structural elements. The length of the
helix connectors was determined by a combinatorial search for ring-structures. (b) The
squared colored by comprising RNA strands. A “side RNA strand” (shown in (b) in blue,
red, yellow and green) interacts with 2 adjacent side strands and the “core” strand (shown in
purple). The core strand interacts with all the 4 side strands, thus ensuring the consolidation
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of the complex. (c) 3D structure of the 3-way junction employed to design the square
construct. The junction was extracted from a crystal structure of the large ribosomal subunit
(PDB file 20GM). (d) 2D schematic representation of the 3-way junction. The base pairing
between nucleotides are depicted with symbols according to the Leontis-Westhof base
pairing classification as shown in the legend [53]. (e) Secondary structure diagram (as
predicted by the NanoFolder program) of the RNA square with a color-coding that is the
same as in Table 2, Fig. 5b and Fig. 6 [39]. Not shown are 50 single-stranded start-sequence
motifs (sequence GGGAAA, see Table 2).
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Fogrmation of molecular assemblies of the square nanoconstruct. Monomers (lane 1: strand
A, 47 nts; lane 2: strand E, 58 nucleotides), dimers (lane 3: strands A + B, 94 nts; lane 4:
strands A + E, 105 nts), trimers (lane 5: strands A + B + C; lane 6: strands A + B + E),
tetramer (lane 7: strands A + B + C + D) and pentamers (strands: A+ B + C + D + E, lanes
8-11). As expected, the dimer A + E (corresponding to 105 nts) displays a slower
electrophoretic mobility compared with the dimer A + B (corresponding to 94 nucleotides).
Only fractions of strands A and E assemble in a trimer, and the prominent band for the
monomer E is observed for this assembly. The trimers formed by strands A, B, and C, and
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A, B, and E assemble more readily. This can be explained by the difference in the interaction
strength between two strands in the dimer, and three strands in the trimer. The tetramer
(strands A, B, C, and D,) seems to be thermodynamically less stable, and bands
corresponding to the monomer, dimer, trimer and tetramer can be observed for the assembly.
Lanes 1-10 correspond to 2 mM Mg++ concentration, while lane 11 corresponds to 4 mM
Mg++ concentration. Lanes 8-11 correspond to the pentamer (strands A,B,C,D,E) with
different assembly conditions (lane 8: 37 °C, lane 9: 45 °C, lane 10: 55 °C (2 mM Mg), lane
11: 55 °C (4 mM Mg)). The pentamer assembles as expected. At 55 °C and 4 mM Mg
concentration, the square assembles without formation of lower molecular weight
assemblies. The color-coding corresponds to the molecular models shown in Figs. 5b and e.
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