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Abstract

A variety of designed RNA ring structures (ranging from triangles to hexagonal rings) have been reported in
the scientific literature. Designing self-assembling RNA ring structures from structural motifs is, however, a
nontrivial problem as there are many combinations of motifs and linking helices. Moreover, most combina-
tions of motifs and linker helices will not lead to ring closure. A solution to this problem was recently
published using a “design-by-catalog” approach where motif combinations that lead to rings are precom-
puted and tabulated. Here we present a web-browser based workflow for creating RNA rings using Galaxy,
a web-based platform that can be used for workflow management. An example of how these RNA rings are
generated and processed to create a 3D model of the ring is discussed.
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1 Introduction

1.1 RNA RNA can be designed to self-assemble into a large variety of

Nanotechnology geometries (such as RNA tiles, hexameric rings, cubes, bundles,
and arrays) [1-8] due to its ability to form a variety of base-pairs
with at least two hydrogen bonds, in addition to the standard
Watson—Crick base pairs [9]. RNA is also able to self-assemble in
cellular conditions [10] through interstrand and intrastrand inter-
actions [11]. RNA is not only able to form many shapes, but is also
able to perform enzyme-like functions [12-15]. Also, a polyvalent
RNA nanostructure can have different functional attachments, such
as siRNAs, aptamers, peptides, or fluorescent tags [8, 10, 16]. Due
to existing computational prediction capabilities, RNA is relatively
conducive to rational design. In terms of therapeutics and medi-
cine, RNA is biocompatible and biodegradable. Due to these prop-
erties, RNA is an attractive material to be used in nanotechnology
and biomedical applications.
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1.2 Traditional
Gomputational Design
Approaches

1.2.1  De Novo Design
of RNA Scaffolds

1.2.2  Building Block
Approach

1.2.3 Catalog-Based
Design

Through the use of computational tools [17-19] the process of
designing nanostructures can be simplified and accelerated. We
highlight two strategies for the computational design of RNA
nanostructures: building a scaffold de novo or starting with existing
RNA motifs [4, 16, 20, 21]. Here we discuss both of these
approaches as well as a new catalog-based approach.

There are some geometries and properties for which there are no
naturally occurring RNA structural motifs. An example of this
situation is the in silico designed RNA nanocube [8, 22]. For the
case of the RNA cube, we could not identify any three-way junc-
tions in the RNAJunction database that had substantial similarity to
a cube corner [23]. Several approaches are possible for the creation
of 3D models of such RNA nanostructures. One approach is to
design the RNA nanocube with a de novo three-way junction [8].
Another approach is to focus on optimizing the placement of
helices and then placing bridging RNA strands de novo [22].
Both methods resulted in 3D models of nanocubes [22].

Analysis of available RNA tertiary structures has led to the identifi-
cation of RNA building blocks. These motifs have been compiled
into various databases such as the k-turn database [24], SCOR
[25], FRABASE [26], Motif Atlas [27], RNA CoSSMos [28],
and RNA STRAND [29]. RNAJunction is a database of kissing
loops, bulges, and #n-way junctions [23]. These databases can be
used to identify motifs with geometries of interest and serve as a
good starting place for the designer. Note that these compilations
of RNA motifs often utilize different conventions of how to define
and group structural motifs. These motifs can be linked together
with helices or single-stranded regions allowing for a building-
block based approach. Given the building blocks, the designer is
able to create a variety of shapes.

A new approach is the catalog-based design in the form of the Ring
Catalog [30]. Rings are defined as repeated concatenations of one
or two motifs, such that the motifs together with their connecting
linker helices form a circular RNA complex. As described in refer-
ence [23], motifs are RNA structural elements such that each end
of all involved RNA strands forms a base pair with another RNA
strand end. In this fashion, the structural element possesses termi-
nal base pairs that can be extended with helices. Two or more
motifs can be connected with linker helices that extend the terminal
base pairs. Most nonbranching concatenations of motifs and linker
helices will not correspond to closed ring structures but rather to
rods or spirals. The combination of which motifs and linker helices
to use in order to obtain ring-closure is most likely not obvious to
even the expert designer. A solution to this problem is the complete
enumeration of motif combinations and linker helix lengths while
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cataloging the subset of structures that are generated in this fashion
that are forming closed ring structures. One issue is that iterating
over many linker helix lengths and motif combinations may lead to
a “combinatorial explosion,” making searching for rings computa-
tionally demanding. A subset of motifs was chosen by creating
clusters and using representatives of those clusters in the ring
search. A cluster was defined as a set of motifs with the same
sequence and same NC-IUBMB nomenclature notation [31].
This ensures there are no redundant motifs. Also, the types of
motifs chosen were three-way junctions, internal loops/bulges,
and kissing loops. By avoiding the “combinatorial explosion,” a
trade-oft was made in terms of comprehensiveness. NanoTiler, a
Java-based multifunctional software that is able to create different
RNA-based nanostructures [17], was used to perform the search
using its “growscan” command. This used all pairs of motifs and
iteratively changed the length of the linking helices. Rings with a
ring-closure score below a threshold were stored and then classified
based on topology. Ring structure coordinate data is available
online at https://rnajunction.ncifcrf.gov/ringdb. This catalog-
based approach allows the user to sift through ring structures
based on topologies of interest, thus decreasing the effort needed
to design ring structures from scratch.

Here, we demonstrate how to generate ring structures, with
the square ring shown in the Ring Catalog publication as the
example [30], and generate sequences that can be purchased to
assemble the ring experimentally.

Galaxy is a web-based platform for workflow management, data
integration, and data analysis [32]. While originally developed for
genomic data, Galaxy has become a general workflow management
system for bioinformatics and other areas that require numerical
processing of data sets. Galaxy functions as a web server and the
user interacts with Galaxy via a web browser. The system allows the
user to upload data sets, to manipulate them with computational
tools and to store the results in a history. This is achieved by
encapsulating each of the programs or algorithms into web-based
tools where the user typically only specifies input parameters via
clickable menu items. This simplifies the access to these computa-
tional tools compared to a command line interface. Particularly
useful for computational analysis is the history feature of Galaxy.
Whenever a user launches a computational tool, the corresponding
results are stored in a history. This helps with repeating workflows
and reproducing results at a later time because the user is able to see
exactly what was run as well as what the inputs and outputs were.
Galaxy also has an extensive tool library called Tool Shed where
users can install tools created by other users onto their local Galaxy
instance [33]. Galaxy also handles any dependencies those tools
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may require, which simplifies the installation process. Here we use
Galaxy as a web-based front-end for 3D structure manipulation in
general and for the design of RNA rings in particular.

2 Materials

2.1 Virtual Operating
System for Hosting

a Unix-Like Operating
System

2.2 Download
and Start Custom
Linux Distribution

Readers interested in how rings are generated in the Ring Database
should follow all of this section and download the junction used to
generate the square. Otherwise, Subheadings 2.5 and 3.1 may be
skipped, as the downloaded structure from Subheading 2.4 will be
the same as the structure generated from Subheading 3.1.

The work described in this chapter is based on the VirtualBox
system. The VirtualBox virtual machine environment allows one
to run a variety of Linux distributions on non-Linux host machines
such as Apple OS X or Microsoft Windows.

1. Download a version of VirtualBox that is appropriate for the
operating system of your host computer from https://www.
virtualbox.org/wiki/Downloads

2. Follow the installation instructions available in the User Man-
ual available on the VirtualBox website.

The Galaxy web server requires a Unix-like operating system that
can host the other needed software components. In this chapter, we
describe a Virtual Box virtual machine-based Linux distribution that
is based on Ubuntu-14 and has been customized by us in order to
facilitate RNA 3D structural bioinformatics and computational
biology. Note that a Linux distribution that runs within VirtualBox
is called an appliance.

1. Download the virtual machine image from https://binkley2.
ncifcrf.gov /users /bshapiro //software.html.

2. Start the VirtualBox software installed in the previous step.

3. Within VirtualBox, click File, then Import appliance.

4. Click the folder icon and navigate to the virtual machine image
downloaded in the first step.

5. Click Next, Next, then Import.

6. A pop-up will appear indicating the virtual machine is being
imported.

7. Once the importing is complete, double click on the new
virtual machine.

8. Once the login screen appears log-in with username and pass-
word provided with the download instructions.
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2.3 Starting and
Accessing Galaxy

2.4 Download
Junction Structure

2.5 Download Ring
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. After starting the hosted Linux virtual machine, and a screen

prompting for username and password appears, log in with the
username rnalab (the password is provided as part of the down-
load instructions). The custom Linux distribution has been
prepared by us such that the local Galaxy web server starts
automatically upon logging into the prepared user account
named rnalab. No additional steps are needed to start Galaxy.
If, however, a different user account is utilized or if the Galaxy
web server has terminated, Galaxy may need to be started
manually. For more details sec Note 1.

. In order to access the running Galaxy web server, open a web

browser (for example by double-clicking the Firefox icon on
the desktop or by choosing the web browser in the Applications
pull-down menu).

. In the address bar of the web server type http://local-

host:8080 or equivalently http://127.0.0.1:8080. This is the
web address of the local Galaxy instance.

. Download the three-way junction used by opening a web

browser and navigating to https://rnajunction.ncifcrf.gov/
index.php and typing 12316 in for Entry ID.

. Click Download next to Extracted Structure to download

the PDB-formatted coordinate file of the ring. This webpage
also has the sequence of the motif which may be useful later
during sequence optimization.

. Download draft ring by opening web browser and navigating

to https: //rnajunction.ncifcrf.gov/ringdb.

. Click item Three-way Junctions, then scroll down and click

on the ring image that is square-shaped. (At the time of writing
this, it is the fourth image).

. The ring of interest has the following characteristics:

® Motif 1: __ 20GM.rnaview.pdb_j3_0-A2073_0-C2179_0-A2204.
pdb__

i Motif 2: NA

® Descriptor: 1_1_1_3_5

. Once that ring has been found, click PDB under PDB to

download the pdb file of the ring.

3 Methods

If interested in generating the ring (Subheading 3.2), follow Sub-
heading 3.1 and upload the junction from Subheading 2.4. If not,
follow Subheading 3.1 and upload the ring from Subheading 2.5,
then skip to Subheading 3.3.
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3.1 Upload File 1.

3.2 Generate Draft 1.
Ring Structure

3.2.1 Scan for Rings

Start a web browser. Preinstalled with the virtual-machine
distribution is the FireFox web browser. This browser can be
started by clicking on the FireFox logo or by selecting the pull-
down menu Applications — Network — FireFox web browser
at the top left of the window of the virtual machine. View within
the web browser the status of the Galaxy server by choosing the
website http://127.0.0.1:8080. This link is also provided in
the bookmarks toolbar of the preinstalled FireFox browser.
This web address is referred to as the local Galaxy homepage.

. It is optional but recommended that you log into the Galaxy

web server. Without logging in, some functionality of the
Galaxy web server (such as the 3D visualization) will not be
available. You can use a prepared guest account: At the top
right of the web browser window, choose User — Login. At
the prompt, enter as e-mail address guest@rna.lab and the
password provided with the download instructions. Once
logged in, you can change the password under User — Prefer-
ences — Change your password. Alternatively, you can register
a new local Galaxy account under User — Register. At the end
of this protocol step, you should be logged into the local
Galaxy web server instance.

. On the left side of the local Galaxy homepage, under Tools,

upload the downloaded pdb file by clicking Get Data, then
Upload File.

. In the new window that appears, click Choose local file and

navigate to the location of the downloaded pdb.

. Click the drop-down menu under Type and choose data type

pdb.

. Click Start and a history element corresponding to a new

compute job will appear on the right side of the local Galaxy
homepage. Once the background color of this history element
is green, the compute job is completed (see Note 2).

Under Tools on the left side, click NanoTiler, then Grow
Scan (see Fig. 1-h).

. For the Junction menu of the Grow Scan tool, make sure the

junction uploaded (as described in Subheading 3.1) is selected.
All other settings can be left at default values. Click Execute to
begin the compute job (sec Note 3).

. Once the compute job is completed, refresh the history by

clicking the icon with two arrows in a circle on the top right
of the browser page next to the gear.

. A few more computational results should appear—they corre-

spond to additional ring structures that the program identified.
The data set named Grow Scan on data<some number>
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Fig. 1 Screenshot of local Galaxy instance after an initial ring structure has been found. (&) icon of the FireFox
web browser; (b) text area for specifying the website of the browser; (¢) main window of the Galaxy web server
site. It can be used to configure tools to be launched, to inspect data sets or (as shown for this case) display
the 3D structure of an RNA via the NGL viewer software; (@) parameter settings for the molecular viewer; (¢)
clickable title of the generated RNA ring data set. (# icon that launches the NGL molecular viewer; (g) clickable
title of the uploaded structure of the three-way junction; (h) link and header corresponding to a variety of

NanoTiler tools

3.3 Postprocessing 1.
of Ring Structure

3.3.1 Optimize Ring

(grow%1,1,1,3,5) corresponds to the found ring structure (see
Fig. 1-e¢ and Note 4). Additional ring structures as well as
versions of generated structures that do not contain linker
helices are also available in the history pane.

. Visualize the generated ring structure by selecting the visuali-

zation icon of the data set (the icon has the appearance of a
histogram, see Fig. 1-f).

On the left side of the local Galaxy homepage, click NanoTiler,
then Improve Ring Closure, select the file named Grow Scan
on data<some number> (grow%1,1,1,3,5) (see Fig. 1-h).

Structure 2. Press Execute to launch the program that optimizes ring
closure.
332 Fuse Strands In the presented example, there are 20 RNA strands. These can be

fused resulting in a total of five strands using Ring fuse, Fuse all
strands, and Fuse strands (se¢ Note 5).

1.

On the left side of the local Galaxy homepage, click NanoTiler
(Fig. 1-h), then Ring fuse, selecting the file that was the
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3.3.3 Extend Helices 1.

3.3.4 Move Nick 1.

output of Improve Ring Closure. Click Execute to begin the
compute job.

. On the left side of the local Galaxy homepage, click NanoTiler,

then Fuse all strands, selecting the file that was the output of
Ring fuse. Click Execute to begin the compute job.

. The number of chains in the obtained result can be verified on

the level of the raw coordinate file by clicking on the “eye” icon
within the history pane of Galaxy.

. Click on the graph icon of the resulting data set in order to

visually inspect the result structure using the NGL Molecule
Viewer (see Fig. 1-f). In the molecular viewer, choose a repre-
sentation that colors the 3D molecular image by strand. Note
that structural gaps will be closed at a later stage—instead focus
on strand color as indication of the strand fuse operation. If the
resulting structure consists of more unfused strands than
intended (if there are more than five strands in this example),
one can attempt to rerun the Fuse all strands tool with a
higher distance threshold. Alternatively one can use the molec-
ular viewer in order to determine which strands should be
fused explicitly.

. To fuse specific strands perform the following steps:

e Within the left tool pane of the local Galaxy homepage, click
NanoTiler, then Fuse strands.

¢ Choose the Fuse all strands on data as Junction, then enter
the letters of the two strands in Strand that is elongated
and Strand to append (se¢ Note 6). Click Execute to begin
the compute job.

On the left side of the local Galaxy homepage, click NanoTiler,
then Extend Helix (see Note 7).

. Choose the result of the fusing from the last step for the

Structure, 10 for Number of basepairs. For Sequence and
basepair of where to extend enter the strand and base number
separated by a colon (for example, A:1 will extend a helix off of the
first base of strand A). Click Execute to begin the compute job.

. Repeat for each applicable strand each time using the newly

created file with the extended helices for structure.

. To fuse the newly created helices to the square structure, use

Fuse all strands and Fuse strands. Use NGL Molecule
Viewer to see which strands need to be fused. Once each of
the helices are fused, there will be five strands again (see Fig. 2a
and Note 8).

Sometimes, the RNA strand breaks (i.e., nicks) that are utilized
as a result of the previous steps are not at the desired positions.
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Fig. 2 Structures at different processing stages. (@) RNA square structure after
helixes has been added. (b) The RNA structure after energy minimization

In the case of the RNA square utilized in this example, use the
NGL Molecule Viewer to find the 5" end of the inner strand
(this strand corresponds to strand E in Fig. 5 in reference [30]).
Estimate the number of nucleotides needed to be split and then
rejoined for the 5" end of the strand to move toward the middle
of a side of the RNA square. Note down the position of the
base after the split (see Note 9).

2. On the left side of the local Galaxy homepage, click NanoTiler,
then Split strands. Click Execute to launch the compute job.

3. Type the letter identifier of the strand representing the inner
circular strand, for Strand.

4. Then use position noted down from step 1. The strand is cut
before this position (se¢ Note 10).

5. On the left side of the local Galaxy homepage, click NanoTiler,
then Fuse strands. We will fuse the new strand to the old one.
For Strand that is elongated type the name of new strand,
and then the name of old strand for Strand to append. Click
Execute to launch the compute job (see Note 11).

6. Use the NGL viewer and verify the nick is moved near the

center.
3.35 Optimize Initially, all generated linker helices correspond to consecutive all
Sequences GC base pairings. Therefore, one needs to optimize individual

strand sequences next.

1. Sequence optimization is necessary if the ring structure con-
tains generated helical segments consisting of unoptimized
placeholder sequences (in this example corresponding to GC
base pairs).

2. On the left side of the local Galaxy homepage, click NanoTiler,
then Secondary Structure.
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3.3.6 Mutate 3D Model 1.

to Reflect Optimized

Sequence 2
3
4
5

3.3.7 Refine 3D Model 1.

. Select the file of the structure with the adjusted nick moved in

the drop-down menu. For format pick Server. Click Execute
to begin the compute job.

. Once it is completed, open the file by clicking the eye icon and

copy the contents.

. Point a web browser to the NanoFolder homepage at http://

matchfold.abcc.nciferf.gov/. For a background of this compu-
tational tool for multistrand structure prediction and sequence
optimization please consult the original publication [34].

. Paste the contents from the results of the secondary structure

tool (called “Secondary Structure”).

. NanoFolder optimizes bases that are capitalized. Lowercase

nucleotides are left unchanged by the optimization algorithm.
The aim is to optimize bases that are part of the helices but not
part of the motif. This can be achieved by visually inspecting
the RNA draft structure and classifying strand regions as either
motif regions or as linker helix regions. Helices not part of the
motif will initially be only G or only C nucleotides. There are
stretches of G’s in the motif'so it may be helpful to also have the
sequence of the motif available as well (se¢ Notes 12-14).

On the left side of the local Galaxy homepage, click NanoTiler,
then Mutate 3D structure.

. Select the file from the output of Subheading 3.3.5.

. Then click the Insert Mutations button five times to bring up

five input areas. Each one corresponds to the chain of the same
number (except the chains are alphabetically named, so the max
is 20), the first is for chain A, 2 is B, 3 is C, etc.

. Copy the result of optimization into each corresponding area

and then click Execute to begin the compute job.

. Verify the mutations using the Secondary Structure tool.

Molecular dynamics software suites such as Tinker can be used
to refine the RNA 3D structure using molecular mechanics
energy minimization [35]. Energy minimization will close
gaps and reduce structural problems.

. On the right side of the local Galaxy homepage, click Tinker

Minimization, then Prepare pdb.

. Set input to output file of step 4 and click Execute to begin the

compute job.

. Once the compute job is completed, on the right side of the

local Galaxy homepage, click Tinker Minimization, then
Tinker.
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5. Set the input to the output of the previous step and set the

minimization termination parameter called “RMSG” to 1 for
coarse refinement, and .1 for fine refinement (se¢ Note 15).

. The minimization can take several minutes or even an hour to

complete, depending on the size of the RNA structure. Visua-
lize or download the resulting structure (see Fig. 2b).

4 Notes

. The installation directory of the Galaxy server is called

“galaxy.” Modifying the behavior of the local Galaxy web server
(such as adding computational tools to it) is entirely possible,
but is beyond the scope of this chapter. Please consult the
Galaxy documentation for questions related to the administra-
tion of the Galaxy server (https://wiki.galaxyproject.org/
Learn). The prepared user account is set up in such a way that
the Galaxy server starts automatically. In principle, it is possible
to start the Galaxy server using two additional ways: (a): Select
from the pull-down menu (top left) Applications — RNA Lab
Applications — Galaxy. (b): Open a Unix shell terminal win-
dow by clicking on the Terminal icon on the desktop. In the
command line of the obtained window type cd galaxy; sh run.
sh. This starts up an instance of the Galaxy web server at port
8080. Note that the web server startup script only succeeds if
no other web server is active at the same port number.

. A gray background of the element of the Galaxy history pane

indicates that the corresponding compute job is waiting to
start, while a yellow background indicates that the compute
job is currently running. A green background indicates that the
compute job is completed.

. This step may take some time to complete.

. There will be other files with names like: Grow Scan on

data<some number> (grow%1,1,1,3,5_nohelices). These
are the same structure with and without included linking
helices.

. The strand “fuse” family of commands merely change strand

names, while atom coordinates are not changed.

. The order does not matter unless the strands need to be

appended in a specific order (can be fused on both ends such
as in a ring).

. Adding helix-forming complementary regions to a nucleic acid

nanostructure may improve its thermal stability and assembly
properties.
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8. Because the chain letter labels change after each fusing opera-
tion, it is recommended to use a molecular viewer (such as the
integrated NGL Molecule Viewer) to identify RNA strands
that should be fused.

9. Checking the structure in the viewer will show that the inner
strand starts and ends close to a junction. This means that
during assembly, one end of the helix will only have a few
base pairs and the other will have a lot more. Balancing it
stabilizes the shorter helix. This can be achieved by splitting
off nucleotides at the end of the strand corresponding to the
shorter helix and adding them to the strand corresponding to
the helix in need of stabilization.

10. To verify that the strand was split, click the “eye” icon in the
history pane element corresponding to the data set and inspect
the resulting pdb text file. At the end of the file, there will be a
chain with the same number of bases as was split off.

11. The old strand is the strand that is deleted, because the old
chain is appended to the new strand. If we were to reverse it, we
would end back up where we were before this.

12. Any additional sequence regions that would need to be added
(such as sequence regions at the 5" end related to a utilized
RNA polymerase (8)), should be added before the sequence
optimization step—either in form of an expanded 3D model or
in form of an expanded secondary structure text input for the
utilized sequence optimization program.

13. Ascertain the quality of the optimized sequence by inspecting
the output of the optimization program and by utilizing RNA
secondary structure prediction programs.

14. This step may take some time to complete.

15. The smaller the minimization tolerance parameter (“RMSG”)
is set, the better the structure will end up, but it will take longer
(e.g., a run with RMSG set to 0.1 can frequently take more
30 min for the presented example).

Acknowledgment

This work has been funded in whole or in part with Federal funds
from the Frederick National Laboratory for Cancer Research,
National Institutes of Health, wunder Contract No.
HHSN261200800001E. This research was supported [in part]
by the Intramural Research Program of the NIH, National Cancer
Institute, Center for Cancer Research. The content of this publica-
tion does not necessarily reflect the views or policies of the Depart-
ment of Health and Human Services, nor does the mention of trade
names, commercial products, or organizations imply endorsement
by the US Government.



References

1.

2.

10.

11.

12.

13.

14.

Guo P (2010) The emerging field of RNA
nanotechnology. Nat Nanotechnol 5:833-842
Dibrov SM, McLean J, Parsons J, Hermann T
(2011) Self-assembling RNA square. Proc Natl
Acad Sci 108:6405-6408

. Geary C, Rothemund PWK, Andersen ES

(2014) A single-stranded architecture for
cotranscriptional folding of RNA nanostruc-
tures. Science 345:799-804

. Grabow WW, Zakrevsky P, Afonin KA,

Chworos A, Shapiro BA, Jaeger L (2011)
Self-assembling rNA nanorings based on
RNAI/II inverse kissing complexes. Nano
Lett 11:878-887

. Yingling YG, Shapiro BA (2007 ) Computational

design of an RNA hexagonal nanoring and an
RNA nanotube. Nano Lett 7:2328-2334

. Jaeger L, Westhof E, Leontis NB (2001) Tec-

toRNA: modular assembly units for the con-
struction of RNA nano-objects. Nucleic Acids
Res 29:455-463

. Nasalean L, Stombaugh J, Zirbel CL, Leontis

NB (2009) RNA 3D structural motifs: defini-
tion, identification, annotation, and database
searching. In: Walter NG, Woodson SA, Batey
RT (eds) Non-protein coding RNAs. Springer,
Berlin, pp 1-26

. Afonin KA, Bindewald E, Yaghoubian AJ, Voss

N, Jacovetty E, Shapiro BA, Jacger L. (2010) In
vitro assembly of cubic RNA-based scaffolds
designed in silico. Nat Nanotechnol
5:676-682

. Leontis NB, Westhof E (2014) Self-assembled

RNA nanostructures. Science 345:732-733

Afonin KA, Kireeva M, Grabow WW, Kashlev
M, Jaeger L, Shapiro BA (2012) Co-
transcriptional assembly of chemically modified
RNA nanoparticles functionalized with siR-
NAs. Nano Lett 12:5192-5195

Grabow WW, Jaeger L (2014) RNA self-
assembly and RNA nanotechnology. Acc
Chem Res 47:1871-1880

Cech TR, Zaug AJ, Grabowski PJ (1981) In
vitro splicing of the ribosomal RNA precursor
of Tetrahymena: involvement of a guanosine
nucleotide in the excision of the intervening
sequence. Cell 27:487-496

Guerrier-Takada C, Gardiner K, Marsh T, Pace
N, Altman S (1983) The RNA moiety of ribo-
nuclease P is the catalytic subunit of the
enzyme. Cell 35:849-857

Kruger K, Grabowski PJ, Zaug AJ, Sands ],
Gottschling DE, Cech TR (1982) Self-splicing
RNA: autoexcision and autocyclization of the

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Generation of RNA Nanorings 31

ribosomal RNA intervening sequence of Tetra-
hymena. Cell 31:147-157

Ramakrishnan V' (2014) The ribosome
emerges from a black box. Cell 159:979-984

Khaled A, Guo S, Li F, Guo P (2005) Control-
lable self-assembly of nanoparticles for specific
delivery of multiple therapeutic molecules to
cancer cells using RNA nanotechnology. Nano
Lett 5:1797-1808

Bindewald E, Grunewald C, Boyle B, O’Connor
M, Shapiro BA (2008) Computational strategies
for the automated design of RNA nanoscale

structures from building blocks using nanoTiler.
J Mol Graph Model 27:299-308

Martinez HM, Maizel JV], Shapiro BA (2008)
RNA2D3D: a program for generating, view-
ing, and comparing 3-dimensional models of
RNA. J Biomol Struct Dyn 25:669-683

Jossinet F, Ludwig TE, Westhof E (2010)
Assemble: an interactive graphical tool to ana-
lyze and build RNA architectures at the 2D and
3D levels. Bioinformatics 26:2057-2059

Chworos A, Severcan I, Koyfman AY, Weinkam
P, Oroudjev E, Hansma HG, Jaeger L (2004)
Building programmable jigsaw puzzles with
RNA. Science 306:2068-2072

Bida J, Das R (2012) Squaring theory with
practice in RNA design. Curr Opin Struct
Biol 22:457-466

Afonin KA, Kasprzak W, Bindewald E, Puppala
PS, Diehl AR, Hall KT, Kim TJ, Zimmermann
MT, Jernigan RL, Jaeger L, Shapiro BA (2014)
Computational and experimental characteriza-
tion of RNA cubic nanoscaffolds. Methods
67:256-265

Bindewald E, Hayes R, Yingling YG,
Kasprzak W, Shapiro BA (2008) RNAJunction:
a database of RNA junctions and kissing loops
for three-dimensional structural analysis and
nanodesign. Nucleic Acids Res 36:D392-D397

Schroeder KT, McPhee SA, Ouellet J, Lilley
DM (2010) A structural database for k-turn
motifs in RNA. RNA 16:1463-1468

Tamura M, Hendrix DK, Klosterman PS,
Schimmelman NRB, Brenner SE, Holbrook
SR (2004) SCOR: structural classification of
RNA, version 2.0. Nucleic Acids Res 32:
D182-D184

Popenda M, Szachniuk M, Blazewicz M, Wasik
S, Burke EK, Blazewicz ], Adamiak RW (2010)
RNA FRABASE 2.0: an advanced web-
accessible database with the capacity to search
the three-dimensional fragments within RNA
structures. BMC Bioinformatics 11:1-12



32

27.

28.

29.

30.

Rishabh Sharan et al.

Petrov Al, Zirbel CL, Leontis NB (2013)
Automated classification of RNA 3D motifs
and the RNA 3D motif atlas. RNA. doi:10.
1261 /rna.039438.113

Vanegas PL, Hudson GA, Davis AR, Kelly SC,
Kirkpatrick CC, Znosko BM (2011) RNA
CoSSMos: characterization of secondary struc-
ture motifs—a searchable database of second-
ary structure motifs in RNA three-dimensional
structures. Nucleic Acids Res 40:D439. doi:10.
1093 /nar/gkr943

Andronescu M, Bereg V, Hoos HH, Condon A
(2008) RNA STRAND: the RNA secondary
structure and statistical analysis database.
BMC Bioinformatics 9:1-10

Parlea L, Bindewald E, Sharan R, Bartlett N,
Moriarty D, Oliver J, Afonin KA, Shapiro BA
(2016) Ring catalog: a resource for
designing self-assembling RNA nanostruc-
tures. Methods 103:128. doi:10.1016/j.
ymeth.2016.04.016

31.

32.

33.

34.

35.

Lilley DM (2000) Structures of helical
junctions in nucleic acids. Q Rev Biophys
33:109-159

Afgan E, Baker D, den BM v, Blankenberg D,
Bouvier D, Cech M, Chilton J, Clements D,
Coraor N, Eberhard C et al (2016) The Galaxy
platform for accessible, reproducible and col-

laborative biomedical analyses: 2016 update.
Nucleic Acids Res 44:W3

Blankenberg D, Von Kuster G, Bouvier E, Baker
D, Afgan E, Stoler N, Taylor J, Nekrutenko A
(2014) Dissemination of scientific software with
Galaxy ToolShed. Genome Biol 15:1
Bindewald E, Afonin K, Jaeger L, Shapiro BA
(2011) Multistrand RNA secondary structure
prediction and nanostructure design including
pseudoknots. ACS Nano 5:9542-9551
Ponder JW, Richards FM (1987) An efficient
newton-like method for molecular mechanics

energy minimization of large molecules. J
Comput Chem 8:1016-1024


http://dx.doi.org/10.1261/rna.039438.113
http://dx.doi.org/10.1261/rna.039438.113
http://dx.doi.org/10.1093/nar/gkr943
http://dx.doi.org/10.1093/nar/gkr943
http://dx.doi.org/10.1016/j.ymeth.2016.04.016
http://dx.doi.org/10.1016/j.ymeth.2016.04.016

2 Springer
http://www.springer.com/978-1-4939-7137-4

RMA Manostructures

Methods and Protocols

Bindewald, E.; Shapiro, B.A, (Eds.)

2017, XV, 383 p. 95 illus., 75 illus. in color., Hardcover
ISEM: 978-1-4939-7137-4

A product of Humana Press



	Chapter 2: Computational Generation of RNA Nanorings
	1 Introduction
	1.1 RNA Nanotechnology
	1.2 Traditional Computational Design Approaches
	1.2.1 De Novo Design of RNA Scaffolds
	1.2.2 Building Block Approach
	1.2.3 Catalog-Based Design

	1.3 Galaxy

	2 Materials
	2.1 Virtual Operating System for Hosting a Unix-Like Operating System
	2.2 Download and Start Custom Linux Distribution
	2.3 Starting and Accessing Galaxy
	2.4 Download Junction Structure
	2.5 Download Ring

	3 Methods
	3.1 Upload File
	3.2 Generate Draft Ring Structure
	3.2.1 Scan for Rings

	3.3 Postprocessing of Ring Structure
	3.3.1 Optimize Ring Structure
	3.3.2 Fuse Strands
	3.3.3 Extend Helices
	3.3.4 Move Nick
	3.3.5 Optimize Sequences
	3.3.6 Mutate 3D Model to Reflect Optimized Sequence
	3.3.7 Refine 3D Model


	4 Notes
	References


