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ABSTRACT

Designing novel RNA topologies is a challenge, with
important therapeutic and industrial applications. We
describe a computational pipeline for design of novel
RNA topologies based on our coarse-grained RNA-
As-Graphs (RAG) framework. RAG represents RNA
structures as tree graphs and describes RNA sec-
ondary (2D) structure topologies (currently up to
13 vertices, =260 nucleotides). We have previously
identified novel graph topologies that are RNA-like
among these. Here we describe a systematic design
pipeline and illustrate design for six broad design
problems using recently developed tools for graph-
partitioning and fragment assembly (F-RAG). Follow-
ing partitioning of the target graph, corresponding
atomic fragments from our RAG-3D database are
combined using F-RAG, and the candidate atomic
models are scored using a knowledge-based poten-
tial developed for 3D structure prediction. The se-
quences of the top scoring models are screened
further using available tools for 2D structure predic-
tion. The results indicate that our modular approach
based on RNA-like topologies rather than specific 2D
structures allows for greater flexibility in the design
process, and generates a large number of candidate
sequences quickly. Experimental structure probing
using SHAPE-MaP for two sequences agree with our
predictions and suggest that our combined tools
yield excellent candidates for further sequence and
experimental screening.

INTRODUCTION

An understanding of the three-dimensional (3D) structure
of macromolecules like RNA and proteins is crucial for

deciphering critical cellular processes. Structural insights
can be used to infer mechanisms as well as manipulate
the functions of macromolecules for various therapeutic
and industrial applications (1). As new 3D structures of
macromolecules emerge from X-ray crystallography, Nu-
clear Magnetic Resonance (NMR), and cryo-EM (2-5),
new opportunities for design applications arise. Modeling
can play an important role in these design objectives.

Because of the importance of RNA molecules in cel-
lular processes—from participating in transcription and
translation of proteins (6) to catalysis (7-9) and gene reg-
ulation (10-13)—there has been a growing interest to de-
termine and design structures of RNA molecules (14,15).
Though RNA structure determination lags behind proteins,
the number of solved RNA structures continues to grow,
especially for structures of protein-RNA complexes (16).
That new RNA molecules are continuously being discov-
ered suggests that we have barely scratched the surface of
RNAs rich repertoire of structures and possibly functions.
Therefore, a systematic identi cation and design of new
RNA structural topologies can help expand the pool of
available RNA structures and better understand the funda-
mental forces that govern activity.

One of the most successful and common technique for
designing novel RNA molecules is Systematic Evolution of
Ligands by Exponential enrichment (SELEX) (17-19). This
in vitro selection process involves multiple rounds of screen-
ing to select RNA molecules from a large pool of random
or semi-random RNA molecules that bind a speci c tar-
get or perform a speci ¢ function. SELEX has been suc-
cessful for a variety of therapeutic applications (20-23). In
addition, RNA molecules and their binding partners have
been targeted for therapeutic interventions (24,25); RNA
aptamers and ribozymes are being designed to bind speci ¢
targets (26,27); and drugs are being developed to target es-
sential RNA molecules in disease causing organisms (28—
30).
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Various computational algorithms have also been devel-
oped to tackle the RNA inverse folding problem, i.e. de-
sigh an RNA sequence that folds onto a target secondary
(2D) structure. The pioneering RNAInverse program (Vi-
ennaRNA package) (31) randomly samples mutations and
accepts one that bring the sequence closer to the tar-
get 2D structure. Other programs include RNA-SSD (32),
which performs a hierarchical decomposition of the tar-
get structure followed by a local stochastic search; INFO-
RNA (33), employing dynamic programming and prob-
abilistic sampling of sequences; DSS-OPT (34), involv-
ing Newtonian dynamics in sequence space; NUPACK-
Design (35,36), which calculates partition functions over
the equilibrium ensemble, recently updated for multiple
states; MODENA (37), which uses a multi-objective genetic
algorithm to select sequences for both structure stability
and similarity to the target structure; and design algorithms
like RNAexinv, RNATfbinv, and IncaRNAfbinv (38-40)
which use simulated annealing to design RNA shapes with
additional physical constraints like thermodynamic stabil-
ity, mutational robustness, and sequence. The EteRNA (41)
open laboratory initiative was launched with the related
goal to address issues on viability of 2D structures for
design, to involve the broad community in RNA struc-
tural design, and provide feedback through laboratory ex-
periments (42). In this paper, we present a computational
pipeline for in silico design of novel RNA topologies us-
ing our RNA-As-Graphs (RAG) approach in combination
with recently developed tools for graph-partitioning and
fragment assembly.

RNA 2D structures have been described by graphs
since the 1970s and 1980s by Waterman (43), Nussi-
nov (44,45), Shapiro (46), and others (see reviews in (47—
49)). Our RAG approach offers a systematic way to rep-
resent RNA 2D structures as planar, undirected tree and
dual graphs (50). Such simpli ed representations reduce
the conformational search space drastically, and allow us
to study RNA structure using machinery in graph the-
ory, like graph-isomorphism, partitioning, and enumera-
tion (51). RAG has been successfully applied to compu-
tationally model the in vitro selection process of RNA
molecules (52,53), develop a hierarchical graph-sampling
methodology to predict RNA 3D graph topologies (RAG-
TOP) (54-56), create a database of RNA structures and
substructures (57) using graph-partitioning algorithms (58),
and develop a fragment-assembly based approach called F-
RAG to generate atomic models from candidate RNA 3D
tree graphs (59).

The coarse-grained graph representations of RNA 2D
structures facilitate the study of many possible RNA motifs
and topologies. Importantly, we can enumerate the possi-
ble topologies and connectivities of a tree or a dual graph
for a given number of vertices (60,61). Based on the features
and characteristics of existing RNAs, we have classi ed (us-
ing clustering techniques) RNA tree graph topologies as
‘existing’, RNA-like, and non RNA-like (61,62). RNA-like
motifs are 2D tree graph topologies more likely to corre-
spond to RNA 2D structures that have not yet been discov-

ered, and non RNA-like motifs are graph topologies that
are less likely to be found in Nature. The RNA-like graphs
are closely related (e.g. by an additional junction or loop) to
existing topologies, while the non RNA-like are more dif-
ferent (e.g. ‘asterisk’ like graphs where junctions or loops
emanate from a central point, see black motifs in Figure 3
later). Out of the 10 novel RNA-like topologies predicted
in 2004 (61), at least ve have since been solved (63). A
more recent assessment (62) shows that our classi cation
holds promise, since many more RNA-like compared to non
RNA-like topologies have been solved since our last clas-
si cation. Such RNA-like topologies are thus ideal candi-
dates for RNA design. Such a modular approach of design-
ing sequences corresponding to RNA-like topologies could
allow for greater exibility in the design process, and gener-
ate more viable sequences. It may potentially help generate
novel RNA motifs systematically.

Here, we use our computational pipeline to design novel
sequences and 3D folds corresponding to RNA-like graph
topologies. As sketched in Figure 1, we start by partition-
ing the RNA-like target tree graph into subgraphs (using
our graph partitioning (58)), and extracting the correspond-
ing atomic fragments from our database of existing RNA
substructures (RAG-3D database (57)). We then use our
fragment assembly approach (similar to F-RAG developed
for structure prediction (59)) to construct a complete 3D
atomic model from the atomic substructures correspond-
ing to the subgraphs. We score the generated models using
our knowledge-based statistical potential developed for 3D
structure prediction (54,56), and screen the sequences of the
top scoring models further for their intended fold using the
two 2D structure prediction programs RNAfold (available
from the ViennaRNA package) (64) and NUPACK (65—
67). We also subject representative sequences to manual mu-
tations using EteRNAs puzzle maker interface to test for
mutational robustness and improve our yield. Our intention
here is to show how a systematic design could be pursued,
and how mutations can be applied to assess or improve the
results. We also incorporate speci ¢ structural motifs, like
k-turns, to test the ability of our design software to incor-
porate user speci ed motifs into the design for additional
stability or tailored functionality.

We apply this design methodology to derive sequences for
six selected RNA-like topologies, namely 7.4, 8.4, 8.6, 8.7,
8.9 and 8_12 (see Figures 3 and 6 later), with and without
an additional restriction of a k-turn motif. Results show
promise for designing novel RNA topologies (or motifs)
systematically and highlight the exibility in the target 2D
structure and sequence length. Furthermore, our fragment-
assembly approach generates a large number of candidate
sequences that can then be further screened. To test the ac-
curacy of our predictions, we subject two representative de-
signed sequences to experimental structure probing using
SHAPE-MaP (68,69). Overall, the experimental data are
in good agreement with our computational design predic-
tions. We propose that such a pipeline could be applied to
all RNA-like topologies to produce a library of novel RNA
motifs. Designing RNA sequences that will fold onto RNA-
like topologies can help increase our understanding of RNA
structural features and explore potentially novel functions.
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Figure 1. Flow chart of the pipeline to design sequences to fold onto novel
RNA-like topologies. Design input: RNA-like topology, adjacency ma-
trix, subgraphs, and corresponding atomic fragments from the RAG-3D
database. The 8_9 graph topology can be partitioned into two subgraphs
with RAG IDs 5_3 and 4_2, respectively. Atomic fragments corresponding
to the two subgraphs are used to build the atomic model for the RNA-like
graph topology 8_9 using fragment assembly. The atomic models are scored
based on the statistical potential, and top sequences are selected based on
in silico 2D structure prediction and mutational analysis.

MATERIALS AND METHODS

This section summarizes components of our computational
pipeline used to design sequences that fold onto novel
RNA-like topologies. Details are provided in Section S1 of
the Supplementary data.

RAG tree graphs representation, classi cation, and partition-
ing

The RAG approach represents any 2D RNA structure as
a planar, undirected, connected tree graph (50). Each ver-
tex of the graph corresponds to a loop (single-stranded
regions), and each edge corresponds to a helix (double-
stranded stem) connecting the two loop vertices. This graph
is a 2D representation of connectivity of the 2D structural
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Figure 2. RAG tree graphs in 2D and 3D for a 5S rRNA fragment (PDB
ID: 2HGH). (A) Secondary structure, (B) corresponding RAG 2D tree
graph, (C) associated RAG 3D tree graph constructed from the 2D tree
graph by adding additional vertices at helical ends, and respective edges,
and (D) the 3D tree graph can also be constructed from the experimentally
solved tertiary structure.

elements of an RNA molecule (Figure 2B). To incorporate
size and build 3D objects for our sampling approach RAG-
TOP (54), we convert this 2D graph into a 3D graph (Fig-
ure 2C) by adding vertices and scaling edges, as described
in (54). A 3D tree graph can also be constructed from a
given RNA 3D structure (Figure 2D), as speci ed in (54).
Building 3D graphs from 3D structures allows us to score
3D atomic models using our statistical potential.

We use graph enumeration methods to generate possi-
ble tree graphs for a given number of vertices (60,61). The
RAG database currently characterizes different tree graph
topologies up to 13 vertices (62). Tree graph topologies are
given unique RAG IDs. The graphs associated with known
RNA structures are classi ed as ‘existing RNA'. The re-
maining hypothetical graphs are classi ed as RNA-like, or
non RNA-like as trained by known RNAs using the cluster-
ing algorithm PAM (Partitioning Around Medoids) (61).
Figure 3 shows a sample of topologies from the RAG re-
source, classi ed as existing (red), RNA-like (blue) and non
RNA-like (black).

To study the 2D structure submotifs of an RNA struc-
ture, we partition the 2D tree graph into topologically dis-
tinct subgraphs (58). Figure 4 shows the partitioning of
the structure of the TPP riboswitch (PDB ID: 3D2G),
and its various subgraphs and corresponding atomic frag-
ments. Graph partitioning was applied to =1500 represen-
tative RNA structures to create a database of RNA struc-
tures and substructures called RAG-3D (57). The RAG-3D
database catalogs atomic fragments associated with 51 dif-
ferent RAG IDs which we use in our fragment assembly
procedure to design sequences for RNA-like topologies, as
described next.

Fragment assembly procedure for design

Essentially, we partition the RNA-like graph topologies
into subgraphs, and then obtain atomic fragments for each
of these subgraphs from the RAG-3D database. Next, we
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Figure 3. Sample subset of the RAG topologies catalogue (see full catalog
in www.biomath.nyu.edu/?q=rag/tree_vertices.php). Topologies for a given
number of vertices are classi ed as existing (red), RNA-like (blue) and non
RNA-like (black), by a clustering approach (62). There are about =2300
such tree structures in the actual database up through 13 vertices. Among
them, around 80 are existing motifsand 1600 of the remaining are hypo-
thetical motifs classi ed as RNA-like.

Figure 4. Subgraphs of an RNA molecule. Subgraphs, their RAG IDs,
and the corresponding atomic coordinates for the structure of the TPP
riboswitch are shown as produced by RAG-3D (PDB ID: 3D2G).

piece together subgraphs by fragment assembly of corre-
sponding atomic fragments to build 3D models and predict
sequences to fold onto the given target. We have recently
reported development of this fragment assembly based ap-
proach, F-RAG, to build atomic models for candidate RNA
3D tree graph topologies for RNA structure prediction (59).
We use a modi ed F-RAG procedure in this paper for de-
signing sequences for target RNA graph topologies.

Our automated procedure requires as input the following
pieces (see Figure 1 for an example of various inputs for
target graph 8.9): (i) target graph topology for design, with
the order of the vertices speci edinthe5 tothe 3 direction;
(i) adjacency matrix A corresponding to the target graph;
(iif) number of subgraphs of the target graph, along with
their RAG IDs and vertices; (iv) list of RNA substructures
corresponding to each of the target’s subgraph RAG IDs (in
the RAG-3D database), along with their 2D structure and
atomic fragments and (v) loop number, along with a given
2D structure and atomic fragment of a speci ¢ motif, if an
internal loop or a hairpin needs to be restricted to the given
motif.

The design algorithm employs a recursive procedure for
each subgraph of the target graph (starting from the 5 di-
rection) to generate atomic coordinates for that subgraph.
For each subgraph, the number and connectivity of RNA
loops from the 5 to the 3 direction is compared to each
atomic fragment, and any mismatched fragments are elim-
inated. The remaining fragments for each subgraph are su-
perimposed on the partially built atomic model from previ-
ous subgraphs (as part of the recursive procedure) using the
residues in the common helix connecting the two subgraphs.
For speci ed motif design, atomic fragment for the speci ed
motif is used for that loop. The number and identity of the
bases in the atomic fragments are left unchanged. Unpaired
residues at the 5 or 3 ends of the sequence are removed.
Once atomic coordinates are generated for all subgraphs,
a 3D tree graph is calculated corresponding to the atomic
model (as described in subsection S1.1 ‘RAG 2D and 3D
tree graphs’ in the Supplementary data). This 3D graph is
scored using our knowledge-based statistical potential (ini-
tially developed for RNA structure prediction (56)). Atomic
models with corresponding sequences, 2D structures, 3D
tree graph, and scores are produced as output of the frag-
ment assembly.

Selecting candidate sequences for target graph

The above fragment assembly procedure is applied for dif-
ferent orientations of the target graph. Each orientation
represents a different 5 to 3 order of the RNA loops for
the same 2D target graph topology. To sort through the
large number of generated sequences and identify candi-
dates quickly, we combine resulting sequences from every
orientation of the target graph and order them by increas-
ing score. Any model with large chain breaks is removed,
and the top 200 models with unique sequences are retained
for further analysis. These top 200 sequences are clustered
based on the type of RNA origin of atomic fragments.

To further narrow the pool of candidate sequences,
we subject the top 200 unique sequences selected above
to RNAfold (available with the Vienna RNA Package
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