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Abstract: An introduction into the usage of graph or network theory tools for the study of RNA molecules is pre-
sented. By using vertices and edges to define RNA secondary structures as tree and dual graphs, we can enumerate,
predict, and design RNA topologies. Graph connectivity and associated Laplacian eigenvalues relate to biological
properties of RNA and help understand RNA motifs as well as build, by computational design, various RNA target
structures. Importantly, graph theoretical representations of RNAs reduce drastically the conformational space size
and therefore simplify modeling and prediction tasks. Ongoing challenges remain regarding general RNA design,
representation of RNA pseudoknots, and tertiary structure prediction. Thus, developments in network theory may

help advance RNA biology.
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“To know what to leave out and what to put in; just
where and just how, ah, that is to have been educated
in knowledge of simplicity.”

— Frank Lloyd Wright.

1 Introduction

Modeling biological systems involves not only
choices of what to approximate and how, as well as
what can be neglected, but also selection of appropri-
ate tools, both existing and new, to design and apply to
complex problems. Many successes in science can be
credited to borrowing tools from seemingly disparate
fields and applying them in new ways. Examples in-
clude quantum computing using DNA [1], analyzing
DNA recombination products using knot theory [91],
storing digital information within DNA [15], model-
ing economic scenarios using game theory [70], and
applications of Mandelbrot’s fractal geometry to ar-
chitecture, financial markets and turbulence [63, 64,
65].

Network or graph theory is a well-established
field of mathematics that has been used extensively
in a variety of economic, social, biological, and med-
ical contexts. Essentially, foundations of graph the-
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ory can be used to enumerate and analyze combina-
torial properties of various systems, such as commu-
nication, chemical, and biological networks. Specific
examples include chemical structures (e.g., hydrocar-
bons, drug compounds) [38, 62], genetic and cellu-
lar relationship [11, 40, 67, 30, 58], transportation ar-
rays [5], Internet linkages [88], and social media com-
munications [35]. In mathematical terms, an undi-
rected graph G = (V, E) is a discrete object described
by a finite set of vertices V' and a set £ of unordered
pair of vertices called edges, where each edge repre-
sents a connection between two vertices. If F is com-
posed instead of ordered pairs of vertices (each rep-
resenting direction of an edge), G is called a directed
graph (digraph). In this work, we describe how graphs
can be used to model and study RNA structure. See
also our recent review [47].

2 RNA Background

RNA has come to the forefront of science with re-
cent discoveries of its regulatory roles [19, 85]. Be-
yond protein synthesis, RNA can regulate gene ex-
pression and modify the genetic message by gene
silencing [33], chemical modifications of ribosomal

Issue 9, Volume 12, September 2013



WSEAS TRANSACTIONS on MATHEMATICS

RNAs [2], control of protein stability [90], and chang-
ing conformations of ligand-binding sites of messen-
ger RNA [71, 78, 79, 12].

These new discoveries have also opened new av-
enues for thinking about therapeutic biotechnology
applications of RNA, because RNA’s editing, silenc-
ing, and other regulatory capabilities can be manip-
ulated to shut off and turn on genes, deliver drugs,
diagnose gene activity, and design new materials [80,
31, 13].

Figure 1: RNA’s hierarchical network-like structures
from 1D to 3D. The primary (1D), secondary (2D),
and tertiary (3D) structures associated with fluoride ri-
boswitch (PDB:4NEC [81]) are shown. The RAG tree
and dual graphs representing its 2D topology with-
out and with pseudoknot, respectively, are also shown.
The double-stranded or stem regions are colored green
for tree topologies and red for pseudoknot formation.

Information on RNA structure comes from ex-
perimental information (X-ray crystallography, NMR,
chemical probing) as well as modeling (e.g., as re-
viewed in [52]). These structures and their analy-
ses have established RNA’s hierarchical structure, in
which building blocks (motifs) combine stepwise to
form complex active shapes of RNA [52, 47]: The
primary (1D) structure or sequence leads to the sec-
onday (2D) structure — pattern of hydrogen bonding
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arrangements — which in turn triggers tertiary (3D)
structure formation, created by all interactions in-
cluding long-range contacts between 2D substructures
(see, Figure 1). RNA is a single-stranded polymer
whose sugar-phosphate backbone contains four stan-
dard bases, Adenine (A) and Guanine (G), Uracil (U)
and Cytosine (C), and their modified bases in vari-
ous order. This single-stranded polymer folds upon
itself, to form GC, AU, or GU (“wobble”) base pairs
which define double-helical regions (“stems”), im-
perfect with single-stranded regions named ‘“hairpin
loops”, “internal loops”, and “junctions”, which have
one, two, or more adjacent helical arms, respectively
(see 2D structure elements in Figure 2a and Figure 3).
When two single-stranded regions flanked by a stem
are base-paired, an interwined RNA structure called
pseudoknot forms (see Figure 1; top middle, and top
right, for the interwining green and red stems). Long-
range interactions between secondary structural mo-
tifs form complex tertiary network-like structures.
These hierarchical, modular, and network-like
features of RNA structures invite mathematical and
computational approaches to model, analyze, and pre-
dict RNA structures (see recent reviews [47, 52]).
For example, programs for predicting RNA 2D struc-
tures by free energy minimization [95, 82], folding 3D
structures of small RNAs [72, 18], and annotating mo-
tifs in 2D/3D structures [66, 76] are widely used. Fig-
ure 1 shows the abstraction of 2D structures as a tree
graph and a knot-like graph (called “dual graph™).

3 Graph Theory Approaches to RNA
Structure Modeling

3.1 Early Graph Approaches by Waterman,
Nussinov and Shapiro

Pioneering modeling of graphs for RNA began in the
late 1970s. Waterman developed graphical represen-
tations of RNA in 1978 with the aim of analyzing the
secondary structure of tRNA (Figure 2b) [89]. Specif-
ically, he offered the first graph-theoretic definition
of secondary structure and classified graphs of RNA
secondary structures with the goal of finding stable
2D structures. These planar graphs were analyzed for
base pairing using an adjacency matrix. His method
allows comparison of two different RNA 2D struc-
tures by approximating the free energy based on the
adjacency matrix representations. In 1989, Le et al.
also developed the ordered labeled tree representation
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Figure 2: Graph theoretical models of an RNA
2D structure for a three-way junction (a) by Water-
man, Nussinov, Shapiro, and Schlick. (b) Water-
man (1978): graphs at base-pair level; (c) Nussi-
nov (1989): ordered labeled tree graphs B, I, H, M,
and S represent bulge, internal loop, bifurcation loop,
and single-stranded region, respectively; (d) Shapiro
(1990): simplified tree graphs where R represent a
paired region; (e) Schlick (2003): RAG tree and dual
graphs.

to compare 2D structures of RNA (Figure 2c¢) [57].
In 1990, Shapiro and coworkers used a tree repre-
sentation of RNA 2D structures to measure structural
similarities (Figure 2d) [83]. They developed an al-
gorithm for analyzing multiple RNA 2D structures by
multiple string alignment. In particular, they defined
the tree edit distance between two (full) tree 2D struc-
tures to quantify the minimum cost (insertion, dele-
tion, and replacement of nodes) along an edit path
for converting one tree into another. Morosetti fur-
ther studied similarities in tree graph representations
by using topology connectivity indices known as the
Randi¢ index [6]. That is, for a given graph G =
(V, E), and d(u) representing the number of edges in-
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cident at vertex u of G (i.e., the degree of vertex u), the
Randi¢ index, R(G), is defined in term of the degrees
of the vertices as R(G) = >, »)ep(d(u) - d(v))'/2.
This index was originally introduced to assess the con-
nectivity in chemical graphs as this measure is sensi-
tive to the shape of a chemical cluster.

3.2 RAG Tree and Dual Graphs

In 2003, Schlick and coworkers introduced tree and
dual graphical representations of RNA 2D motifs in
a framework called RAG (RNA-As-Graphs) [22, 23,
20, 37] (see Figures 2e, 3 and 4).

In the RAG tree graphs, RNA 2D structural el-
ements — stems, loops, bulges, and junctions — are
converted into 2D graphical objects with the follow-
ing rules: (1) an edge () represents a double-stranded
helical stem with more than one base pair; (2) a ver-
tex (o) represents a single strand that occurs in seg-
ments connecting secondary structural elements such
as bulges, loops, and junctions. Here, a bulge motif is
considered to be an internal symmetric or asymmetric
loop with more than one unmatched nucleotide or one
unstable base pair.

Although RAG tree graphs offer an intuitive de-
scription of RNA 2D topologies, they cannot represent
pseudoknots. The dual graph representation trans-
lates RNA 2D structure into a more abstract graphical
model by interchanging the vertices and edges for op-
posite motifs from the translation rules of RAG tree
graphs [22, 20, 23, 37]: (1) a vertex (e) represents a
double-stranded helical stem with more than one base
pair; (2) an edge (—) represents a single strand that oc-
curs in segments connecting 2D structural elements
such as bulges, loops, and junctions where a bulge
motif is the same as the translation rules of RAG tree
graphs (i.e., asymmetric loop with more than one un-
matched nucleotide or one unstable base pair). See
Figure 3 for example.

The above definitions can be modified as needed
to construct more detailed 2D network models [22,
32, 41]. For example, by adding the flow direction
on edges (i.e., labeled vertices), RNA structures with
different starting and ending vertices can be differen-
tiated [22, 32, 41]. Currently, in the goal of RNA ter-
tiary structure prediction, Schlick and coworkers are
developing 3D tree graph representations for parallel
and anti-parallel helical arrangements with the follow-
ing additions and modification of vertices and edges
to RAG tree graphs: (1) additional vertices (e) are
set at helix ends; (2) additional edges (-) are set to
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Figure 3: The RAG translation rules of RNA 2D structures as dual, tree, and 3D tree graphs (as developed in our
recent work, see text). For each 2D structural element, the associated dual, tree, and 3D tree graphs are shown
along with Laplacian of the tree graph. RNAs with pseudoknot structures can only be presented by a dual graph.
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Figure 4: Examples of known RNAs with their RAG represenations: dual, tree, and 3D tree graphs (as developed
in our recent work, see text). Each RAG graph is also described by the vertex number and the second smallest
Laplacian eigenvalue.
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connect RAG tree vertices representing loops to addi-
tional proximal vertices; (3) additional vertices (e) are
set to represent bulges for asymmetric loop with one
unmatched nucleotide (see Figures 3 and 4). When
the geometrical features such as helix lengths and an-
gles are added to 3D tree graphs, we can also repre-
sent RNA 3D global geometries intuitively. See end
of Section 4.4 for an overview.

3.3 Advantages of the RAG Representation

The graphical representation of RNA secondary struc-
tures makes it possible to apply graph theory methods
to quantitatively describe topological properties (i.e.,
topological descriptors) of RNA motifs [20, 43].

Let G = (V, E) be an undirected graph and n =
|V'|; we define the associated Laplace matrix (called
the Laplacian) M = (m;;) as the n X n matrix where

d(i) i
*wij . (’L', ]
(

0

6]

mij =

and the value w;; is the number of edges between ver-
tices ¢ and j. The Laplacian thus decribes the connec-
tivity of a graph (see Figures 2e and 3 and Ref. [20,
43]). The Laplacian eigenvalues Ai, Ao, ..., A\, are
non-negative and real because M is symmetric, and
the smallest eigenvalue A\; = 0 [69]; the Laplacian
eigenvalues have been extensively studied because
they describe combinatorial properties of a topology.
As an example, a spanning tree of a graph G is a
minimally connected subgraph (i.e., connected and
acyclic) containing all the vertices of G. Each RAG
tree graph has only one spanning tree, itself, since
any removal of an edge makes a graph disconnected.
For dual graphs, however, this is not the case; dual
graphs can have several spanning trees. An arbitrary
spanning tree can be found by an application of Depth
First Search [29] under the assumption that GG is con-
nected. The number of spanning trees of a graph GG on
n vertices, t(G), can be evaluated as a function of the
Laplacian eigenvalues as t(G) = ([]/—y A\i)/n [7].
An open problem in extremal graph theory, originally
proposed in the 1970s [42], is to characterize graphs
with maximum number of spanning trees (called t-
optimal graphs) among all graphs with e edges and
n vertices (see [42, 14, 74, 75]); t-optimal graphs play
an important role in the design of reliable communi-
cation networks [8, 9] in reliability theory as well as
in optimization design theory in statistics [14].
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The second smallest eigenvalue, As, and its corre-
sponding eigenvector, (g, provide information about
topological compactness (i.e., algebraic connectiv-
ity) and partition properties of graphs, respectively.
The eigenvalue Ao, also known as the Fiedler eigen-
value [21], increases with the compactness of the
structure. For example, Ay is smaller in a linear chain
than in a branched structure for a family of closely re-
lated graphs (see examples in Figure 4). Unlike tradi-
tional topological connectivity, algebraic connectivity
or compactness depends on the number of vertices and
how they are connected.

The eigenvector g = (v1,v9,...,v,) provides
information on how to subdivide a large RNA into
smaller fragments by using spectral-graph partitioning
methods [77] that minimize dependencies between
fragments. A cut C(A, A’) of a graph G = (V, E)
is a set of edges that, when removed from G, par-
titions the set of vertices V' into two sets A and A’.
The cut-ratio (A, A) of the cut C(A, A’) is defined
as |C(A, A")|/min(]A|,|A’]). The idea of spectral
partitioning is to bisect (i.e., split a set into two sets
whose cardinalities differ by at most in one) the ver-
tex set Vinto {i € V : v; > s} and {i € V :
v; < s} for some given value s. Spielman et al.
showed that there exists a value s that can be deter-
mined in term of the Fiedler eigenvalue, for which
the bisection of the Fiedler eigenvector yields the
best possible cut-ratio in G [86]. For example, s
corresponding to RAG tree graph 52 in Figure 5 is
(—0.20,0.34,—0.42, —0.42,0.70). When s is the me-
dian of the eigenvector components, —0.20, the graph
is partitioned into two sets of vertices, {5,2} and
{1, 3,4}, representing an internal loop and a three-
way junction, respectively.

Another important graph-theoretical descriptor is
the diameter of a graph G = (V, E') which is defined
as the maximum distance (length of the shortest path)
between every pair of vertices u,v € V. Intuitively,
the diameter represents the maximum possible com-
munication delay between a pair of vertices of a graph.
Even though the Fiedler eigenvalue and the diameter
assess different structural properties of graphs, the al-
gebraic connectivity is related to the reciprocal of the
average distance of a graph. Also 4/(n - A2) repre-
sents a lower bound for the diameter of a graph G on
n vertices [68].

Laplacian eigenvalues [20, 43], graph diame-
ter [25], and spanning trees are examples of topologi-
cal descriptors widely used to determine properties of
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Figure 5: RNA tree graph library segment. Tree
graphs are associated with existing RNAs (from the
PDB) and classified as RNA-like and non-RNA-like.
The eigenvalues of RNA topologies are a measure of
structural compactness.

graphs. These quantitative measures can be used to
compare graphs, subdivide graphs into recurring mo-
tifs, and identify subgraphs [43, 73].

In communication applications, graphs with max-
imum number of spanning trees are useful for reliable
network design [74, 75]. Consider a communication
network G = (V, E), in which edges fail indepen-
dently (vertices are perfectly reliable) and each edge x
fails with probability p,. The all-terminal reliability,
Ry (G), gives the probability that each pair of vertices
u,v € V will remain connected via an operational
path after deletion of the failed edges. It is not diffi-
cult to show that if a graph GGy has maximum num-
ber of spanning trees (i.e., G is t-optimal) among all
graphs in a class with equal number of edges e = |E)|
and vertices n = |V, Q(n, e), then when edges are
failing (i.e., for each edge x the probability of failure
pz approaches 1), GGy is also the most reliable graph
in Q(n,e). Thus t-optimal graphs play a significant
role when characterizing most reliable graphs given a
class of graphs Q(n, e).

Independently from this result in graph theory,
Cheng [14] discovered in 1982 that the optimiza-
tion problem of characterizing t-optimal graphs in a
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Figure 6: RAG tree and dual graphs. (a) The library of
topologies of RAG tree graphs between 2 and 10 ver-
tices, with the second smallest Laplacian eigenvalues
(A2) listed. (b) RAG dual graphs between 2 and 4 ver-
tices, with topological classification (tree, bridge, and
pseudoknot). The status of existing, RNA-like, and
non-RNA-like topologies is represented by red, blue,
and black (dashed), respectively (see text). The motifs
in the yellow box indicate the five candidate motifs
(C1, C2, C3, C4, and C7) as of 2004 [43] which have
been identified as CPEB3, purine riboswitch, tRNA-
like, Tombusvirus 3’ UTR region, and Flavivirus, re-
spectively, in the updated RAG as of 2011 [37].
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Figure 7: 45 RNA-like topologies with 5 vertices pre-
dicted by supervised clustering analysis based on ex-
isting RNAs [37]. The submotifs found in nature are
colored red.

class of graphs Q(n, e) is equivalent to the optimiza-
tion problem of characterizing the so-called balanced
incomplete-block designs in statistics (i.e., design of
network with specific requirements such as the num-
ber of objects in each block). We first consider block
designs with ¢ treatments to be tested on b blocks of
size k with k < t. Each statistical experiment can be
mapped to a graph in Q(n, e), where n = ¢t + b and
e = bx k, and the optimal block design is the experi-
ment represented by a t-optimal graph in Q(n, e).

A key advantage of this topological approach is
that it reduces the size of RNA space enormously. The
RAG framework make it possible to enumerate and
generate RNA 2D topologies, opening a new avenue
for predicting novel RNA motifs [22, 43]. For RAG
unlabeled tree graphs, the number of possible graphs
is obtained using the counting polynomial derived by
Harary and Prins [22, 34]. To enumerate and construct
RAG dual graphs, probabilistic graph-growing tech-
niques are used [43]. These sets of distinct graphs rep-
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resent libraries of theoretically possible RNA topolo-
gies, which include existing and hypothetical (“miss-
ing”) RNA motifs.

Since not all hypothetical RNA topologies are
physically meaningful, Kim et al. predicted mo-
tifs, named as “RNA-like” motifs, which are more
likely to occur in nature than others by a learning
approach based on known RNAs [43]. They clus-
tered RNA graphs into two groups based on topo-
logical variables via the transformation of Lapla-
cian eigenvalues and predicted novel candidate RNA-
like topologies that possess topological properties
similar to existing RNAs [43]. Based on these
predictions, RAG catalogued all RNA graphs into
existing and RNA-like, and non-RNA-like motifs
(http://www.biomath.nyu.edu/rna): see Figures 5—
7 for RAG segments. Among the ten RNA-like dual
graphs with 3 or 4 vertices predicted in 2004, five mo-
tifs (see C1, C2, C3, C4, and C7 in Figure 6b) have
been identified in nature with regulatory or catalytic
functions [37].

RAG’s systematic catalogue offers a comprehen-
sive search ability and has been used in analyzing, de-
signing, and predicting RNA structures [73, 56, 49].
For example, Pasquiali et al. analyzed modular pseu-
doknot architectures by dual subgraph-isomorphism
searches in large ribosomal RNA [73]. Laserson et al.
identified motifs corresponding to antibiotics-binding
motifs in genomes by searching tree graphs [56].
Knisley and coworkers applied RAG to predict larger
RNA-like structures by merging two small graphs and
applying neural network analysis [49]. See also [47]
for the impact of RAG on the RNA field.

4 Graph Applications to RNA Struc-
ture Prediction

4.1 Motif Analysis

Network analysis applied to RNA structures has iden-
tified modular RNA structure which are composed
of repetitive motifs, in which patterns appear hier-
archically, from 2D to 3D structure levels. Essen-
tially, motifs are recurring structural elements in RNA
molecules.

Statistical analysis of 2D networks helped reveal
motif distributions of known RNAs and provided im-
proved structural and energetic parameters for 2D
structure prediction [94, 24]. Zorn et al. annotated
paired and unpaired bases in stems, junctions, hair-
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pin loops, bulges, and internal loops in ribosomal
RNAs and discovered that the paired and unpaired
bases in structural motifs have characteristic distribu-
tion shapes and ranges: the frequency distribution of
paired bases in stems declines linearly with the num-
ber of bases, whereas, for unpaired bases in junctions,
it has a pronounced peak [94]. Gardner et al. corre-
lated structural statistics of hairpins and internal loops
to energetic parameters by analyzing sequence align-
ments and 2D structure data sets to improve the accu-
racy of RNA 2D prediction [24].

The RNA 3D network plays an important role in
RNA 3D folding and provides models of the princi-
ples of organization of complex RNA structures [59,
87, 93]. Leontis and Westhof developed the network
representation rules to represent 3D structure in 2D
(including base pairing, base-stacking, and baseback-
bone interactions), which facilitates the discrete mod-
els and classification of 3D motifs [59]. Using this
3D network representation, they classified base pair
interactions into 12 geometric families in terms of
base pairing and base-stacking [59], and catalogued
by similar base pair interactions that can be substi-
tuted by compensatory mutation [87]. Zirbel et al.
analyzed and classified 10 base-backbone geometri-
cal families based on their hydrogen bond interaction
patterns [93].

The Westhof/Leontis 3D network representation
and classifications have been used to define recurrent
3D motifs in known RNA 3D structures [92, 28, 10].
By manual inspection by experts in the field of RNA
structure, several 3D motifs have been identified (e.g.,
coaxial helix, A-minor, ribose zipper, and kissing
hairpin, see Ref. [92] for the definition of motifs)
and more continue to be discovered. Recently, the
Jaeger and Steinberg groups found new 3D motifs
found common right-angles, twist-joints and dou-
ble twist-joints motifs in ribosomal RNAs and other
large RNAs, which establish specific helical arrange-
ments [28, 10].

The increased repertoire of RNA motifs has stim-
ulated the development and application of statisti-
cal and computational analysis in RNA structures to
better understand the network interaction properties
of RNA [92, 36]. Xin et al. comprehensively an-
alyzed a data set of 54 high-resolution RNA crys-
tal structures for motif occurrence and correlations.
Specifically, they searched seven RNA 3D motifs by
various computer programs for motif occurrence and
correlations (see the resulting frequencies of motifs
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at http://www.biomath.nyu.edu/motifs). Pyle and
coworkers represented RNA backbone structures us-
ing a simplified virtual bond system and reported the
pseudo-torsional angles focusing on local RNA back-
bone geometry [36]. Statistics of RNA 3D motifs pro-
vide the groundwork for RNA 3D structure prediction
via networks of restraints.

4.2 Junctions Classification and Prediction

RNA junctions are important structural elements that
form when two or more helices come together in space
in RNA 3D structures associated with 2D structures.
The Al-Hashimi, Westhof and Schlick groups per-
formed geometrical analysis and classification of 2-
way (or internal loops), 3-way, and 4-way (and higher-
order) junctions, respectively [3, 4, 60, 55, 51, 50].

Al-Hashimi and coworkers showed that 2D struc-
ture features (e.g., loop size) encode topological con-
straints on the 3D helical orientations of 2-way junc-
tions and additional long-range contacts serve to sta-
bilize specific helical conformations [3, 4].

Westhof and coworkers classified 3-way junctions
to 3 families (called A, B, and C) based on coaxial-
stacking and orientation of helices, parallel, diago-
nal, or anti-parallel [60]. They also developed an al-
gorithm for automatically predicting the topological
family of any RNA 3-way junction, from given only
2D structure information, based on the parameters de-
rived from a data set of 3-way junctions taken from
known RNAs [55].

Schlick and coworkers focused on 4-way and
higher-order junctions [51, 50, 53]. Laing et al. clas-
sified 4-way junctions into nine families according
to coaxial stacking patterns and helical configura-
tions [51]. They further developed a computational
tool, called Junction-Explorer, to predict helical ar-
rangements in 3- and 4-way junctions by a data min-
ing approach, known as random forests, which relies
on a set of decision trees trained using length, se-
quence, and free energy specified for any given junc-
tion [53]. The web server Junction-Explorer is freely
available at http://bioinformatics.njit.edu/junction.
Junction-Explorer can predict the junction family with
an accuracy of 85% for 3-way junctions and 74% for
4-way junctions. These studies of RNA junctions help
understand the global interaction network of RNAs
and thus have great potential for guiding the challeng-
ing task of RNA 3D structure prediction.
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4.3 In Vitro Selection Modeling In Silico

In the laboratory, new RNAs are designed by an exper-
imental procedure called in vitro selection which in-
volves the generation of large random-sequence pools
(~ 10'%) and screening the random pool for molecules
that can perform a specific function such as binding to
specific targets.

Theoretical analysis of random pools by Gevertz
etal. [25] has shown that the random pools are biased
towards simple topologies (e.g., see aptamer motifs in
Figure 8).

Kim et al. [44, 46] developed a computational
framework for modeling the in vitro selection process
with specific targets in mind and provided computa-
tional tools for analyzing and improving RNA in vitro
selection in three ways: by designing structured pools,
by generating large sequence pools, and by screen-
ing target motifs in large pools. The concept of the
“nucleotide transition probability matrix” was intro-
duced to represent the mixing ratios of nucleotides in
synthesis ports. This makes it possible to design se-
quence pools targeting RNA-like topologies that are
more likely to be active when produced experimen-
tally.

To assist experimentalists, they made
available  design  tools  through a  web-
server, RAGPOOLS: RNA-As-Graph-Pools at

http://rubin2.biomath.nyu.edu [45]. This work
represents a first-generation effort to simulate in
vitro selection processes in silico and exponentially
increases the number of quality samples available to
experimentalists. Efficient modeling has extended the
approach to pools of up to 10'* sequences.

Other efforts in this direction include work by
Chushak and Stone on generation and screening of
10® random-sequence pools for RNA aptamers for
binding specific targets using a 3D folding and dock-
ing algorithms [16]. Luo et al. developed computa-
tional approaches to generate and evolve DNA pools
for five-way junctions [61].

One of main challenges in vitro selection mod-
eling in silico remains 3D structural characterization
of the products to complement the 2D motif analysis.
Advances in the prediction of RNA 3D structure re-
quire more conceptual breakthroughs to address the
global positioning of RNA’s 2D structure elements.
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Figure 8: Pool screening and filtering analysis for
10'2 random-sequence pools for aptamers.

4.4 RNA Structure Prediction

RNA'’s modular, hierarchical, and network-like prop-
erties invite the application of graph approaches to
RNA structure prediction. The prediction tools of
RNA 2D structures from a given sequence (e.g.,
Mfold [95]) using energy minimization are already
widely used. An alternative approach is the topology-
based method, which generates an exhaustive list of
all possible topologies, and also uses clustering anal-
ysis and shape parameters to narrow down the promis-
ing topologies [43]. Once these topologies are identi-
fied, the next step is to generate sequences to fold into
them. Build-up approaches have been developed for
this purpose [43].
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The prediction of atomic 3D structure based on
a given sequence is an ultimate goal of RNA struc-
ture prediction. Several programs predicting all-
atom structures for small RNAs have been developed
using fragment assembly and energy minimization
(FARNA [18]) and modular approach using 4-6 nt
building blocks called graph cycles (MC-SYM [72]).
NAST [39] and iFold [84] use coarse-grained ap-
proach with one-bead or three-beads model, respec-
tively. However, such programs are generally poor
at predicting long-range interactions and, for higher
prediction accuracy, manual manipulation and expert
intuition are required; see recent reviews [52, 17].

The challenge remains for prediction of larger
and more complex RNAs. An intermediate step to-
ward 3D atomic structure prediction of any size and
shape has been achieved using graphical representa-
tion to simplify 3D structures and reduce sampling
space [26, 27]. Gillespie et al. represented RNA back-
bones as polygonal curves on the 3D triangular lat-
tices and simulated the folding of RNA pseudoknots,
by considering only the 3D conformations that can re-
alize pseudoknot structures in the 3D space given the
base pair restrictions [26]. Gopal et al. predicted and
visualized the average structure of 2D/3D topology
ensembles of long viral RNAs (with thousands nu-
cleotides) using enumeration of RAG tree graphs and
coarse-grained molecular dynamics [27]. Ongoing ef-
forts using graph approaches are aimed at predicting
helical arrangements given 1D and 2D information via
3D motif constraints.

Currently, Schlick and coworkers are develop-
ing a hierarchical RNA folding approach using RAG
3D tree graphs and the geometrical analyses of RNA
junctions and 3D motifs [54, 48]. The approach
exploits the advantage of 3D tree graphs to reduce
the conformational space for RNA and accelerate
global sampling of candidate RNA 3D topologies.
From given RNA 2D structures, initial 3D graphs are
constructed by a junction family prediction program
called Junction-Explorer [54]: Junction-Explorer is
based on a data mining study that uses random trees to
predict junction topology based on input feature vec-
tors. The algorithm is trained on known RNA junc-
tions. Following initial junction prediction, the Monte
Carlo graph sampling is performed where each can-
didate graph is scored by a statistical potential energy
function that guides preferred local and global con-
formations [48]. This graph-based hierarchical model
is being tested on a set of known 3D structures, and
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shows promise for predicting large RNA structures.
The translation of graph predictions to atomic models
is also under current development.

5 Concluding Remarks and Open
Problems

Network representations of complex RNA structures
have been shown to be useful for representing, ana-
lyzing, predicting, and designing RNAs. From Wa-
terman’s graph approaches [89] to RAG tree and dual
graphs [22], these various mathematical objects offer
an efficient way of visualizing, classifying, and pre-
dicting RNA structures.

RAG’s tree and dual graphs exploit the network-
like nature of RNA 2D topologies [22, 23, 20, 37].
The application of graph theory to RAG representa-
tions has been used to measure overall compactness
and enumerate all possible 2D topologies [43, 20].
The cataloguing, classification, and clustering of RAG
graphs has expanded our understanding of RNAs
structural repertoire, and allowed us to predict RNA-
like topologies [43, 37, 49]. Graph enumeration and
clustering algorithms have been used to explore RNA-
like topologies [43, 37], and the graph merge method
has been developed to predict larger RNA topolo-
gies [49]. The RAG database has been used to per-
form topology-based approaches which led to predic-
tion of non-coding RNA searches in genomes [56] and
submotif searches in larger RNAs [73].

Graph representations in combination with net-
work and geometrical analysis have been applied to
RNA structure prediction in multiple ways. By ex-
ploring network properties on 2D and 3D levels, re-
current motifs have been searched for and identi-
fied in known RNAs, which lays the groundwork
for 3D structure prediction [94, 59, 92]. In particu-
lar, the 3D geometrical analysis of junction networks
are led to topological classification of junction family
types [3, 4, 60, 55, 51, 50]. To discover new RNAs
with RNA-like topologies, the RAG catalog has been
used to analyze, generate, and design targeted RNA
structures to ultimately enhance in vitro selection ex-
perimental procedures [44, 46, 45]. The substantial
reduction in conformational space size can enhance
RNA structure prediction [26, 27, 54, 48].

Graph theory is expected to continue to be a use-
ful tool for representing, analyzing, and predicting
RNAs; such applications also provide exciting re-
search opportunities in biology for mathematical sci-
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entists. We end with three open questions that require
collaboration between mathematicians and biologists:

First, can we develop an alternative approach to
clustering approaches for predicting RNA-like topolo-
gies based on the spectrum of a graph? The cluster-
ing analysis used previously by [43, 37] is based on
supervised approaches trained on the whole set of all
existing RNA topologies. This method has a consider-
able number of false positives [37]. An alternative ap-
proach is to identify in the RAG database those graphs
that are non-isomorphic but have the same eigenval-
ues, determine which are known in nature, and then
explore whether a certain spectral pattern lead to a
fruitful way to predict novel RNAs. For example, if
there are three specific non-isomorphic trees with the
same spectrum and only one has been found experi-
mentally, the other two may be RNA-like and good
candidates for design. This approach relies on the
well-known result in graph theory that two different
non-isomorphic trees (for the same number of ver-
tices) can have the same eigenvalues; that is, the ver-
tex number and the eigenvalues alone cannot uniquely
identify a topology.

Second, can we extend the RAG database for de-
sign of RNAs by build up by systematic identification
of RNA submotifs for a target structure and links of
submotifs to 1D/3D structures from the PDB? This
problem involves rigorously identifying submotifs for
a target structure, which can be an automated search
of 3D subgraphs based on subgraph isomorphism. Es-
tablished graph theory properties regarding subgraph
isomorphism and maximum number of spanning trees
could be appropriate here. Ongoing activity on de-
termining graphs with maximum number of spanning
trees (among graphs with the same number of vertices
and edges) using the Laplacian eigenvalues and other
optimization techniques could be valuable here.

Third, can we expand the repertoire of 3D motifs
by applying spectral graph partitioning and the alge-
braic connectivity? So far, only a limited number of
known 3D motifs has been identified and analyzed by
manual inspection and computational searches from
solved RNAs. The application of spectral graph par-
titioning could be useful to enumerate all existing 3D
motifs by dividing 3D graphs translated from RNA
3D structures. The topological properties of 3D mo-
tifs could also be described by the F'iedler eigenvalue
and related to the diameter of the whole structure.

Unlike Frank Lloyd Wright’s architecture, bio-
logical macromolecules cannot be made arbitrarily
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simple, but perhaps simplified network representa-
tions could lead to more innovative and successful ap-
proaches for addressing difficult real-life problems in
RNA structure prediction and design.

Acknowledgements:  This work is supported by
the National Science Foundation (DMS-0201160,
CCF-0727001) and the National Institutes of Health
(GMO081410, GM100469).

References:

[11 M. Amos, Theoretical and Experimental
DNA Computation, Natural Computing Series,
Springer, New York, NY, 2005.

J. P. Bachellerie et al., The expanding snoRNA
world, Biochimie 84(8), 2002, pp. 775-790.

M. H. Bailor et al., 3D maps of RNA in-
terhelical junctions, Nat Protoc. 6(10), 2011,
pp. 1536-1545.

M. H. Bailor, X. Sun, and H. M. Al-Hashimi,
Topology links RNA secondary structure with
global conformation, dynamics, and adapta-
tion, Science 327(5962), 2010, pp. 202-206.

A. L. Barabasi and E. Bonabeau, Scale-free
networks, Sci. Am. 288(5), 2003, pp.60—69.

G. Benedetti and S. Morosetti, A graph-
topological approach to recognition of pattern
and similarity in RNA secondary structures,
Biophys. Chem. 59, 1996, pp. 179-184.

N. Biggs, Algebraic graph theory, Cambridge
University Press, 1993.

F. Boesch, X. Lee, and C. Suffel, On the ex-
istence of uniformly most reliable graphs, Net-
works (21)-2, 1991, pp. 181-194.

F. Boesch, C. Suffel, and A. Satyanarayana,
A survey of some network reliability analysis
and synthesis results, Networks (54)-2, 2009,
pp. 99-107.

Y. I. Boutorine and S. V. Steinberg, Twist-joints
and double twist-joints in RNA structure, RNA
18(12), 2012, pp. 2287 — 2298.

D. Bray, Molecular networks: the top-down
view, Science 301(5641), 2003, pp. 1864—
1865.

R. R. Breaker, Riboswitches and the RNA
World, Cold Spring Harb Perspect Biol.
2012, doi:pii: a003566.

(2]

(3]

(4]

[5]

[6]

(7]

(8]

[9]

Issue 9, Volume 12, September 2013



WSEAS TRANSACTIONS on MATHEMATICS

[13] J. C. Burnett and J. J. Rossi, RNA-based thera-
peutics: current progress and future prospects,
Chem Biol. 19(1), 2012, pp. 60-71.

C. Cheng, Maximizing the total number of
spanning trees in a graph: two related problems
in graph theory and optimization design theory,
Journal of Combinatory Theory (B) 31, 1981,
pp. 240-248.

G. M. Church, Y. Gao, and S. Kosuri,
Next-generation digital information storage in
DNA. Science 337(6102), 2012, pp. 1628.

[16] Y. Chushak and M. Stone, In silico selection
of RNA aptamers, Nucleic Acids Res. 37(12),
2009, e87.

[17] J. A. Cruz et al., RNA-Puzzles: a CASP-like
evaluation of RNA three-dimensional structure
prediction, RNA 18(4), 2012, pp. 610-625.

[18] R. Das and D. Baker, Automated de novo
prediction of native-like RNA tertiary struc-
tures. Proc. Natl. Acad. Sci. U. S. A. 104(37),
2007, pp. 14664 — 14669.

[19] S. R. Eddy, Non-coding RNA genes and the
modern RNA world, Nat. Rev. Genet. 2(12),
2001, pp. 919-9209.

[20] D. Fera et al., RAG: RNA-As-Graphs web re-
source, BMC Bioinformatics 5, 2004, pp. 88.

[21] M. Fiedler, Algebraic connectivity of graphs,
Czechoslovak Mathematical Journal 23, 1973,
pp- 298.

H. H. Gan et al., Exploring the repertoire of
RNA secondary motifs using graph theory; im-
plications for RNA design, Nucleic Acids Res.
31(11), 2003, pp. 2926 — 2943.

H. H. Gan et al.,, RAG: RNA-As-Graphs
database—concepts, analysis, and features,
Bioinformatics 20(8), 2004, pp. 1285 —1291.

D. P. Gardner et al., Statistical potentials for
hairpin and internal loops improve the accuracy
of the predicted RNA structure, J. Mol. Biol.
413(2), 2011, pp. 473-483.

J. Gevertz et al., In vitro RNA random pools are
not structurally diverse: a computational anal-
ysis, RNA 11(6), 2005, pp. 853-863.

[26] J. Gillespie, M. Mayne, and M. Jiang. RNA
folding on the 3D triangular lattice, BMC
Bioinformatics 10, 2009, pp. 369.

[27] A. Gopal et al., Visualizing large RNA

molecules in solution, RNA 18(2), 2012,

pp. 284-299.

[14]

[15]

[22]

(23]

[24]

[25]

E-ISSN: 2224-2880

953

Namhee Kim, Louis Petingi, Tamar Schlick

[28] W. W. Grabow et al., The Right Angle (RA)
Motif: A Prevalent Ribosomal RNA Structural
Pattern Found in Group I Introns. J. Mol. Biol.
424(1-2), 2012, pp. 54-67.

J. Gross and J. Yellen, Graph Theory and Its
Applications, CRC Press, 1996.

K. C. Gunsalus et al.,, Predictive mod-
els of molecular machines involved in
Caenorhabditis elegans early embryogenesis,
Nature 436(7052), 2005, pp. 861-865.

P. Guo, The emerging field of RNA nanotech-
nology, Nat Nanotechnol. 2010, pp. 833—-842.

M. Hamada et al., Mining frequent stem pat-
terns from unaligned RNA sequences, Bioin-
Sformatics 22(20), 2006, pp. 2480 — 2487.

A.J. Hamilton and D. C. Baulcombe, A species
of small antisense RNA in posttranscriptional
gene silencing in plants, Science 286(5441),
2009, pp. 950-952.

F. Harary, Graph Theory, Addison-Wesley,
Mass. 1969.

R. L. Hotz, Decoding our chatter, The Wall
Street Journal, October 1, 2011, C1-C2.

E. Humphris-Narayanan and A. M. Pyle, Dis-
crete RNA libraries from pseudo-torsional
space, J. Mol. Biol. 421(1), 2012, pp. 6-26.

J. A. Izzo et al.,, RAG: an update to the RNA-
As-Graphs resource, BMC Bioinformatics 12,
2011, pp. 219.

M. Johnson, Structure-activity maps for visual-
izing the graph variables arising in drug design.
J. Biopharm. Stat. 3(2), 1993, pp. 203-236.
M. A. Jonikas et al., Coarse-grained modeling
of large RNA molecules with knowledge-based
potentials and structural filters, RNA 15(2),
2009, pp. 189 — 199.

S. Kalir and U. Alon, Using a quantita-
tive blueprint to reprogram the dynamics
of the flagella gene network, Cell 117(6),
2004, pp. 713-720.

Y. Karklin et al., Classification of non-coding
RNA using graph representations of secondary
structure, Pac. Symp. Biocomput. 4, 2005,

pp- 15.
A. Kelmans and V. Chelnokov, A certain poly-
nomial of a graph and graphs with maximum

number of spanning trees, Journal of Combi-
natory Theory (B) 16, 1974, pp. 197-214.

[29]

[30]

[33]

Issue 9, Volume 12, September 2013



WSEAS TRANSACTIONS on MATHEMATICS

[43] N. Kim et al.,, Candidates for novel RNA
topologies, J. Mol. Biol. 341(5), 2004, pp. 1129
—1144.

[44] N. Kim et al., A computational proposal for de-
signing structured RNA pools for in vitro selec-
tion of RNAs, RNA 13(4), 2007, pp. 478-492.

N. Kim et al., RAGPOOLS: RNA-As-Graph-
Pools—a web server for assisting the design of
structured RNA pools for in vitro selection,
Bioinformatics 23(21), 2007, pp. 2959-2960.

N. Kim et al., Computational generation and
screening of RNA motifs in large nucleotide se-
quence pools, Nucleic Acids Res. 38(13), 2010,
el39.

N. Kim, K. N. Fuhr, and T. Schlick, Graph Ap-
plications to RNA Structure and Function, In
Biophysics of RNA Folding, Ed. Rick Russell,
Springer, Chapter 3, 2013.

N. Kim et al., Graph-based sampling approach
for approximating global helical topologies of
RNA, 2013, In preparation

D. R. Koessler et al., A predictive model for
secondary RNA structure using graph theory
and a neural network, BMC Bioinformatics 11
Suppl 6, 2010, S21.

C. Laing and T. Schlick, Analysis of four-
way junctions in RNA structures, J. Mol. Biol.
390(3), 2009, pp. 547-559.

[51] C. Laing et al., Tertiary motifs revealed in anal-
yses of higher-order RNA junctions, J. Mol.
Biol. 393(1), 2009, pp. 67-82.

[52] C. Laing and T. Schlick, Computational ap-
proaches to 3D modeling of RNA, J Phys.
Condens Matter. 22(28), 2010, pp. 283101 —
283118.

[53] C. Laing et al., Predicting coaxial helical stack-
ing in RNA junctions, Nucleic Acids Res. 40(2),
2012, pp. 487-498.

[54] C. Laing et al., Predicting helical topologies in
RNA junctions as tree graphs, 2013, Submitted.

[55] A. Lamiable et al., Automated prediction of
three-way junction topological families in RNA
secondary structures, Comput. Biol. Chem. 37,
2012, pp. 1-5.

U. Laserson et al., Predicting candidate ge-
nomic sequences that correspond to synthetic
functional RNA motifs, Nucleic Acids Res.
33(18), 2005, pp. 6057 — 6069.

[45]

[46]

[47]

(48]

[49]

[50]

[56]

E-ISSN: 2224-2880

954

Namhee Kim, Louis Petingi, Tamar Schlick

[57] S. Le et al., Tree graphs of RNA secondary
structures and their comparisons, Comput.
Biomed. Res. 22, 1989, pp. 461 — 473.

[58] D. S. Lee et al., The implications of human
metabolic network topology for disease comor-
bidity, Proc. Natl. Acad. Sci. U. S. A. 105(29),
2008, pp. 9880-9885.

[59] N. B. Leontis and E. Westhof, Geometric
nomenclature and classification of RNA base
pairs, RNA 7(4), 2001, pp. 499-512.

[60] A.Lescoute and E. Westhof, Topology of three-
way junctions in folded RNAs, RNA 12(1),
2006, pp. 83-93.

X. Luo et al., Computational approaches to-
ward the design of pools for the in vitro selec-
tion of complex aptamers, RNA 16(11), 2010,
pp. 2252-2262.

M. Mandado et al., Chemical graph theory
and n-center electron delocalization indices: a
study on polycyclic aromatic hydrocarbons, J.
Comput. Chem. 28(10), 2007, pp. 1625-1633.

[63] B. Mandelbrot, Fractals: Form, Chance and
Dimension, W H Freeman and Co, 1977.

[64] B. Mandelbrot, The Fractal Geometry of Na-
ture, W H Freeman and Co, 1982.

[65] B. Mandelbrot, A Multifractal Walk down Wall
Street, Scientific American, February 1999.

T. J. Macke et al., RNAMotif, an RNA
secondary structure definition and search al-
gorithm, Nucleic Acids Res. 29(22), 2001,
pp. 4724 — 4735.

R. Milo, Superfamilies of evolved and designed
networks, Science 303(5663), 2004, pp. 1538—
1542.

B. Mohar, The Laplacian spectrum of graphs,
In Graph theory, combinatorics, and applica-
tions, Eds. Alavi, Chartrand, Qellermann, and
Schwenk, Wiley, 1991, pp. 817-898.

B. Mohar, Graph Laplacians, In Topics in alge-
braic graph theory, Eds Beineke and Wilson,
Cambridge University Press, Chapter 4, 2004.
Nobel Foundation (2012, October 15). Nobel
Prize in Economics 2012: Alvin E. Roth and
Lloyd S. Shapley “for the theory of stable allo-
cations and the practice of market design”.

E. Nudler, Flipping riboswitches, Cell 126(1),
2006, pp. 19-22.

[61]

[62]

[66]

[67]

[68]

[69]

[70]

[71]

Issue 9, Volume 12, September 2013



WSEAS TRANSACTIONS on MATHEMATICS

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

M. Parisien and F. Major, The MC-Fold and
MC-Sym pipeline infers RNA structure from
sequence data, Nature 452(7183), 2008, pp 51
- 55.

S. Pasquali, H. H. Gan, and T. Schlick, Modular
RNA architecture revealed by computational
analysis of existing pseudoknots and riboso-
mal RNAs, Nucleic Acids Res. 33(4), 2005,
pp. 1384 — 1398.

L. Petingi, F. Boesch, and C. Suffel, On
the Characterization of Graphs with Maximum
Number of Spanning Trees, Discrete Mathe-
matics (179)1-3, 1998, pp. 155-166.

L. Petingi and J. Rodriguez, A New Technique
for the Characterization of Graphs with Max-
imum Number of Spanning Trees, Discrete
Mathematics (244)1-3, 2002, pp. 351-373.

A. 1. Petrov et al., WebFR3D-a server for find-
ing, aligning and analyzing recurrent RNA 3D
motifs, Nucleic Acids Res. 39(Web Server is-
sue), 2011, W50.

A. Pothen et al., Partition space matrices with
eigenvectors in graphs, SIAM J. on Matrix
Analysis and Applications 11, 1990, pp. 430.
G. Quarta et al., Analysis of riboswitch
structure and function by an energy land-
scape framework, J. Mol. Biol. 393(4), 2009,
pp- 993-1003.

G. Quarta, K. Sin, and T. Schlick, Dynamic
energy landscapes of riboswitches help inter-
pret conformational rearrangements and func-
tion, PLoS Comput Biol. 8(2), 2012, e1002368.
N. S. Que-Gewirth and B. A. Sullenger, Gene
therapy progress and prospects: RNA ap-
tamers, Gene Ther. 14(4), 2007, pp. 283-291.
A. Ren, K. R. Rajashankar, and D. J. Pa-
tel, Fluoride ion encapsulation by Mg2+ ions
and phosphates in a fluoride riboswitch, Nature
486(7401), 2012, pp. 85-89.

E. Rivas and S. R. Eddy, A dynamic program-
ming algorithm for RNA structure prediction
including pseudoknots, J. Mol. Biol. 285(5),
1999. pp. 2053 — 2068.

B. Shapiro and K. Zhang, Comparing multi-
ple RNA secondary structures using tree com-
parisons, Comput. Appl. Biosci. 6(5), 1990,
pp- 309 — 318.

S. Sharma, iFold: a platform for interactive
folding simulations of proteins, Bioinformatics
22(21), 2006, pp. 2693-2694.

E-ISSN: 2224-2880

955

[85]

[86]

[87]

[83]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Namhee Kim, Louis Petingi, Tamar Schlick

P. A. Sharp, The centrality of RNA,
Cell 136(4), 2009, pp. 577-580.
D. A. Spielman and S. H. Teng, Spectral par-

titioning works: Planar graphs and finite ele-
ment meshes, Linear Algebra and Its Applica-
tions 421, 2007, pp. 284-305.

J. Stombaugh et al., Frequency and isostericity
of RNA base pairs, Nucleic Acids Res. 37(7),
2009, pp. 2294-2312.

S. H. Yook et al., Modeling the Internet’s large-
scale topology, Proc. Natl. Acad. Sci. U. S. A.
99(21), 2003, pp. 13382-13386.

M. S. Waterman, Secondary structure of single-
stranded nucleic acids, Adv. Math. Suppl. Stud.
1, 1978, pp. 167 — 212.

K. P. Williams, The tmRNA Website: invasion
by an intron, Nucleic Acids Res. 30(1), 2002,
pp. 179-182.

G. Witz, G. Dietler, and A. Stasiak, Tight-
ening of DNA knots by supercoiling facili-
tates their unknotting by type II DNA topoiso-
merases, Proc. Natl. Acad. Sci. U.S.A., 108(9),
2011, pp. 3608-3611.

Y. Xin et al., Annotation of tertiary interactions
in RNA structures reveals variations and corre-
lations, RNA14(12), 2008, pp. 2465-2477.

C. L. Zirbel et al., Classification and energetics
of the base-phosphate interactions in RNA, Nu-
cleic Acids Res. 37(15), 2009, pp. 4898-4918.

J. Zorn et al., Structural motifs in ribosomal
RNAs: implications for RNA design and ge-
nomics, Biopolymers 73(3), 2004, pp. 340—
347.

M. Zuker, Mfold web server for nucleic acid
folding and hybridization prediction, Nucleic
Acids Res. 31(13), 2003, pp. 3406 — 3415.

Issue 9, Volume 12, September 2013





