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Chapter 1

RNA: The Cousin Left Behind Becomes a Star
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Abstract A brief introduction to RNA structure and function is offered, includ-
ing recent exciting discoveries concerning RNA’s starring roles in gene
regulation. Challenges in RNA research are outlined, and the role of
modeling and bioinformatics approaches to these problems is suggested.
Applications of a graph-theory representation of RNA secondary struc-
tures to RNA analysis and design are illustrated.

Even after the completion of many genome sequences, both the number and
diversity of ncRNA genes remain largely unknown.’
—Eddy, 2001

New evidence suggests, however, that this junk DNA may encode RNA molecules
that perform a variety of requlatory functions. This new theory may explain why
the structural and developmental complexity of organisms does not parallel their
numbers of protein-coding genes.®

—DMattick, 2004

1. Introduction

While proteins are household words and DNA is an icon — in sci-
ence as well as art (e.g., Ref.?) — their biomolecular cousin, RNA, has
largely been left behind until recently. Indeed, RNA’s starring role in the
cell is emerging with new discoveries concerning RNA’s vital regulatory
roles. We now appreciate that RNA molecules are integral components
of the cellular machinery for protein synthesis and transport, RNA edit-
ing, chromosome replication and regulation, catalysis and many other
functions (see Table 1 for RNA’s diverse roles). In this chapter, some
of the current excitement in the field of RNA biology and chemistry are
described, along with pressing challenges concerning RNA structure and
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function. Novel computational approaches, including molecular model-
ing and simulation and mathematical representations of secondary RNA
structures, have great potential for impacting the field of RNA research,
including genome-wide initiatives concerning RNA structure and func-
tion, or ribonomics. Such applications are illustrated for RNA structure
analysis and design using graph theory representation of RNA secondary
structures.

Table 0.1. Some classes of non-coding RNA (ncRNA).

RNA Function

transfer RNA (tRNA)
ribosomal RNA (rRNA)
small nucleolar RNA (snoRNA) rRNA modification

micro RNA (miRNA) translation regulation
transfer-messenger RNA (tmRNA) protein stability in ribosome
telomerase RNA replication

guide RNA (gRNA) mRNA editing

protein synthesis
protein synthesis

spliced leader RNA (SL RNA)
small nuclear RNA (snRNA)
hammerhead ribozyme
hepatitis delta virus ribozyme

mRNA trans-splicing
RNA splicing
self-cleavage
self-cleavage

self-splicing
self-splicing

pre-tRNA processing
peptide bond formation

Group I intron
Group IT intron
RNase P

23S rRNA

2. RNA at Atomic Resolution

RNA is a single-stranded polynucleotide chain which can fold upon
itself to form double-stranded segments stabilized by complementary hy-
drogen bonds such as adenine with uracil, cytosine with guanine, as well
as thermodynamically stable guanine-uracil wobble pairs. These folded
structures are imperfect due to non-complementary base pairs and un-
paired bases and thus form bulges, loops, junctions, and other motifs,
as shown in Figure 1.1, stabilized by various stacking interactions, hy-
drogen bonding, and intramolecular networks between distant regions in
the linear sequence®.
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Figure 1.1. RNA Secondary Structural Motifs.

The motifs shown in Figure 1.1 are known as secondary structures;
these can lead to compact and complex tertiary interactions, as shown
in Figure 1.2 for the hammerhead ribozyme® and Figure 1.3 for the hep-
atitis delta virus (HDV) ribozyme®. The latter RNA reveals a common
feature of RNA that can be considered as a super-secondary structural
element: a pseudoknot. RNA pseudoknots have a stretch of nucleotides
within a hairpin loop that pairs with nucleotides external to that loop.
In other words, hydrogen bonding occurs between alternating regions
(e.g., a with ¢ and b with d to produce an intertwined geometry), as
illustrated in Figure 1.4.

The clover-leaf structure of the tRNA molecule has been known for
over 25 years, and for a long time was the only well-characterized ma-
jor structure of an RNA molecule; see Ref.” for a perspective following
the high-resolution determination of yeast phenylalanine tRNA in 2000.
However, with vast improvements in crystallization procedures for RNA
(e.g., RNA structure determination through crystallization with a pro-
tein that would not interfere with the enzyme’s activity®), as well as al-
ternative approaches for studying RNAs such as high-resolution NMR,
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Figure 1.2. Hammerhead Ribozyme Secondary and Tertiary Structures: two types
of base-pairing diagrams (left and right) illustrate the secondary structure, and the
middle illustration shows the folded, three-dimensional configuration.

spectroscopy, cross-linking relations and phylogenic data analysis, our
knowledge of RNA structure has increased dramatically.

The high-resolution ribosome structures have added dramatically to
our library of known RNA structures?10:11:12:13,14,15,16,17 " The ribosome
is the cell’s protein synthesis factory, a complex of many proteins and
several RNA molecules, which are folded as many stable secondary mo-
tifs; the ribosome’s small and large subunits cooperate tightly to coordi-
nate the interplay between tRNA, mRNA, and proteins in the process of
protein synthesis and catalyze the peptide bond formation. As of Sum-
mer 2005, there are about 825 known structures of RNA in the public
databases (see http://www.rcsb.org), but many entries are duplicates of
the same molecule or motif.

3. RNA’s Diversity

The wonderful capacity of RNA to form complex, stable tertiary struc-
tures has been exploited by evolution.

Traditionally, RNA is known for its key role as mediator between
the agent of heredity — DNA — and the cell’s workhorses — proteins
(see Figure 1.5). For example, tRNA molecules carry amino acids and
deposit them in the correct order, mRNAs mediate translation of the
hereditary information from DNA into protein, rRNAs are involved in
protein biosynthesis (within a complex of ribosomal RNA and numer-
ous proteins). However, work in the 1980s established that RNA, like
protein, can act as a catalyst in living cells. Thomas Cech and Sidney
Altman received the 1989 Nobel Prize for chemistry for this discovery of



Figure 1.3. Hepatitis Delta Virus (HDV) ribozyme structure. The secondary and
tertiary structures are shown, along with the pseudoknot details. Two pseudoknots
are present: between regions P1 and P2 (red) and P1 and P3 (green). This inter-
twined base-pairing is evident from the middle image, which shows crossings in the
paired bases (compare to the hammerhead ribozyme in Figure 1.2, which shows no
crossings).

RNA enzymes or ribozymes. More than 500 ribozyme types have been
found in a diverse range of organisms. Many ribozymes make or break
phosphodiester bonds in nucleic acid backbones, but other biological and
chemical functions are continuously being discovered.

Ribozymes have also been designed (e.g., Refs.'®1920)  as spare in
composition as two base building-block units (rather than four)?!. In
fact, the 83-nucleotide ribozyme composed only of two different building
blocks — uracil and 2,6-diaminopurine — was shown to catalyze the
ligation of two RNA molecules with a rate 36,000 times faster than the
uncatalyzed reaction?'. That RNA’s genetic code may be simpler than
today’s four bases lends further support to the “RNA world” hypothesis.

4. Recent Discoveries Concerning RNA’s
Starring Role

Exciting recent discoveries concerning RNA came in the end of 2002,
when a high-quality draft sequence of the mouse genome was published
and analyzed (see the 5 December 2002 issue of Nature, volume 420).
The 2.5-billion size of the mouse genome is slightly smaller than the hu-
man genome (3 billion base pairs in length), and the number of estimated
mouse genes, around 30,000, is roughly similar to the number approx-
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Figure 1.4. RNA 3D Folds Involve Pseudoknots: RNA Pseudoknots have an inter-
twined form of base pairing, which can be evident from a circular representation of
base pairing, as shown in Figure 1.2 (no pseudoknot) and Figure 1.3 (2 pseudoknots).

imated for humans. Intriguingly, the various analyses reported in De-
cember 2002 revealed that only a small percentage (1%) of the mouse’s
genes has no obvious human counterparts. This similarity makes the
mouse genome an excellent organism for studying human diseases and
novel treatments. But the obvious dissimilarity between mice and men
and women also begs for further comparative investigations: why are
we not more like mice? Part of this question may be explained through
an understanding of how mouse and human genes might be regulated
differently.

Aside from complex networks of genes rather than single genes that
are responsible for controlling phenotypes, another factor for this dif-
ference between humans and mice traits is related to control of gene
activation and function by a novel class of genes called RNA genes —
RNA transcripts that do not code for proteins (ncRNA for non-coding
RNAs). These genes have essential regulatory functions that may play
significant roles in each organism’s survival?223:2425 In fact, scientists
are amazed at how RNA’s critical activities have eluded them so long.
As early as 1961, suggestions that RNA can control gene activity were
mentioned in Jacob and Monod’s classic paper?%; but only recently have
some of these mechanisms and immense applications been discovered?.
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Figure 1.5. The Central Dogma of Biology. In the traditional flow of information,
DNA makes RNA through transcription and RNA makes protein in translation. How-
ever, discoveries that RNA can act as an enzyme, and can carry actual instructions
for protein synthesis (other than via the RNA code) enrich RNA’s cellular roles dra-
matically.

Such newly found roles for RNAs, especially concerning tiny RNAs
that do not encode proteins (e.g., micro-RNAs) but can influence gene
action, won DNA’s cousin the venerable trophy of “Breakthrough of The
Year” by Science editors in 2002 (see the 20 December 2002 issue of Sci-
ence, volume 298). Non-protein coding stretches of mRNAs range in size
from only 20 nucleotides to over 10000 nucleotides®; they are required
to control the translation from the mRNA transcript into protein.

The 2002 award recognized a large group of papers that unraveled var-
ious fascinating features of small RNAs (affectionately termed nanoR-
NAs). Micro-RNAs (miRNAs), generally 21 to 25 nucleotides long, form
a regulatory class of ncRNAs?®. These RNAs, encoded in genomes, con-
trol gene expression by repressing translation of target genes through,
for example, binding to 3’ untranslated regions of the messenger-RNA
targets or by destroying the messenger-RNA targets. Thus, regions in
the genome which were previously denoted as “junk-DNA” may actually
define a gold-mine of biological information.

Such small RN As in animals, plants, and fungi are collectively termed
RNAi (for RNA interference). The agents that initiate RNAi in a
sequence-specific manner are double-stranded RNA segments (siRNAs,
for small interfering RNAs) that silence gene expression. For example,
they may seek out messenger RNA (corresponding to them) and de-
stroy it, or they may bind to chromatin and/or modify chromatin struc-
ture?930:31 " Though initially regarded as anomalies, work is revealing
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that such siRNAs regulate gene expression in a variety of organisms.
SiRNAs can also be synthetic, designed to target specific genes; they
have therapeutic applications.

Such interference mechanisms by RNA silencing through chromatin
structure can provide an organism a natural defense against invading
viruses and transposons (DNA segments that migrate within and across
organisms and are associated with bacterial pathogenicity)32. Conse-
quently, this natural protection is being exploited by scientists using
siRNAs to target viral genes that can inhibit the replication of HIV-1,
polio, or other viruses (e.g., Ref.33). Moreover, RNA interference mech-
anisms are being investigated by several companies who are applying
them to discover the functions of genes by turning them off to deter-
mine the effect on the plant or the animal. For example, a landmark
study on obesity employed RNA interference* to inactivate about 85%
of the roundworm’s predicted 19,757 genes that code for proteins in a
single experiment 3. Results of the experiment helped identify the genes
that play a role in an organism’s tendency for obesity.

These fascinating discoveries regarding RNA’s interference with gene
activity are associated with many epigenetic phenomena — changes in
gene expression that do not involve alterations in the genome and persist
across at least one generation.

A different kind of epigenetic control was also discovered by Breaker
and coworkers®%:37 in bacterial messenger RNAs containing sequences
that sense small molecules directly to control translation of mRNA into
protein. Namely, specific control regions of mRNA can bind directly to
metabolites, such as associated with vitamin B synthesis and import, and
induce a conformational change in RNA’s folding state; this metabolite-
triggered conformational change acts as part of the signal transduction
pathway that senses vitamin level and controls enzyme production. Con-
formational switches have also shown to be important for the catalytic
activity of the hepatitis delta virus (HDV) ribozyme33.

Such a switch of RNA conformation between two states in a ligand-
dependent manner (a riboswitch) also opens new avenues for thinking
about RNA design in a variety of contexts3?. Like the Paracelsus chal-
lenge for proteins*’, one can formulate a similar challenge for RNA de-
sign: describe minimal changes in the nucleotide sequence to trigger a
conformational rearrangement in the folding of a given RNA molecule.
Such a challenge in the RNA world will be appropriately approached by
a combination of computational and experimental wizardry. In fact, Sci-
ence editor Jennifer Couzin*!' exclaims: “Having exposed RNAs’ hidden
talents, scientists now hope to put them to work.”.
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Already, numerous applications can be envisioned for RNAs as reg-
ulators of gene expression, therapeutic agents, molecular switches, and
molecular sensors. This is because therapeutic agents could be designed
to exploit RNA’s functional sites as potential drug targets*?. The con-
struction of ligands that bind RNA and interfere with protein synthesis,
transcription, or viral replication may lead to new antibiotic/antiviral
drugs, for example. Together with the design of novel RNAs and of
RNA sequences called aptamers — RNAs that are apt to bind to spe-
cific molecular targets or perform desired catalytic functions by design
(see Refs.*344 for example) — RNA offers a great molecular machinery
with potential benefits to biomedicine and nanotechnology. Many such
novel synthetic RNAs have been found by random RNA sequence pool
(“in vitro”) experiments?7:4%46:47:48  With rapidly growing interest in
RNA structure and function and its applications in biomedical research,
enhancing the repertoire of both natural and synthetic RNA is a central
goal.

5. Major Challenges in RN A Research

At least five key challenges concerning RNA naturally arise: finding
novel RNA genes, identifying the biological roles of these RNA genes,
determining the structural repertoire of RNA, determining RNA tertiary
folds from sequence, and designing novel RNAs.

5.1 RNA Gene Location

Identifying locations of RNA genes in genome sequences is much more
difficult than protein genes, since the start and stop codons for protein
transcripts do not apply. Thus, searching for RNA genes in intron and
intergenic regions, which comprise over 90% of the genomes, presents a
challenge (see Ref.*? for example). Current programs like tRNAscan-SE,
FAStRNA, and Snoscan for identifying RNA genes are based on existing
sequences of functional RNA, conservation of RNA secondary structure
in identified sequences, and comparative genome analysis®0:%152. How-
ever, these programs often lead to many false identifications and are not
successful for non-conserved ncRNA sequences and as high-throughput
discoveries. Most methods instead rely on biochemical and molecular
biology techniques. In the case of mRNAs, their associated functions
are inferred from complementary target mRNAs where possible®3.

5.2 RNA Gene Function

Once potential sequences that correspond to RNA genes are iden-
tified, experiments are required to verify the expression of these tran-
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Figure 1.6. Graphical representations of RNA secondary structures as trees (middle
row) and dual graphs (bottom row).

scripts in cells. Typically, genes are assayed by Northern blotting and
microarray techniques®®, and real-time PCR is also used to verify RNA
transcripts. Comparative genome analysis to indicate conservation of
secondary structures also aids in the verification process of RNA gene
candidates. True functional characterization is a laborious and time-
consuming process, and thus predictions by modeling and computation
need to be as reliable or as discriminating as possible.

5.3 RNA’s Structural Repertoire

Defining the structural repertoire of RNA involves delineating all pos-
sible folded motifs of functional RN As. For proteins, catalogues of known
folds are collected in many databases, such as SCOP, CATH, PROSITE,
or PFAM, and organized by classes, folds, superfamilies, families, and
domains (see illustrations in Ref.?>, Chapter 4). The enormous inter-
est in the protein folding problem has led to structural genomics initia-
tives that seek to define and design new protein sequences that will fold
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into novel motifs. Funding opportunities from the National Institutes of
Health have already led to important discoveries in this area56:57.

However, experience has also taught structural genomicists that Na-
ture is tricky. While some pairs of disparate sequences lead to similar
folds, despite expectations to be different, other sequence pairs thought
to lead to similar architectures produce new unanticipated folds. These
cause-and-effect patterns are likely explained by various scenarios of
structural evolution of protein active sites. Besides protein folding and
protein structural genomics, scientists in the protein field are also specu-
lating on the total number of existing protein folds; this number is likely
in the range of several thousands. Discussions on to how best to employ
experimental technology and computation to find all Nature’s folds have
led to concentrated initiatives by large teams of structural genomicists.

In this regard, the RNA field lags behind considerably. The number
of known RNA folds is an order-of-magnitude less than that available for
proteins (e.g., 825 vs. ~ 25,000 as of Summer 2005), and the best way to
organize RNA motifs is not known. Possibly, the number of functional
RNA motifs may grow with sequence size rather than approach a limit.

The application of graph theory to describe secondary structural
motifs of RNA (e.g., Refs.58%60) holds great promise in this area of
RNA structure analysis. Together with many reports of newly dis-
covered RNA motifs, our group’s RNA-As-Graphs database (RAG)
(http://monod.biomath.nyu.edu/rna/rna.html)%1:62:63 suggests that the
currently-known RNAs represent only a small fraction of the possible
stable and functional RNAs.

54 The RNA Folding Problem

Our graph theory application involves defining RNA secondary struc-
tures as two types of graphical objects: trees and dual graphs (see Fig-
ure 1.6)%4. These classic representations, coupled with linear algebra
tools, such as the Laplacian second eigenvalue corresponding to a graph
(see Figure 1.7), and graph enumeration theorems allow us to enumerate
the possible RNA secondary motifs (see Figure 1.8 and also Figure 1.7,
bottom). The color coding (red/blue/black) in the library segment dis-
tinguishes motifs corresponding to existing RNAs (red) from those that
are hypothetical and RNA-like (blue) and hypothetical but non-RNA-
like (black). The latter classification of the hypothetical motifs has been
accomplished by statistical clustering methods®3. In fact, this clustering
suggested ten novel RNA motifs (Figure 1.9a and 1.9b) which contain
sub-components corresponding to existing RNA motifs. This allowed
us to use build-up procedures in combination with existing 2D folding
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Ten examples of predicted novel RNA-like (dual graph) topologies (1st

column,; labeled C1, ...,C10) shown with their secondary structures (2nd column)
and natural submotifs (red lines) that occur in known RNAs. The sequences of those

submotifs are used in a build-up procedure to generate candidate sequences for motifs
C1 through C10, as shown in Figure 1.9b%.
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ID Designed sequence

Cl | AACACAUCAGAUUUCCUGGUGUAA
CGCCAAUGAGGUUUAUCCGAGGC

C2 | AGCGCCGUGGCAGGGCUCAUAACC
CUGAUGUCCUCGGAUCGAAACCGA
GCGGCGCUACCA

C3 | AACACUCAGAUUUCCUGGUGUAAC
GAAUUUUUUAAGUGCUUCUUGCUU
AAGCAAGUUUCUACCCGACCCcCCU
CAGGGUCGGGAUUUUGGACCUCCA
UGACGUUAUGGUCC

C4 [ AACACUCAGAUUGGACCUCAUGAC
GUUAUGGUCCUUCCUGGUGUAACG
AAUUUUUUAAGUGCUUCUUGCUUA
AGCAAGUUUCUACCCGACCCCCUC
AGGGUCGGGAUUU

C5 | CCUGGUAUUGCAGUACCUCCAGGU
AGCGCCGUGGCAGGGCUCAUAACC
CUGAUGUCCUCGGAUCGAAACCG
AGCGGCGCUACCA

C6 [ AGACCGUCAAACACAGACUAAAUGU
CGGUCGGGGAAGAUGUAUUCUUCU
CAUAAGAUAUAGUCGGCCUGGUAU
UGCAGUACCUCCAGGU

C7 | GGCAGUACCAAGUCGCGAAAGCGA
UGAUGGUAAGCCUUGCAAAGGGUU
AAGCUGCC

C8 not yet found

Cc9 | CUUCUUAUAUGAUUAGGUUGUCAU
UUAGAAUAAGAAAACCUGGUAUUG
CAGUACCUCCAGGUUAACCUG

C10 [ not yet found

Figure 1.9b. Designed candidate sequences that “fold” into the target RNA-like mo-
tifs (see Figure 1.9a) using a modular assembly approach where fragments from exist-
ing RNAs are assembled and folded®3. Note that motifs C6 and C9 are pseudoknots.
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packages to propose candidate sequences that will generate these target
RNA motifs (Figure 1.7)%3. Such cataloging of RNA structures, both
existing and hypothetical, and their applications are important for the
development of the RNA field on a large scale, ribonomics.

While the protein folding problem (of course to us, not to Nature...)
has received much attention — due to the enormous intellectual chal-
lenge, not to speak of practical applications to drug design — there is an
analogous problem in RNA. In fact, because RNA folding is hierarchi-
cal, with secondary-structural elements forming first and then forming
tertiary interactions independently, deducing RNA tertiary folds from
the primary sequence might be simpler>%. Unfortunately, only a tiny
fraction of the number of protein folding aficionados are addressing the
analogous challenge for RNA.

In this context, a challenge in RNA folding is to understand how
strong electrostatic repulsions between closely packed phosphates in
RNA are alleviated. Indeed, the stability of compact RNA forms is
strongly maintained through interactions with both monovalent and di-
valent cations and by pseudoknotting.

Predicting the secondary and tertiary folding of RNA is a difficult and
ongoing enterprise®”68:69  Various 2D algorithms like MFOLD ™ pre-
dict the patterns of base pairing, the presence of base pair mismatches,
and regions of unpaired bases (loops, bulges, junctions, etc.). Other
programs have been developed 7?7374 Secondary structural elements
are easier to identify through modeling combined with evolutionary and
database relationships ">76. Though imperfect, especially for long RNAs,
these predictions provide opportunities for learning what works, as well
as what fails, in structure prediction for RNA.

Emerging themes in RNA structure include the importance of metal
ions and loops for structural stability, various groove binding motifs, ar-
chitectural motifs tailored for intermolecular interactions’”, hierarchical
folding, fast establishment of secondary structural elements, and extreme
flexibility of the molecule as a whole 78:69:6,66

At present, relatively successful algorithms are available to predict
secondary structure of RNA molecules up around 200nt by calculating
the most energetically favorable base-pairing schemes. However, dis-
criminating among the possible tertiary interactions to obtain the final
folded state remains a challenge 6.

A direct measurement of the complete folding pathway of the Tetrahy-
mena ribozyme suggests that thetertiary structure of the P4-P6 domain
forms cooperatively within three seconds, but several minutes are re-
quired for complete folding of the catalytic center of the enzyme ™. The
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folding pathways of large functional RNAs may also take minutes or
longer.

Still, findings concerning the folding kinetics of Tetrahymena ribozyme
™ have suggested that, as thermodynamic data on tertiary structure in-
teractions become available%, the RNA folding problem might be easier
to solve than protein folding%%%6. Therefore, with advances in RNA syn-
thesis and structure determination®’ and in the availability of thermody-
namic data on tertiary interactions®, it is likely that our understanding
of RNA structure, RNA folding, and RNA’s role in enzyme evolution
will dramatically increase in the coming decade. These advances will
undoubtedly propel ribonomics®! and RNA design (e.g., Refs.20:18:46:48)

5.5 Designing Novel RN As

Because of the many potential applications of RNA in biomedicine and
technology®2, designing novel functional RNAs is a promising enterprise.

Typically, in vitro selection experiments are used to explore systemat-
ically the ability of large sequence pools of nucleic-acid building blocks
to form RNAs with desired function*"4546:48  Egsentially, huge pools (of
order 10'5) of substrate nucleotides are mixed in special apparati and
amplified by PCR (polymerase chain reaction) to enhance the success of
producing functional molecules with respect to desired function (catal-
ysis) or binding activity. The process is iterated many times, thereby
mimicking an evolutionary process by which the “fittest molecules” (i.e.,
those with high binding affinities for ligands) survive. While such in vitro
technology has produced RNA aptamers — synthetic RNAs that bind
to target biomolecules, antibiotics, or viruses — the success rate is quite
low. This is because the sequence space 4"V, where N is the number of
nucleotides in the RNA sequence, has a very low function to information
ratio®3. In other words, only a small fraction of the theoretically pos-
sible RNA sequences leads to actual functional RNAs. Thus, random
sequence pools tend to produce a biased pattern of resulting products,
and these may not encourage structural diversity 8485,

Thus, enhanced technology using targeted sequence pools can po-
tentially improve this yield. Novel RNAs could also be designed by
novel computational techniques under development53:74:50:54.51 — Gych
techniques may involve structured RNA libraries®687. Recent work has
also shown that ribozyme engineering® and molecular design of RNAs
by combining self-folding building blocks and optimizing connecting re-
gions has great promise®%90:63, New mathematical tricks to analyze in
vitro pools (e.g., Ref.8%) and additional engineering tools to describe
targeted libraries may prove fruitful as complementary techniques.
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6. Invitation to Computational Biologists

Given the exciting new discoveries concerning RNA’s starring role in
gene regulation and the endless possibilities of engineering and utilizing
RNA structure for medicine and technology, it is not difficult to un-
derstand the sharp rise of experimental efforts to discover and exploit
RNA'’s diversity. Indeed, numerous companies focusing on RNA tech-
nology and its biomedical applications, for example for antibiotic and
antiviral agents.

At the same time, numerous new opportunities become available to
computational scientists who can apply and develop tools in dynamic
programming, molecular modeling, cluster analysis, statistics, and net-
work theory to pressing problems in RNA structure and function.

For example, work in the RAG group has shown that graph theory
can be used to catalogue and enumerate RNA motifs62%1; identify RNA
submotifs within larger RNAs and find new structural and functional
similarity between pairs of RNAs®2%1 (see Figure 1.10); predict and
design novel RNAs by a build-up procedure that targets the most RNA-
like motifs among all the candidate, hypothetical RNAs%3; enhance in
vitro selection by a targeted design approach®®; and search for small
functional RN As in genomes®?°3. These applications rely on the critical
advantages of graph theory: the much smaller motif space (enumerated
via graphical objects) compared to the sequence space available for RNA
and the automation that such compact mathematical descriptions allow.
These critical differences allow exhaustive analysis of the RNA pattern
space, subject to the usual modeling limitations.

For now, predicting the tertiary folds of RNA, even given the sec-
ondary structure, lurks at a distance, but there is no doubt that the
dedicated RNA community will make great advances in this challenge
too in the coming decade.
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