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Abstract

Highlights of the IMA workshofRNA in Biology, Bioengineering, and Biotechnola@yg summa-
rized, including recent developments in RNA secondaryctiine prediction and RNA design, inno-
vative mathematical constructs for RNA structure, bioinfatics advances in RNA structure analysis

and prediction, and experimental progress in RNA foldind mmaging.



In small things considered is the world revealed.

Robert Lee Hotz, Feb. 2008.

1 Introduction

Though Wall Street Journal reporter Hotz was referring @oising recent discoveries concerning reg-
ulation of monarch butterfly migration by two light-sensiggnes that serve as the monarch’s timing
device — to trigger northern journeys in the spring and sewthieturns in the fall (Zhu et al., 2008)
— the expanding world of small RNAs is perhaps more aptly diesed in terms of such global ramifi-
cations. Indeed, the emergence of numerous classes ofoutimgcRNAS that critically regulate gene
expression has brought to the fore a renewed interest in RblAdy. As a result, scientists are in-
tensely investigating these new functions of RNA and rgpediploiting RNA's newly realized powers
for exciting applications in bioengineering, therapesjt@nd nanotechnology.

Currently, however, most advances in RNA science are ddetdnly experimental approaches.
Theoretical contributions by modeling and simulation haeetainly contributed to these advances,
but their systematic application has been hampered byeghdlifficulties in RNA structure classifica-
tion, prediction and modeling, including the rugged endagylscape of RNAs, the associated multiple
pathways, conformational dependence on divalent ionsttandearth of solved RNA tertiary struc-
tures compared to proteins. Still, a very active and devotedmunity of RNA bioinformaticians
has arisen as well as formed an RNA Ontology Consortium (RO®@gIp define standards for RNA
investigations and propel this young field.

For a week in late Fall 2007, about 200 such researchers fneny§ and abroad that included
mathematicians, biologists, computer scientists, chigynisioengineers, and physicists convened at
the University of Minnesota’s Institute of Mathematics atedApplications for a workshop entitled
“RNA in Biology, Bioengineering and Biotechnolag@rganized by Tamar Schlick (New York Uni-
versity) and Eric Westhof (University of Strasbourg) witivaluable assitance by IMA staff, the work-
shop sought to bring a blend of both experts, with extensaredh-on experience on RNA research,
and novices from allied fields who were interested in thisngpand vibrant field of immense scientific
importance. The IMA's mission is to immerse and stimulaféedént scientists from the mathematical
and other disciplines to explore new territories and iddagsearch in novel, interdisciplinary, and
collaborative ways. These developments are made possilttes lintensity of the activities both inside
and outside the lecture room which encourage the scietigtarticipate and be part of a community
with shared interests and goals.

Our esteemed biopolymer subject generated exciting newdbeapproaches, and problems con-

cerning RNA structure analysis, design, and predictidrgfalhich were intensely discussed through-



out the workshop, from the lecture room to informal meetidgsing the week and several special
cultural events. Indeed, the mathematicians became axtqdady current biological problems in the
RNA field, including regulatory and catalytic RNAs, RNA fahg), dynamics, and engineering, while
biologists were exposed to new approaches for viewing arystg RNA using seemingly theoretical
mathematical constructs from graph theory or topology,eymifan diagrams from physics.

In this short report, we highlight some of the topics presérit the workshop, while revealing
some interesting discussion themes and pointing to are&stiwe research developments. Full work-
shop information, including schedule, abstracts, and astdccan be obtained via the IMA website:
http://ima.umn.edu/2007-2008/W10.29-11.2.07/.

2 RNA Secondary Structure Prediction

Michael Zuker (Rensselaer Polytechnic Institute), the developer of thiehly used prediction pro-
gram Mfold, recently replaced by the more comprehensive iApackage, opened the meeting
with an overview of computational methods for RNA secondsrycture determination, both by com-
parative analysis (sequence alignment) and free energiynimittion via empirically derived energy
parameters based on basic physiochemical laws (Zuker degle3t 1981; Zuker, 2003) (Fig. 1).
Zuker emphasized that problems in prediction can occuresiwene high-probability base pairs are
not correct while correct ones have very low probability. ristaver, in homologous RNAs, high prob-
ability base pairs in one sequence may correspond to lowability base pairs in another. Thus,

caution is warranted in using Rfam data and interpretingmdational data.

Figure 1: Representations of RNA secondary structuresdiitvaal tree structure (left, from Bill
Zimmerly’s websitehttp://www.fp.ucalgary.ca/group2introns/species.htm) and circle plot (right)
of group Il intron from Microscilla species. Figure is takeith permission from Zuker’s presentation
and made by UNAfold using mfoldtil.



David M athews (University of Rochester) described the dynamic prograngnmiethod Dynalign
by his group to find the lowest free-energy secondary straatonformation by simultaneously us-
ing several structural predictions with sequence aligrirdata (Mathews et al., 1999; Mathews and
Turner, 2002). This approach can make calculations treectablong sequences.

The subsequent discussions highlighted that for ribossgcmultiple conformations will have
various free energies (thus low entropy by itself is not digeht criterion) and that sequence align-
ment would be much improved with a probabilistic framewottaehed to the alignment, a difficult
but ongoing area of research. Both talks emphasized th&enfak that remain in secondary structure
prediction for RNA and the unique conformational and fumacél properties of RNAs that can make

predictions difficult.

3 RNA Design
The RNA design session consisted of fascinating lecturddatussions by Shapiro, Jaeger, Pierce,
and Inoue.
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Figure 2. Schematic diagram of various RNA design to buildehmano-RNAs (RNA particles and
RNA filaments) for self-assembling building blocks from RNgktiary motifs. Figure is taken with

permission from Jaeger’s presentation.

Bruce Shapiro (National Cancer Institute) described a large suite ofstdbht allows users to
design RNA-based nanoparticles with desired functioiealifYingling and Shapiro, 2007; Bindewald

et al., 2008). In particular, the new relational databasé&®RMction reveals many low as well as some



high-order junctions (e.g., up to 9) in which RNAs can seffeasble. In conjunction with NanoTiler,
computational modeling and ingenuity can yield many desmmstructs.

Luc Jaeger (University of California, Santa Barbara) showed how systec annotation and anal-
ysis of ribosomal motifs can define a ‘proto-language’ henediRNA architectonicgo build novel
nano-RNAs for self-assembling building blocks (Chworoslet 2004; Jaeger and Chworos, 2006)
(Fig. 2). The versatility of RNAs can lead to many envisionsages in medicine and technology.

Niles Pierce (California Institute of Technology) described constroictof versatile new materials,
such as biosensors, by programming synthetic nucleic gstémss to self-assemble using equilibrium
prediction approaches for the interacting nucleic aciansts (Dirks et al., 2004; Yin et al., 2008).

Tan Inoue (Kyoto University) focused on RNA/protein constructs. Hesdribed design and con-
struction of a self-folding RNA scaffold that can be re-vdrby combining it with a ribozyme or
protein element in a reaction site (lkawa et al., 2004; Saitd Inoue, 2008). He demonstrated how
in silico and in vitro tools can be combined to develop a pygie for a multi-functional RNA. For
example, the designed RNA with functional protein could biét ko recognize an antibody in a cancer
cell and halt a biological reaction or help image cellulasgasses. Of course, validation of this idea
is a future goal. His group has accumulated RNP motifs foh stiacied design objective€tolution
is cleverer than you afgLeslie Orgel), the speaker reminded us, highlightingehallenges that face

RNA designers.

4 TheVaried Mathematician’s Toolkit

Talks by mathematical scientists highlighted the many watige approaches from mathematics that
can be applied to RNA studies.

Jes Frellsen (University of Copenhagen) described a probabilistic apph that models RNA's
conformational space as continuous rather than discratiessising a Dynamic Bayesian Network for
modeling backbone and base dihedral angles (Hamelryck @08I6). The advantage of the approach
is its rapid probabilistic sampling of locally RNA-like sittures, as demonstrated for five different
RNA target structures compared to 1500 decoys. Besidescapphs to structure prediction, the
model can be used to validate experimentally determinedtsires.

Henri Orland (Saclay) described a topological classification of RNA pleduots by using the
concept of topological genus in matrix field theory (Vermnizzal., 2005) (Fig. 3). In combination with
exact enumeration of RNA structure (albeit simplified) an@ Eimulations, pseudoknots in RNA
databases can be identified.

Asamoah Nkwanta (Morgan State University) presented a way to describe an RéZondary

structure as a random walk, a lattice path (Ndifon and Nkaa2@06). His group’s goal is to use such



Figure 3: Topological classification of RNA pseudoknotsigghe concept of topological genus (g) in

matrix field theory. Figure is taken with permission from &ndi's presentation.

combinatorics constructs to enhance research on biocheard chemical sensors.

Yongwu Rong (George Washington University) suggested how to use Fegrtizgrams (which
can code secondary structure) to describe RNA folding fr@msition polynomials (Rong and Luse,
2006). Namely, a partition function summed over all posstbeynman diagrams can give the proba-
bility distribution of conformational states.

Christine Heitsch (Georgia Institute of Technology) described a combinatayraph theory ap-
proach (Heitsch et al., 2002) to model the base pairing geldNA sequences, such as the 9400
base Hepatitis C viral genome (HCV) whose secondary streigtuavailable from the laboratory of
A. C. Palmenberg at UW Madisohtfp://www.virology.wisc.edu/acp/RNAFolds/RNAFolds_hep.html)
(Fig. 4). The mathematical model yields local and globalst@ints in the secondary structure model

and suggests ways to study viral genomes.

9400 bases: 1920 A, 2796 ¢, 2650 «, 2034 v
Mfold secondary structure prediction

Hepatitis C China Virus Complete Genome \\

AG = —2976.7 kcal / mole Y
3126 base pairs: 868 A -1, 1890 ;- ¢, 368 U -«
Palmenberg & Sgro, unpublished.

Figure 4: RNA viral genome secondary structure. Figure kerawith permission from Heitsch’s

presentation.



Building on her lab’s expertise in protein structure prédit, Ruth Nussinov (Tel Aviv University
and the National Cancer Institute) described an algorithRil(S) and database (DARTS) for multiple-
alignment of RNA tertiary structures and assembly of thd felpertoire of RNAs (Dror et al., 2006).

Ivo Hofacker (University of Vienna) described prediction applicati@pecific to RNA/RNA co-
structures. Such interaction partners are important totiiyebecause most recently discovered ncR-
NAs interact with other RNAs (e.g., microRNAs regulate mRi&nslation) (Muckstein et al., 2006).
In his group’s approach (termed RNAup), efficient hybriti@a of two RNAs is computationally as-
sessed by an interaction energy to describe complemegnéarit a probability for base pairing. The
program uses available folding algorithms and structurBdrmation to define such potential inter-
actions and local accessibility of the RNAs. An interestpussible application is to predict SIRNA
binding to microRNAs.

Jakob Pedersen (University of Copenhagen) described the application oflgpenetic models
combined with classical algorithms such as sequence aéigtsr(program EvoFold) to screen mul-
tiple sequences of genomes of vertebrates and Drosophnligsarch for structural RNAs, namely
transcribed regions with functional structure (Peders¢exh. £2006).

Jens Reeder (University of Bielefeld) described a graphical approashrfiotifs search (Locomo-
tif) that employs dynamic programming algorithms and thaalymamic models of RNA secondary
structure formation and executes them on a readily availaioinformatics server which includes the
C-language source codsettp://bibiserv.techfak.uni-bielefeld.de/locomotif (Reeder et al., 2007).

Namhee Kim andHin Hark Gan (New York University) described a new approach for enhanc-
ing in vitro selection of novel RNAs (Kim et al., 2007a,b). cBuselection experiments are widely
performed using random sequence pools to search for RNAsdegired properties (such as catalysis
or binding). However, such applications are limited beeayislds can be small, especially for com-
plex RNAs. To accelerate such discoveries, the group hgsopeal using mathematical expressions
for describing the sequence permutation or synthesis gusegFig. 5). Such processes can then be
optimized in terms of the reactants (nucleotide ratiosrentén the different experimental vials) to
optimize a desired yield, expressed in terms of RNA secgnsiauctures. The optimization is made
possible by using mixing matrices for the nucleotide raéind graph theory representations of RNA
secondary structures. The optimization task then becorseage linear problem. This pool design
procedure has been automated on a web-server RAGPO@ipS/fubin2.biomath.nyu.edu) to aid

researchers to perform in vitro selection experiments retirgently.
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Figure 5. Schematic diagram of modeling RNA in vitro selecti RNA pools are designed by opti-
mization of mixing matrices and analysis of pool structufistributions using tree graphs. Figure is

taken with permission from Kim and Gan’s presentation.

5 Experimental Advancesin RNA Structure and Processes

The workshop also benefited from expositions by severaligagkperimentalists who presented new
discoveries concerning RNA structure and processes.

Tao Pan (University of Chicago) described recent findings concegiNA pausingluring tran-
scriptional folding that serves to guide the folding prac@as/ong et al., 2007). The phylogenetically-
conserved pause sites in these ncRNAs are located betweepdstream and downstream portions of
the native long-range helix products and, in a such a wagtcain RNA segments to guide the correct
folding. In response to the many questions that followed, dRescribed at least two types of observed
pausing and emphasized the many aspects of pausing yet iscogeted.

Tabin Sosnick (University of Chicago) described new advances of electmyo-microscopy in
tandem with single-particle reconstruction to visualineah RNAs such as 154 residues30kD),
about two times smaller than typical limits (Baird et al.08) He showed how divalent-ion-dependent

intermediates in the folding of the catalytic domain RNadeNA can be imaged when stably popu-



lated. He proposed that in combination with molecular miodelwith experimental constraints, such
as from SAXS and chemical mapping) and all-atom simulationg-EM could be a rapid alternative
to RNA crystallography.

Steven Brenner (University of California, Berkeley) presented recent iing$ showing that all
conserved members of the SR family of splice regulators feewvenproductive alternative mRNA
isoform targeted for decay. Because this splice pattermmserved in mouse and associated with
highly conserved regions that are common to mouse and huimamatural mode of regulation may
be biologically significant (Lareau et al., 2007).

Structural biologistsarah Woodson (Johns Hopkins University) aridavid Lilley (University of
Dundee) illuminated the attendees on the complex RNA fglgirocess by describing recent dynamics
and folding analysis of ribozymes (Koculi et al., 2007; Wiiset al., 2007) (Fig. 6).
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Figure 6: RNA folding and dynamics. Monovalent ions allowtfdynamics. Figure is taken with

permission from Woodson’s presentation.

Woodson described experiments in which varied cation typk guantity as well as ribozyme
sequence permutations helped capture intermediates tderngathway and understand ion effects on
the pathway and the intermediates that form (Koculi et &1Q72. For example, small multivalent
counterions stabilize the RNA more than the large monovaters and, in low charge densities, the
transition state ensemble becomes broader and acceleadites structure formation.

Lilley described structural studies using the FRET techaigf two catalytic RNAs that generate
site-specific cleavage by trans-esterification reactitmes hairpin and VS ribozymes (Wilson et al.,
2007). Experiments for the hairpin ribozyme capture mldtigycles of cleavage and ligation and
measure rates of internal reactions. For the large VS ribbez{for which no crystal is available), low-

resolution SAXS helped propose a three-dimensional sireiaf the ribozyme using modeling and



intuition. Mutations of the two nucleotides critical to tfeding process led to more than 1000-fold

impairment in catalysis. The team is working on solving ttracture by crystallography.
TheoreticiarDevarajan Thirumalai (University of Maryland) described complementary compu-

tational studies that similarly sought to explore the epéagdscape of folding. Already for a hairpin

formation, complex kinetics already emerge with multiptéghways (Hyeon and Thirumalai, 2008).

6 RNA Structure Analysis

The workshop ended with a series of talks on recent innavatdmputational efforts for analyzing
RNA secondary and tertiary interactions and ultimatelydmting RNA structures. Many of these
works are performed in the scope of the RNA Ontology Consort(ROC, http://roc.bgsu.edu/)
(Leontis et al., 2006), an effort that seeks to unify RNA stwal description and present to the com-
munity standard tools for annotating, analyzing, and mtéti RNA structures.

Francois Major (University of Montreal) described an approach developed enhanced over
several years to predict RNA secondary and tertiary strastusing a geometric approach based on
nucleotide cycle building blocks (motifs) (St-Onge et 2007; Parisien and Major, 2008). Combined
with sequence alignments and low-resolution data, theisdifmiblock definitions can be incorporated
to predict RNA conformation states.

Neocles L eontisandCraig Zirbel from Bowling Green State University described new struadtur
analysis studies of ribosomal RNAs that lead to definitiohRNA motifs (using symbolic notation)
and RNA assembly patterns that help identify RNA motifs maraadly (Sarver et al., 2008). The suite
of programs in FR3DHttp://rna.bgsu.edu/FR3D/) can help annotate RNAs and perform various
searches for recurrent RNA motifs (see also Fig. 7 and (Xai.e2008)).

Eric Westhof (University of Strasbourg) described fundamental cors#mt have accumulated
regarding RNA architecture and reactivity (Brion and Wgst®97; Lescoute and Westof, 2006). He
emphasized the hierarchical assembly of RNA and the vétgaitf A-minor motifs that are muta-
tionally robust. He illustrated RNA's versatility by desgng the assembly of the bacterial ribosomal
decoding A site in which a dynamic equilibrium between a mggr hidden adenines contributes to
the docoding process during codon/anitcodon recognitiocontrast, specificity stemming from he-
lical lengths, helical stacking, and junction assemblylukdfine a global native fold for many RNAs.
He expressed the hope that RNA three-dimensional struatakysis, sequence alignment, and motif
annotation will help derive common evolutionary rules irustural RNAs that could ultimately be

used in three-dimensional structure prediction.
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Figure 7. Annotation of tertiary motifs in 16S rRNA strucusing FR3D and other programs. Coax-
ial stacking between helices are formed and stabilized bgriety of long-range interactions (e.qg.,

ribose zipper and A-minor motif) that work in a cooperativayw Figure is provided by the Schlick

group.
7 Concluding Remarks

Clearly, the large as well as small RNAs pose many open quessthat require close collaborations
between the experimentalists and the modelers. With thgiggonumber of genome databases, com-
putational tools for RNA analysis, prediction, and desidtlve critically needed. As demonstrated in
the workshop, many innovative approaches and productiabapations already are in place. Thus,
there is no reason not to expect that RNA science will catctoygpotein endeavors in the near future.
In fact, since many functionally important RNAs are quiteafilcomputational strategies should have
a profound impact on RNA biology and chemistry, including #xciting applications to medicine and

technology.
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