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RNA as transmitter of genetic information

RNA as catalyst e
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RNA as working copy of genetic information

The RNA world as a precursor of
the current DNA + protein biology
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RNA viruses and retroviruses

RNA evolution in vitro

Evolutionary biotechnology
RNA aptamers, artificial ribozymes,
allosteric ribozymes

RNA - The magic molecule
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RNA as adapter molecule
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RNA is the catalytic subunit in
supramolecular complexes

genetic code

The ribosome is a ribozyme !

RNA is modified by epigenetic control

RNA editing, alternative splicing

RNA as regulator of gene expression
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Gene regulation by
small interfering RNAs
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The thiamine-pyrophosphate riboswitch

S. Thore, M. Leibundgut, N. Ban.
Science 312:1208-1211, 2006.
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M. Mandal, B. Boese, J.E. Barrick,
W.C. Winkler, R.R, Breaker.
Cell 113:577-586 (2003)




ENCODE stands for

ENCyclopedia Of DNA Elements.

ENCODE Project Consortium.
Identification and analysis of functional
elements in 1% of the human genome by
the ENCODE pilot project.

Nature 447:799-816, 2007
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RNA-Replication /n vitround in vivo
Evolution von RNA-Molekiilen
RNA-Sequenzen and -strukturen

Evolutiondre Optimierung von RNA-Strukturen



1. RNA-Replication /n vitro und in vivo



Evolution of RNA molecules based on Q3 phage

D.R.Mills, R.L.Peterson, S.Spiegelman, An extracellular Darwinian experiment with a
self-duplicating nucleic acid molecule. Proc.Natl.Acad.Sci.USA 58 (1967), 217-224

S.Spiegelman, An approach to the experimental analysis of precellular evolution.
Quart.Rev.Biophys. 4 (1971), 213-253

C. Weissmann, The making of a phage. FEBS Letters 40 (1974), S10-S18

C.K.Biebricher, Darwinian selection of self-replicating RNA molecules. Evolutionary
Biology 16 (1983), 1-52

G.Bauer, H.Otten, J.S.McCaskill, Travelling waves of in vitro evolving RNA.
Proc.Natl.Acad.Sci.USA 86 (1989), 7937-7941

C.K.Biebricher, W.C.Gardiner, Molecular evolution of RNA in vitro. Biophysical
Chemistry 66 (1997), 179-192

G.Strunk, T.Ederhof, Machines for automated evolution experiments in vitro based on
the serial transfer concept. Biophysical Chemistry 66 (1997), 193-202

F.Ohlenschlager, M.Eigen, 30 years later — A new approach to Sol Spiegelman‘s and
Leslie Orgel‘s in vitro evolutionary studies. Orig.Life Evol.Biosph. 27 (1997), 437-457



RNA sample
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Stock solution: QP RNA-replicase, ATP, CTP, GTP and UTP, buffer

Application of serial transfer to RNA evolution /n vitro
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A collection of reviews on evolution
in vitro and in silico




Reaction Mixture ——

Stock Solution —>

activated monomers, ATP, CTP, GTP,

UTP (TTP);
a replicase, an enzyme that performs

complemantary replication;

Stock solution:
buffer solution
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studies of evolution in vitro and

The flowreactor is a device for
Iin silico.



James D. Watson, 1928-, and Francis H.C. Crick, 1916-2004
Nobel prize 1962

1953 — 2003 fifty years double helix

The three-dimensional structure of a
short double helical stack of B-DNA
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Complementary replication is
the simplest copying mechanism
of RNA.

Complementarity is determined
by Watson-Crick base pairs:

G=C and A=U
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Complementary replication as the simplest molecular mechanism of reproduction



Adenine @ Uracil

Guanine ®  Cytosine

RNA replication by QB-replicase

C. Weissmann, The making of a phage.
FEBS Letters 40 (1974), S10-S18
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C.K. Biebricher, R. Luce. 1992. In vitro recombination and terminal recombination of RNA
by QP replicase. The EMBO Journal 11:5129-5135.



Kinetics of RNA replication

C.K. Biebricher, M. Eigen, W.C. Gardiner, Jr.

Biochemistry 22:2544-2559, 1983

Concentration of RNA c(t)
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R.W. Hammond, R.A. Owens. Molecular Plant Pathology Laboratory, US Department of Agriculture

Plant damage by viroids
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Cytosine

PSTVd circular RNA

359 nucleotides long

Nucleotide sequence and secondary structure
of the potato spindle tuber viroid RNA

H.J.Gross, H. Domdey, C. Lossow, P Jank,
M. Raba, H. Alberty, and H.L. Sanger.
Nature 273:203-208 (1978)
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Nucleotide sequence and secondary structure
of the potato spindle tuber viroid RNA

H.J.Gross, H. Domdey, C. Lossow, P Jank,
M. Raba, H. Alberty, and H.L. Sanger.
Nature 273:203-208 (1978)



2. Evolution von RNA-Molekiilen
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Replication and mutation are parallel chemical reactions.
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Mutation and (correct) replication as parallel chemical reactions

M. Eigen. 1971. Naturwissenschaften 58:465,
M. Eigen & P. Schuster.1977. Naturwissenschaften 64:541, 65:7 und 65:341
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Chain length and error threshold
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Preface

Antiviral strategy on the horizon

Error catasmophs had irs concepmial ongins n the middle of
the 3T¢th cennuoy, when the consequences of muations on
enrvines imvolved in protein svothesis, 25 a theory of agng.
In those times biological processes were generally perceived
differently from today. Infections diseasas were regardad as
3 fleeting musancs which would be eliminated throngh the
nse of anribiotcs and antiviral agens. MMicrabial varation,
althonzh known in some cases, was not thought to be a sigoif-
icant protlem for disease condrol. Vanation in differentiated
Organisms Was seen as resulfing essentially from exchanges
of genetic material associated with sexmal reproduction.
The problem was to wmweil the mechanisms of inheritance,
expressicn of genetic miormation and mesabolism. Few saw
that genetic change is ocowTing at pressnt in sl orgamisms,
and sl fawer recognized Darwinian principles as essential
o the biology of pathogenic virnses and cells. Population
zeneticists rarely used bacteria or vimses as experimental
svstems to define concepts in biological evolution. The extent
of genetic polvmorphism among individuals of the same
ological species came as & swrprise when the first rasults
on comparison of elecrophoretic mobiliry of spzymes were
obtained. With the advent of in vimo DINA recombination,
and rapid mucleic acid sequencing technigues, molecular
analvses of genomes reinforced the conclusion of exreme
inter-individual genetic varation within the szme spaciss,
Now, due larzely to spectacular progress in comparative
zenomics, we see cellular DXAs, both prokaryotic and
eukaryonc, as highly dypamic. Mest cellular processes, in-
clnding such essential miormation-bearing and wansfaming
events a5 genome replication, mranscription and translation,
are increasimgly perceived as mherently macourate, Vimsas,
and in particular BXA vimses, are smong the most exreme
examples of exploitation of replication mwacowuracy for
survival.

Emor catastrophe, or the loss of meaningful genstic infor-
matton throngh excess genetic vanaton, was fommiated in
quantitative tarms as & consequence of quasispecias theory,
which was first developed to explain self-organization and
adaprality of primutive replicons in early stages of life. Fe-
cantly, 3 concepmal extension of emror catasmophe thar could
be dafinad as “induced zeperic deterioration’ has emergad as

028 - sesa fronr zoacer © 2004 Elcoviar B.V. All dghtc recarved.
& virneres. 2004.11.001

a possible antiviral swrategy. This is the topic of the cument
special issue of Firus Research.

Few would nowadays doubt that one of the major obsta-
cles for the control of viral disease is short-term adaprability
af viral pathogens Adaprability of vimses follows the same
Darwinian principlss thar have shaped biological evalution
aver eons, thar is, repeated rounds of reproduction with ga-
netic vanation, competition and selection. ofien permurbad
Ty rapdom events such as stanstical fuchuations in popu-
latton size. However, with viruses the consequences of the
aperation of these very same Darwintan principlss are felt
within very shor times. Short-term evohiion (within hours
and days) can be also observed with some cellular pathegans,
with subsets of nonnal cells, and cancer calls. The nature of
FIMA viral pathogens begs for altematmes antiviral strategias,
and forcing the vimes to cross the critical error threshold for
maintenance of genetic wfommation is one of them

The comtributions to this velune bhave been chosen 1o
raflect different lines of evidence (both theorstical and
exparimental} on which antiviral desizns based on zenstic
deterioration infictad upon vimses are being consmucted.
Thecretical studies bhave explored the copyinz Adelity
condittons that must be fulfilled by any mformation-earing
replication system for the essental genetic information fo
fze wansmited o progeny. Closely related to the theoretical
developments have been mumerous expernnental smdies
on quasispecies dynamics and their nmiltiple biological
manifestations. The latter can be summarized by saying
thar BINA vimses, by virue of existing s mmifani specira
rather than defined zenstic sntities, ramarkably expand their
patential to overcoms selactive pressures intended to limdt
their replication. Indesd, the use of antiviral inkibitors in
clinical practice and the design of vaccimes for a mumber of
major FEIA vimis-associatad diseases, are currently presided
Try 2 senss of unceraing. Another line of growing researchis
the enzvmolegy of copying fidelity by viral replicazes, aimad
at undarstanding the molecular basis of nutagenic activitias.
Error camstrophe as 3 potenrizl new antiviral swategy ra-
caived an imporiant onpilse by the observation that riavirin
(3 licensed autiviral micleoside snalogue) may be exerting in
solne systems, its antiviral activity through enbanced nnraga-

116 Frofaoe / Virus Research (07 (2005) 1 13-016

nesis. This has encovraged investizstions on new mutagenic
ase snalogues, some of them usad m anticancer chemothar-
apy. Some chaprers annmarnize these important biochemical
smdies on cell entry pathways and metabolism of mutagenic
agents, that may find mew applications as antiviral agents.
This volume mtends to be bazically & progress repoat, an
inmroduction to a new svenue of research, and a realistc ap-
pratzal of the many issues that remzin to be imvestizated. In
this respect, [ can ervisage (not without mamy unceraintes)
at least three lines of needed research: (i) One on further un-
derstandimg of quasispectes dvnamics in infected individusls
1o learn more on how to apply combinations of virs-specific
mutagens and inhibitors in an effective way, finding synar-
Zistic combinations snd aveiding antazondstic ones as well
as sevare clinical side effects. (1) Another on a desper undar-
standing of the metabolism of nuta genic agents, in partioular
base and nucleoside spalogues. This includes identification
of the ransporters that carry them into cells, su understand-
ing of their metabolic processing. inracellular stability and
alterations of nucleotide pools, among other tssues, (i) Sull
another line of needed ressarch is the development of new
mutagenic agents specific for vimses, showing no {(or im-
ired) towicity for cells. Some advances may coms fom links
with anticancer ressarch, but others should result from the
desizns of pew moleculss, based oo the souchires of viral
polvmerases. [ really hops that the reader finds this jssue not
only to be an interesting and usefil review of the current sina-

ation in the field, bat also a stimulating exposure to the major
problems to be faced.

The ides to prepara this special issne came a5 8 kind imvis-
ton of Ulrich Drasselberger, former Editor of Firns Research,
and then taken enthustastically by Luis Enjusnes, recently ap-
pointed as Editer of Firus Reseqrch. I take this oppornmity
to thank Ulrich, Luis and the Editor-in-Chiaf of Firus Re-
search, Brian Maly, for their contitmed mterest and suppart
to the research on vims evolution over the vears.

iy thapks go also to the 1% aurhors who despite their busy
schadules have taken time to prepare excellent mamiscripts,
to Elsevier staff for thedr prompt responses to miy requests,
and, Last but not least, to Ms. Lucis Homillo from Centro de
Biologia Meleoular “Severs Ochoa™ for her patient desling
with the correspondence with authors and the final organiza-
tion of the issue.

Estzban Domingo

Universidad dutdnoma de Madrid

Canmre de Biolegia Molecular “Savero Qchoa™
Consgio Superior de Inestigaciones Clanrjficas
Canteblanco and Faldeoimos

Madrid, Spain

Tel: + 34 01 497 B4858/9; fax: +34 91 497 4728
E-mal address; edomingo/@ichm uam es
Anrailable colime 8 December 2004
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The error threshold can be separated into three
phenomena:

1. Decrease in the concentration of the master
sequence to very small values.

2. Sharp change in the stationary concentration
of the quasispecies distribuiton.

3. Transition to the uniform distribution at small
mutation rates.



The error threshold can be separated into three
phenomena:

1. Decrease in the concentration of the master
sequence to very small values.

2. Sharp change in the stationary concentration
of the quasispecies distribuiton.

3. Transition to the uniform distribution at small

mutation rates.

All three phenomena coincide for the quasispecies
on the single peak fitness lanscape.
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Prediction of RNA secondary structures: from theory
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The notion of RNA (secondary) structure

1. Minimum free energy structure
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Criterion: Minimum free energy (mfe)
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A symbolic notation of RNA secondary structure that is equivalent to the conventional graphs
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Fast Folding and Comparison of RNA
Secondary Structures

I. L. Hofacker'*, W. Fontana®, P. F. Stadler'”, L. S. Bonhoeffer*, M. Tacker'
and P. Schuster'#+?

' Institut fiir Theoretische Chemie, Universitit Wien, A-1090 Wien, Austria

* Institut fiir Molekulare Biotechnologie, D-07745 Jena, Federal Republic of Germany

* Santa Fe Institute, Santa Fe, NM 87501, U S.A.

* Department of Zoology, University of Oxford, South Parks Road, Oxford OX1 3PS, UK.

Summary, Computer codes for computation and comparison of RNA secondary structures, the
Vienna RNA package, are presented, that are based on dynamic programming algorithms and aim al
predictions of structures with minimum free energies as well as at computations of the equilibrium
partition functions and base pairing probabilities.

An efficient heuristic for the inverse folding problem of RNA is introduced. In addition we present
compact and efficient programs for the comparison of RNA secondary structures based on tree editing
and alignment.

All computer codes are written in ANS| C. They include implementations of modified algorithms
on parallel computers with distributed memory. Performance analysis carried out on an Intel
Hypercube shows that parallel computing becomes gradually more and more efficient the longer the
ch ugnces are,

Keywords, Inverse folding; parallel computing; public domain software; RNA folding, RNA secondary
structures; tree editing.



The notion of RNA (secondary) structure

2. Many sequences one structure
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The inverse folding algorithm searches for sequences that form a given
RNA secondary structure under the minimum free energy criterion.



From sequences to shapes and back: a case study in
RNA secondary structures

PETER SCHUSTER*? WALTER FONTANA? PETER F. STADLER*?
AnD [IVO L.HOFACKER?

Y Institut fiiv Molekulare Biotechnologie, Beutenbergstrasse 11, PF 100813, D-07708 Jena, Germany
® Institut fiir Theoretische Chemie, Universitit Wien, Austria
8 Santa Fe Institute, Santa Fe, U.S.A.

SUMMARY

RINA folding is viewed here as a map assigning secondary structures to sequences. At fixed chain length
the number of sequences far exceeds the number of structures. Frequencies of structures are highly non-
uniform and follow a generalized form of Zipf’s law: we find relatively few common and many rare ones.
By using an algorithm for inverse folding, we show that sequences sharing the same structure are
distributed randomly over sequence space. All common structures can be accessed from an arbitrary
sequence by a number of mutations much smaller than the chain length. The sequence space is percolated
by extensive neutral networks connecting nearest neighbours folding into identical structures. Implications
for evolutionary adaptation and for applied molecular evolution are evident: finding a particular
structure by mutation and selection is much simpler than expected and, even if catalytic activity should
turn out to be sparse in the space of RNA structures, it can hardly be missed by evolutionary processes.

Proc. R, Soc. Lond. B (1994) 255, 279-184 279 © 1994 The Royal Society
Printed in Greal Britain



Space of genotypes:  I={I4, Ip, I3, I, ..., I} ; Hamming metric
Space of phenotypes: S ={Sy, Sy, S3, Sy, ..., Sm}; metric (not required)

N>>M

W (/) = Sk

Gy =y (S UL 1| w(z) = Sy }

A mapping y and its inversion



<

Structure space

AVAVAYA)

VYAVAVAN
VKRN

NSAVAVAS VI IAVAVAVAVAVAVA

SVAVAV/AVAVAVAVAVAVAVAVAYAY

SAVAY/ V0V VaVaVAVAVAVAVAY,

WALV VAVAVAVAVIVAVAVAY]

SAVAVAVAVIYAVAVAVATAVAY,

WAV AVAVAVAVAVAVAVAVAV,

FAVAVAVAVAVAVAVAVAVAV

S RAVAVAVAVAVAVAVAVAY,

> VAVAVAVAVAYAVAY
VAVAVAVAVAVAY

Sequence space

one phenotype

—

many genotypes



Bulletin of Mathematical Biology, Vol. 59, No. 2, pp. 339-397, 1997
Elsevier Science Inc.

© 1997 Society for Mathematical Biology

0092-8240,97 $17.00 + 0.00

50092-8240(96)00089-4

GENERIC PROPERTIES OF COMBINATORY
MAPS: NEUTRAL NETWORKS OF RNA
SECONDARY STRUCTURES'

m CHRISTIAN REIDYS*, 1, PETER F. STADLER*,{
and PETER SCHUSTER* t,8§,°
*Santa Fe Institute,
Santa Fe, NM 87501, U.S.A.

‘+Los Alamos National Laboratory,
Los Alamos, NM 87545, U.S.A.

$Institut fiir Theoretische Chemie der Universitit Wien,
A-1090 Wien, Austria

§Institut fiir Molekulare Biotechnologie,
D-07708 Jena, Germany

(E.mail: pks@ thi.univie.ac.at)

Random graph theory is used to model and analyse the relationships between sequences and
secondary structures of RNA molecules, which are understood as mappings from sequence
space into shape space. These maps are non-invertible since there are always many orders of
magnitude more sequences than structures. Sequences folding into identical structures form
neutral networks. A neutral network is embedded in the set of sequences that are compatible
with the given structure. Networks are modeled as graphs and constructed by random choice
of vertices from the space of compatible sequences. The theory characterizes neutral
networks by the mean fraction of neutral neighbors (A), The networks are connected and
percolate sequence space if the fraction of neutral nearest neighbors exceeds a threshold
value (A > A*). Below threshold (A < A*), the networks are partitioned into a largest “giant”
component and several smaller components. Structures are classified as “common” or
“rare” according to the sizes of their pre-images, i.e. according to the fractions of sequences
folding into them. The neutral networks of any pair of two different common structures
almost touch each other, and, as expressed by the conjecture of shape space covering
sequences folding into almost all common structures, can be found in a small ball of an
arbitrary location in sequence space. The results from random graph theory are compared to
data obtained by folding large samples of RNA sequences. Differences are explained in
terms of specific features of RNA molecular structures, © 1997 Society for Mathematical
Biology



Evolution of aptamers with a new specificity and new
secondary structures from an ATP aptamer

ZHEN HUANG!' and JACK W. SZOSTAK?
'Department of Chemistry, Brooklyn College, Ph.D. Programs of Chemistry and Biochemistry, The Graduate School of CUNY,

Brooklyn, New York 11210, USA
2Howard Hughes Medical Institute, Department of Molecular Biology, Massachusetts General Hospital, Boston, Massachusetts 02114, USA

ABSTRACT

Small changes in target specificity can sometimes be achieved, without changing aptamer structure, through mutation of a few
bases. Larger changes in target geometry or chemistry may require more radical changes in an aptamer. In the latter case, it is
unknown whether structural and functional solutions can still be found in the region of sequence space close to the original
aptamer. To investigate these questions, we designed an in vitro selection experiment aimed at evolving specificity of an ATP
aptamer. The ATP aptamer makes contacts with both the nucleobase and the sugar. We used an affinity matrix in which GTP
was immobilized through the sugar, thus requiring extensive changes in or loss of sugar contact, as well as changes in
recognition of the nucleobase. After just five rounds of selection, the pool was dominated by new aptamers falling into three
major classes, each with secondary structures distinct from that of the ATP aptamer. The average sequence identity between the
original aptamer and new aptamers is 76%. Most of the mutations appear to play roles either in disrupting the original
secondary structure or in forming the new secondary structure or the new recognition loops. Our results show that there are
novel structures that recognize a significantly different ligand in the region of sequence space close to the ATP aptamer. These
examples of the emergence of novel functions and structures from an RNA molecule with a defined specificity and fold provide
a new perspective on the evolutionary flexibility and adaptability of RNA.

Keywords: Aptamer; specificity; fold; selection; RNA evolution

RNA 9:1456-1463, 2003

Evidence for neutral networks and shape space covering



Evidence for neutral networks and
intersection of apatamer functions
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Evolutionary Landscapes for the Acquisition of New Ligand Recognition

by RNA Aptamers

Daniel M. Held, S. Travis Greathouse, Amit Agrawal, Donald H. Burke

Department of Chemistry, Indiana University, Bloomington, IN 47405-7102, USA

Received: 15 November 2002 / Accepted: 8§ April 2003

Abstract. The evolution of ligand specificity under-
lies many important problems in biology, from the
appearance of drug resistant pathogens to the
re-engineering of substrate specificity in enzymes. In
studying biomolecules, however, the contributions
of macromolecular sequence to binding specificity
can be obscured by other selection pressures critical
to Dbioactivity. Evolution of ligand specificity
in vitro—unconstrained by confounding biological
factors—is addressed here using variants of three
flavin-binding RNA aptamers. Mutagenized pools
based on the three aptamers were combined and
allowed to compete during in vitro selection for
GMP-binding activity. The sequences of the resulting
selection isolates were diverse, even though most were
derived from the same flavin-binding parent. Indi-
vidual GMP aptamers differed from the parental fla-
vin aptamers by 7 to 26 mutations (20 to 57% overall
change). Acquisition of GMP recognition coincided
with the loss of FAD (flavin-adenine dinucleotide)
recognition in all isolates, despite the absence of a
counter-selection to remove FAD-binding RNAs. To
examine more precisely the proximity of these two
activities within a defined sequence space, the com-
plete set of all intermediate sequences between an
FAD-binding aptamer and a GMP-binding aptamer
were synthesized and assayed [or activity. For this set
of sequences, we observe a portion of a neutral net-
work for FAD-binding function separated from
GMP-binding function by a distance of three muta-

Correspondence to: Donald H. Burke; email: dhburke@indi-
ana.edu

tions. Furthermore, enzymatic probing of these ap-
tamers revealed gross structural remodeling of the
RMNA coincident with the switch in ligand recognition.
The capacity for neutral drift along an FAD-binding
network in such close approach to RNAs with GMP-
binding activity illustrates the degree of phenotypic
buffering available to a set of closely related RNA
sequences—defined as the set’s functional tolerance
for point mutations—and supports neutral evolu-
tionary theory by demonstrating the facility with
which a new phenotype becomes accessible as that
buffering threshold is crossed.

Key words: Aptamers — RNA structure — Phen-
otypic buffering — Fitness landscapes — Neutral
evolutionary theory — Flavin — GMP

Introduction

RNA aptamers targeting small molecules serve as
useful model systems for the study of the evolution
and biophysics of macromolecular binding interac-
tions. Because of their small sizes, the structures of
several such complexes have been determined to
atomic resolution by NMR spectrometry or X-ray
crystallography (reviewed by Herman and Patel
2000). Moreover, aptamers can be subjected to mu-
tational and evolutionary pressures for which sur-
vival is based entirely on ligand binding, without the
complicating effects of simultaneous selection pres-
sures for bioactivity, thus allowing the relative con-
tributions of each activity to be evaluated separately.
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The three-dimensional structure of the
tobramycin aptamer complex

L. Jiang, A. K. Suri, R. Fiala, D. J. Patel,
Chemistry & Biology 4:35-50 (1997)




Christian Jackel, Peter Kast, and

Donald Hilvert.

Protein design by directed evolution.
Annu.Rev.Biophys. 37:153-173, 2008
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The notion of RNA (secondary) structure

3. Suboptimal structures
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Stefan Wuchty'
Walter Fontana'2 . .
Complete Suboptimal Folding

Ivo L. Hofacker'

Peter Schuster!2 of RNA and the Stability of

! Institut fir Theoretische Second ary Structures
Chemie,
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Waéhringerstrasse 17,
A-1090 Wien, Austria
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Abstrace:  An algorithm is presented for generating rigorously all suboptimal secondary structureas
berween the minimum free energy and an arbitrary upper limit. The algovithm is particularly fast
in the vicinity af the minimum free energy. IThis enables the efficient approximation of statistical
quantities, such as the partition funciion or measures for structural diversity. The density of states
at low energies and its associated structures are crucial in assessing from a thermodynawmic point
af view how well-defined the ground state is. We demonstrate this by exploving the role of base
modification in tRNA secondary structures, both ar the level of individual sequences from Esche-
richia coli and by comparing artificially generated ensembles of modified and unmodified sequences
with the same tRNA siructure. The two major conclusions are that (1) base modification consider-
ably sharpens the definition of the ground state structure by constraining energetically adjacent
structures fo be similar to the ground state, and (2) sequences whose ground state structure is
thermodynamically well defined show a significant fendency to buffer single point mutations. This
can have evolutionary implications, since selection pressure to improve the definition of ground
states with biological fimction may result in increased neutrality.  '© 1999 John Wiley & Sons, Inc.
Biopoly 49: 143-163, 1999

Keywords: RNA secondary structure; suboptimal folding; density of states; tRNA; modified bases;
thermodynamic stability of structure; mutational buffering; neutrality; dynamic programming
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The notion of RNA (secondary) structure
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RNA folding at elementary step resolution

CHRISTOPH FLAMM," WALTER FONTANA,>® IVO L. HOFACKER,'
and PETER SCHUSTER

"Institut fir Theoretische Chemie und Molekulare Strukturbiologie, Universitat Wien, A-1090 Wien, Austria
“Santa Fe Institute, Santa Fe, New Mexico 87501 USA

ABSTRACT

We study the stochastic folding kinetics of RNA sequences into secondary structures with a new algorithm based on
the formation, dissociation, and the shifting of individual base pairs. We discuss folding mechanisms and the cor-
relation between the barrier structure of the conformational landscape and the folding Kinetics for a number of
examples based on artificial and natural sequences, including the influence of base modification in tRNAs.

Keywords: conformational spaces; foldability; RNA folding kinetics; RNA secondary structure
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Structural parameters affecting the kinetics of
RNA hairpin formation

J. H. A. Nagel, C. Flamm, 1. L. Hofacker', K. FrankeZ, M. H. de Smit,
P. Schuster® and C. W. A. Pleij*
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ABSTRACT

There is little experimental knowledge on the
sequence dependent rate of hairpin formation in
RNA. We have therefore designed RNA sequences
that can fold into either of two mutually exclusive
hairpins and have determined the ratio of folding
of the two conformations, using structure probing.
This folding ratio reflects their respective folding
rates. Changing one of the two loop sequences from
a purine- to a pyrimidine-rich loop did increase its
folding rate, which corresponds well with similar
observations in DNA hairpins. However, neither
changing one of the loops from a regular non-
GNRA tetra-loop into a stable GNRA tetra-loop, nor
increasing the loop size from 4 to 6 nt did affect the
folding rate. The folding kinetics of these RNAs have
also been simulated with the program ‘Kinfold’.
These simulations were in agreement with the
experimental results if the additional stabilization
energies for stable tetra-loops were not taken into
account. Despite the high stability of the stable
tetra-loops, they apparently do not affect folding
kinetics of these RNA hairpins. These results show
that it is possible to experimentally determine
relative folding rates of hairpins and to use these
data to improve the computer-assisted simulation
of the folding kinetics of stem—loop structures.
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A ribozyme switch

E.A.Schultes, D.B.Bartel, Science
289 (2000), 448-452

minus the background levels observed in the HSP in
the control (Sar1-GDP—containing) incubation that
prevents COPIl vesicle formation. In the microsome
control, the level of p115-SMARE associations was
less than 0.1%.

46. C. M. Carr, E. Grote, M. Munson, F. M. Hughson, P. |.
Novick, /. Cell Biol. 146, 333 (1999).

47. C. Ungermann, B. |. Nichols, H. R. Pelham, W. Wick-
ner, J. Cell Biol. 140, 61 (1998).
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(1999).

49, P. Uetz et al., Nature 403, 623 (2000).
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purified recombinant p115 (0.5 M) in 1 ml of NS
buffer containing 1% BSA for 2 hours at 4°C with
rotation. Beads were briefly spun (3000 rpm for 10 s)
and sequentially washed three times with N5 buffer
and three times with NS buffer supplemented with
150 mM MNaCl. Bound proteins were eluted three
times in 50 pl of 50 mM tris-HCl (pH 8.5), 50 mM
reduced glutathione, 150 mM NacCl, and 0.1% Triton
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X-100 for 15 min at 4°C with intermittent mixing,
and elutes were pooled. Proteins were precipitated by
MeOH/CH,Cl and separated by SD5-polyacrylamide
gel electropharesis (PAGE) followed by immunoblot-
ting using p115 mAb 13F12.

51. V. Rybin et al., Nature 383, 266 (1996).
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(1992).
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272, 13479 (1997).
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Biol. 148, 1231 (2000),

59. X. Cao and C. Barlowe, /. Cell Biol. 149, 55 (2000).
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Mol. Biol. Cell 10, 1873 (1993).

61. C. G. Burd, M. Peterson, C. R. Cowles, 5. D. Emr, Mol,
Biol. Cell 8, 1089 (1397).

One Sequence, Two Ribozymes:
Implications for the Emergence
of New Ribozyme Folds

Erik A. Schultes and David P. Bartel*

We describe a single RMA sequence that can assume either of two ribozyme
folds and catalyze the two respective reactions. The two ribozyme folds share
no evolutionary history and are completely different, with no base pairs (and
prabably no hydrogen bonds) in common. Minor variants of this sequence are
highly active for one or the other reaction, and can be accessed from prototype
ribozymes through a series of neutral mutations. Thus, in the course of evo-
lution, new RNA folds could arise from preexisting folds, without the need to
carry inactive intermediate sequences, This raises the possibility that biological
RMAs having no structural or functional similarity might share a common
ancestry. Furthermore, functional and structural divergence might, in some
cases, precede rather than follow gene duplication.

Related protein or RNA sequences with the
same folded conformation can often perform
very different biochemical functions, indi

ate isolates have the same fold and function, it
is lhnught that l.hey descended from a common
gh a series of mutational variants

that new biochemical functions can arise ﬁ'om
preexisting folds. But what evolutionary mech-
anisms give rise to sequences with new macro-
molecular folds? When considering the origin
of new folds, it is useful to picture, among all
sequence possibilities, the distribution of se-
quences with a particular fold and function.

that were eech functional. Hence, sequence het-
erogeneity among divergent isolates implies the
existence of paths through sequence space that
have allowed neutral drift from the ancestral
sequence to each isolate. The set of all possible
neutral paths composes a “neutral network,”
connecting in sequence space those widely dis-
persed seq sharing a particular fold and

This distribution can range very far in seq
space (1), For example, only seven nucleotides
are strictly conserved among the group I self-

activity, such that any sequence on the network
can potentially access very distant sequences by
neutral ions (3-5).

splicing introns, yet secondary (and p ly
tertiary) structure within the core of the ri-
bozyme is preserved (2). Because these dispar-

Institute for Bi dical Research and De-
partment of Biology, Massachusetts Institute of Tech-
nology, 9 Cambridge Center, Cambridge, MA 02142,
USA

*To whom correspond, should be d. E-
mail: dbartel@wi.mit.edu

Theoretical analyses using algorithms for
predicting RNA secondary structure have
suggested that different neutral networks are
interwoven and can approach each other very
closely (3, 5-&). Of particular interest is
whether ribozyme neutral networks approach
each other so closely that they intersect, If so,
a single sequence would be capable of fold-
ing into two different conformations, would

62. M. R. Peterson, C. G. Burd, 5. D. Emy, Curr. Biol. 9, 159
(1999).

63. M. G. Waters, D. O. Clary, |. E. Rothman, J. Cell Biol.
118, 1015 (1992).
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273, 29565 (1998).

65. M. Hul et al, Mol. Biol. Cell 8, 1777 (1997).

66, T. E. Kreis, EMBO J. 5, 931 (1988).

67. H. Plutner, H. W. Davidson, |. Saraste, W. E. Balch,
J. Cell Biol, 119, 1097 (1992).

68. D. 5. Melson et al, J. Cell Blol. 143, 319 (1938).
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rbet], membrin, and sec22 cDNAs; H. Plutner for
excellent technical assistance; and P. Tan for help
during the initial phase of this work. Supported by
NIH grants GM 33301 and GM42336 and Mational
Cancer Institute grant CAS8689 (W.EB.), a NIH Na-
tional Research Service Award (B.D.M.), and a Well-
come Trust Intemnational Traveling Fellowship
(BB.A).
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have two different catalytic activities, and
could access by neutral drift every sequence
on both networks. With intersecting net-
works, RNAs with novel structures and ac-
tivities could arise from previously existing
rlhozymcs, without the need to carry non-

as lutionary inter-
mediates. l-icre, we explore the proximity of
neutral networks experimentally, at the level
of RNA function. We describe a close appo-
sition of the neutral networks for the hepatitis
delta virus (HDV) self-cleaving ribozyme
and the class III self-ligating ribozyme.

In choosing the two ribozymes for this in-
vestigation, an important criterion was that they
share no evolutionary history that might con-
found the evolutionary interpretations of our
results. Chuosmg at least one artificial -
b dependent evolutionary his-
tories. The class 1II ligase is a synthetic ri-
bozyme isolated previously from a pool of ran-
dom RNA sequences (9). It joins an oligonu-
cleotide substrate to its 5' terminus. The
prototype ligase sequence (Fig. 1A) is a short-
ened version of the most active class 11l variant
isolated after 10 cycles of in vitro selection and

lution. This minimal retains the
activity of the full-length isolate (10). The HDV
ribozyme carries out the site-specific self-cleav-
age reactions needed during the life cycle of
HDV, a satellite virus of hepatitis B with a
circular, single-stranded RNA genome (17).
The prototype HDV construct for our study
(Fig. 1B) is a shortened version of the antige-
nomic HDV ribozyme (/2), which undergoes
self-cleavage at a rate similar to that reported
for other antigenomic constructs (13, 14).

The prototype class III and HDV ribozymes
have no more than the 25% sequence identity
expected by chance and no fortuitous strue-
tural similarities that might favor an intersec-
tion of their two neutral networks. Neverthe-
less, seq; can be designed that simul
neously satisfy the base-pairing requirements

21 JULY 2000 WVOL 289 SCIENCE www.sciencemag.org
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4. Evolutiondre Optimierung von RNA-Strukturen



Stock Solution —> Reaction Mixture —

@ D Computer simulation using
Gillespie's algorithm:

Replication rate constant:
fi=v 1o+ Ads©]
Ads®=dy(S,.S,)

Selection constraint:

Population size, N = # RNA
molecules, is controlled by
the flow

N(@) =N £N

Mutation rate:

p =0.001/ site x replication

The flowreactor as a device for studies
of evolution in vitro and in silico




Evolution in silico

W. Fontana, P. Schuster,
Science 280 (1998), 1451-1455

Tt Ty r R I

random individuals. The primer pair used for ganomic
DONA - amplification Is  5°-Tt TTCT-
CATTTA-3' (forward) and 5'-TCTTTGTCTTCTGT-
TCCACC-3 (reverse). Reactions were performed in
25 l using 1 uret of Tag DNA polymerass with each
primer at 0.4 uM; 200 uM each dATP, dTTP, dGTP,
and dCTP; and PCR butfer [10 mM tris-HCI (pH 8.3),
50 mM KCL,.1.5 mM MgCL] in a cycle condition of
84°C for 1 min and then 35 cycles of 84°C for 30 s,
55°C for 30 5, and 72°C for 30 s followed by 72°C for
B min. PCR products were purified (Qiagen), digested
with Xmn |, and separated in a 2% agarose gel.

32. Ammmlﬂm&yaﬁmmwmn\rw
result in degradation of the transcript [L. Maguat,
Am. J, Hum, Genet. 59, 279 (1996)].

33. Data not shown; a dot blot with poly (A)* RNA from
50 human tissues (The Human ANA Master Biot,
7770-1, Clontech Laboratories) was hybridized with
a proba from exons 29 1o 47 of MYD15 using the
same condition as Northemn blot analysis (13),

34, Smith-Magenis syndrome (SMS) is due 1o deletions
of 17p11.2 of various sizes, the smallest of which
includes MYO15 and perhaps 20 other genes [(6);
K-S Chen, L. Potockd, J. R, Lupski, MRDD Res, Rev.
2, 122 (1996)]. MYD15 expression is easily datected
in the pituitary gland (data not shown). Haploinsuffi-
ciency for MYOT5 may explain a portion of the SMS

phenotype such as short stature. Moreover, a few
SMS patients have sensorineural hearing loss, pos-
sibly becausa of a point mutation in MYOT5 in trans
to the SMS 17p11.2 deletion.

35. R. A, Fridell, data not shown.

36. K. B. Avraham al al, Mature Genet. 11, 360 (1995);
X-Z. Liu ef al,, ibid. 17, 268 (1997); F. Gibson et af,,
Nature 374, 62 (1895); D. Wedl af al., ibid., p. 60.

37. RNAwas from cochiea lab-
ymths; nblamed from human I'etusss al 1E| to 22

tin

established by the Human Research Oomrnlttae at
the Brigham and Women's Hospital. Only samples
without evidence of degradation wera pocled for
poly (A)* selection over oligo{dT) columns. First-
strand cONA was prepared using an Advantage RT-
for-PCR kit (Clontech Laboratonies). A portion of the
first-strand cONA (4%) was amplified by PCR with
Advantage cONA polymarase mix (Clontech Labora-
tories) using human MYD15-specific obgonuclectide
primers (forward, 5 -GCATGACCTGCCGGCTAAT-

GGG-3'; reverse, 5'-CTCACGGCT TCTGCATGGT-

GCTCGGECTGGEE-3'). Cycling conditions were 40 5
at 94°C; 40 s at 667C (3 cycles), 60°C (5 cyclas), and
55°C (29 cycles); and 45 s at 68°C. PCR products.
were visualized by ethidium bromide staining after
fractionation in a 1% agarose gel. A 688-bp PCR

Continuity in Evolution: On the
Nature of Transitions

Walter Fontana and Peter Schuster

Todistinguish continuous from discontinuous evelutionary change, a relation of nearness
between phenotypes is needed. Such a relation is based on the probability of one
phenotype being accessible from another through changes in the genotype. This near-
ness relation is exemplified by calculating the shape neighborhood of a transfer RNA
secondary structure and provides a characterization of discontinuous shape transfor-
mations in ANA. The simulation of replicating and mutating RNA populations under
selection shows that sudden adaptive progress coincides mostly, but not always, with
discontinuous shape transformations. The nature of these transformations illuminates
the key role of neutral genetic drift in their realization.

A much-debated issue in evolutionary bi-
ology concerns the extent to which the
history of life has proceeded gradually or has
been puncruated by discontinuous transi-
tions at the level of phenortypes (1). Qur
goal is to make the notion of a discontinu-
ous transition more precise and to under-
stand how it arises in a model of evolution-
ary adaptation.

We focus on the narrow domain of RNA
secondary structure, which is currently the
simplest compurationally tractable, yet re-
alistic phenotype (2). This choice enables
the definition and exploration of concepts
that may prove useful in a wider context.
BNA secondary structures represent a
coarse level of analysis compared with the
three-dimensional structure at atomic reso-
lution. Yer, secondary structures are empir-

Ingtitut for Theoretische Chemie, Universitat Wien, Wihr-
Ingerstrassa 17, A-1090Wien, Austria, Santa Fe Institute,
1309 Hyde Park Road, Santa Fe, NM 87501, USA, and
International Instifute for ﬁpphad Systems Analysis
(lASA), A-2361 Laxenburg, Aust

ically well defined and obtain their biophys-
ical and biochemical importance from
ing a scaffold for the tertiary structure. For
the sake of brevity, we shall refer to second-
ary structures as “shapes.” RNA combines
in a single molecule both genotype (repli-
catable sequence) and phenotype (select-
able shape), making it ideally suited for in
vitro evolution experiments (3, 4).

To generate evolutionary histories, we
used a stochastic continuous time model of
an RNA population replicating and mutar-
ing in a capacity-constrained flow reactor
under selection (5, 6). In the laboratory, a
goal might be to find an RNA apramer
binding specifically to a molecule (4). Al-
though in the experiment the evolutionary
end product was unknown, we thought of
its shape as being specified implicitly by the
imposed selection criterion. Because our in-
tent is to study evolutionary histories rather
than end products, we defined a target
shape in advance and assumed the replica-
tion rate of a sequence to be a function of

8 REPORTS

product is expected from amplification of the human
MYO15 cDNA. Ampification of human genomic
DNA with this primer pair would result in a 2903-bp
fragment.
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the similarity between its shape and the
targer. An actual situation may involve
more than one best shape, but this does not
affect our conclusions.

An instance representing in its qualita-
tive features all the simulations we per-
formed is shown in Fig. 1A, Starting with
identical sequences folding into a random
shape, the simulation was stopped when the
population became dominated by the tar-
get, here a canonical tRNA shape. The
black curve traces the average distance to
the target (in\-'crscly related to fitness) in
the population against time. Aside from a
short initial phase, the entire history is
dominated by steps, that is, flat periods of
no apparent adaptive progress, interrupted
by sudden approaches roward the target
structure (7). However, the dominant
shapes in the popularion not only change at
tht.'se murkud events I)lll undergu st'vcral
fitness-neutral transformations during the
periods of no apparent progress. Although
discontinuities in the fitness trace are evi-
dent, it is entirely unclear when and on the
basis of what the series of successive phe-
notypes itself can be called continuous or
discontinuous.

A set of entities is organized into a (to-
pological) space by assigning to each entity
a system of neighborhoods. In the present
case, there are two kinds of entities: se-
quences and shapes, which are related by a
thermodynamic folding procedure. The set
of possible sequences (of fixed length) is
naturally organized into a space because
point mutations induce a canonical neigh-
borhood. The neighborhood of a sequence
consists of all its one-error mutants. The
problem is how to organize the set of pos-
sible shapes into a space. The issue arises
because, in contrast to sequences, there are

www.sciencemag.org * SCIENCE = VOL. 280 = 19 MAY 19958 1451



Structure of
randomly chosen Phenylalanyl-tRNA as
initial sequence target structure
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