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1. The exciting RNA story



RNA as transmitter of genetic information

RNA as catalyst DN -
transcription
..AGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUG...
Helix I 3 o messenger-RNA
l translation
Halix 11 protein

RNA as working copy of genetic information

Ribozyme

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

RNA as adapter molecule

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 of messenger RNA

RNA as regulator of gene expression

Allosteric control of transcribed RNA e

RNA as carrier of genetic information Se0pof fedion

—

RNA viruses and retroviruses

RNA evolution in vitro

Evolutionary biotechnology
RNA aptamers, artificial ribozymes,
allosteric ribozymes

Functions of RNA molecules

Riboswitches controlled by metabolites

Gene silencing by siRNA
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Jack W. Szostak. RNA gets a grip on translation. Nature 419:890-891 (2002)

Wade Winkler, Ali Nahvi, Ronald R. Breaker. Thiamine derivatives bind messenger RNAs
directly to regulate bacterial gene expression. Nature 419:952-956 (2002)
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Stéphan Thore, Marc Leibundgut, Nenad Ban. Structure of eukaryotic thiamine pyrophosphate
riboswitch with its regulatory ligand. Science 312:1208-1211 (2006)



Joanna Owens.

Riboswitching of f bacterial growth.
Nature Reviews /Drug Discovery 6:23 (2007)

K.F. Blount et al. Antibacterial lysine analogs that target lysine riboswitches.
Nature Chem. Biol. 3, December (2006)

Alexey G. Vitreschak, Dimitry A. Rodinov, Andrey A. Mironov, Mikhail S.
Gelfand.

Riboswitches: The oldest mechanism for the regulation of
gene expression?

TRENDS in Genetics 20:44-50 (2004)



Nobel prize for medicine 2006

Andrew Z. Fire
Stanford University

Craig C. Mello
University of Massachusetts
Worcester

Gene silencing by small
interfering RNAs

duplex n=19

3‘ 5!

overhang overhang

Dicer-RDE1 complex

dsRNA \W

dsRNA cleavage

Stept SiRNA
RVAVAVAVA Y

mRNA targeting

O\ poly(A)

)E RNA.I silencing complex

mRNA

Antisense strand
RISC

Step 2 l mRNA cleavage

VVVVVVVWN AVAVAVAVAVAVAVAVE. (Y
Degraded mRNA



2. Why is gene regulation so complex?
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L.J. Croft, M.J. Lercher, M.J. Gagen, J.S. Mattick. Is prokaryotic complexity limited
by accelerated growth in regulatory overhead? Genome Biology 5:P2 (2003)



A model for genome
duplication in yeast
~1x108 years ago
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2 new genes out of 16 genes,

sequence of genes largely modified

Manolis Kellis, Bruce W. Birren, and Eric S. Lander. Proof and evolutionary analysis of ancient genome
duplication in the yeast Saccharomyces cerevisiae. Nature 428: 617-624, 2004



3. What small RNAs can achieve



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.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
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The Hypercycle

A Principle of Natural Self-Organization

Part A: Emergence of the Hypercye
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Chemical kinetics of molecular evolution

M. Eigen, P. Schuster, "The Hypercycle’, Springer-Verlag, Berlin 1979
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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



Stock Solution —>

Q

Reaction Mixture ——

Replication rate constant:
f.=v/ [0+ Adg ]
Ads = dyy(S,.S,)

Selection constraint:

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

N(t)zﬁi\/ﬁ

Mutation rate:

p = 0.001 / site x replication

The flowreactor as a

device for studies of

evolution in vitro and
in silico
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Average replication to target
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Simulation of the approach to a target structure with a population size of N=3000 RNAs



Evolutionary design of RNA molecules
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chromatographic
column

The SELEX technique for the evolutionary preparation of aptamers
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Fig. 1. Structures of tobramycin and analogs used in these studies.

Aptamer binding to aminoglycosid antibiotics: Structure of ligands

Y. Wang, R.R.Rando, Specific binding of aminoglycoside antibiotics to RNA. Chemistry & Biology 2
(1995), 281-290
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L. Jiang, A. K. Suri, R. Fiala, D. J. Patel, Saccharide-RNA recognition in an aminoglycoside antibiotic-
RNA aptamer complex. Chemistry & Biology 4:35-50 (1997)



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)




Hammerhead ribozyme — The smallest RNA based catalyst
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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%.
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47. C. Ungermann, B. |. Nichols, H. R. Pelham, W. Wick-
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(1993).
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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 SDS—polyacrylamide
gel electropharesis (PAGE) followed By immunoblot-
ting using p115 mAb 13F12.
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Biol. 126, 1133 (1994).

56. A Mayer and W, Wickner, J. Cell Biol. 136, 307 (1997).
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272, 13479 (1997).
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Biol. 148, 1231 (2000),
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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-

Mhitet Institute for Biomedical 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
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(1993).
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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 111 hgasc 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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Two ribozymes of chain lengths n = 88 nucleotides: An artificial ligase (A) and a natural cleavage
ribozyme of hepatitis-0-virus (B)
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The sequence at the intersection:

HDV fold

Ligase fold

An RNA molecules which is 88

nucleotides long and can form both

structures
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Two neutral walks through sequence space with conservation of structure and catalytic activity



4. Structures of small RNAs



GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule in sequence and shape space
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One error neighborhood — Surrounding of an RNA molecule in sequence and shape space



GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule in sequence and shape space



GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule in sequence and shape space
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GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGUCCCAGGCAUUGGACG GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule in sequence and shape space
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GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGUCCCAGGCAUUGGACG GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCACUGGACG

One error neighborhood — Surrounding of an RNA molecule in sequence and shape space
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GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGUCCCAGGCAUUGGACG GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCACUGGACG GGCUAUCGUACGUGUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule in sequence and shape space



GGCUAUCGUAUGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUAGACG
GGCUAUCGUACGUUUACUCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGCUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCCAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUGUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAACGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCUGGCAUUGGACG
GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCACUGGACG
GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGUCCCAGGCAUUGGACG
GGCUAGCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUUUACCCAAAAGCCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule
In sequence and shape space



GCAGCUUGCCCAAUGCAACCCCAUGUGGCGCGCUAGCUAACACCAUCCCC

1 CCCCC- - - - - - - DDOEEDD)) EDDDED) BT 65 0.433333
2 . (- - - - - DDOEDD) D)) EED)) ) EEFEFFEERE 9 0.060000
3 (CCCC- (- - - CCC-mm - )DDDD)DEDD) ED ) 5 0.033333
4 (G- - - - - - DR DDED) ) B R 5 0.033333
5 .. (- - - - - - )DDID)) EEED)) D)D) EEEEEEEEEE 4 0.026667
6 (CCCC-CCCCCC-CC- - - - - D)EDIEDDDDEDDDED ) B 3 0.020000
7 (CCCC- (- - - - - - DDDEDD))EDDDED) B 3 0.020000
8 ((CC(C- CCCCC-CCC-- - - - DDEDDD)) EDDDED) B 3 0.020000
9 (- -CC(C-- - - - DDOEEDDIDDIDDED) B 3 0.020000
A (L (R D)EDDDIED) ) ED ) R 3 0.020000
11 (- - (- - (- - - - - DD)OEED D) EEDDDED ) B 2 0.013333
12 (CCCC- (- - (e - - - DDDEED)DDED) ED D ) B 2 0.013333
N (O (G R (((Crrrre D)D) EEDED) D)D) EEEEEEEEEE 2 0.013333
14 (CCCC-CC- e - - - - DDEDD)DDEDD) ED ) B 2 0.013333
15 . (e - - - - - )DDED))EDD) EEDDD) ) EEEEEEEEFEE 2 0.013333




GGAGCUUGCCGAAUGCAACCCCAUGAGGCGCGCUGCCUGGCACCAGCCCC

1 (CCCC-CCCC- - (G- - - - - 2))--333)-23)-2)-(((----))) - - 49 0.326667
2 (- CCCC- - - - - - - )))EEDDDDEDD ) B ) B 7 0.046667
N (G (((CR ((CErrY 22)--333)-3))----(((----)))-- 6 0.040000
4 (CCCC- (- - (- - - 2)--333)-23)-2)-(C----))) - - 5 0.033333
S (E (R ((Q (I B B ) B B ) B 5 0.033333
6 CCCCC-CCCC---CC-- - - - - 2)---3332-33)-2)-(((----)))-- 5 0.033333
7 CCCCC-CCCC- - G- - - - - - 2))--3332-33)-2)--((----))--- 4 0.026667
8 (CCC(-CCCC--CC(C-- - - - - 23)--3332-3)33)--(((----)))-- 4 0.026667
9 (CCCC-CCC-- - CCC-- - - - - 23)---332-33)-2)-C((----)))-- 3 0.020000
10 (CCCCCCCCC-- (- - - - - - 23)--3300033)-3)-(((----))) - - 3 0.020000
11 (- (CC- CCCC- - (- - (- - - - - )--33)--333)--2)-))------ 3 0.020000
12 ((CCC- - - CC-- (- - - - - - 22)--3)---33)-2)-(((----))) - - 3 0.020000
13 (- (CC- CCCC- - (- - - - - - 22)--333)-33)-)--(((----)))-- 3 0.020000
14 ((- - (- CCCC-- (- - - - - - 22)--33))-)---2)-(((----)))-- 3 0.020000
15 ((CCC- CCCCC- (- - - - - - 23)-33332-33)-2)-(((----))) - - 3 0.020000
16 (((CC- CCCC-CCC(--- - - - 2333-333>-33)-2)-(((----))) - - 3 0.020000
17 ((CCC- - CCC-- (- - - - - - 2)--33)--33)-2)-C((----)))-- 3 0.020000
18 ((- (CCCCCCC---(CC-C-C--------2-2-222-D0)))--D)))) - 2 0.013333
19 ((CCC- CCCC-- (- - - - - - 23)--3332-3)-23)-(((----)))-- 2 0.013333
20 (- (CCCCCCC- - - CCCCCCCC----22-2-33333-3330)--33))) - 2 0.013333
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Interacting Edges Glycosidic Bond Orientations

0
“p—=0

Cis orientation of the Glycosidic Bonds

O ﬁugar Edge
HO Trans orientation of the Glycosidic Bonds

General classification
of base pairs

N.B.Leontis and E. Westhof, RNA 7:499-512 (2001)



5. Riboswitches and kinetic folding



An undesigned
RNA switch:

double hairpin 33

5 UUCGGCCGAUGGGCUGCCUAGCCGAGAUCCGGU 3

free e:.d”_ 5 . ‘staff‘k ')ki
z:mn,,’,ﬂ, | hairpin loop

stack .
joint

hairpin loop

S G D B B B B RETI (f f f (PA ))))



Suboptimal states of
double hairpin 33:

dot-plot: ground state
and partition function

UGGCCUAGAGCCGAUCCGUCGGGUAGCCGGCuUU

UUCGGCCGAUGGGCUGCCUAGCCGAGAUCCGGU

MNODOONVYOVOIOIDVNIOIOODNIDODDDNVYDIDIDDDID NN

UUCGGCCGAUGGGCUGCCUAGCCGAGAUCCGGU
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An designed RNA switch:
double hairpin 33
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Folding kinetics of the designed double hairpin 33
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1D R 2D

GGGUGGAACCACGAGGUUCCACGAGGAACCACGAGGUUCcuUcCcC
3 13 G 23 33 44

v N\

1D 2D
cc® cc* cc™
A A A A G/IA A
C=G C=G CG
C-G CsG C=G
AU A=U U=A
A=U A=U U=A
G-C G=C G-C
G=C G=C AG CA
U=A/G A=U
3GeC ——G=C_44 1pBGC_ op
Cc-Gs3s
56 rR 28 CG A A
CG
. CG
-28.6 kcal-mol A=U
-28.2 kcal-mol™ A=U
G=C
G-C
U U
3G=C
An experimental G as
. 57 3
RNA switch IN1LH
-28.6 kcal-mol™
J.H.A. Nagel, C. Flamm, I.L. Hofacker, K. Franke, -31.8 kcal-mol™

M.H. de Smit, P. Schuster, and C.W.A. Pleij.

Structural parameters affecting the kinetic competition of RNA
hairpin formation. Nucleic Acids Res. 34:3568-3576 (2006)
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