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

Functions of RNA molecules
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RNA as carrier of genetic information
RNA viruses and retroviruses
RNA as information carrier in

evolution in vitro and
evolutionary biotechnology

RNA is the catalytic subunit in
supramolecular complexes

The ribosome is a ribozyme !

RNA is modified by epigenetic control
RNA editing

Alternative splicing of messenger RNA

RNA as regulator of gene expression

gene silencing by small interfering RNAs
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Definition and physical relevance of RNA secondary structures

RNA secondary structures are listings of Watson-Crick
and GU wobble base pairs, which are free of knots and
pseudokots.

D.Thirumalai, N.Lee, S.A.Woodson, and D.K.Klimov.
Annu.Rev.Phys.Chem. 52:751-762 (2001):

wdecondary structures are folding intermediates in the
formation of full three-dimensional structures.



Stacking of free nucleobases or other planar
heterocyclic compounds (N6,N9-dimethyl-adenine)
The stacking interaction as

driving force of structure

formation in nucleic acids Stacking of nucleic acid single strands (poly-A)



James D. Watson and Francis H.C. Crick

Nobel prize 1962

1953 — 2003 fifty years double helix

Stacking of base pairs in nucleic
acid double helices (B-DNA)
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Watson-Crick type base pairs



Wobble base pairs

Deviation from
Watson-Crick geometry
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RNA sequence GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

Biophysical chemistry:
thermodynamics and
. kinetics Inverse folding of RNA:
RNA folding:
. Biotechnology,
Structural biology, design of biomolecules
spectroscopy of with predefined
b1omolecul.es, . structures and functions
understanding Empirical parameters

molecular function

RNA structure

Sequence, structure, and function



5’-end 3’-end
GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACuUCCA
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Free energy DG

Suboptimal conformations

(h)
SO

Minimum of free energy

The minimum free energy structures on a discrete space of conformations



How to compute RNA secondary structures

Efficient algorithms based on dynamic programming are available for computation of
minimum free energy and many suboptimal secondary structures for given sequences.

M.Zuker and P.Stiegler. Nucleic Acids Res. 9:133-148 (1981)
M.Zuker, Science 244: 48-52 (1989)

Equilibrium partition function and base pairing probabilities in Boltzmann ensembles of
suboptimal structures.

J.S.McCaskill. Biopolymers 29:1105-1190 (1990)

The Vienna RNA Package provides in addition: inverse folding (computing sequences
for given secondary structures), computation of melting profiles from partition
functions, all suboptimal structures within a given energy interval, barrier tress of
suboptimal structures, kinetic folding of RNA sequences, RNA-hybridization and
RNA/DNA-hybridization through cofolding of sequences, alignment, etc..

I.L.Hofacker, W. Fontana, P.F.Stadler, L.S.Bonhoeffer, M.Tacker, and P. Schuster. Mh.Chem.
125:167-188 (1994)

S.Wuchty, W.Fontana, I.L.Hofacker, and P.Schuster. Biopolymers 49:145-165 (1999)
C.Flamm, W.Fontana, I.L.Hofacker, and P.Schuster. RNA 6:325-338 (1999)

Vienna RNA Package: http://www.tbi.univie.ac.at



hairpin loop

free end

Elements of RNA secondary structures

hairpin
loop

hairpin loop

hairpin
loop

as used in free energy calculations

hairpin loop

loop




5’-end 3’-end
GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACuUCCA

\

free energy of stacking <0

AGY = D giu+ D h(m) + D b(m)+ D i(n) + -

stacks of hairpin bulges internal
base pairs loops loops

Folding of RNA sequences into secondary structures of minimal free energy, DG,>%



5'-End 3'-End
Sequence GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA

3-Bnd T

SEnd .

g 70
y 60

Secondary structure Y 1% !
4

50 - *

|

5

\

Symbolic notation  5-End ((((((+++((((-+++++=)))-((((Co+e-=))))sw+=+(((C++++)))))))))-+++ 3-End

A symbolic notation of RNA secondary structure that is equivalent to the conventional graphs



Minimal hairpin loop size:

n, k3

Minimal stack length:
n, k2

TABLE 2 A recursion to calculate the numbers of acceptable RNA secondary struc-

tures, Ns({) = Se(mm[mp]'mm[n”l) [49]. A structure is acceptable if all its hairpin loops
contain three or more nucleotides (loopsize: ny, > 3) and if it has no isolated base pairs
(stacksize: ns: > 2). The recursion m + 1 = m yields the desired results in the array
U, and uses two auxiliary arrays with the elements ®., and Z,,, which represent the
numbers of structures with or without a closing base pair (1,m). One array, e.g., ®m,
is dispensible, but then the formula contains a double sum that is harder to interpret.

Recursion formula:

m—2
Em+1 = lI’m W Z q)k"ljmuk—l
k=5

L(m=2)/2] _
¢m+1 = kZ “m—2k+1
—i

lI’1m-+—1 = Em+1 17 CPm—l
Recursion: m+1 = m

Initial conditions:

Recursion formula for the number of acceptable RNA secondary structures



Number of Sequences Number of Structures

¢ 2t 4t SN GC | UGC | AUGC | AUG | AU
7 128 1.64 x 10* 2 1 1 1 1 1
8 256 6.55 x 10* 4 3 1 1
9 512 2.62 x 10° 8 7 7 1 1
10 1024 1.05 x 10° 14 13 13 13 1 1
15 | 328 x 10* | 1.07 x 10° 174 130 | 145 152 37 15
16 | 6.55 x 10* | 4.29 x 10° 304 214 | 245 257 55 25
19 | 5.24 x 10° | 2.75 x 10" 1587 972 | 1235 220 84
20 | 1.05 x 10° | 1.10 x 10'? 2 741 1599 | 2112 374 128
29 | 5.37 x 10® | 2.88 x 10’7 | 430370 | 132875 8690
30 | 1.07 x10° | 1.15 x 10'® | 760983 | 218318 13726

Computed numbers of minimum free energy structures over different nucleotide alphabets

P. Schuster, Molecular insights into evolution of phenotypes. In: J. Crutchfield & P.Schuster,
Evolutionary Dynamics. Oxford University Press, New York 2003, pp.163-215.
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Minimum Free Energy Structure Suboptimal Structures Kinetic Structures

Different notions of RNA structure including suboptimal conformations and folding kinetics




Suboptimal RNA Secondary Structures

Michael Zuker. On finding all suboptimal foldings of an RNA molecule. Science 244 (1989), 48-52

Stefan Wuchty, Walter Fontana, Ivo L. Hofacker, Peter Schuster. Complete suboptimal folding of
RNA and the stability of secondary structures. Biopolymers 49 (1999), 145-165



Total number of structures including

all suboptimal conformations, stable
and unstable (with DG>0):

#conformations = 1 416 661

Minimum free energy structure

AAAGGGCACAGGGUGAUUUCAAUAAUUUUA

Sequence

Example of a small RNA molecule: n=30
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Partition Function of RNA Secondary Structures

John S. McCaskill. The equilibrium function and base pair binding probabilities for RNA
secondary structure. Biopolymers 29 (1990), 1105-1119

Ivo L. Hofacker, Walter Fontana, Peter F. Stadler, L. Sebastian Bonhoeffer, Manfred Tacker,
Peter Schuster. Fast folding and comparison of RNA secondary structures.
Monatshefte fiir Chemie 125 (1994), 167-188



Example of a small RNA molecule 5'
with two low-lying suboptimal

conformations which contribute

substantially to the partition function

UUGGAGUACACAACCUGUACACUCUUUC

Example of a small RNA molecule: n=28



CUUUCUCACAUGUCCAACACAUGAGGUU

UUGGAGUACACAACCUGUACACUCUUUC ¢

second suboptimal configuration
AE(_,, = 0.55 kcal / mole

QR

first suboptimal configuration
AE(_,; =0.50 kcal / mole

5! . .
minimum free energy

configuration

DGy =-5.39 kcal / mole

2NNNONDOVIOVNDHNIOVVYOVIOVNDVYVDDNN

UUGGAGUACACAACCUGUACACUCUUUC

,,Dot plot* of the minimum free energy structure (lower triangle) and the partition function
(upper triangle) of a small RNA molecule (n=28) with low energy suboptimal configurations



GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA
GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA
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Phenylalanyl-tRNA as an example for the computation of the partition function



ACCACGCUUAAGACACCUAGCUUGUGUCCUGGAGGUCUAGAAGUCAGACCGCGAGAGGGUUGACUCGAUUUAGGCG

GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA

=

GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA

VOOVODONANVYODVIVOOINVOONNOANDANOONDHOVHOHNOAVOVVYVDNIVHVIIDOOHYVHVODDNNOVYVONIODVNANANAVODOD

first suboptimal configuration

AE(_,; = 0.43 kcal / mole

tRNAPhe

without modified bases



ACCACGCUUAAGACACCUAGCPTGUGUCCUMGAGGUCUAYAAGUCAGACCMCGAGAGGGDDGACUCGAUUUAGGCG

GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA

GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA

VOOVIDOINNVVOHVYIOVIONVHIILONDADIDNADYOHONINVAVYVDHNIVOVIIONIDVYVHYVDHODDHAADYOINIOHYNNNVHDID

first suboptimal configuration

AEy_1 = 0.94 kcal / mole

tRNAPhe

with modified bases
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A typical energy landscape of a sequence with two (meta)stable comformations



Kinetic Folding of RNA Secondary Structures

Christoph Flamm, Walter Fontana, Ivo L. Hofacker, Peter Schuster. RNA folding kinetics
at elementary step resolution. RNA 6:325-338, 2000

Christoph Flamm, Ivo L. Hofacker, Sebastian Maurer-Stroh, Peter F. Stadler, Martin Zehl.
Design of multistable RNA molecules. RNA 7:325-338, 2001



The Folding Algorithm

A sequence [ specifies an energy ordered set of
compatible structures S(I):

S = {S,,S,...,S., 0}

m?

A trajectory T (I) is a time ordered series of
structures in S(I). A folding trajectory 1is
defined by starting with the open chain O and
ending with the global minimum free energy
structure S, or a metastable structure S, which
represents a local energy minimum:

T, = {0,S(1),...,S(t1),S (),
S(t+1) , ..., Sy}

T.(D) = {0,S(1),....,S(t-1),S (1),
S(t+1) , ..., S}

Transition probabilities P;(t) = Prob{S,—S.} are
defined by

P,(t) = P(t) k; = P(t) exp(-AG;/2RT) / %,
P(t) = Pi(t) k;; = Py(t) exp(-AG,/2RT) / Z;

m+2
%= D s s SXP(-AG/2RT)

The symmetric rule for transition rate parameters is due
to Kawasaki (K. Kawasaki, Diffusion constants near

the critical point for time dependent Ising models.
Phys.Rev. 145:224-230, 1966).

Formulation of kinetic RNA folding as a stochastic process



Base pair formation and base pair
cleavage moves for nucleation
and elongation of stacks

Nucleation

Base pair formation

N
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Base pair cleavage

Elongation

Base pair formation
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p
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Base pair cleavage

D= D



Base pair shift

7 Class 1 ?

Base pair shift move of class 1: Shift inside internal loops or bulges



Base pair shift

Class 2

Base pair shift move of class 2: Shift involving free ends
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Suboptimal conformations

02d A819U9 9911

Search for local minima in
conformation space

Local minimum



Free energy DG

-\

Saddle point Ty

"Reaction coordinate"

Definition of a ,barrier tree*

v

Free energy DG

———
8¢
Sk

"Barrier tree"
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Example of an easily folding small RNA molecule withn =15
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Examples of two folding trajectories leading to different local minima
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Folding dynamics of the sequence GGCCCCUUUGGGGGCCAGACCCCUAAAAAGGGUC



One sequence is compatible with
two structures

Uu=A
1 1

G=U
1 1
G=C

*

5’-end

C=G
\

4
G=C
1 1

Suboptimal conformation S
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Kinetics RNA refolding between a long living metastable conformation
and the minmum free energy structure



J.H.A. Nagel, J. Moller-Jensen, C. Flamm, K.J. Oistimd, J. Besnard, I.L. Hofacker, A.P. Gultyaev,
M.H. de Smit, P. Schuster, K. Gerdes and C.W.A. Plejj.

The refolding mechanism of the metastable structure in the 5 -end of the hok mRNA of plasmid R1,
submitted 2004.

J.H.A. Nagel, C. Flamm, I.L. Hofacker, K. Franke, M.H. de Smit, P. Schuster, and C.W.A. Pleij.

Structural parameters affecting the kinetic competition of RNA hairpin formation, in press 2004.



GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA
GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA
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Kinetic folding of phenylalanyl-tRNA
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Theory of sequence — structure mappings

P. Schuster, W.Fontana, P.F.Stadler, I.L.Hofacker, From sequences to shapes and back:
A case study in RNA secondary structures. Proc.Roy.Soc.London B 255 (1994), 279-284

W.Grliner, R.Giegerich, D.Strothmann, C.Reidys, I.L.Hofacker, P.Schuster, Analysis of
RNA sequence structure maps by exhaustive enumeration. I. Neutral networks.
Mh.Chem. 127 (1996), 355-374

W.Grliner, R.Giegerich, D.Strothmann, C.Reidys, I.L.Hofacker, P.Schuster, Analysis of
RNA sequence structure maps by exhaustive enumeration. Il. Structure of neutral

networks and shape space covering. Mh.Chem. 127 (1996), 375-389

C.M.Reidys, P.F.Stadler, P.Schuster, Generic properties of combinatory maps.
Bull.Math.Biol. 59 (1997), 339-397

I.L.Hofacker, P. Schuster, P.F.Stadler, Combinatorics of RNA secondary structures.
Discr.Appl.Math. 89 (1998), 177-207

C.M.Reidys, P.F.Stadler, Combinatory landscapes. SIAM Review 44 (2002), 3-54



GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

Minimum free energy
criterion

Inverse folding of RNA secondary structures

The idea of inverse folding algorithm is to search for sequences that form a
given RNA secondary structure under the minimum free energy criterion.



Inverse folding algorithm

LALALALALA.ALAL A_AL

SSA SSAS A S ASA.LASAS .  ALAS,

L., =9 (L) and Ddg(S,.S,, )= ds(S;..,S,) - dg(S,.S,) < 0

9N ... base or base pair mutation operator

ds (S;,S;) ... distance between the two structures S;and S,

,Unsuccessful trial® ... termination after n steps



Minimum free energy
criterion

/7 GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA
Ist

ud e UGGUUACGCGUUGGGGUAACGAAGAUUCCGAGAGGAGUUUAGUGACUAGAGG
n

3rd trial = CUUCUUGAGCUAGUACCUAGUCGGAUAGGAUUUCCUAUCUCCAGGGAGGAUG

4th

sth I CUUUUCUUCACGUUAGAUGUGUAAUGGACAUGUGUUUAUUUAGGAAAGGCGC
\ AUAACGUGAGUGUCUAAUACUGAUCGCUCCGGAGGGUGGUGGCGUUGUUAAU

Inverse folding of RNA secondary structures

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






UUUAGCCAGCGCGAGUCGUGCGGACGGGGUUAUCUCUGUCGGGCUAGGGCGC
GUGAGCGCGGGGCACAGUUUCUCAAGGAUGUAAGUUUUUGCCGUUUAUCUGG
UUAGCGAGAGAGGAGGCUUCUAGACCCAGCUCUCUGGGUCGUUGCUGAUGCG
CAUUGGUGCUAAUGAUAUUAGGGCUGUAUUCCUGUAUAGCGAUCAGUGUCCG

GUAGGCCCUCUUGACAUAAGAUUUUUCCAAUGGUGGGAGAUGGCCAUUGCAG

Criterion of
Minimum Free Energy

Sequence Space

Shape Space



CGTCGTTACAATTTAGGTTATGTGCGAATTCACAAATT CAAAATACAAGAG. . . . .

CGTCGTTACAATTTAAGTTATGTGCGAATTCCCAAATTAAAAACACAAGAG. . ...

Hamming distance dg(I;,I,) =4

(i) dy(I,I)=0
(i) dy(l,Lp) = dy(l,1)
(i) dy(l,13) T dy(l,L) + dg(),13)

The Hamming distance between sequences induces a metric in sequence space



Hamming distance dy(S(,S,) =4

The Hamming distance between structures in parentheses notation forms a metric
in structure space



RNA sequences as well as RNA secondary structures can be
visualized as objects in metric spaces. At constant chain
length the sequence space is a (generalized) hypercube.

The mapping from RNA sequences into RNA secondary
structures 1s many-to-one. Hence, it is redundant and not
invertible.

RNA sequences, which are mapped onto the same RNA
secondary structure, are neutral with respect to structure.
The pre-images of structures in sequence space are neutral
networks. They can be represented by graphs where the edges
connect sequences of Hamming distance dj; = 1.



uonoun,j

/ ;; )
N 7N TN /S
(NI NN

VAVAVAN AVAVAVA
AVAVAVAVAVAVAVAAYAVA
AV AATAVAVATAVAYAVAVAVA
JAVAVAVAVAVAY VAVAVAVA
NAVAVAVAVAVAYAVAVAVAVA
VAVAYAYAVAVAVAVAVAVAVAVAVAY;
VAVAVAVAVAVAVAVAVAVAVAVAY,
VAVAVAVAVAVAVAVAVAVAVAY
VAVAVANAVAVAVAVAVAVAY,
VAVAVAVAVAVAVAVAVAY,
VAVAVAVAVAVAVAVAV,
VAVAVAVAVAVAVAV
\VAVAVAVAVAVAY,
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Real numbers

Structure space

Sequence space

Mapping from sequence space into structure space and into function



Sk =w(l)
T :f(Sk)A

Function

Sequence space Structure space Real numbers



Function

Sequence space Structure space Real numbers

The pre-image of the structure S, in sequence space is the neutral network G,



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

PETER SCHUSTER"?3 WALTER FONTANA?, PETER F.STADLER??
aNDp IVO L. HOFACKER?

! Institut fiir Molekulare Biotechnologie, Beutenbergstrasse 11, PF 100813, D-07708 Jena, Germany
* Institut fiir Theoretische Chemie, Universitdt Wien, Austria
8 Santa Fe Institute, Santa Fe, U.S.A.

SUMMARY

RNA 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, 279284 279
Printed in Great Britain

0.25
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P (h)

0.10
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ool =

0 20 40 60 80 100
length of neutral path, h

Figure 4. Neutral paths. A neutral path is defined by a series
of nearest neighbour sequences that fold into identical
structures. Two classes of nearest neighbours are admitted:
neighbours of Hamming distance 1, which are obtained by
single base exchanges in unpaired stretches of the structure,
and neighbours of Hamming distance 2, resulting from base
pair exchanges in stacks. Two probability densities of
Hamming distances are shown that were obtained by
searching for neutral paths in sequence space: (i) an upper
bound for the closest approach of trial and target sequences
(open circles) obtained as endpoints of neutral paths
approaching the target from a random trial sequence (185
targets and 100 trials for each were used); (ii) a lower bound
for the closest approach of trial and target sequences (open
diamonds) derived from secondary structure statistics
(Fontana et al. 1993a; see this paper, §4); and (iii) longest
distances between the reference and the endpoints of
monotonously diverging neutral paths (filled circles) (500
reference sequences were used).

© 1994 The Royal Society

Reference for postulation and in silico verification of neutral networks



Evolution in silico

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

TRy Ty r—

random individuals. The primer pair used for ganomic
DONA - amplification  Is  5'-TCTCCCTGGATTCT-
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-HCl (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. Anonsanse mutation may affect mRNA stability and
result in degradation of the franscript [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 congition as Northemn biot analysis (13).

34, Smith-Magenis syndrome (SMS) is due 1o delations
of 17p11.2 of various sizes, the smallest of which

2, 122 (1996)). MYD15 expressicn s easily detected
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.

R. A, Fridell, data not shown.

K. B. Avraham et al., Nature Genel. 11, 369 (1995);

X-Z. Liu ef ai,, ibid. 17, 268 (1997); F. Gibson et af,,

Nature 374, 62 (1895); D. Wl af al., ibid., p. 60.

37. RNAwas from cochiea lab-
ymths; nblamad rmem nurnen I'etusss al 1E| lo 22

g8

established by the Humnn Rasearch Oomrnlltae at
the Brigham and Women's Hospital. Only samples
without evidence of degradation wera pocled for
poly (A)* selection over cligo{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 punctuated by discontinuous transi-
tions at the level of phenotypes (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-1090 Wien, Austria, Santa Fe Institute,
1399 Hyde Park Road, Santa Fe, NM 87501, USA, and
International Institute for Applied Systems Analysis
(IASA), A-2361 Laxenburg, Austria,

ically well defined and obtain their biophys-
ical and biochemical importance from be-
ing a scaffold for the tertiary structure. For
the sake af brevity, we shall refer ro 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 mutat-
ing in a capacity-constrained flow reactor
under selection (5, 6). In the laboratory, a
goal might be to find an RNA aptamer
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

d REPORTS

product is expected from amplification of the human

MYO15 cDNA. Ampification of human genomic

DNA with this primer pair would result in a 2803-bp
it
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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 (inversely related to fimess) in
the population against time. Aside from a
short initial phase, the entire history is
dominated by steps, thart is, flat periods of
no apparent adaptive progress, interrupted
by sudden approaches roward the target
structure (7). However, the dominant
shapes in the population not only change at
tht.'se murkud events I)Kll 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
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Neutral networks are sets of sequences forming the same structure.
G, 1s the pre-image of the structure S, in sequence space:

G, = y_l(sk) n {yj | y(Ij) =S, }

The set 1s converted into a graph by connecting all sequences of
Hamming distance one.

Neutral networks of small RNA molecules can be computed by
exhaustive folding of complete sequence spaces, i.e. all RNA
sequences of a given chain length. This number, N=4" | becomes
very large with increasing length, and is prohibitive for numerical
computations.

Neutral networks can be modelled by random graphs in sequence
space. In this approach, nodes are inserted randomly into sequence
space until the size of the pre-image, 1.e. the number of neutral
sequences, matches the neutral network to be studied.
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S, as its minimum free energy structure (the neutral network G, ) or one of 1ts
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Intersection of two compatible sets: -
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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

THEOREM 5. INTERSECTION-THEOREM. Let s and s' be arbitrary secondary
structures and C[s). C[s'] their corresponding compatible sequences. Then,

Cls]InC[s'] # 2.

Proof. Suppose that the alphabet admits only the complementary base pair [XY] and we
ask for a sequence x compatible to both s and s'. Then j(s,s') = D,, operates on the set of
all positions {x,,...,x,}. Since we have the operation of a dihedral group, the orbits are
either cycles or chains and the cycles have even order. A constraint for the sequence
compatible to both structures appears only in the cycles where the choice of bases is not
independent. It remains to be shown that there is a valid choice of bases for each cycle,
which is obvious since these have even order. Therefore, it suffices to choose an alternating
sequence of the pairing partners X and Y. Thus, there are at least two different choices for
the first base in the orbit. |

Remark. A generalization of the statement of theorem 5 to three differ-
ent structures is false.

Reference for the definition of the intersection
and the proof of the intersection theorem









A ribozyme switch
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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-
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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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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
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Evolution of aptamers with a new specificity and new
secondary structures from an ATP aptamer
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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
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Evidence for neutral networks and shape space covering
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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 — RNMNA 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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