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RNA Secondary Structures and their Properties

RNA secondary structures are listings of Watson-Crick and
GU wobble base pairs, which are free of knots and pseudokots.
Secondary structures are folding intermediates in the
formation of full three-dimensional structures.

D.Thirumalai, N.Lee, S.A.Woodson, and D.K.Klimov.
Annu.Rev.Phys.Chem. 52:751-762 (2001)
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Definition and formation of the secondary structure of phenylalanyl-tRNA
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Tree representation of tRNAPhe
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Mountain representation of tRNAPhe



Mountain representation used in structure prediction of medium size RNA molecules



Mountain representation used in structure prediction of large RNA molecules



T=0K,tA _ T>0K,tA _ T>0K,t finite

> : 373435
OD ' 31 30|29
S 28
0) ' 24 26
g : 2021
Sa) ' 16
3 ) : Sio =)
e ’\2’ — //Sg " 910
F~ é{ - ,,,:;9//" S 7 1
—Ss S N ’
3 6
S
24 il
S3 {
8 S & 3
2 3 B
9 &4 E
p 4 &4
g & H
! t B
SO SO (ﬁ S t’% S
)«1) 1 Y 0
Minimum Free Energy Structure Suboptimal Structures Kinetic Structures

Different notions of RNA structure



RNA Minimum Free Energy Structures

Efficient algorithms based on dynamical programming are
available for computation of secondary structures for given
sequences. Inverse folding algorithms compute sequences
for given secondary structures.

M.Zuker and P.Stiegler. Nucleic Acids Res. 9:133-148 (1981)

Vienna RNA Package: http:www.tbi.univie.ac.at (includes
inverse folding, suboptimal structures, kinetic folding, etc.)

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



Minimum free energy

criterion
/ UUUAGCCAGCGCGAGUCGUGCGGACGGGGUUAUCUCUGUCGGGCUAGGGCGC
éitd - GUGAGCGCGGGGCACAGUUUCUCAAGGAUGUAAGUUUUUGCCGUUUAUCUGG
3rd tria]l —— > UUAGCGAGAGAGGAGGCUUCUAGACCCAGCUCUCUGGGUCGUUGCUGAUGCG
Z—‘Iﬁ T CAUUGGUGCUAAUGAUAUUAGGGCUGUAUUCCUGUAUAGCGAUCAGUGUCCG
\> GUAGGCCCUCUUGACAUAAGAUUUUUCCAAUGGUGGGAGAUGGCCAUUGCAG

Inverse folding

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



.. GCCAUC ....

... GCGAUC ....

.. GCGUUC ....

Point mutations as moves in sequence space



Si: CGTCGTTACAATTTAGGTTATGTGCGAATTCACAAATTGAAAATACAAGAG. . . ..

82: CGTCGTTACAATTTAAGTTATGTGCGAATTCCCAAATTAAAAACACAAGAG. .. ..

\ 4 \ 4 \ 4 \ 4

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

(1) dy(51,51)=0
(1) dy(S1,Sy) = dy(S,,51)
(111) dH(SbS3) ﬂ dH(Slvs2) + dH(827S3)

The Hamming distance induces a metric in sequence space



Mutant class

/ 0\\ 0
1 2 4 8 16 1
Binary sequences are encoded
by their decimal equivalents:
2
</ C=0and G =1, for example,
3 "0" =00000=CCCCC,
"14" = 01110 = CGGGC,
4 "29" = 11101 = GGGCQG, ete.

Sequence space of binary sequences of chain lenght n=>5
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Mapping from sequence space into phenotype space and into fitness values
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Non-negative
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Phenotype space

Sequence space
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Neutral networks of small RNA molecules can be computed by
exhaustive folding of complete sequence spaces, 1.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.



Step 00 Sketch of sequence space

Random graph approach to neutral networks



Step 01 Sketch of sequence space

Random graph approach to neutral networks



Step 02 Sketch of sequence space

Random graph approach to neutral networks



Step 03 Sketch of sequence space
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Random graph approach to neutral networks



Step 04 Sketch of sequence space
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Random graph approach to neutral networks



Step 05 Sketch of sequence space
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Random graph approach to neutral networks



Step 10 Sketch of sequence space

Random graph approach to neutral networks



Sketch of sequence space

Step 15
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Random graph approach to neutral networks
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Sketch of sequence space

Step 25
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Random graph approach to neutral networks



Sketch of sequence space

Step 50
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Random graph approach to neutral networks



Sketch of sequence space

Step 75
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Random graph approach to neutral networks



Sketch of sequence space

Step 100

VAYAVAVAVAVAYAN
AVaVa AVAVAYA YA
AVAVAY aVAAVAYaY &)
i YAVAYA YAY A VAV VAN
Y aVAYEY s9uVa" aVAY A YN
AVaVA aVaVAVAY 4 YA 49 VAN
aVa YAV AYAVAVAY oV sVaVAY sVAN
VaVAYa™ a¥a YAYAY Vs YAVAVa VAVAN
oINS NINT S LON N
DAVAYAYAYAY VAV 4VAY 49 VA Y%
NS NI N N T
VAYAYAYAY WY s VEVA YAV
Y VYAV aVAY AV A VAVA Y
VAV 49 VAY sV YAV,
Va YA 29 YAVAYA Y
WAV aVAY AVAYAY,

Random graph approach to neutral networks



G =y (S Y{I;| y(1) =5}

S jel
%=12/27, M=
k
Connectivity threshold: Aer=1- i 1/Ge-1)
Alphabet size k: AUGC n k=4 Kk 1.,
_ 2 0.5
Mc> Ao - ... network Gy 1s connected 3 0.4276
Mc<Agp - ... network Gy, is not connected 4 | 03700

Mean degree of neutrality and connectivity of neutral networks



A multi-component neutral network



A connected neutral network



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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Density of stares of suboptimal structures of the RNA molecule with the sequence:

AAAGGGCACAGGGUGAUUUCAAUAAUUUUA



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



5'-End 3'-End

Sequence GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA
S-End &
' i
Secondary Structure Q- 10 \
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Symbolic Notation cI8 S I ((((CR(((CS))) BUC((CRE)))) I ((((CRES)))) D)))) ) R B+

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



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
4 = D s 1y XP(-AG2RT)

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

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

Formulation of kinetic RNA folding as a stochastic process
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Base pair formation and base pair cleavage moves for nucleation and elongation of stacks
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Base pair shift AN /

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

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



Examples of rearrangements through consecutive shift moves
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Mean folding curves for three small RNA molecules with different folding behavior



Suboptimal conformations

02d A819U9 9911

Search for local minima in
conformation space

Local minimum
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Free energy DG

N

Saddle point Ty

"Reaction coordinate"
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Sk

"Barrier tree"
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Example of an unefficiently folding small RNA molecule with n =15
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Example of an easily folding small RNA molecule withn =15
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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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Folding dynamics of tRNAPPe with and without modified nucelotides
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